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1. General remarks 

The Supplement contains mathematical models that have been used as examples 

illustrating the method presented in the man paper. We have not introduced any changes 

to the notation used in the original models. Nominal values of parameters have also been 

assumed as in the original models. 

In the following sections, models equations are presented. The variables names 

correspond to the molecule names and they denote concentration of those molecules. 

 

2. p53 regulatory module 

The p53/Mdm2 regulatory module, illustrated by the Fig. 2 in the main text, is described 

by the following equations (Puszynski et al., 2008):  

(Cytoplasmic) PTEN, PTEN(t) 

 
𝑑𝑃𝑇𝐸𝑁(𝑡)

𝑑𝑡
= 𝑡1𝑃𝑇𝐸𝑁𝑡(𝑡) − 𝑑2𝑃𝑇𝐸𝑁(𝑡) (S2.1) 

Active form of PIP, PIPp(t) 

 
𝑑𝑃𝐼𝑃𝑝(𝑡)

𝑑𝑡
= 𝑎2(𝑃𝐼𝑃𝑡𝑜𝑡 − 𝑃𝐼𝑃𝑝(𝑡)) − 𝑐0𝑃𝑇𝐸𝑁(𝑡)𝑃𝐼𝑃𝑝(𝑦) (S2.2) 
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Active Akt, AKTp(t) 

 
𝑑𝐴𝐾𝑇𝑝(𝑡)

𝑑𝑡
= 𝑎3 (𝐴𝐾𝑇𝑡𝑜𝑡 − 𝐴𝐾𝑇𝑝(𝑡)) 𝑃𝐼𝑃𝑝(𝑡) − 𝑐1𝐴𝐾𝑇𝑝(𝑡) (S2.3) 

Cytoplasmic Mdm2, MDM(t) 

 
𝑑𝑀𝐷𝑀(𝑡)

𝑑𝑡
= 𝑡0𝑀𝐷𝑀𝑡(𝑡) + 𝑐2𝑀𝐷𝑀𝑝(𝑡) − 𝑎4𝑀𝐷𝑀(𝑡)𝐴𝐾𝑇𝑝(𝑡) −          

 (𝑑0 + 𝑑1
𝑁2(𝑡)

ℎ0
2+𝑁2(𝑡)

) 𝑀𝐷𝑀(𝑡) (S2.4) 

Cytoplasmic phosphorylated Mdm2, MDMp(t) 

 
𝑑𝑀𝐷𝑀𝑝(𝑡)

𝑑𝑡
= 𝑎4𝑀𝐷𝑀(𝑡)𝐴𝐾𝑇𝑝(𝑡) − 𝑐2𝑀𝐷𝑀𝑝(𝑡) − 𝑖0𝑀𝐷𝑀𝑝(𝑡) + 𝑒0𝑀𝐷𝑀𝑝𝑛(𝑡) − 

(𝑑0 + 𝑑1
𝑁2(𝑡)

ℎ0
2+𝑁2(𝑡)

) 𝑀𝐷𝑀𝑝(𝑡) (S2.5) 

Nuclear phosphorylated Mdm2, MDMpn(t) 

 
𝑑𝑀𝐷𝑀𝑝𝑛(𝑡)

𝑑𝑡
= 𝑖0𝑀𝐷𝑀𝑝(𝑡) − 𝑒0𝑀𝐷𝑀𝑝𝑛(𝑡) − (𝑑0 + 𝑑1

𝑁2(𝑡)

ℎ0
2+𝑁2(𝑡)

) 𝑀𝐷𝑀𝑝𝑛(𝑡) (S2.6) 

Inactive (nuclear) p53, P53n(t) 

 
𝑑𝑃53𝑛(𝑡)

𝑑𝑡
= 𝑝0 − (𝑎0 + 𝑎1

𝑁2(𝑡)

ℎ0
2+𝑁2(𝑡)

) 𝑃53𝑛(𝑡) + 𝑐3𝑃53𝑝𝑛(𝑡) − 

(𝑑3 + 𝑑4𝑀𝐷𝑀𝑝𝑛
2 (𝑡)) 𝑃53𝑛(𝑡) (S2.7) 

Active (nuclear) p53, P53pn(t) 

 
𝑑𝑃53𝑝𝑛(𝑡)

𝑑𝑡
= (𝑎0 + 𝑎1

𝑁2(𝑡)

ℎ0
2+𝑁2(𝑡)

) 𝑃53𝑛(𝑡) − 𝑐3𝑃53𝑝𝑛(𝑡) − 

(𝑑5 + 𝑑6𝑀𝐷𝑀𝑝𝑛
2 (𝑡)) 𝑃53𝑝𝑛(𝑡) (S2.8) 
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Mdm2 transcript, MDMt(t) 

 
𝑑𝑀𝑑𝑚2𝑡(𝑡)

𝑑𝑡
= 2𝑠0𝑃𝐴(𝑡) − 𝑑7𝑀𝐷𝑀𝑡(𝑡) (S2.9) 

PTEN transcript, PTENt(t) 

 
𝑑𝑃𝑇𝐸𝑁𝑡(𝑡)

𝑑𝑡
= 2𝑠1𝑃𝐴(𝑡) − 𝑑8𝑃𝑇𝐸𝑁𝑡(𝑡) (S2.10) 

Number of DSBs, N(t) 

 
𝑑𝑁(𝑡)

𝑑𝑡
= 𝑑𝐷𝐴𝑀 ∙ 𝑅 −

𝑁(𝑡)∙𝑑𝑅𝐸𝑃∙𝑃𝐴(𝑡)

𝑁(𝑡)+𝑁𝑆𝐴𝑇∙𝑃𝐴(𝑡)
+ 𝑎6 (

𝐴(𝑡)
𝑝1
𝑑9

)

4

 (S2.11) 

Apoptotic factor, A(t) 

 
𝑑𝐴(𝑡)

𝑑𝑡
= 𝑝1

𝑞3𝑃53𝑝𝑛
2 (𝑡)

𝑞4+𝑞3𝑃53𝑝𝑛
2 (𝑡)

− 𝑑9𝐴(𝑡) (S2.12) 

where PA(t) is the probability that the gene copy is active: 

 𝑃𝐴(𝑡) =
𝑞0+𝑞1𝑃53𝑝𝑛

2 (𝑡)

𝑞2+𝑞0+𝑞1𝑃53𝑝𝑛
2 (𝑡)

 (S2.13) 

 

To make the model easier to understand, each of the equations is preceded by a caption, 

related to the molecule whose concentration kinetics it describes. Used notation: 

 Variables without subscripts refer to cytoplasmic content, while nuclear content is 

represented by subscript n. 

 mRNA transcripts are denoted by t subscript. 

 Phosphorylated or active form of proteins is indicated by p subscript. 

All remaining symbols are model parameters, described in (Puszynski et al., 2008). 
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3. IFN–β signaling pathway 

The IFN–β signaling pathway (Fig. 7 in the main text) has been introduced in (Smieja et 

al., 2008). The following notation is used in the model description: 

 Variables refer to cytoplasmic content if no subscripts are present, while nuclear 

content is represented by subscript n. 

 mRNA transcripts are denoted by t subscript and always refer to the cytoplasmic 

content; the transport of mRNA to the cytoplasm is assumed to be very fast in 

relation to other processes and therefore neglected in the model. 

 Phosphorylated form of proteins is indicated by p subscript. 

 Subscripts active and inactive are used to distinguish respective states of the 

molecules. 

 Four auxiliary variables 𝑥𝑎𝑢𝑥𝑖 have been introduced in the source paper to fit the 

delay between transcription factor and corresponding transcript peaks. 

 𝑢(𝑡) is a logical variable and represents the model input; 𝑢(𝑡) = 1 if signal (IFN–β) 

is present, 𝑢(𝑡) = 0 if no signal is present. 

To make the model easier to understand, each of the equations that follow is preceded by 

a caption, related to the molecule whose concentration kinetics it describes. 

Unphosphorylated cytoplasmic STAT1: 

dSTAT1

dt
= ktransl ∙ STAT1t − ks1deg ∙ STAT1 − 𝑢(𝑡) ∙

ks1phos∙STAT1

1+ks1phossat
∙STAT1

+ 

 +ks1dephc ∙ STAT1p + 2kinvs1s1 ∙ (STAT1p|STAT1p) + kinvs1s2 ∙ (STAT1p|STAT2p)+ 

 +𝑒𝑠1 ∙ 𝑆𝑇𝐴𝑇1𝑛 − 𝑖𝑠1 ∙ 𝑆𝑇𝐴𝑇1 (S3.1) 
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Unphosphorylated cytoplasmic STAT2  

𝑑𝑆𝑇𝐴𝑇2

𝑑𝑡
= 𝑘𝑡𝑟𝑎𝑛𝑠𝑙 ∙ 𝑆𝑇𝐴𝑇2𝑡 − 𝑘𝑠2𝑑𝑒𝑔 ∙ 𝑆𝑇𝐴𝑇2 − 𝑢(𝑡) ∙

𝑘𝑠2𝑝ℎ𝑜𝑠∙𝑆𝑇𝐴𝑇2

1+𝑘𝑠2𝑝ℎ𝑜𝑠𝑠𝑎𝑡
∙𝑆𝑇𝐴𝑇2

+ 

 +𝑘𝑠2𝑑𝑒𝑝ℎ𝑐 ∙ 𝑆𝑇𝐴𝑇2𝑝 + 𝑘𝑖𝑛𝑣𝑠1𝑠2 ∙ (𝑆𝑇𝐴𝑇1𝑝|𝑆𝑇𝐴𝑇2𝑝)+ 

 +𝑒𝑠2 ∙ 𝑆𝑇𝐴𝑇2𝑛 − 𝑖𝑠2 ∙ 𝑆𝑇𝐴𝑇2 (S3.2) 

Phosphorylated cytoplasmic STAT1: 

dSTAT1p

dt
= −ks1pdeg ∙ STAT1p + 𝑢(𝑡) ∙

ks1phos∙STAT1

1+ks1phossat
∙STAT1

− ks1dephc ∙ STAT1p  

 −2ks1s1 ∙ STAT1p ∙ STAT1p − ks1s2 ∙ STAT1p ∙ STAT2p (S3.3) 

Phosphorylated cytoplasmic STAT2: 

𝑑𝑆𝑇𝐴𝑇2𝑝

𝑑𝑡
= −𝑘𝑠2p𝑑𝑒𝑔 ∙ 𝑆𝑇𝐴𝑇2𝑝 + 𝑢(𝑡) ∙

𝑘𝑠2𝑝ℎ𝑜𝑠∙𝑆𝑇𝐴𝑇2

1+𝑘𝑠2𝑝ℎ𝑜𝑠𝑠𝑎𝑡
∙𝑆𝑇𝐴𝑇2

− 𝑘𝑠2𝑑𝑒𝑝ℎ𝑐 ∙ 𝑆𝑇𝐴𝑇2𝑝  

 −𝑘𝑠1𝑠2 ∙ 𝑆𝑇𝐴𝑇1𝑝 ∙ 𝑆𝑇𝐴𝑇2𝑝 (S3.4) 

Cytoplasmic STAT1p|STAT1p complex  

𝑑(𝑆𝑇𝐴𝑇1𝑝|𝑆𝑇𝐴𝑇1𝑝)

𝑑𝑡
= 𝑘𝑠1𝑠1 ∙ 𝑆𝑇𝐴𝑇1𝑝 ∙ 𝑆𝑇𝐴𝑇1𝑝 − 𝑘𝑠1𝑠1𝑝𝑑𝑒𝑔 ∙ (𝑆𝑇𝐴𝑇1𝑝|𝑆𝑇𝐴𝑇1𝑝) − 

 −is1s1 ∙ (STAT1p|STAT1p) − kinvs1s1 ∙ (STAT1p|STAT1p) (S3.5) 

Cytoplasmic STAT1p|STAT2p complex  

𝑑(𝑆𝑇𝐴𝑇1𝑝|𝑆𝑇𝐴𝑇2𝑝)

𝑑𝑡
= 𝑘𝑠1𝑠2 ∙ 𝑆𝑇𝐴𝑇1𝑝 ∙ 𝑆𝑇𝐴𝑇2𝑝 − 𝑘𝑠1𝑠2𝑝𝑑𝑒𝑔 ∙ (𝑆𝑇𝐴𝑇1𝑝|𝑆𝑇𝐴𝑇2𝑝) − 

 −𝑖𝑠1𝑠2 ∙ (𝑆𝑇𝐴𝑇1𝑝|𝑆𝑇𝐴𝑇2𝑝) − 𝑘𝑖𝑛𝑣𝑠1𝑠2 ∙ (𝑆𝑇𝐴𝑇1𝑝|𝑆𝑇𝐴𝑇2𝑝) (S3.6) 
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Cytoplasmic active IRF1 protein 

 
dIRF1

dt
= ktransl ∙ IRF1t − ki1deg ∙ IRF1 − ii1 ∙ IRF1 + ei1 ∙ IRF1n (S3.7) 

Cytoplasmic inactive IRF1 protein 

 
dIRF1𝑖𝑛𝑎𝑐𝑡𝑖𝑣𝑒

dt
= −ki1deg ∙ IRF1𝑖𝑛𝑎𝑐𝑡𝑖𝑣𝑒 + ei1 ∙ IRF1𝑖𝑛𝑎𝑐𝑡𝑖𝑣𝑒_𝑛 (S3.8) 

Unphosphorylated nuclear STAT1  

𝑑𝑆𝑇𝐴𝑇1𝑛

𝑑𝑡
= 𝑖𝑠1 ∙ 𝑘𝑣 ∙ 𝑆𝑇𝐴𝑇1 − 𝑒𝑠1 ∙ 𝑘𝑣 ∙ 𝑆𝑇𝐴𝑇1𝑛 − 𝑘𝑠1𝑑𝑒𝑔 ∙ 𝑆𝑇𝐴𝑇1𝑛 + 

 +2𝑘𝑖𝑛𝑣𝑠1𝑠1n ∙ (𝑆𝑇𝐴𝑇1𝑝|𝑆𝑇𝐴𝑇1𝑝)
𝑛

+ 𝑘𝑖𝑛𝑣𝑠1𝑠2n ∙ (𝑆𝑇𝐴𝑇1𝑝|𝑆𝑇𝐴𝑇2𝑝)
𝑛

+ 

 +2𝑘𝑖𝑛𝑣𝑦𝑠1𝑠1 ∙ (𝑌|𝑆𝑇𝐴𝑇1𝑝|𝑆𝑇𝐴𝑇1𝑝)
𝑛

+ 𝑘𝑖𝑛𝑣𝑠1𝑖1 ∙ (𝑆𝑇𝐴𝑇1|𝐼𝑅𝐹1 )𝑛 − 

 −𝑘𝑠1𝑖1 ∙ 𝐼𝑅𝐹1𝑎𝑐𝑡𝑖𝑣𝑒_𝑛 ∙ 𝑆𝑇𝐴𝑇1𝑛 (S3.9) 

Unphosphorylated nuclear STAT2  

𝑑𝑆𝑇𝐴𝑇2𝑛

𝑑𝑡
= 𝑖𝑠2 ∙ 𝑘𝑣 ∙ 𝑆𝑇𝐴𝑇2 − 𝑒𝑠2 ∙ 𝑘𝑣 ∙ 𝑆𝑇𝐴𝑇2𝑛 − 𝑘𝑠2𝑑𝑒𝑔 ∙ 𝑆𝑇𝐴𝑇2𝑛 + 

 +𝑘𝑖𝑛𝑣𝑠1𝑠2n ∙ (𝑆𝑇𝐴𝑇1𝑝|𝑆𝑇𝐴𝑇2𝑝)
𝑛

 (S3.10) 

Nuclear STAT1p|STAT1p complex  

𝑑(𝑆𝑇𝐴𝑇1𝑝|𝑆𝑇𝐴𝑇1𝑝)
𝑛

𝑑𝑡
= −(𝑘𝑖𝑛𝑣𝑠1𝑠1 + 𝑘𝑠1𝑠1𝑝𝑑𝑒𝑔) ∙ (𝑆𝑇𝐴𝑇1𝑝|𝑆𝑇𝐴𝑇1𝑝)

𝑛
+ 

 +𝑖𝑠1𝑠1 ∙ 𝑘𝑣 ∙ (𝑆𝑇𝐴𝑇1𝑝|𝑆𝑇𝐴𝑇1𝑝) − 𝑘𝑌𝑠1𝑠1 ∙ (𝑆𝑇𝐴𝑇1𝑝|𝑆𝑇𝐴𝑇1𝑝)
𝑛

∙ 𝑌𝑎𝑐𝑡𝑖𝑣𝑒_𝑛 (S3.11) 
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Nuclear STAT1p|STAT2p complex  

𝑑(𝑆𝑇𝐴𝑇1𝑝|𝑆𝑇𝐴𝑇2𝑝)
𝑛

𝑑𝑡
= −(𝑘𝑖𝑛𝑣𝑠1𝑠2 + 𝑘𝑠1𝑠2𝑝𝑑𝑒𝑔) ∙ (𝑆𝑇𝐴𝑇1𝑝|𝑆𝑇𝐴𝑇2𝑝)

𝑛
+ 

 +𝑖𝑠1𝑠2 ∙ 𝑘𝑣 ∙ (𝑆𝑇𝐴𝑇1𝑝|𝑆𝑇𝐴𝑇2𝑝) (S3.12) 

Active nuclear hypothetical Y phosphatase 

 
dYactive_n

dt
= kactivation ∙ (STAT1p|STAT2p)

n
∙ Yinactiven

− 

 −kYs1s1 ∙ (STAT1p|STAT1p)
n

∙ Yactiven
+ kinvys1s1 ∙ (Y|STAT1p|STAT1p)

n
(S3.13) 

Inactive nuclear hypothetical Y phosphatase 

 
𝑑𝑌𝑎𝑐𝑡𝑖𝑣𝑒_𝑛

𝑑𝑡
= −𝑘𝑎𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛 ∙ (𝑆𝑇𝐴𝑇1𝑝|𝑆𝑇𝐴𝑇2𝑝)

𝑛
∙ 𝑌𝑖𝑛𝑎𝑐𝑡𝑖𝑣𝑒𝑛

 (S3.14) 

Nuclear Y|STAT1p|STAT1p complex 

 
d(Y|STAT1p|STAT1p)

n

dt
= kYs1s1 ∙ (STAT1p|STAT1p)

n
∙ Yactiven

− 

 −kinvys1s1 ∙ (Y|STAT1p|STAT1p)
n

− kdegys1s1 ∙ (Y|STAT1p|STAT1p)
n
 (S3.15) 

Nuclear active IRF1 protein 

 
dIRF1𝑛

dt
= 𝑘𝑣 ∙ ii1 ∙ IRF1 − ki1deg ∙ IRF1𝑛 − 𝑘𝑣 ∙ ei1 ∙ IRF1n −  

 −𝑘𝑖𝑛𝑎𝑐𝑡𝑖1 ∙ 𝐼𝑅𝐹1𝑛 − 𝑘𝑠1𝑖1 ∙ 𝐼𝑅𝐹1𝑛 ∙ 𝑆𝑇𝐴𝑇1𝑛 + 𝑘𝑖𝑛𝑣𝑠1𝑖1 ∙ (𝑆𝑇𝐴𝑇1|𝐼𝑅𝐹1 )𝑛 (S3.16) 

Nuclear inactive IRF1 protein 

 
dIRF1𝑖𝑛𝑎𝑐𝑡𝑖𝑣𝑒_𝑛

dt
= 𝑘𝑖𝑛𝑎𝑐𝑡𝑖1 ∙ IRF1𝑛 − ki1indeg ∙ IRF1𝑖𝑛𝑎𝑐𝑡𝑖𝑣𝑒_𝑛 − 𝑘𝑣 ∙ ei1_in ∙ IRF1𝑖𝑛𝑎𝑐𝑡𝑖𝑣𝑒_𝑛  

  (S3.17) 
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Nuclear STAT1|IRF1 complexes 

 
𝑑(𝑆𝑇𝐴𝑇1|𝐼𝑅𝐹1 )𝑛

𝑑𝑡
= 𝑘𝑠1𝑖1 ∙ 𝐼𝑅𝐹1𝑛 ∙ 𝑆𝑇𝐴𝑇1𝑛 − (𝑘𝑠1𝑖1𝑑𝑒𝑔 + 𝑘𝑖𝑛𝑣𝑠1𝑖1) ∙ (𝑆𝑇𝐴𝑇1|𝐼𝑅𝐹1 )𝑛  

  (S3.18) 

IRF1 mRNA 

 
dIRF11t

dt
= vi1t ∙ (STAT1p|STAT1p)

n
− kdegi1t ∙ IRF1t (S3.19) 

STAT1 mRNA 

 
d𝑆𝑇𝐴𝑇1𝑡

d𝑡
= 𝑘𝑠1𝑡𝑝𝑟𝑜𝑑 + 𝑣𝑠1𝑡 ∙ 𝑥𝑎𝑢𝑥4 − 𝑘𝑑𝑒𝑔𝑠1𝑡 ∙ 𝑆𝑇𝐴𝑇1𝑡 (S3.20) 

STAT2 mRNA 

 
d𝑆𝑇𝐴𝑇2𝑡

d𝑡
= 𝑘𝑠2𝑡𝑝𝑟𝑜𝑑 − 𝑘𝑑𝑒𝑔𝑠1𝑡 ∙ 𝑆𝑇𝐴𝑇2𝑡 (S3.21) 

TAP1 mRNA 

 
d𝑇𝐴𝑃1𝑡

d𝑡
= 𝑘𝑡1𝑡𝑝𝑟𝑜𝑑 + 𝑣𝑡1𝑡 ∙ (𝑆𝑇𝐴𝑇1|𝐼𝑅𝐹1 )𝑛 − 𝑘𝑑𝑒𝑔𝑡1𝑡 ∙ 𝑇𝐴𝑃1𝑡 (S3.22) 

LMP2 mRNA 

 
𝑑𝐿𝑀𝑃2𝑡

𝑑𝑡
= 𝑘𝑙2𝑡𝑝𝑟𝑜𝑑 + 𝑣𝑙2𝑡 ∙ (𝑆𝑇𝐴𝑇1|𝐼𝑅𝐹1 )𝑛 − 𝑘𝑙2𝑡 ∙ 𝐿𝑀𝑃2𝑡 (S3.23) 

Auxiliary variables 

 
dxaux1

dt
=

1

T
IRF1n −

1

T
xaux1 (S3.24) 

 
dxaux2

dt
=

1

T
xaux1 −

1

T
xaux2 (S3.25) 

 
dxaux3

dt
=

1

T
xaux2 −

1

T
xaux3 (S3.26) 
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dxaux4

dt
=

1

T
xaux3 −

1

T
xaux4 (S3.27) 
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