Frailness and resilience of gene networks predicted by detection of co-occurring mutations via a stochastic perturbative approach
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Supplementary Information

Supplementary Note

pME model derivation. We consider the master equation on an M-nodes network where  is the information transition rate between node j and node k. Let   be the probability to find the node k is active at time t; the ME reads

       (S1)

that corresponds to the continuity equation for the probability distribution with the constraint  It is convenient to introduce the vector notation  and to define the Laplacian matrix of the network

      (S2)

so that the master equation reads as equation (1), and the stationary solution  corresponds to the kernel of the matrix L. In a generic case L has all positive eigenvalues except the the first one which is zero, so that the stationary state is unique and attractive. Different methods can be applied to solve equation (1) without computing the characteristic equation of the matrix L. 

We now consider the presence of a network perturbation as an external node (0) playing the role of the environment from which information can be introduced into the network and to which particles can flow out from the current network. Defining the novel connections from () and to () the environment node we can write an extended master equation for the perturbed state in compact form as  Equation 2, where  is the extension of the Laplacian matrix  where the environment node is decoupled from the existing network, while  is the perturbation matrix defining the connections with the environment:  



where  in order to set both  and  as M+1 x M+1 Laplacian matrices and the vector  is now M+1 dimensional as well. If we set , we preserve the stochastic character of the matrix . We omit the subscript  in matrix , unlike equation (2) in the main text. Once fixed the configuration of connections to and from the environment, equation (2) has a unique stationary solution  that can be computed directly. It is interesting to compute the condition which preserves the stationary solution  of the unperturbed system (1). By a direct substitution we have

      (S3)

that is equivalent to a detailed balance condition between the source and each sink, so that the probability flow is null for each link. 

Quantifying network frailty. We look directly at the convergence condition for equation (7) in the main manuscript. We operate a direct substitution 
         (S4)
where  do not depend on the coefficients . So we consider the matrix in the square brackets: 
        (S5)
the iterative scheme recurrence is driven by  and the inverse of matrix  in the subspace orthogonal to its kernel so that the condition for equation (7) of the main manuscript to be a contraction becomes:
        (S6)
where we are considering a classical matrix norm 

when  is symmetric its norm corresponds to the absolute value of its biggest eigenvalue.
The right-hand side of equation (S6) is reported in equation (9) of the main text. Thanks to such convergence condition we retrieve the network frailness using the matrix norm . We define the quantity  in equation (10) of the main manuscript as the frailness of a network;  is the Fiedler number of the unperturbed network (the smallest non-zero eigenvalue of the associated Laplacian matrix). 
Gene Networks. For the analysis we considered 92 gene networks obtained by integrating KEGG human pathway information (selected as explained in the main text) and Huri protein-protein interactions. The pathways where at least one BRCA patient has at least 2 mutated genes are 81.

Here is the complete list: Purine metabolism, Pyrimidine metabolism, Basal transcription factors, Proteasome, Base excision repair, Nucleotide excision repair, Mismatch repair, Homologous recombination, MAPK signaling pathway, ErbB signaling pathway, Calcium signaling pathway, Cytokine-cytokine receptor interaction, Cell cycle, p53 signaling pathway, Ubiquitin mediated proteolysis, Autophagy - animal, mTOR signaling pathway, Apoptosis, Wnt signaling pathway, Notch signaling pathway, TGF-beta signaling pathway, VEGF signaling pathway, Focal adhesion, Adherens junction, Tight junction, Gap junction, Complement and coagulation cascades, Toll-like receptor signaling pathway, Jak-STAT signaling pathway, Natural killer cell mediated cytotoxicity, T cell receptor signaling pathway, B cell receptor signaling pathway, Fc epsilon RI signaling pathway, Leukocyte transendothelial migration, Long-term potentiation, Long-term depression, Regulation of actin cytoskeleton, Insulin signaling pathway, GnRH signaling pathway, Progesterone-mediated oocyte maturation, Melanogenesis, Chemokine signaling pathway, Lysosome, Neurotrophin signaling pathway, Endocytosis, Fc gamma R-mediated phagocytosis, RIG-I-like receptor signaling pathway, NOD-like receptor signaling pathway, Spliceosome, Oocyte meiosis, Peroxisome, Protein processing in endoplasmic reticulum, RNA transport, mRNA surveillance pathway, Fanconi anemia pathway, Serotonergic synapse, NF-kappa B signaling pathway, PI3K-Akt signaling pathway, HIF-1 signaling pathway, Hippo signaling pathway, Estrogen signaling pathway, TNF signaling pathway, Prolactin signaling pathway, Ras signaling pathway, Rap1 signaling pathway, Adrenergic signaling in cardiomyocytes, FoxO signaling pathway, Thyroid hormone signaling pathway, Platelet activation, Oxytocin signaling pathway, AMPK signaling pathway, cAMP signaling pathway, Signaling pathways regulating pluripotency of stem cells, Sphingolipid signaling pathway, Glucagon signaling pathway, Phospholipase D signaling pathway, Apoptosis - multiple species, Th1 and Th2 cell differentiation, Th17 cell differentiation, IL-17 signaling pathway, Apelin signaling pathway. 

In the prevoius list we highlighted the 6 pathways chosen for detailed analysis. The same results of all the 75 remaining gene networks are retrievable from Supplementary Table ST1, ST3.

Supplementary Tables 

Supplementary Table ST1. The results of the pME analysis are reported on all available BC patients and all gene networks considered. Columns description (from left to right): pathway = name of the KEGG pathway used to identify significant gene network; patients = TCGA id of the patients presenting signal on correspondent pathway; genes = mutated genes in correspondent BC patient; rho and sigma correspond respectively to the frailness measure computed as equation (10) and  is the fraction of times a gene co-occurs with other genes in the correspondent gene network; mut = number of patients presenting the corresponding mutation on the given gene network; degree = node degree of mutated gene in the given gene network

Supplementary Table ST2. Statistical assestment of marginal mutations impact on frailness: hypergeometric test results. TFP = number of top frailness patients considered as target set for hypergeometric test; PA = number of pathways available for hypergeometric test. M (%) = average percentage (on PA) of profiles with at least one marginal gene (k=1) in TFP. p < 0.2 (%) = percentage of PA on which p-value is smaller than 0.2; p < 0.1 (%) = percentage of PA on which p-value is smaller than 0.1; p < 0.05 (%) = percentage of PA on which p-value is smaller than 0.05.

	TFP 
	PA
	M (%) 
	p < 0.2 (%)
	p < 0.1 (%)
	p < 0.05 (%)

	5
	53
	93.2%
	98.1%
	98.1%
	96.2%

	10
	42
	94.3%
	100%
	97.6%
	97.6%

	15
	40
	91.2%
	100%
	100%
	100%

	20
	32
	88.1%
	100%
	93.8%
	93.8%



Supplementary Table ST3. The results of the GFI analysis are reported on all available BC patients and all gene networks considered. Columns description (from left to right): pathway = name of the KEGG pathway used to identify significant gene network; genes = mutated genes in correspondent BC patient; rho1 and sigma correspond respectively to the components  and  of the GFI as computed in equation (11); mut = number of patients presenting the corresponding mutation on the given gene network; degree = node degree of mutated gene in the given gene network


Supplementary Figures 


----------------------------------- Cell Cycle ----------------------------------------

Supplementary Figure S1
[image: Macintosh HD:Users:mbersanelli:Desktop:Bazzani_final:material:SI:CC_res.png]

Figure S1. Gene network frailness analysis for Cell Cycle. Central plot: in each row we plot the somatic mutations co-occurring in the same samples on the Cell Cycle gene network. Rows are ordered as the left-hand side plot, columns are sorted from left to right for decreasing m∗. Top panels: from top to bottom is respectively displayed each gene node degree in the target network (a) and the number of patients in which each gene is mutated together with at least another gene (m∗) (b); the columns of the central plot are sorted according to decreasing m∗. All results were obtained using BC data mapped on KEGG’s Cell Cycle gene network. Left-hand side plot (c): Gene network frailty is plotted for each SM configuration; the ordering on the y-axis is determined in first instance by number of mutations per patient occurring on the gene network, and then in each class the configurations are sorted by ρ. Right-hand side plot (d): for each row of the central plot is displayed the number of patients presenting the corresponding SM configuration.
Supplementary Figure S2
[image: Macintosh HD:Users:mbersanelli:Desktop:Bazzani_final:material:SI:CC_co.png]
Figure S2. Gene-gene co-occurrences and frailness measures for Cell Cycle. For each couple of Cell Cycle co-mutated genes we show the average frailty < ρ > measured on all the BC pathway having the correspondent couple of genes simultaneously mutated using the color scale from green corresponding to null frailty (maximum resilience) to red corresponding to the maximum frailty found in real BC data. The size of each dot is proportional to the log-log scaled number of BC patients presenting the co-mutation.





Supplementary Figure S3
[image: Macintosh HD:Users:mbersanelli:Desktop:Bazzani_final:material:SI:CC_gfi.png]
Figure S3. Components of the GFI for Cell Cycle. On the Cell Cycle gene network we plot the GFI components for each gene of the network that has at least one non-null component. The x-axis is an elementary transformation of the gene co-occurrence σ (m∗ = σ · nsamples ) and it is displayed in log scale for visualization issues.




------------------------- MAPK signaling pathway -----------------------------

Supplementary Figure S4
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Figure S4. Gene network frailty analysis for MAPK signaling pathway. Central plot: in each row we plot the somatic mutations co-occurring in the same samples on the MAPK signaling pathway gene network. Rows are ordered as the left-hand side plot, columns are sorted from left to right for decreasing m∗. Top panels: from top to bottom is respectively displayed each gene node degree in the target network (a) and the number of patients in which each gene is mutated together with at least another gene (m∗) (b); the columns of the central plot are sorted according to decreasing m∗. All results were obtained using BC data mapped on KEGG’s MAPK signaling pathway gene network. Left-hand side plot (c): Gene network frailty is plotted for each SM configuration; the ordering on the y-axis is determined in first instance by number of mutations per patient occurring on the gene network, and then in each class the configurations are sorted by ρ. Right-hand side plot (d): for each row of the central plot is displayed the number of patients presenting the corresponding SM configuration.



Supplementary Figure S5
[image: Macintosh HD:Users:mbersanelli:Desktop:Bazzani_final:material:SI:MK_co.png]
Figure S5. Gene-gene co-occurrences and frailty measures for MAPK signaling pathway. For each couple of MAPK signaling pathway co-mutated genes we show the average frailty < ρ > measured on all the BC pathway having the correspondent couple of genes simultaneously mutated using the color scale from green corresponding to null frailty (maximum resilience) to red corresponding to the maximum frailty found in real BC data. The size of each dot is proportional to the log-log scaled number of BC patients presenting the co-mutation.



Supplementary Figure S6
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Figure S6. Components of the GFI for MAPK signaling pathway. On the MAPK signaling pathway gene network we plot the GFI components for each gene of the network that has at least one non-null component. The x-axis is an elementary transformation of the gene co-occurrence σ (m∗ = σ · nsamples ) and it is displayed in log scale for visualization issues.



------------------------- mTor signaling pathway -------------------------------

Supplementary Figure S7
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Figure S7. Gene network frailty analysis for mTor signaling pathway. Central plot: in each row we plot the somatic mutations co-occurring in the same samples on the mTor signaling pathway gene network. Rows are ordered as the left-hand side plot, columns are sorted from left to right for decreasing m∗. Top panels: from top to bottom is respectively displayed each gene node degree in the target network (a) and the number of patients in which each gene is mutated together with at least another gene (m∗) (b); the columns of the central plot are sorted according to decreasing m∗. All results were obtained using BC data mapped on KEGG’s mTor signaling pathway gene network. Left-hand side plot (c): Gene network frailty is plotted for each SM configuration; the ordering on the y-axis is determined in first instance by number of mutations per patient occurring on the gene network, and then in each class the configurations are sorted by ρ. Right-hand side plot (d): for each row of the central plot is displayed the number of patients presenting the corresponding SM configuration.




Supplementary Figure S8
[image: Macintosh HD:Users:mbersanelli:Desktop:Bazzani_final:material:SI:mt_co.png]
Figure S8. Gene-gene co-occurrences and frailty measures for mTor signaling pathway. For each couple of mTor signaling pathway co-mutated genes we show the average frailty < ρ > measured on all the BC pathway having the correspondent couple of genes simultaneously mutated using the color scale from green corresponding to null frailty (maximum resilience) to red corresponding to the maximum frailty found in real BC data. The size of each dot is proportional to the log-log scaled number of BC patients presenting the co-mutation.



Supplementary Figure S9
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Figure S9. Components of the GFI for mTor signaling pathway. On the mTor signaling pathway gene network we plot the GFI components for each gene of the network that has at least one non-null component. The x-axis is an elementary transformation of the gene co-occurrence σ (m∗ = σ · nsamples ) and it is displayed in log scale for visualization issues.






------------------------- PI3K-Akt signaling pathway --------------------------

Supplementary Figure S10
[image: Macintosh HD:Users:mbersanelli:Desktop:Bazzani_final:material:SI:PK_res.png]
Figure S10. Gene network frailty analysis for PI3K-Akt signaling pathway. Central plot: in each row we plot the somatic mutations co-occurring in the same samples on the PI3K-Akt signaling pathway gene network. Rows are ordered as the left-hand side plot, columns are sorted from left to right for decreasing m∗. Top panels: from top to bottom is respectively displayed each gene node degree in the target network (a) and the number of patients in which each gene is mutated together with at least another gene (m∗) (b); the columns of the central plot are sorted according to decreasing m∗. All results were obtained using BC data mapped on KEGG’s PI3K-Akt signaling pathway gene network. Left-hand side plot (c): Gene network frailty is plotted for each SM configuration; the ordering on the y-axis is determined in first instance by number of mutations per patient occurring on the gene network, and then in each class the configurations are sorted by ρ. Right-hand side plot (d): for each row of the central plot is displayed the number of patients presenting the corresponding SM configuration.





Supplementary Figure S11
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Figure S11. Gene-gene co-occurrences and frailty measures for PI3K-Akt signaling pathway. For each couple of PI3K-Akt signaling pathway co-mutated genes we show the average frailty < ρ > measured on all the BC pathway having the correspondent couple of genes simultaneously mutated using the color scale from green corresponding to null frailty (maximum resilience) to red corresponding to the maximum frailty found in real BC data. The size of each dot is proportional to the log-log scaled number of BC patients presenting the co-mutation.



Supplementary Figure S12
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Figure S12. Components of the GFI for PI3K-Akt signaling pathway. On the PI3K-Akt signaling pathway gene network we plot the GFI components for each gene of the network that has at least one non-null component. The x-axis is an elementary transformation of the gene co-occurrence σ (m∗ = σ · nsamples ) and it is displayed in log scale for visualization issues.




------------------------- Rap1 signaling pathway --------------------------------

Supplementary Figure S13
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Figure S13. Gene network frailty analysis for Rap1 signaling pathway. Central plot: in each row we plot the somatic mutations co-occurring in the same samples on the Rap1 signaling pathway gene network. Rows are ordered as the left-hand side plot, columns are sorted from left to right for decreasing m∗. Top panels: from top to bottom is respectively displayed each gene node degree in the target network (a) and the number of patients in which each gene is mutated together with at least another gene (m∗) (b); the columns of the central plot are sorted according to decreasing m∗. All results were obtained using BC data mapped on KEGG’s Rap1 signaling pathway gene network. Left-hand side plot (c): Gene network frailty is plotted for each SM configuration; the ordering on the y-axis is determined in first instance by number of mutations per patient occurring on the gene network, and then in each class the configurations are sorted by ρ. Right-hand side plot (d): for each row of the central plot is displayed the number of patients presenting the corresponding SM configuration.



Supplementary Figure S14
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Figure S14. Gene-gene co-occurrences and frailty measures for Rap1 signaling pathway. For each couple of Rap1 signaling pathway co-mutated genes we show the average frailty < ρ > measured on all the BC pathway having the correspondent couple of genes simultaneously mutated using the color scale from green corresponding to null frailty (maximum resilience) to red corresponding to the maximum frailty found in real BC data. The size of each dot is proportional to the log-log scaled number of BC patients presenting the co-mutation.





Supplementary Figure S15
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[bookmark: _GoBack]Figure S15. Components of the GFI for Rap1 signaling pathway. On the Rap1 signaling pathway gene network we plot the GFI components for each gene of the network that has at least one non-null component. The x-axis is an elementary transformation of the gene co-occurrence σ (m∗ = σ · nsamples ) and it is displayed in log scale for visualization issues.

image6.png
1.0

0.9

0.8

0.7

0.6

0.5

0.4

95 % percentile node degree

I
I
I
HSPA8 ! \
] | =P - 1
: ! e o2
GADD45B + NFKB2 | ®3
NRAS I 4
FGF7 - X o
CRKL MAP3K8 + PTPN7. MKNK2 | 5
--------- i el T 6 -------
. : 7
MRAS PDGFB |
. MAP2K3 |
. ATF4 I
4K3 PRKCB [ 0
HERIPIR ° | 1
FGF2 . I
MABKY 1 NR4A BRAF | 2
s ® KRAS X
. . ® . MEFC |+ FLNC
TGFB1 NFES . TAOK3 |
- SoSunggee !
MAPKS W~ i s KB EGFR
RPS6KAT REERRHRE .
M‘@ MAP3K1 1 5 B MAPSKi
ARSI P s @ TPs3
Rmﬁ4 Bt F{g&zm
ARRB2 KT1
CRK DAXX MAP2kFIASA1 |
. . !
MAPKAPK5 RPSEKAS !
. FGF8 :
I
N 1
MAP2K2 @ EGF |
I
I
I
I
1
[ I | | [ I
0 1 2 3 4 5

m* (log scale)





image7.png
~

Ee} - 0

S| mmb (o x sa|dwies j01)
apou <

S € 3 0oe ¢ vk L

#BRCA samples

[ | — IMedvYIN

| L zuedid
[ | — ZHOLAV
[ | — g3HY
[ | B | 2vus
| | L ZvM9SdY
| [ L evyosdy
| | L e)dVIN
| | ] L zsos
| | L 014D
il | L 14vy
| [ [ L syl
| | [ L AN
| | L 1s0S
| | B B | oosvid
| il B | sueid
| | B | swuH
| | | B | o
il - SV
i 11 il B | rueid
EREER 01 REDR QR HNL 1 B 0 BER B - vosid

LILlt.....nl

a

b

#frail samples = 46

11.6

., No
O|Ewnuwn »

#genes = 29
#links = 41

22

#tot samples = 926
T
16.8




image8.png
%N Em&’)g — mn 0O —
B E %5 288 :88%a50b358C22%5
=S 2225te6832F68z306¢F¢x
(N S N N S S S N S S N S S Y Y EN N BN
® ® 0 + 9 O + + O 0 + o+ O O O © 0 O 0o O O O O O
. o . . o . ¢ O e o . . o . o ¢ @ e @ @ 0
. . o . . . o . . o . . . o s @ o . . . o .

[ TEEERY TEEEEE EEERE TREERY TEEEEY IRPEEY EERER TEREIY FERREY JERPER TETEY  SEEEEY EEEREY SEETEE SRR TERPEY SEEREY SRR EERRE REERRY )
. . . . . o N « @ o o o . . o o Y
. . . . . . . . o . . . o . @ o P

. o o . . o o . . . O @ . o . . o o

[ TERREY SEEERE ERTTY SEEEE TEEREY FEERRY TR SRR TERPRY SRR (ShbEE TETEEY TERREY SRR TEREE EERERY |

. o . . o o . . o . « @ o . o

. . . . . o O e . . . . . o .

[ SRR R R S R S R SRR SR R REEEEY TEETRY |

o @ . . . . . . o . . .

. o ¢« @ e o . . o o . .

e e -6 e -6 - & - -0 & e

e s & e 8 & e & ¢

. o . . . o . . @

<p> (averaged on BRCA samples)
B

0

7.19

14.37

21.56

#BRCA samples showing co-occourrence

° o

1

©)
2

Q

3

e

PIK3CA
PIK3R1
KRAS
HRAS
IGF1R
PIK3CD
PIK3R3
S0OS2
GRB10
RAF1
IRS1
MAPK1
SOSH
BRAF
RPS6KA2
RPS6KA3
MAPK3
MAP2K1
GRB2
INSR
NRAS
INS
PIK3R2
LAMTOR2
RHEB




image9.png
1.0

0.9

0.8

0.7

0.6

LAMTOR2
®

[ ]
INS

RHEB
GRB2

NRAS

PIK3CD

PIK3R3

RPS6KA2

GRB10
RFQ\S
M 3 .
IRS1

.sos1

95 % percentile

‘IK3R1

node degree

© FPIk3cA

2
m* (log scale)




image10.png
#genes = 163
g_#hnk§$= 271

] % OR D

#frail sagéﬂes = 408
#tot samples = 926

%

(9]

15

4 7 11
node
degree

46 98 158 225 1

1

(#tot samples x o)

3

[ B BN BN BN BN
NoO ok~ 0N

!
306

191.2

Y

0 5 10

#BRCA samples

|
20

30




image11.png
S0
™ "i,‘.n g

D (e D
lllllll Kerphll

g £)
20 L@ O resieohl) Lt I 3 wl xt Glao <£C (ang-e 500 q 01 <C GoLC =L

OSCA IO SED Ty LHCD < }ETI £ Q) B uoer Lﬂfﬂ;’.ﬁ!.i.;m,n 150, (DEL 0T UANSEBNACYDO ,«Qﬁ;ﬁrm‘}é L) ey = g 1 WPy SEOLC I
=0y 2 5C DR ITTINC oy <A 6 Amhle DS =LY mﬁﬂ K DT AN O ST LG M pEFDA DER>an00C) M:’an“ STANE ODCE TS i l\ffﬂ& 2 PrE=C
I 55 ST TEESC 0B M0 S PSH TS SEI DGO 0> onch Mﬁ%ﬁﬁiﬁﬁmﬁm; I Bl I/ IO 10T 0 S ATAnOAn !é‘l.ll:’.'é!-&:}l b A, NAFLC Dt

e

L3
ooooo

<p> (averaged on BRCA samples)

EE———— I
0 102.12 204.24 306.36

#BRCA samples showing co-occourrence

R SR O SRS & S o)





image12.png
1.0

0.8

0.6

0.4

0.2

95 % percentile

node degree

|
|
|
KRAS I .
. . -=-p 1
! -—-m* ° 2
X ®3
: 04
| @5
1 6
|
| 7
1 8
|
|
NRAS | 0
! 1
| 2
! 3
|
| 4
|
o PPP2R2A |
|
THEM4 ITGA2 I
A . raat
SGK1 !
EPOR—:——JAI(%—*--—RRKAA]I-I' ———————————————————————————————————————
KBK I
. PTEN
K3 TP53
A o
PIK3CA o
I [ [ I I [
0 1 2 3 5 6

m* (log scale)




image13.png
a - o
- g8
. -0 29
=5 | allllapeettitlo e hathtd £
O ||| P Ll il il F -
#frail sémpiég = 157 & M
#tot samples = 926 _ @
; 5, &
g EE
o =
2 o
c l.l...l..llIIIIIIIIIIIIllllIII------------------------ _________________ - 3 d
m* _ _
»2 == = - .
"3 HE - - - -
"4 = == = = = -

56 44 32

Wm@m@m SR
<G

A OO, Tl SR PR Mﬁzﬁ“@%ﬁ_ _%f ; .
B o M “ﬂﬁ% = < e szug* =g u 5 7=

o
=
br T

T T I T I
1 2 3 4 5

#BRCA samples




image14.png
[ -
0z 0
(8]

G_OL(BE
:a.u_:<<m_un_

el
o S
A o
<<
=11

L
oY
oo

o
L
[ mEETT]
OO~
s
— s
oMl 0rn ~0 0 <CrOT 10 00

e
[ O

™ <
e i
L —LU—
<O Loy
1T o
(THaw

LL<C<{LL
<UIO(D‘}(_|O

<C
N

M <

@m%

O N T =OR <
Ll e e e e e e e e e e e e e e e e e

(A
%‘;%E%on-

00
<C o
(5, 10—
S
(TN

LL.
LLJ
L
Nt
2T

T@®]

—_DLL
2o
>SOXC> |

0
L
o<

— ] < ™ <C own
<C ] m H% H1D3 1_._._J H MM?_ m = 1%& C_._.m 3WOB ?% < [V}
— — — -0
O,z | OO (O, XML S¥Y MO Loy ANTNPLLroS0,_mEN—J O X
SO A ) A R R PR A LTS DO OO PSSR T (ST OrL (5 9 SN0
M@LKFGDGARADCRSACM&LAGCRA %PCDA&EU.ZA%W:V..AR%WW%AEAGAARANR ~r<C

OO0 <C<CNMTSNTA ITO<tn 00 OriT nerr FFMFVB._.CRCRGNRC_.LrPSM
e e e e e PP

.
L 4
XX ]
o@e o
[ XX X
ees oo %
IR X ERY KX © [)) mus
e S S S S Ire) m
ssescev0ece — )
oo 000 e 00000 (%] =
¥ XX Y XENE X) 0 w
eeeo0c0s0svee m )
o@oPooeooioee e Q
R R RN ERNY X © Q mus
R RN NNy R ] 0 % ﬂ
Q@@ oo 00000000000 < . @]
s@eoce@ecccsce @@ (@) W o
RN NN ERRREREREEY X o (@)
e@oeos@eo@e e oso@ooesese m £
ss0c0cscevoePescscsee =
X I R Ry R R B e B B R B S ) m o ﬁuz
[ TR R RN REEY TRERY TRY TREN NN <
seoeessssoesoP@o s e@oosooe e e
scesvsscceoeescocsoscsosscocs % m %
eve@oceocsosscesececscscsssoee S : =
L R R R N N R R N A A I m m Q
evsoecoceQecscsce@ecocscocoscsscneoe S IS O~
I R RREERY FE SRR IR NY RN © ©
L R R A R R R R R R R R R R N R R R N ) ~ n
[ R R e e e R e e R e e e e R N e S S S S o A <
R R e R R R N A N il SRR B S B S B S Y B ] Q O
D R R R R R I Y I R O R N IR N XIS S ST R S \Y (a g
2 0060000000000 00000000000000000000 m
e e ecee000000000000 0000000000000 000 o H o o
e@es oo QeooQecosscsvsoscscscocPesssPoococoe
[ R R R e S S e e e e S S e e s B S e e e S S S
0000000000 00000t 0s000cs0000cPosovocree
eeeceevcosvsvcecePecoQocesccccscsccorosrcsscnce
[ R R A R R R N N N Y R R N N N N N N S RS RN NN NY ]
Y R N N N R Ry R R RN RY TR
R R R R e R I R e R R e R R R e R e R e R N N N R ]
[ KR R R R R B S I O I S SR O B IR B I B S0 B S R B S B B RS SR X B SR S B )
@oeceecsceccccscsoscscccscc@oelocscscocQecccsssccscece
Doeo@ecvcooe@evovosrsscsossecoesosrssscsossosecoesosnssosssose
[ R R R R R R R N S N Y R R R R R O R N N R R N R N R R R EY TR
[ R R R A R R R R R N R B I N R R R e N N RNy F RN NN RS N RN NN
R R R R R R R R N R I R O R R R R B R I R B B B e R I B B B I A S Y 3 I )
R R O N R R N N R RN RN EREEY EI R I SIS I S I R B )
Qeccecccsoocsveeesecesssnsvresesocseessssoscssoecsesosocsocse
[ 1 R R R R I B R R R R R R R R R I R R R R R e I e R R I I BN B B SRS I B B BN B I B3 )
© 0 000 0000000000000 0000000000000000000C0C0CCCCOISIOICIEBISIEBIEOETDS
IRy R N R R R R R R R R B B R e R R R R N B R e e R O R B I I S IR a S SR S RS S 3 )
Y IR R R R e R R e R I N R R R R R N R R I R N N R N N N N NN ]
0060606000000 006000006000000000000000000s00s0sorescsossorsee
00000 0000000000000 000000000000000000060000000000CO0O0CO0COCIOCTTS
()00 0000000000000 00006000000006000000000600006000000600060000s000
200000000 0000000000000 00000000000000000000C000CCCOCOCIOCROIOCOIOIOITS
LR R R R R R R R R R IR LI IR I S R S B R R N RO R B S B S R B N R B S B B I N I N I )
D000 0000000000000 00000000000000600000000C0OCO0CCOC0CQ0CC0C0C0IO0C0IC0C0CO0COCO0CIOC0CIOCITET
e 00000 0000000000000 0006000000000000060000000000000600000000s00s000
(/908606000 0000000000000000000000060O0ICOC0O0C0OC0CC0CC0CIOCIC0FO0CEO0O0C0IOC0C0CC0C8CC0CIO0CIO0CFO0CCEOCIOS
D0 0000000600000 000000006000000000000000000000000000000000000000000
G000 0000000000000 0000000000000000000000C00CCIOCCEOCICEIEIOEOIOSIEIOIOIOIOEOIOEOITOEOIEOETD
D000 0000000000000 000000000000000000000060000000000000600000000000000
D00 0000000060000 00000000060000000000000000000000006006000000600006600000
D0 000000000000000000000000000000000000000000000000600600600060000O0CO0OCTOIOGES
D0 06060600000 0060000000000000000000000006000000000000060060006006060000060000000
s000cccodoerersr0e00000 0000000000000 0000000000000 ceoroessssescrcrsse
0060060000000 00006000000(10000600600000000000006000000000006000000000000000s000




image15.png
1.0

0.9

0.8

0.7

0.6

95 % percentile node degree

I
I
I
I
1 -=-p o1
VEGFB « ] e ® 2
I
PIK3CD ] ®3
RASSF5 | 4
° : 5
I
. I
!
---------------- EFNAT ~ T T T T T T T T T T s s s oo oo oo oo oo - iy
I
I
MAP2K1 @) ]
I
PIK3R3 |
BFNAS  RAPGEF3 « I
. I
é .
. IGF1R « MA
CRK
KR oL
cx&nz DRD2 BERRI * @ LCP2
° LT ‘\APGEFZ AKTH 3R1
. EGF .« FGER2
FIER1 R p CALM1 pgm
FGER3 ® RAPG‘ ® PIK3CA
FGFR1
RALERS VEGFA | A .PDGPQB
. BRAFACTG1 KDR |
® RAPGEFs 0 ® !
RRgM2 ARRSE KRAS X
RALA |
FdBio !
RALB « FGF7 . '
MAPK3 RAPGEF4 :
I
I
1
I | [ I I |
0 1 2 3 4 5

* (log scale)




image1.png
16

= ®
= - g8
=~ 80.)
||I| || hilll IIII || Mkt £
#links = 239 I| . I -I-II il I iled0inndl .|||I| lilsasl Il II ] Il. hh F-
#fraﬂé:amples_ 147 g 2
#tot tsamples =926 © 2
N~y -
g E§
S S
c Ill..IIIII-I---------------------------------------- ________________ — g
m*
N - - - -
w2 = _ - =
=3 - = = = -
=4 - - - = =
=5 £ —— - = =
FESSESCo====- - =

L
26 204

Y

14.8

rrrrrrrrrrrrrrrrrrrrrrrrrr e e T Tt T T e e e T e
(")V—On_ﬂ'l\ v—m(\l<v—v—v— (')<rv—v—l0(\lv—0(\l(')v—(\l©oo(\lv—(0mv—l0(')l\|(')(\lv— N TP ONO—< N AN —0)—AIM
—

%'30352 Wﬁgmﬁfﬁfﬂ%&% % S R

6}

N
> oz =

2 4 6 8

#BRCA samples





image2.png
m
LO<C — m < + o
— _ 0 = L m Son O o B N m N —aim ¥ —100N+~0 © < d—_. . m
N_ oL (s Oz, NN NG T o llO O-Ood O, 0mr0 Lolc=20_ 5 $O<CN_ i~ _—OINmS
Z e T OO ZNACHIOTENT > O= PP H == Nl OO0 Z HOMOOPIRZ 2L =T R OIZOT OO0 IDI=SWS .~
ONOX SN0 N<TOO NS L= ON2NO0O>MOOOMSLUNAO> OO DX =DO0N0S 1 N=0Na0E0mI00O0ra m
OLIONHLOA SOLGOALLISH—=>OO0=GOMNOO =X N=TOO=000mMOOLS0000=Na —ONOOLOOOX=ST==00IT

.......'...."..'.....:...'... 1
IEEEERNEEY FESS TR IRNNREERY FERNEY FRNENEY T TN NI RE ¥ NN NI
€8 600 c0000c0000060000000ce0ss0eseoPerseNDessDNsesDessese
[ R N RN N YRR YREERNEEEY IR RN EREE KRN
sooQPoeesoe I RN ] X X B L ERE 3
s o0 (R R se s 00 . LRCRY BN LECIE N N )
es 00 e0 0o evs e e 3 Qoo sce s e 0
seo oo e oo eese00000000000000seeeocossc0000000s00000@ooce
© 0000006006000 006000600000000000000000000000s00c0coPescsosac
(X N N N N Y R N N R R RSN RY YAERNE I XN
€90 6060000000000 0000000000000ss0sofooscoccssPocessocsocece
teeo0e0ees00000cs0000c000cessPoeoeolescscsoroersersececsose e
ISSSSREICIRISPI RSN H : fesicleniiid

e 0000000000000 . eDos oo e oD

e 0000000000000 ® seosefleose

0600000000000 0 00 . YR ERNE ]

00000000 ofooccoce . s 00000

LIRS R Y B SR S B R Y 3 . I NN ]
LR EE AR S I SRR I S BT X S 3 N R B ) . s e 00
0006000000000 0000000000000 0000000000000000 0
RN SR S RC S B S ST BT B S B N R Y A 3 I R BN R 3 BT BV BE 3N 3TN B S 3R BT RY Y SX S B N By 3 I )
[ 3] s o0 0 se00 000
3] LR B 3 Q@eooeoeo
. $00 0000000000000 0000s9000e

PR
oo o)

ceestilialialitaliail’t
ISPOPSRRSLPRPSS PSSR
3 ISSRRSSR <p> (averaged on BRCA samples)
L3 RN ]
el sl 0 8.53 17.06 25.59
INSSSRNNI #BRCA samples showing co-occourrence
[ IR N
ISRON ° ° o O O
so0 0 1 4 8 16

QMON<TI

TIoONTUONST
BSOS TEROTEG
O[T GZ>S o
© &x O LTI
[os}

N
-t




image3.png
1.0

0.9

0.8

0.7

0.6

0.5

95 % percentile

node degree

]
]
]
HDAC2 | :
. -=-p 1
l m 22
| ® 3
: ®4
| [ X3
. | 6
ZBTB17 ! 7
CDC14A | 8
| 9
GSK3B | 10
° : 1
| 2
! 3
| 4
GADD45B E2F3 X 5
__________________________________ A e e e o — — — — — —— — —— — ————— —————— [
MAD1L1 HDAC1
ORCH1 |
FZR1 RBL1 |
% o
sREZ !
EGF2 !
9 I
]
“epao @
EP300
® @~
[ ]
| CREBBP
]
]
]
1
[ [ | | | I
0 1 P 3 4 5

m* (log scale)




image4.png
#genesg— 181
#Iu;-nksﬁ_—l 194
b
#frail samples = 250
#tot samples = 926

(9]

*

3

sEesEn
[ 3¢, I N OV \V

.;..:1"&- MW L

% = »I -o
oo

41

z ..“E‘r

;‘4 .:-am ‘*‘ e

AT < <" )
s l o) l<‘.-l.

.\ .4.
n <(5
=

E
59%$
- " 2%
-+~ ©
Y —_
© ©
- x
3 8
e, 2
g B
%]
~
o 5?/ d
| | | | I
1 2 3 4 5
#BRCA samples




image5.png
F1A

- 0 L © o© S 0 OB o 10 <
o o % LD D a— S an ﬁ oy X &
‘llu'l n- mL &0 N0 d D N LG nl» APy
‘&k by A00N T VR U D N 44 £ %:% .| 4 ALl -
w @a‘ % i IA < n< l'f P ) P ATe sl WA Tans @) (@2 g A T <K
s )‘I‘fﬂ’b):'i‘!‘#zﬁl‘za TN SN =SS A TN AT |ﬂ>n S T T T . <

e
A

IO OO W0
URTST(/ ! OB
oG Bt
S
N =
3
(6]

- Ip N

T

[ P,
=~ X
o O

AB

<p> (averaged on BRCA samples)

0 14.68 29.35 44.03

#BRCA samples showing co-occourrence

s 3 8 2 0«






Feailness and resilience of gene networks predicted by
detection of co-oceurring mutations via a stochastic
perurbatve approsch

Supplementary Information
Sepplementary Note
e e ——————
e e ) ek L () e o o e
L

ooty e iy

I @
s ot o bty b o
e e S S R S

ity o i et e £ P

e et e e s O e
e T T s o P e et
e ke L o f e o bt e
s ok e - bt




