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I. SI Appendix Methods 

Method S1: Details of the model 

The model comprises three modules. In the following, we describe each module in detail.  

1. Regulation of cell proliferation (Fig. S1B) 

The central node of this module is activator E2F (E2F1, E2F2 and E2F3A), transactivating genes 

involved in cell cycle entry and DNA replication. The E2F-RB pathway is responsible for the control 

of the restriction (R) point. In quiescent cells, RB remains in a hypo-phosphorylated status and 

actively represses the transcriptional activity of E2F by blocking its transactivation domain (TD). 

Upon serum stimulation, cyclin D is induced by growth factors or Myc and forms a complex with 

Cdk4/6 to phosphorylate RB, which releases E2F from the repression by RB. Myc also induces the 

production of E2F. E2F facilitates its own activation through two positive feedback loops: E2F 

transactivates cyclin E, and cyclin E/Cdk2 phosphorylates RB, which further releases E2F; E2F also 

mediates its own transcription. Because of these positive feedback loops, E2F exhibits bistability in 

response to serum stimulation1.  

The framework of this module is derived from Ref. 1, and recent experimental advances are 

incorporated to differentiate E2F1 from other activator E2Fs (E2F2 and E2F3A). There are three 

major revisions: 1) The active E2F1 released from RB’s inhibition by E1A remains in the E1A-RB 

complex through the interaction between E2F1 and RB2,3; 2) the cyclin-mediated phosphorylation of 

RB only releases the TD of E2F1 from RB, but E2F1 still associates with RB through the interaction 

between its Marked Box and a C-terminal region of RB4; 3) both E1A and RB protect activator E2F 

from degradation5,6 and associate with E2F to form the E1A-E2F and RB-E2F complexes7,8. 

Additionally, E1A stabilizes RB through their interactions2. Phosphorylated RB is resistant to 

binding E1A9.  
 

2. p53 activation (Fig. S1C) 

There are two opposing factors regulating p53 expression through MDM2－ARF and Akt. Growth 

factors (GFs) in serum promote the transcription of mdm210 and Akt activation via phosphorylation. 

Active Akt phosphorylates MDM2, enhancing its nuclear accumulation. As a transcriptional target of 

p53, MDM2 in turn targets p53 for degradation. p53 induces the production of PTEN11, a 

phosphatase that dephosphorylates the PIP3 kinase, which is required for the activation of Akt12. 

Thus, Akt, MDM2, p53 and PTEN enclose a positive feedback loop. On the other hand, ARF blocks 

the E3 ligase activity of MDM2 toward p53. Notably, the interaction between MDM2 and ARF is 
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significantly stronger than that between MDM2p and ARF13.  

 
3. Apoptosis induction by p53 and E2F1 (Fig. S1D) 

We focus on the intrinsic apoptotic pathway, which triggers apoptosis in a mitochondria-dependent 

manner. The caspase-activation cascade makes up the backbone of the module. The active Bax 

protein is able to form pores in the outer membrane of mitochondria, leading to the release of 

cytochrome c (Cyt c) from mitochondria to the cytoplasm14-17. Released Cyt c then binds to and 

activates Apaf-1 (apoptotic protease-activating factor-1) to form the caspase-activating complex, 

apoptosome18,19. Recruited to the apoptosome, procaspase-9 forms dimers, undergoes autoprocessing 

and becomes proteolytically active. The active caspase-9 dimer, either free or bound to the 

apoptosome, then leads to activation of the executor caspase-319,22,23. Furthermore, active caspase-3 

promotes the release of Cyt c. Specifically, the ratio of caspase-9 to apoptosome is 1:1, and the 

activated caspase-9 dimer on apoptosome can continuously be displaced by procaspase-920,21.  

E2F1 promotes apoptosis through inducing the production of Apaf-1, procaspase-9 and 

procaspase-322, while p53 induces Bax and thus initiates the apoptotic program23. p21, induced by 

p53, is able to interact with procaspase-3 to block its activation. Active caspase-3 in turn catalyzes 

the cleavage and inactivation of p21. Some redundant regulatory pathways, especially anti-apoptotic 

proteins and their interactions (e.g., p53/Bcl-2/Bax and Smac/IAPs/caspase pathways), are omitted 

here. 

The bistability and threshold-crossing mechanisms underlying the action of effector caspases 

have been explored extensively24-26. In our model, this feature is imparted by two positive feedback 

loops. One is the caspase-3-mediated amplification of Cyt c release, and the other involves the 

interactions between p21, p21p, procaspase-3 and caspase-3. The caspase-3-mediated mitochondrial 

amplification loop is engaged in ARF-dependent apoptosis27. 
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Method S2: Interpretations of the functions of proteins 

1. Function and regulation of the ARF tumor suppressor 

The ARF protein is a major factor linking the RB-E2F and MDM2-p53 pathways. ARF is encoded in 

part by an alternative reading frame within the second of three exons that comprise the INK4A gene. 

Particularly, the Arf gene is not expressed in most normal tissues, but induced upon oncogenic 

signals. ARF activates the p53-mediated tumor suppressive program through antagonizing the E3 

ligase activity of MDM228. 

In human cells, the transcriptional activation of ARF is mainly attributed to activator E2F29. In 

unstressed cells, the Arf promoter is actively suppressed by E2F3B or Bim-130-32, which buffers 

against the transcriptional activity of activator E2F. As cells are infected with E1A, this adenovirus 

protein functions through multiple ways to induce cell transformation, and a dominant one is to 

disrupt the elegantly controlled RB-E2F interaction33-35, which results in ectopic expression of E2F2. 

The binding of hyper-activated E2F to the Arf promoter overrides that of repressors, leading to 

induction of ARF. 
 

2. Cell-cycle arrest triggered by p53  

It is well known that the p53 protein can induce G1 cell-cycle arrest in response to multiple cellular 

stresses, and this role is primarily related to p2136,37. p21 binds and inactivates cyclin E/Cdk2, 

resulting in RB hypo-phosphorylation and activation38. Then, activated RB induces the G1 arrest by 

negative regulation of activator E2F39, which mediates the transcription of multiple genes that are 

crucial for S phase entry and cell cycle progression40. Here, RB is inhibited or blocked by E1A 

irrespective of its phosphorylation status; thus, the G1/S checkpoint is disrupted, with the ectopic 

expression of E2F and a lack of G1/S arrest. 

In addition to G1 arrest, p53 also contributes to G2/M arrest by inducing the transcription of 

genes like p21 and 14-3-3. Such cell cycle arresters converge to inhibit the activation of Cdc2, which 

is responsible for G2/M phase transition41-44. 
 
3. Pro-apoptotic roles of p53 and E2F1 

Upon full activation, both p53 and E2F1 have a pro-apoptotic role. Accumulating evidence suggests 

that they cooperate to induce apoptosis45,46. In addition to E2F1-induced activation of p53 through 

the E2F-ARF-MDM2 axis, p53 and E2F1 regulate a plethora of target genes. First, they separately 

transactivate some major pro-apoptotic genes, and these gene products promote apoptosis 

cooperatively. For example, E2F1 transactivates the expression of procaspase-9 and procaspase-322, 
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while p53 upregulates the expression of Bax23. Second, genes like Aparf-1 and PUMA are 

transcriptionally activated by both E2F1 and p5347-49, while several anti-apoptotic genes, like some 

Bcl-2 family members, are negatively regulated by both E2F1 and p5350-53. 
 
4. Anti-apoptotic and pro-survival roles of Akt 

Akt is well known for its pro-survival role and hyperactivity across various tumors. It is activated by 

the PI3K pathway and mediates the pro-survival signals emanating from diverse extracellular growth 

or survival signals, such as insulin and growth factors54,55. Once activated, Akt functions through 

multiple and somewhat redundant pathways (Fig. S1A). The pathways included in our model are 

described in the following: 

a. Phosphorylation of p21. The phosphorylation at T145 by Akt is one of the best characterized 

posttranslational modifications of p21. The phosphorylation induces the relocalization of p21 from 

the nucleus to the cytoplasm56,57, where it is exposed to a wide range of binding partners, one of 

which is procaspase-3. The interaction between p21 and procaspase-3 blocks the proteolytic 

activation of procaspase-358,59. Here, it is assumed that phosphorylated p21 is evenly distributed 

between the nucleus and cytoplasm; thus, it functions as a cell-cycle arrester through inhibiting Cdks 

and an apoptotic inhibitor through repressing procaspase-3 activation. In contrast, dephosphorylated 

p21 resides exclusively in the nucleus, functioning as a cell-cycle arrester. 

b. Phosphorylation of MDM2. The phosphorylation of MDM2 by Akt leads to its nuclear 

accumulation, strengthening its inhibition of p5313,60,61. Here, it is assumed that dephosphorylated 

MDM2 is evenly distributed between the cytoplasm and nucleus, with the same nuclear import and 

export activity, and phosphorylated MDM2 is mainly located in the nucleus, with the ability to 

interact with ARF significantly weakened13,61. 

 
5. The p21/caspase-3 interaction 

Phosphorylated p21 can accumulate in the cytoplasm56,57, where it interacts with diverse binding 

partners, such as procaspase-3 (Pro3). p21 binds to Pro3 through its N-terminal and prevents the 

conversion of Pro3 to mature caspase-3 (Casp3), thus dampening apoptosis58,59. This anti-apoptotic 

role of p21 is involved in apoptosis induced by p5362,63 and by ARF27,64,65. Activated Casp3 mediates 

the cleavage and inactivation of p2166,67, which is an early event in p53-dependent apoptosis. Thus, 

the p21/Casp3 interaction forms a positive feedback loop which sensitizes cells to both pro-survival 

and -apoptotic signals. 
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6. Biphasic release of cytochrome c  

Accumulating data suggest that Cyt c release follows biphasic kinetics68,69. The first wave of Cyt c 

release, preceding caspase activation, involves a small pool of soluble Cyt c in the intermembrane 

space (~14% of mitochondrial Cyt c). The second wave releases a large pool of Cyt c that is 

normally sequestered by cardiolipin (CL) on the inner membrane and is released upon CL oxidation, 

which is provoked by the Casp3-mediated cleavage of mitochondrial complexes and increase in 

ROS, e.g. the Casp3-mediated cleavage of p75 subunit of the respiratory complex I or cytochrome 

c170,71.  
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Method S3: ODEs of the model 

Module 1: Regulation of cell proliferation  

Case A: Normal growth condition－cell cycle is stimulated by growth factors (GFs) 

M_S p
M_E M_E Myc

S E RpE p

[ ] [R E][Myc] [E 2 F1]+ [E 2 Fs]= + + - [Myc]
+ [ ] + [E 2 F1]+ [E 2 Fs] + [R E]

k Sd k k d
dt K S K K

  
       

              (S1a) 

CD_S CD_M
CD

S M

[ ] [Myc][CycD] + [CycD]
+ [ ] + [Myc]

k S kd d
dt K S K

= −                                                 (S2a) 

p
CE_E CE_E CE

E RpE p

[R E][CycE] [E 2 F1]+ [E 2 Fs] + [CycE]
+ [E 2 F1]+ [E 2 Fs] + [R E]

d k k d
dt K K

  
= −       

                    (S3a) 

E_M
E2F E_E

M M E

p
E_E RpE p RE RpE p E2F

M RpE p

[Myc][E2F1] [Myc] [E2F1]+[E2Fs]
[Myc] +[Myc] +[E2F1]+[E2Fs]

[R E][Myc] [R E] [RB][E2F1] [RB ][E2F1] [E2F1]
+[Myc] +[R E]

kd k k
dt K K K

k D k k d
K K

  
= + + +  +   

  
+ − − −        

(S4a) 

E_M
E 2 F E_E

M M E

p p_RE p_RE
E_E

M RpE p CD CE

RE

[Myc][E2Fs] [Myc] [E2F1]+ [E2Fs]+ +
+ [Myc] + [Myc] + [E2F1]+ [E2Fs]

[R E] [CycD][REs] [CycE][REs][Myc]+ +
+ [Myc] + [R E] + [REs] + [REs]

[RB][E

kd k k
dt K K K

k k
k

K K K K

k

  
=   

  
  

+     
− E 2 F2Fs] [E2Fs]d−

                 (S5a) 

DP2 p p_RE p_RE
RE RE

RpE p CD CE

[R E] [CycD][RE] [CycE][RE][RE] [RB][E 2 F1]+ [RE]
+ [R E] + [RE] + [RE]

k k kd k d
dt K K K

= − − −   (S6a) 

p_RE p_RE
RE RE

CD CE

[CycD][REs] [CycE][REs][REs] [RB][E2Fs] [REs]
[REs] [REs]

k kd k d
dt K K

= − − −
+ +

  (S7a) 

p p_RE p_RE DP2 p
RpE p RpE p RpE p

CD CE RpE p

[R E] [CycD][RE] [CycE][RE] [R E]
[RB ][E2F1] [R E] [R E]

[RE] [RE] [R E]
d k k k

k D d
dt K K K

= + + − − −
+ + +

 (S8a) 

( )DP1 p p_RB p_RB
RB RE RB

RBp p CD CE

[RB ] [CycD][RB] [CycE][RB][RB] [RB] [E2F1]+[E2Fs] [RB]
[RB ] [RB] [RB]

k k kd k k d
dt K K K

= + − − − −
+ + +

 (S9a) 
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p p_RB p_RB p_RE p_RE

CD CE CD CE

DP1 p
RpE p RpE p RBp p

RBp p

[RB ] [CycD][RB] [CycE][RB] [CycD][REs] [CycE][REs]
[RB] [RB] [REs] [REs]

[RB ]
[R E] [RB ][E2F1] [RB ]

[RB ]

d k k k k
dt K K K K

k
D k d

K

= + + + +
+ + + +

− − −
+

 (S10a) 

( )
( )

3 3
p

A_E A_RpE3 3 33 pA_RpEA_E

p pMpA MA MpA MA ARF

[E2F1]+[E2Fs][ARF] [R E]
[R E][E2F1]+[E2Fs]

[M A] [MA] [MDM2 ][ARF] [MDM2][ARF] [ARF]

d k k
dt KK

D D k k d

   
= + +      ++   

+ − − −

 (S11a) 

Case B: Oncogenic condition－cell cycle is stimulated by GFs and/or E1A 

M_S
M_E M_E

S E EE1

p
M_E M_E Myc

REE1 RpE p

[ ][Myc] [E2F1]+[E2Fs] [E1E1]+[EsE1]
[ ] [E2F1] [E2Fs] +[E1E1]+[EsE1]

[R E][REE1] [Myc]
+[REE1] +[R E]

k Sd k k
dt K S K K

k k d
K K

   
= + + +   + + +   

  
+ −       

 (S1b) 

CD_S CD_M
CD

S M

[ ] [Myc][CycD] [CycD]
[ ] +[Myc]

k S kd d
dt K S K

= + −
+

 (S2b) 

CE_E CE_E
E EE1

p
CE_E CE_E CE

RpE p REE1

[CycE] [E2F1]+[E2Fs] [E1E1]+[EsE1]
+[E2F1]+[E2Fs] +[E1E1]+[EsE1]

[R E] [REE1] [CycE]
+[R E] +[REE1]

d k k
dt K K

k k d
K K

   
= + +   

   
   

+ −       

 (S3b) 

E_M
E2F E_E

M M E

E_E
M EE1

p
E_E

pM RpE

[Myc][E2F1] [Myc] [E2F1]+[E2Fs] +
[Myc] [Myc] +[E2F1]+[E2Fs]

[Myc] [E1E1]+[EsE1] +
+[Myc] +[E1E1]+[EsE1]

[Myc] [R E] +
+[Myc] +[R E]

kd k k
dt K K K

k
K K

k
K K

  
= + +   + +  

  
  
  

  
     

E_E
M REE1

pRpE REE1 EE1 RE RpE p

EE1 REE1 E2F

[Myc] [REE1] +
+[Myc] +[REE1]

[R E]+ [REE1]+ [E1E1] [RB][E2F1] [RB ][E2F1]-

[E2F1][E1A] [RE1][E2F1] [E2F1]

k
K K

D D D k k
k k d

  
  
  

--

--

   (S4b) 

E_M
E2F E_E

M M E

p
E_E E_E

pM EE1 M RpE

[Myc][E2Fs] [Myc] [E2F1]+[E2Fs]+ + +
+[Myc] +[Myc] +[E2F1]+[E2Fs]

[Myc] [E1E1]+[EsE1] [Myc] [R E]+ +
+[Myc] +[E1E1]+[EsE1] +[Myc] +[R E]

kd k k
dt K K K

k k
K K K K

  
=   

  
     
           

p_RE p_RE
E_E

M REE1 CD CE

RE1 EE1 RE EE1 E2F

[CycD][REs] [CycE][REs][Myc] [REE1] + + +
+[Myc] +[REE1] +[REs] +[REs]

[REs][E1A] [EsE1] [RB][E2Fs] [E2Fs][E1A] [E2Fs]

k k
k

K K K K
k D k k d

  
  
  

+ − − −

                  (S5b) 
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p p_RE p_REDP2
RE

pDRpE CD CE

RE1 RE

[CycD][RE] [CycE][RE][RE] [R E][RB][E2F1]
+[R E] +[RE] +[RE]

[RE][E1A] [RE]

k kd kk
dt K K K

k d

= + − − −

−

 (S6b) 

p_RE p_RE
RE RE1 RE

CD CE

[CycD][REs] [CycE][REs][REs] [RB][E2Fs] [REs][E1A] [REs]
+[REs] +[REs]

k kd k k d
dt K K

= − − − −  (S7b) 

p_RE p_RE p_REE1 p_REE1P

CD CE CD CE

DP2 p
RpE p RpE p RpE p

DRpE p

[CycD][RE] [CycE][RE] [CycD][REE1] [CycE][REE1][R E]
[RE] [RE] [REE1] [REE1]

[R E]
[RB ][E2F1] [R E] [R E]

[R E]

k k k kd
dt K K K K

k
k D d

K

= + + + +
+ + + +

− − −
+

          (S8b) 

( )
RB

DP1 p p_RB p_RB
RE

RBp p CD CE

RE1 RE1 RB

[RB ] [CycD][RB] [CycE][RB][RB] [RB] [E2F1]+[E2Fs]
+[RB ] +[RB] +[RB]

[RB][E1A] [RB][E1E1] [RB]

k k kd k k
dt K K K

k k d

= + − − − −

− −

 (S9b) 

p p_RB p_RB p_RE1 p_RE1

CD CE CD CE

p_RE1 p_RE1 DP1 p
RpE p

CD CE RBp p

RpE

[RB ] [CycD][RB] [CycE][RB] [CycD][RE1] [CycE][RE1]
+[RB] +[RB] +[RE1] +[RE1]

[CycD][REs] [CycE][REs] [RB ]
[R E]

+[REs] +[REs] +[RB ]

[

d k k k k
dt K K K K

k k k
D

K K K
k

= + + + +

+ + − −

p RpE p RBp pRB ][E2F1] [RB ][E1E1] [RB ]k d− −

 (S10b) 

( )
( )

( )
( )

3 3

A_E A_EE13 33 3
A_E A_EE1

3 3
p

pA_RpE A_REE1 MpA MA3 3 3 3
pA_RpE A_REE1

[E2F1]+[E2Fs] [E1E1]+[EsE1][ARF]
[E2F1]+[E2Fs] [E1E1]+[EsE1]

[R E] [REE1] [M A] [MA]
[R E] [REE1]

d k k
dt K K

k k D D
K K

k

   
= + +   

   + +   
   

+ + + −      + +   
pMpA MA ARF[MDM2 ][ARF] [MDM2][ARF] [ARF]k d− −

 (S11b) 

EE1 RE1 RpE p EE1 EE1
[E1E1] [E2F1][E1A] [RB][E1E1] [RB ][E1E1] [E1E1] [E1E1]d k k k D d

dt
= − − − −  (S12) 

EE1 EE1 EE1
[EsE1] [E2Fs][E1A] [EsE1] [EsE1]d k D d

dt
= − −  (S13) 

RE1 RE1 RpE p REE1

p_REE1 p_REE1
REE1 REE1

CD CE

[REE1] [RE][E1A] [RB][E1E1] [RB ][E1E1] [RE1][E2F1]

[CycD][REE1] [CycE][REE1]
[REE1] [REE1]

+[REE1] +[REE1]

d k k k k
dt

k k
D d

K K

= + + + −

− − −
 (S14) 
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p_RE1 p_RE1
RE1 RE1 REE1

CD CE

REE1 RE1

[CycD][RE1] [CycE][RE1][RE1] [RB][E1A] [REs][E1A] [REE1]
+[RE1] +[RE1]

[RE1][E2F1] [RE1]

k kd k k D
dt K K

k d

= + + − − −

−

 (S15) 

( )

( )

( )

p_RE1 p_RE1
E1A EE1

CD CE

p_REE1 p_REE1
EE1

CD CE

RE1 E1A

[CycD][RE1] [CycE][RE1][E1A] [E1E1]+[EsE1]
+[RE1] +[RE1]

[CycD][REE1] [CycE][REE1]
[E2F1]+[E2Fs] [E1A]

+[REE1] +[REE1]
[RB]+[RE]+[REs] [E1A] [E

k kd k D
dt K K

k k
k

K K
k d

= + + + +

+ − −

− 1A]

 (S16) 

Module 2: p53 activation 

1

1 1

MD_S M_p Dp4 p
MA MA

MD_S M_p Mp p

p_M
Mdm2

Akt_M

[ ] [p53] [MDM2 ][MDM2] [MA] [MDM2][ARF]
[ ] [p53] [MDM2 ]

[Akt][MDM2]
[MDM2]

[MDM2]

n

n n

k S k kd D k
dt K S K K

k
d

K

= + + + − −
+ + +

−
+

 (S17) 

p p_ M Dp4 p
pMpA MpA p Mp p

Akt_ M Mp p

[MDM2 ] [Akt][MDM2] [MDM2 ]
[M A] [MDM2 ][ARF] [MDM2 ]

[MDM2] [MDM2 ]
d k k

D k d
dt K K

= + − − −
+ +

(S18) 

MA MA MA
[MA] [MDM2][ARF] [MA] [MA]d k D d
dt

= − −       (S19) 

p
p pMpA p MpA MpA

[M A] [MDM2 ][ARF] [M A] [M A]d k D d
dt

= − −  (S20) 

Mp53 pM53
p53 p53

M53 Mp53

[MDM2 ][p53][MDM2][p53][p53] [p53]
[p53] [p53]

kkd k d
dt K K

= − − −
+ +

 (S21) 

2

2 2

P_p
PTEN PTEN

P_p

[p53][PTEN] + [PTEN]
+[p53]

n

n n

kd k d
dt K

= −
                                      (S22) 

A_S A_Pt DP3

A_S 0 t Akt AP

[ ] [PTEN][Akt][Akt] -[Akt] [Akt][Akt]
+[ ] +[Akt] -[Akt] +[Akt] +[Akt]

k S kkd
dt K S K K K

= --   (S23) 

Module 3:  Apoptosis induction mediated by p53 and E2F1 

p
Pro9 C9 _E C9 _E C9 _E

C9 _E C9 _E1E1 C9 _RpE p

C9 _E AP AP A 2P Pr
C9 _REE1

[R E][Pro9] [E2F1] [E1E1]+ + + +
+[E2F1] +[E1E1] +[R E]

[REE1] + [A- Pro9] [Apop][Pro9] [A- Pro9][Pro9]
+[REE1]

d k k k k
dt K K K

k D k k d
K

     
=           

     
 

---    
 

o9[Pro9]

(S24) 
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5

5

p
Pro3 C3_E C3_E C3_E

C3_E C3_E1E1 C3_RpE p

AC9
C3_E 21P p

C3_REE1 AC9

[R E][Pro3] [E2F1] [E1E1]+ + + +
+[E2F1] +[E1E1] +[R E]

[A- Casp9][Pro3][REE1] + [p 21 - Pro3]
+[REE1] +[Pro3]

n

n

d k k k k
dt K K K

kk D
K K

     
=           

     
 

-  
 

5

5

5 5

C9
21P p Pro3

C9

[Casp9][Pro3] [p 21 ][Pro3] [Pro3]
+[Pro3]

n

n

n n

k k d
K

-

--

 (S25) 

p
Apaf 1 Af_E Af_E Af_E

Af_E Af_E1E1 Af_RpE p

Af_E CA CA Apaf 1
Af_REE1

[R E][Apaf-1] [E2F1] [E1E1]+ + + +
+[E2F1] +[E1E1] +[R E]

[REE1] + [C- Apaf1] [Cytc][Apaf-1] [Apaf-1]
+[REE1]

d k k k k
dt K K K

k D k d
K

     
=           

     
 

--   
 

 (S26) 

3
21_p DP5 p p_21 C3

p21 213 3
21_p p21p p Akt_p21 C3

[p53] [p21 ] [Akt][p21][p21] [Casp3][p21] [p21]
[p53] +[p21 ] [p21] +[p21]

k k kd kk d
dt K K K K

= + + − − −
+ +

 (S27) 

p p_21 DP5 p
21P p 21P p

Akt_p21 p21p p

C3 p
21p p

C3 p

[p21 ] [Akt][p21] [p21 ]
[p21 -Pro3] [p21 ][Pro3]

+[p21] +[p21 ]

[Casp3][p21 ]
[p21 ]

+[p21 ]

d k k
D k

dt K K
k

d
K

= + --- 

-

 (S28) 

3

3 3

B_p
Bax Bax

B_p

[p53][Bax] + [Bax]
+ [p53]

n

n n

kd k d
dt K

= −   (S29) 

6

6 6

C_C3
Cytc C_B m CA

C_C3

CA Cytc

[Casp3][Cytc] + [Bax]+ [Cytc ]+ [C- Apaf1]
+[Casp3]

[Cytc][Apaf-1] [Cytc]

n

n n

kd k k D
dt K

k d

 
= -  
 

-

 (S30) 

( )c[Cytc ] = [Cytc]+[C- Apaf1]+ 7 [Apop]+[A- Pro9]+[A- Casp9]

4

4 4m free t bound t c
Ct_C3

[Casp3][Cytc ] = Cytc Cytc + Cytc Cytc [Cytc ]
+[Casp3]

n

n nK
−  

4
CA CA Apop C-A

[C-Apaf1] [Cytc][Apaf-1] [C-Apaf1] 7 [C-Apaf1] [C-Apaf1]d k D k d
dt

= ---    (S31) 

4
Apop AP A 2C AP

A 2C Apop

[Apop] [C- Apaf1] + [A- Pro9]+ [A- Casp9] [Apop][Pro9]

[Apop][Casp9] [Apop]

d k D D k
dt

k d

= --

-
 (S32) 

AP A 2P AP
[A -Pro9] [Apop][Pro9] [A-Pro9][Pro9] [A-Pro9]d k k D

dt
= --   (S33) 
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A2P A2C A2C
[A- Casp9] [A-Pro9][Pro9]+ [Apop][Casp9] [A-Casp9]d k k D

dt
= -  (S34) 

A2C A2C C9
[Casp9] [A- Casp9] [Apop][Casp9] [Casp9]d D k d

dt
= --   (S35) 

5 5

5 5 5 5

AC9 C9
C3

AC9 C9

[A-Casp9][Pro3] [Casp9][Pro3][Casp3] + [Casp3]
+[Pro3] +[Pro3]

n n

n n n n

k kd d
dt K K

= -  (S36) 

p
21P p 21P p 21P p

[p21 - Pro3]
[p21 ][Pro3] [p21 -Pro3] [p21 -Pro3]

d
k D d

dt
= --   (S37) 
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II. SI Appendix Tables 

Table S1：All species in the model 

In most cases, the initial levels of all proteins are based on their steady-state levels at 10% serum without E1A. 

Variable Meaning and interpretation Initial value 

Species in module 1 

S serum concentration; it is proportional to the 

concentration of GFs; GFs induce mitogenic signals 

serum-rich: 10% 

serum-free: 0.1% 

Myc Myc protein 1.21 (0) 

CycD active cyclin D-Cdk4/6 complex 0.43 (0) 

CycE active cyclin E-Cdk2 complex 0.50 (0) 

E2F1 transcription factor E2F1 0.28 (0) 

E2Fs E2F2 and E2F3A 0.63 (0) 

RE RB-E2F1 complex 0.29 (0.65) 

REs RB-E2Fs complex 0.36 (0.8) 

RpE RBp-E2F1 complex, keeping the transcriptional 

activity as free E2F1 while being more resistant to 

degradation than E2F1 

0.61 (0) 

RB RB protein 0.021 (1.5) 

RBp phosphorylated form of RB 1.03 (0) 

ARF free ARF protein (p14ARF) 0.03 (0) 

E1E1 E2F1-E1A complex 0 

EsE1 E2Fs-E1A complex 0 

REE1 RB-E2F1-E1A complex, keeping the transcriptional 

activity as free E2F1 while being more resistant to 

degradation than E2F1 

0 

RE1 RB-E1A complex 0 

E1A adenoviral E1A protein 0 

Species in module 2 

MDM2 MDM2 is evenly distributed in the nucleus and 

cytosol 

0.2 

MDM2p phosphorylated MDM2, which is mainly distributed in 

the nucleus 

4.76 
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MA MDM2-ARF complex 0.038 

MpA MDM2p-ARF complex 0.058 

p53 p53 in the nucleus 0.006 

PTEN p53 target, inhibiting Akt activation by 

dephosphorylating PIP3 

0.1 

Akt active Akt 0.78 

Aktt total amount of Akt, which is much more than active 

Akt and is considered a constant 

2.5  

Species in module 3 

Pro9 procaspase-9 0.51 

Pro3 procaspase-3 0.42 

Apaf-1 one of key components making up the apoptosome 0.66 

p21 p53 target, which mainly resides in the nucleus 0.005 

p21p phosphorylated p21, which is evenly distributed in the 

nucleus and cytosol 

0.029 

Bax active form of Bax (Bax oligomers) 0 

Cytc free Cyt c in the cytosol 0 

Cytcc total Cyt c in the cytosol, comprising Cyt c, C-Apaf1, 

Apop, A-Pro9 and A-Casp9 

-- 

Cytcm free and soluble Cyt c in mitochondria, which is ready 

for release as long as there are pores on the outer 

membrane of mitochondria 

-- 

Cytct total amount of Cyt c within the cell, which is 

assumed to be a constant 

2.0 (constant) 

Cytcfree ratio of free Cyt c to total amount of Cyt c in 

mitochondria 

0.14 (constant) 

Cytcbound ratio of bound Cyt c to total amount of Cyt c in 

mitochondria 

0.86 (constant) 

C-Apaf1 Cyt c-Apaf-1 heterodimer 0 

Apop Apoptosome; the main foci for the activation of 

caspase-9 and caspase-3 

0 

A-Pro9 the complex comprising one apoptosome and one 

procaspase-9 

0 
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A-Casp9 the complex comprising one apoptosome and two 

active caspase-9; it is much more efficient than free 

caspase-9 in catalyzing the activation of caspase-3 

0 

Casp9 free caspase-9 dimer, which keeps the activity of 

catalyzing the cleavage and activation of caspase-3 

0 

Casp3 proteolytically active caspase-3 dimer 0 

p21p-Pro3 the complex of phosphorylated p21 and procaspase-3 0.17 

   

The numbers in parentheses denote the initial values used in plotting Figs. 2C, S2B and 

S2C (serum-free, without E1A). Such a setting is to follow the experimental protocol in 

Ref. 1. 
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Table S2: Reaction kinetics in the model 

Reaction Kinetic equation 

Synthesis of species 

S, E, EE1, RpE, REE1

E:E2F1+E2Fs

EE1:E1E1+EsE1

* Myc→

 
 
 

 

M_S
M_E M_E

S E EE1

p
M_E M_E

RpE p REE1

[ ] [E] [EE1]+ +
[ ] + [E] + [EE1]

[R E] [REE1]+
+ [R E] + [REE1]

k S
k k

K S K K

k k
K K

   
+    +    

   
       

 

S, Myc* CycD→  
CD_S CD_M

S M

[ ] [Myc]
[ ] + [Myc]

k S k
K S K

+
+

 

E, EE1, RpE, REE1

E:E2F1+E2Fs

EE1:E1E1+EsE1

* CycE→

 
 
 

 
CE_E CE_E

E EE1

p
CE_E CE_E

RpE p REE1

[E] [EE1]+
+ [E] + [EE1]

[R E] [REE1]+
+ [R E] + [REE1]

k k
K K

k k
K K

   
+   

   
   
       

 

* E2F→  E 2 Fk  

Myc, E, EE1, RpE, REE1

E:E2F1+E2Fs

EE1:E1E1+EsE1

* E2F→

 
 
 

 

E_M
E_E

M M E

E_E
M EE1

p
E_E

M RpE p

E_E
M REE1

[Myc] [Myc] [E]+ +
+ [Myc] + [Myc] + [E]

[Myc] [EE1] +
+ [Myc] + [EE1]

[R E][Myc] +
+ [Myc] + [R E]

[Myc] [REE1]
+ [Myc] + [REE1]

k
k

K K K

k
K K

k
K K

k
K K

  
  
  

  
  
  

  
     

  
  
  

 

E, EE1, RpE, REE1

E:E2F1+E2Fs

EE1:E1E1+EsE1

* ARF→

 
 
 

 

3 3

A_E A_EE13 3 3 3
A_E A_EE1

3 3
p

A_RpE A_REE13 3 3 3
A_RpE p A_REE1

[E] [EE1]+ +
+ [E] + [EE1]

[R E] [REE1]+
+ [R E] + [REE1]

k k
K K

k k
K K

   
      
   
   
      
   

 

p53* MDM2→  
1

1 1

M _p

M_ p

[p53]
[p53]

n

n n

k
K +

 

S* MDM2→  
MD _S

MD _S

[ ]
[ ]

k S
K S+
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p53* PTEN→  
2

2 2

P_p

P_p

[p53]
[p53]

n

n n

k
K +

 

* PTEN→  PTENk  

* E1A→  E1Ak  

* RB→  RBk  

* p53→  p53k  

pE2F1, E1E1, R E, REE1* Pro9→  

C9 _E C9 _E
C9 _E C9 _E1E1

p
C9 _E C9 _E

C9 _RpE p C9 _REE1

[E2F1] [E1E1]
+[E2F1] +[E1E1]

[R E] [REE1]
+[R E] +[REE1]

k k
K K

k k
K K

   
+ +      

   
   

+      
   

 

* Pro9→  Pro9k
 

pE2F1, E1E1, R E, REE1* Pro3→  

C3_E C3_E
C3_E C3_E1E1

p
C3_E C3_E

C3_RpE p C3_REE1

[E2F1] [E1E1]+ +
+[E2F1] +[E1E1]

[R E] [REE1]+
+[R E] +[REE1]

k k
K K

k k
K K

   
      
   
   
      
   

 

* Pro3→  Pro3k
 

pE2F1, E1E1, R E, REE1* Apaf1→  

Af_E Af_E
Af_E Af_E1E1

p
Af_E Af_E

Af_RpE p Af_REE1

[E2F1] [E1E1]+
+[E2F1] +[E1E1]

[R E] [REE1]+
+[R E] +[REE1]

k k
K K

k k
K K

   
+      

   
   
      
   

 

* Apaf-1→  Apaf 1k
 

p53* p21→  
3

21_p
3 3
21_p

[p53]
[p53]

k
K +

 

* p21→  p21k
 

p53* Bax→  
3

3 3

B_p

B_p

[p53]
[p53]

n

n n

k
K +

 

* Bax→  Baxk
 

Bax* Cytc→  C_B m[Bax][Cytc ]k  
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Casp3* Cytc→  
6

6 6

C_C3
m

C_C3

[Casp3]
[Cytc ]

[Casp3]

n

n n

k
K +

 

Casp3
m* Cytc→  

4

4 4bound t
Ct_C3

[Casp3]Cytc Cytc
[Casp3]

n

n nK +
 

* Cytc→  mCytc[Cytc ]k
 

Complex formation and disassociation 

RB+E2F1/E2Fs RE/REs→  RE RE[RB][E2F1], [RB][E2Fs]k k  

p pRB +E2F1 R E←→  
RpE p[RB ][E2F1]k ; 

RpE p[R E]D  

E2F1+E1A E1E1
E2Fs+E1A EsE1

←→

←→
 EE1 EE1[E2F1][E1A], [E1E1]k D ; 

EE1 EE1[E2Fs][E1A], [EsE1]k D  

RB+E1A RE1→  RE1[RB][E1A]k  

RE+E1A REE1→  RE1[RE][E1A]k  

REs+E1A RE1+E2Fs→  RE1[REs][E1A]k  

RB+E1E1 REE1→  RE1[RB][E1E1]k  

pRB +E1E1 REE1→  RpE p[RB ][E1E1]k  

RE1+E2F1 REE1→  REE1[RE1][E2F1]k  

ppMDM2 +ARF M A←→  MpA p[MDM2 ][ARF]k  
pMpA[M A]D  

MDM2+ARF MA←→  
MA[MDM2][ARF]k  

MA[MA]D  

REE1 RE1+E2F1→  REE1[REE1]D  

Cytc+Apaf1 C-Apaf1←→  
CA[Cytc][Apaf-1]k  

CA[C-Apaf1]D  

7C-Apaf1 Apop→  4
Apop[C-Apaf1]k  

p pp21 +Pro3 p21 -Pro3←→
 

21P p[p21 ][Pro3]k  

21P p[p21 -Pro3]D  

Protein phosphorylation 

CycD, CycE
pRB RB→  p_RB p_RB

CD CE

[CycD][RB] [CycE][RB]
+ [RB] + [RB]

k k
K K

+  
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CycD, CycE
pRE R E→  p_RE p_RE

CD CE

[CycD][RE] [CycE][RE]
+ [RE] + [RE]

k k
K K

+  

CycD, CycE
pREs RB +E2Fs→  p_RE p_RE

CD CE

[CycD][REs] [CycE][REs]
+ [REs] + [REs]

k k
K K

+  

CycD, CycE
pRE1 RB +E1A→  p_RE1 p_RE1

CD CE

[CycD][RE1] [CycE][RE1]
+ [RE1] + [RE1]

k k
K K

+  

CycD, CycE
pREE1 +R E E1A→  p_REE1 p_REE1

CD CE

[CycD][REE1] [CycE][REE1]
+ [REE1] + [REE1]

k k
K K

+  

S
uAkt Akt→  A_S t

A_S 0 t

[ ] [Akt] [Akt]
[ ] [Akt] [Akt]

k S
K S K

−
+ + −

 

Akt
pMDM2 MDM2→  p_M

Akt_M

[Akt][MDM2]
[MDM2]

k
K +

 

Akt
pp21 p21→  p_21

Akt_p21

[Akt][p21]
+[p21]

k
K

 

Protein dephosphorylation 

pRB RB→  DP1 p

RBp p

[RB ]
+ [RB ]

k
K

 

pR E RE→  
pDP2

pDRpE

[R E]
+[R E]

k
K

 

uAkt Akt→  DP3

Akt

[Akt]
+ [Akt]

k
K

 

PTEN
uAkt Akt→  A_P

AP

[PTEN][Akt]
+ [Akt]

k
K

 

pMDM2 MDM2→  DP4 p

Mp p

[MDM2 ]
[MDM2 ]

k
K +  

pp21 p21→  DP5 p

p21p p

[p21 ]
+[p21 ]

k
K

 

Caspase cascade 

Apop+Pro9 A-Pro9←→  
AP[Apop][Pro9]k  

AP[A-Pro9]D  
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A-Pro9+Pro9 A-Casp9→  A2P[A-Pro9][Pro9]k  

Apop+Casp9 A-Casp9←→  
A2C[Apop][Casp9]k  
A2C[A-Casp9]D  

A-Casp9 Casp9Pro3 Casp3→，  
5 5

5 5 5 5

AC9 C9

AC9 C9

[A-Casp9][Pro3] [Casp9][Pro3]
[Pro3] [Pro3]

n n

n n n n

k k
K K

+
+ +

 

Degradation of different species 

p

p

Myc *

CycD *,CycE *

E2F1, E2Fs *

RE, REs *

R E *

E1E1, EsE1 *

REE1 *

RB *, RB *

→

→ →

→

→

→

→

→

→ →  

p

p

RE1 *

ARF *

MDM2 *, MDM2 *

MA *, M A *

E1A *

PTEN *

p53 *

→

→

→ →

→ →

→

→

→

 

MDM2 MDM2p

p

Casp3 Casp3

p

p

p53 *, p53 *

p21 *, p21 *

p21 -Pro3 *

p21 *, p21 *

Bax *

Cytc *, Apaf-1 *

C-Apaf1 *, Apop *

→ →

→ →

→

→ →

→

→ →

→ →

 

Pro9 *, Casp9 *→ →  

Pro3 *, Casp3 *→ →  
 

Myc

CD CE

E 2F E 2F

RE RE

RpE p

EE1 EE1

REE1

RB RBp p

[Myc]

[CycD], [CycE]
[E2F1], [E2Fs]

[RE], [REs]
[R E]

[E1E1], [EsE1]
[REE1]

[RB], [RB ]

d
d d
d d
d d
d
d d
d
d d  

RE1

ARF

Mdm2 Mp p

pMA MpA

E1A

PTEN

p53

[RE1]
[ARF]
[MDM2], [MDM2 ]

[MA], [M A]

[E1A]
[PTEN]

[p53]

d
d
d d
d d
d
d
d

 

Mp53 pM53

M53 Mp53

p21 21p

21 p

C3 p C3

C3 p C3

Bax

Cytc Apaf1

C-A Apop

[MDM2 ][p53][MDM2][p53] ,
[p53] +[p53]

[p21], [p21 ]

[p21 Pro3]

[Casp3][p21 ] [Casp3][p21],
+[p21 ] +[p21]

[Bax]
[Cytc], [Apaf-1]

[C-Apaf1], [Apop]

P

kk
K K

d d
d
k k

K K
d
d d
d d

+

-

 

 

dPro9 C9

Pro3 C3

[Pro9], [Casp9]
[Pro3], [Casp3]

d
d d
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Table S3: Standard parameter values of the model 

Parameter Value Interpretation 

Synthesis of species 

M_Sk  0.6 μM/h Rate constant of Myc expression induced by serum; adapted from Ref.1 

M_Ek  0.1 μM/h Rate constant of E2F-mediated expression of Myc 

CD_S

CD_M

k
k

 
0.5 μM/h 

0.11 μM/h 

Rate constant of cyclin D expression induced by serum 

Rate constant of Myc-mediated expression of cyclin D 

CE_Ek  0.35 μM/h Rate constant of E2F-mediated expression of cyclin E; adapted from Ref. 1 

E 2 Fk  0.005 μM/h Basal rate constant of E2F expression 

E_Mk  0.001 μM/h Rate constant of Myc-mediated expression of E2F; adapted from Ref. 1 

E_Ek  0.15 μM/h Rate constant of E2F-mediated expression of E2F; adapted from Ref.1 

A_E

A_EE1

A_RpE

A_REE1

 k
k
k
k

 

0.25 μM/h 

0.5 μM/h 

0.25 μM/h 

0.5 μM/h 

Rate constant of E2F-mediated expression of ARF 

Rate constant of ARF expression mediated by the E2F-E1A complex 

Rate constant of ARF expression mediated by the RBp-E2F1 complex 

Rate constant of ARF expression mediated by the RB-E2F1-E1A complex 

MD_Sk  0.66 μM/h 
Rate constant of MDM2 expression induced by serum; it is nearly twice the 
degradation rate of MDM272 

M_pk  0.33 μM/h Rate constant of p53-mediated expression of MDM2 

1n  4 Hill coefficient of p53-dependent expression of MDM2 

P_p

2

PTEN

k
n
k

 

0.7 μM/h  

3 

0.05 μM/h 

Rate constant of p53-dependent synthesis of PTEN11 

Hill coefficient of p53-dependent synthesis of PTEN 

Basal expression rate of PTEN 

E1Ak  0.8 μM/h Basal rate constant of E1A expression 

RBk  0.18 μM/h Basal rate constant of RB expression; adapted from Ref. 1 

p53k  4.8 μM/h Basal rate constant of p53 expression, estimated at 0.005~0.2 μM/min72 

C9 _E

Pro9

k
k  

0.1 μM/h 

0.01 μM/h 

Rate constant of E2F1-induced expression of procaspase-9 

Basal rate constant of procaspase-9 expression 

C3_E

Pro3

k
k  

0.15 μM/h 

0.01 μM/h 

Rate constant of E2F1-induced procaspase-3 expression 

Basal rate constant of procaspase-3 expression 
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Af_E

Apaf 1

k
k  

0.55 μM/h 

0.055 μM/h 

Rate constant of E2F1-induced Apaf-1expression 

Basal rate constant of Apaf-1expression 

21_p

p21

k
k  

1.2 μM/h 

0.1 μM/h 

Rate constant of p53-induced p21 expression 

Basal rate constant of p21 expression 

B_p

3

Bax

k
n
k

 

0.1 μM/h  

3 

0 μM/h 

Rate constant of p53-induced expression and activation of Bax 

Hill coefficient of p53-induced expression and activation of Bax 

Basal activation rate of Bax 

SK  0.5% 
Michaelis constant for transcription of cell-cycle regulators (e.g. Myc, cyclin D) 
triggered by growth factors; adapted from Ref. 1  

MD_SK  0.45% Michaelis constant for MDM2 expression triggered by growth factors 

MK  0.5 μM 
Michaelis constant for Myc-mediated expression of target genes (e.g. cyclin D and 
E2F) 

EK  0.2 μM Michaelis constant for E2F-mediated expression of target genes (e.g. Myc, Cyclin 
E and E2F) 

A_EK  1.3 μM Hill constant for E2F-mediated expression of ARF; it is assumed to be 
significantly greater than KE 

C9 _EK  0.7 μM Michaelis constant for E2F-mediated expression of procaspase-9 

C3_EK  0.5 μM Michaelis constant for E2F-mediated expression of procaspase-3 

Af_EK  0.5 μM Michaelis constant for E2F-mediated expression of Apaf-1 

EE1K  0.2 μM Michaelis constant for E2F-E1A-mediated expression of target genes (e.g. Myc, 
Cyclin E and E2F) 

A_EE1K  0.8 μM Hill constant for E2F-E1A-mediated expression of ARF 

C9 _E1E1K  0.7 μM Michaelis constant for E2F-E1A-mediated expression of procaspase-9 

C3_E1E1K  0.5 μM Michaelis constant for E2F-E1A-mediated expression of procaspase-3 

Af_E1E1K  0.5 μM Michaelis constant for E2F-E1A-mediated expression of Apaf-1 

RpEK  0.2 μM Michaelis constant for RBp-E2F-mediated expression of target genes (e.g. Myc, 
Cyclin E and E2F); it is assumed to be the same as KE 

A_RpEK  1.3 μM Hill constant for RBp-E2F-mediated expression of ARF, assumed to be greater than 
KRpE 

C9 _RpEK  1 μM Michaelis constant for RBp-E2F-mediated expression of procaspase-9 

C3_RpEK  0.5 μM Michaelis constant for RBp-E2F-mediated expression of procaspase-3 

Af_RpEK  1 μM Michaelis constant for RBp-E2F-mediated expression of Apaf-1 
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REE1K  0.2 μM Michaelis constant for RB-E2F1-E1A-mediated expression of target genes (e.g. 
Myc, Cyclin E and E2F) 

A_REE1K  0.8 μM Hill constant for RB-E2F1-E1A-mediated expression of ARF 

C9 _REE1K  0.7 μM Michaelis constant for RB-E2F1-E1A-mediated expression of procaspase-9 

C3_REE1K  0.5 μM Michaelis constant for RB-E2F1-E1A-mediated expression of procaspase-3 

Af_REE1K  0.5 μM Michaelis constant for RB-E2F1-E1A-mediated expression of Apaf-1 

M_p

P_p

21_p

B_p

K

K
K

K
 

0.5 μM 

1 μM 

0.3 μM 

0.7 μM 

Hill constant for p53-induced expression of MDM2  

Hill constant for p53-induced expression of PTEN, greater than that of MDM272 

Hill constant for p53-induced expression of p21 

Hill constant for p53-induced activation of Bax 

Complex formation or disassociation 

REk  180 /(μM·h)  Rate constant for RB/E2F association; adapted from Ref. 1 

RpE

RpE

k
D

 
60 /(μM·h) 

30 /h 

Rate constant for RBp/E2F1 association, estimated based on kRE 

Rate constant for RBp-E2F1 disassociation, estimated based on kRpE 

EE1

EE1

k
D

 
60 /(μM·h) 

30 /h 

Rate constant for E2F/E1A association 

Rate constant for E2F-E1A disassociation 

RE1k  180 /(μM·h) Rate constant for RB-E1A association 

REE1

REE1

k
D

 
60 /(μM·h) 

100 /h 

Rate constant for the association between RB-E1A and E2F1 

Rate constant for the disassociation of the RB-E2F1-E1A complex 

MA

MA

k
D  

43 /(μM·h) 

6 /h 

Rate constant for MDM2/ARF association 

Rate constant for MDM2-ARF disassociation 

MpAk
 10 /(μM·h) Rate constant for MDM2p/ARF association  

MpAD
 24 /h Rate constant for MDM2p-ARF disassociation 

CA

CA

k
D  

10 /(μM·h) 

2 /h 

Rate constant for Cyt c/Apaf-1 association 

Rate constant for Cyt c-Apaf-1 disassociation 

Apopk
 10 /(μM·h) Rate constant for apoptosome formation from Cyt c-Apaf-1 dimers 
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21P

21P

k
D

 
20 /(μM·h) 

1 /h 

Rate constant for p21p/procaspase3 association 

Rate constant for p21p-procaspase3 disassociation 

Phosphorylation or dephosphorylation 

p_RB

DP1

k
k  

18 /h 

3.6 μM/h 

Rate constant for RB phosphorylation; adapted from Ref. 1  

Rate constant for RBp dephosphorylation; adapted from Ref. 1  

p_REk  9 /h 
Rate constant for RB-E2F phosphorylation, assumed to be slower than RB 
phosphorylation due to additional allosteric transformation 

DP2k  1 μM/h Rate constant for RBp-E2F1 dephosphorylation, assumed to be slower than RBp 
dephosphorylation due to additional allosteric transformation 

p_RE1k  9 /h 
Rate constant for RB-E1A phosphorylation, assumed to be slower than RB 
phosphorylation due to additional allosteric transformation 

p_REE1k  9 /h 
Rate constant for RB-E2F1-E1A phosphorylation, assumed to be slower than RB 
phosphorylation due to additional allosteric transformation 

A_S

DP3

k
k  

12.9 μM/h 

9.6 μM/h 

Rate constant for Akt phosphorylation induced by growth factors 

Rate constant for Akt dephosphorylation 

A_Pk  30 /h 
Rate constant for PTEN-induced Akt dephosphorylation; referring to the 
dephosphorylation of PIP3 by PTEN72 

p_M

DP4

k
k  

56 /h 

12 μM/h 

Rate constant for MDM2 phosphorylation mediated by Akt 

Rate constant for MDM2p dephosphorylation 

p_ 21

DP5

k
k

 
20 /h 

3 μM/h 

Rate constant for p21 phosphorylation mediated by Akt 

Rate constant for p21p dephosphorylation 

CDK  0.92 μM 
Michaelis constant for cyclin D-mediated phosphorylation; experimentally 
measured1 

CEK  0.92 μM 
Michaelis constant for cyclin E-mediated phosphorylation, assumed to be the same 
as KCD

1 

A_S

0

K
K  

1.47% 

0.35 μM 

Michaelis constant for Akt activation triggered by growth factors 

Threshold of the total enzyme amount for Akt activation  

Akt_MK
 0.5 μM Michaelis constant for Akt-mediated phosphorylation of MDM272 

Akt_p21K  0.4 μM 
Michaelis constant for Akt-mediated phosphorylation of p21, estimated based on 
KAkt_M 
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RBpK  0.01 μM 
Michaelis constant for RBp dephosphorylation; it takes the typical value of the 
Michaelis constant for dephosphorylation1 

DRpEK
 0.01 μM 

Michaelis constant for RBp-E2F1 dephosphorylation, assumed to be the same as 
KRBp 

Ak tK  0.2 μM Michaelis constant for Akt dephosphorylation 

APK  0.6 μM 
Michaelis constant for PTEN-induced Akt dephosphorylation; referring to the 
Michaelis constant for PTEN-mediated PIP3 dephosphorylation, 0.1~0.5 μM72 

MpK
 0.081 μM Michaelis constant for MDM2p dephosphorylation72 

p21pK
 1 μM Michaelis constant for p21p dephosphorylation 

Activation of caspase cascade 

Cytck  0.001 /h Rate constant for the basal releasing rate of Cyt c 

C_Bk  4 /(μM·h) Rate constant for Cyt c release mediated by Bax oligomers 

6n  2 Hill coefficient for further release of Cyt c mediated by caspase-3 

C_C3k  40 /h Rate constant for further release of Cyt c induced by caspase-3 

C_C3K  0.3 μM Hill constant for further release of Cyt c induced by caspase-3 

free

bound

Cytc
Cytc

 
0.14  

0.86 

fraction of free Cyt c in mitochondria 

fraction of tightly-bound Cyt c in mitochondria 

Cytct
 2 μM Total amount of Cyt c, equaling the homeostasis level of Apaf-173 

Ct_C3K  0.3 μM Threshold for caspase-3-induced release of tightly-bound Cyt c into the 
intermembrane space of mitochondria 

4n  4 Hill coefficient for caspase-3-induced solution of Cyt c 

AP

AP

k
D

 
10 /(μM·h) 

0.5 /h 

Rate constant for association between apoptosome and procaspase-9 

Rate constant for disassociation of the A-Pro9 complex 

A 2 Pk  10 /(μM·h) Rate constant for association between A-Pro9 and procaspase-9 

A 2C

A 2C

k
D

 
0.5 /(μM·h) 

1 /h 

Rate constant for association between apoptosome and caspase-9 

Rate constant for disassociation of the A-Casp9 holoenzyme 

AC9

AC9

5

k
K
n

 

11 /h 

0.4 μM 

2 

Rate constant for caspase-3 activation by A-Casp9 

Hill constant for caspase-3 activation by A-Casp9 

Hill coefficient for caspase-3 activation by A-Casp9 
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C9

C9

5

k
K
n

 

0.01 /h 

1.5 μM 

2 

Rate constant for caspase-3 activation by caspase-9 

Hill constant for caspase-3 activation by caspase-9 

Hill coefficient for caspase-3 activation by caspase-9 

Protein degradation ( 1/2 1/2ln 2 / 0.69 /proteind T T= ≈ ) 

Mycd  0.6 /h Rate constant for Myc degradation; its half-life is about 1 h1 

CD

CE

d
d

 
1.3 /h 

1.1 /h 

Half-life of CycD is 25-30 min1 

Half-life of CycE is about 30 min1 

E 2 Fd  0.25 /h Half-life of E2F is 2~3 h5,6 

REd  0.04 /h Half-life of RE is about 12 h5,6 

RpEd  0.15 /h Half-life of RBpE is about 6 h5,6 

EE1d  0.065 /h Half-life of E2F-E1A is 10-12 h6 

REE1d  0.065 /h Assumed to be the same as dEE1 

RB

RBp

d
d  

0.06 /h 

0.06 /h 

Half-life of RB is about 12 h1  

Assumed to be the same as dRB
1 

RE1d  0.01 /h 
Half-life of RB-E1A is assumed to be 60 h (E1A protects RB from degradation, 
which is assumed to be in a similar mechanism to E1A interfering E2F turnover74) 

ARFd  1 /h Half-life of p19ARF is 6-8 h75, while that of p14ARF is about 30 min76 

Mdm2

Mp

d
d

 

0.5 /h 

0.1 /h 

Half-life of MDM2 is about 90 min77  

Degradation rate of MDM2p is about 5-fold slower than that of MDM260 

MA

MpA

d
d

 
0.6 /h 

Degradation rate of the MDM2-ARF complex  

Assumed to be the same as dMA
78 

E1Ad  0.5 /h Half-life of E1A is 20-80 min79 

PTENd  0.5 /h 

Half-life of PTEN is longer than 8 h80,81, but PTEN normally undergoes 
posttranslational modification, which keeps it in an inactive form. The rate 
constant dPTEN actually represents the decay rate of active PTEN and is much 
greater than its degradation rate 

p53d  3.6 /h Half-life of p53 is 5-20 min13,82,83 
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M53k  5 /h 
Rate constant for MDM2-mediated p53 degradation, assumed to be slower than 
that mediated by phosphorylated MDM213 

M53K  0.5 μM Assumed to be 5-fold that mediated by MDM2p 

Mp53

Mp53

k

K
 

18 /h 

0.1μM 

Rate constant for MDM2p-mediated p53 degradation84, assumed to be 5-fold dp53 

Michaelis constant for MDM2-mediated p53 degradation84 

21

21p

d
d  

1.2 /h 

0.4 /h 

Half-life of p21 in U2OS cells is 30~60 min85 

Half-life of phosphorylated p21 is about 5-6 h86 

d21P
 0.5 /h Rate constant for degradation of the p21p-procaspase-3 complex; estimated. 

C3

C3

k
K

 
3 /h  

0.3 μM 

Rate constant for the Casp3-mediated cleavage of p21 (or p21p) 

Hill constant of Casp-3-denpendent cleavage of p21 (or p21p) 

Baxd  0.1 /h Half-life of Bax is about 9-12 h87 

Cytcd  0.14 /h Half-life of cytosolic Cyt c is about 5 h88 

Apaf 1d  0.7 /h 
Under the conditions of apoptosis and caspases activation, the half-life of Apaf-1 is 
about 60 min89 

C-Ad  3 /h 
Rate constant for the decay of functional Cyt c-Apaf-1 dimer; its value is relatively 
great because the aggregation of the dimer into inactive complex is taken into 
account18 

Apopd  0.05 /h Rate constant for disruption of the apoptosome 

Pro9

C9

d
d  

0.15 /h 

0.12 /h 

Assumed to be comparable with dC9 

Half-life of Casp9 is about 6 h90 

Pro3d  0.15 /h Half-life of Pro3 is about 5.5 h91 

C3d  0.4 /h 
Rate constant for the degradation of Casp3 is 0.3-0.6 according to the half-life of 
Casp392,93  

 

Methods of parameter estimation 

Parameter estimation is based on the following principles: 

1) Based on the published theoretical/experimental studies; e.g. the ratio of ARF activated by ectopic E2F to 

that activated by normal E2F. 

2) To ensure a proper timescale for certain reaction process; e.g. the activation time for cyclins and E2F. 

3) To ensure a proper steady-state level, we can estimate the range of synthesis rate of a protein based on its 

experimentally measured degradation rate or half-life. 
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4) For reversible reactions, such as phosphorylation/dephosphorylation and association/disassociation, only the 

relative strength of two opposite reactions makes sense in determining the eventual results; so we can estimate the 

reaction rate in one direction based on that in the opposite direction. 
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III. SI Appendix Results 

1. Effect of E1A on the expression of cyclins 

It is obvious that E1A only affects the expression of cyclin E, with the expression of cyclin D 

unchanged (Fig. S2A). 

2. Dissecting the biphasic dynamics of E2F activation 

The first rapid phase corresponds to E1A-mediated RB blockage and E2F release. First, free RB is 

completely exhausted before the rapid-to-slow transition point (Fig. S2B). At this time point all E2F 

is free from RB inhibition and all free RB is blocked by E1A. Moreover, the expression rates of 

E2F’s target genes hardly affect the accumulation rate of E2F in the first rapid phase, but affect that 

in the second slow phase (Fig. S2C). 

The second slow phase is mainly determined by the transcriptional activity of E2F and 

E1A/RB-mediated inhibition of E2F degradation. To figure out the role for E2F’s transcriptional 

activity in the second phase, we set several ‘restriction points’ around the rapid-to-slow transition 

point (t=3, 3.5, 4, 5, 10 h); i.e., the transcription rates of E2F’s target genes are constrained at 

constant values after the selected time points, equaling their values at ‘restriction points’ or the 

saturation levels when E2F is fully activated. We found that the transcription rates determine both the 

accumulation rate and eventual E2F levels in the second phase (Fig. S2C, left). Particularly, if the 

‘restriction point’ is set too early, those transcription rates take low values, and thus the E2F level 

does not rise anymore after the completion of the first phase. 

Based on these results, we selected three typical instances, i.e., t=4, 5, 10 h, for further analysis 

(Fig. S2C, right). The normalized results indicate that the timescale of the second phase is almost 

independent of the transcriptional activity of E2F towards its target genes, but is mainly determined 

by the mechanisms such as degradation inhibition, i.e., E1A/RB-mediated inhibition of E2F 

degradation.  

In brief, the process of E2F activation consists of two phases: the first rapid phase is determined 

by the E1A-RB interaction, so E2F is rapidly released from RB’s inhibition; the second slow phase is 

mainly determined by the transcriptional activity of E2F and its inhibited degradation mediated by 

E1A/RB. Specifically, the former dictates the accumulation rate and eventual level of E2F, while the 

latter determines the timescale of E2F activation in the second phase. 

3. Relative strength of Akt versus ARF expression determines p53 levels 

As shown in Fig. S2D, the data points with the same p53 level lie on lines along the direction of the 
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positive diagonal of [ARF]-[Akt] plane, with the slope of the lines corresponding to the relative 

strength of Akt versus ARF. This indicates that the p53 level is determined by the relative strength of 

Akt versus ARF. The blue region represents the inactive states of p53, where the impact of Akt 

surpasses that of ARF. The contributions of Akt and ARF are comparable in the green and yellow 

regions, where p53 remains at moderate levels and most likely induces cell-cycle arrest. The red 

region is an ARF-dominated region and corresponds to high levels of p53. 

4. Dynamics of key components in response to serum starvation and recovery 

To advance the understanding of caspase-3 activation when the cell is exposed to serum starvation 

and recovery, we show the dynamics of key components under various conditions in Figs. S6 and S7. 

An interpretation in terms of activation of two positive feedback loops in the apoptosis induction 

module is presented as follows. 

The re-addition of 3% serum will lead to upregulation of phosphorylated Akt, which induces a 

significant increase in phosphorylated p21 (p21p). The majority of procaspase-3 will complex with 

p21p, and thus only a small amount of caspase-3 can be produced, which fails to trigger the 

amplification of Cyt c release, unless enough Cyt c has been released before serum recovery. Thus, 

T0 should be so large that Bax and Cyt c have accumulated enough. If T approaches T0 (from below), 

caspase-3 is not activated due to insufficient procaspase-3, and p21 predominates in the interaction 

between p21 and caspase-3. If T>T0, Cyt c has accumulated to such a level that caspase-3 is 

continuously produced, which in turn mediates the amplification of Cyt c release. Active caspase-3 

dominates the double-negative interaction between caspase-3 and p21 and cleaves p21.  

For C=8%, much more phosphorylated Akt will be induced after serum recovery, leading to a 

remarkable decrease in p53 and Bax. Then, the p21 and procaspase-3 levels will drop and elevate 

markedly, respectively. Thus, a relatively small amount of Cyt c can facilitate the conversion from 

procaspase-3 to caspase-3, indicating a shorter starvation period is sufficient for apoptosis induction. 

If T<T0, p21p first complexes with procaspase-3 upon serum re-addition, leading to a sharp decrease 

in free procaspase-3. Later, p21 drops and procaspase-3 rises. However, Cyt c is too little to maintain 

the accumulation of caspase-3, and the positive feedback involved in Cyt c release is not triggered. If 

T>T0, Cyt c and other pro-apoptotic components can accumulate sufficiently to trigger the positive 

feedback. Nevertheless, it takes a long time for the re-accumulation of procaspase-3; since Bax 

remains at low levels, the accumulation of Cyt c, caspase-9 and A-Casp9 is slowed down. All these 

render the full activation of caspase-3 markedly delayed.  

5. Parameter sensitivity analysis 

To check whether the main conclusions drawn in this work hold true generally, we plot the 
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bifurcation diagram of [caspase-3] for different parameter values when p53 acts in the bistability 
mode. On each trial, only one parameter is increased or decrease by 10% with respect to its default 
value, while the others are the same as those in the rightmost panel of Fig. S4C.  For most 
parameters, the bifurcation diagrams are similar to Fig. S8A (Fig. S9A). For 19 out of 119 parameters, 
the bifurcation diagrams may change qualitatively when the value varies by 10%, as seen in Fig. S9B. 
Those parameters are n2, n5, kE_E, dE2F, kp53, kp_M, kM_S, kDp4, k21_p, K21_p, kp_21, KAkt_p21, kC3, kC9_E, 
kC3_E, KC3, k21P, KAC9, and dC3, which are mostly related to the regulation of caspase-3, caspase-9, and 
p21 activities. Nevertheless, only parts of the unstable steady states change markedly, and the stable 
steady states vary slightly. Accordingly, the T0-C and Fc-C curves are similar to those in Fig. 5C (Fig. 
S9C), and the temporal evolution of p53, p21 and caspase-3 levels is also similar to that in Fig. 4 
(Fig. S9D). Therefore, our main conclusions are insensitive to parameter variations in a limited 
range. 
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IV. SI Appendix Figures 

                             

 

Figure S1: An extended description of cellular signaling involved in tumor suppression. 

(A) A comprehensive view of Akt-mediated pro-survival pathways. The Akt kinase promotes cell survival 

through multiple and somewhat redundant pathways. For example, Akt activates Bcl-2 expression through 

interacting with CREB, promotes the stabilization of XIAP, inhibits the activation of BAD and caspase-9, and 

facilitates the nuclear export of p21 and nuclear accumulation of MDM2. (B) The RB-E2F-cyclin/E1A 

interaction network. RB normally binds to the transactivation domain (TD) of E2F (including E2F1 and other 

activator E2Fs), thus blocking its transcriptional activity. The phosphorylation of RB by cyclin D/Cdk4,6 

and/or cyclin E/Cdk2 leads to the conformational change and inactivation of RB, resulting in the release of 

E2Fs rather than E2F1 from RB. Similarly, E1A can release E2Fs from RB. Phosphorylated RB (RBp) is 

resistant to binding E1A. E2F can directly interact and form complexes with E1A. (C) The p53 activation 

module. Growth factors in serum not only induce the transcriptional activation of MDM2, but the activation of 

Akt. Akt phosphorylates MDM2, promoting its nuclear accumulation. As a transcriptional target of p53, 

MDM2 in turn mediates the ubiquitin-dependent degradation of p53. p53 transactivates PTEN, a tumor 
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suppressor that dampens Akt activation by dephosphorylating PIP3. The ARF protein interacts with MDM2 

and blocks its E3 ligase activity toward p53. (D) The module of apoptosis induction mediated by E2F1 and 

p53. See Method S1 for details. 

 

Figure S2: Dynamics of cyclins and effects of ARF and Akt on p53 levels.  

(A) Responses of cyclins to serum stimulation with or without E1A expression. The steady-state levels of 

cyclin D and cyclin E as a function of serum concentration are presented. (B) Temporal responses of the 

concentrations of free RB (normalized), RB-E2F complex (divided by the total E2F level), free E1A 

(normalized) and active E2F (normalized). The dashed line roughly corresponds to the transition from the 

rapid to slow phase of E2F activation. (C) Dependence of E2F activation on the transcriptional activity of E2F, 

especially after the rapid-to-slow transition point. We interfere with E2F activation by controlling the rates of 
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E2F-dependent gene expression; several time points around the transition point are selected for interference 

(i.e. t=3, 3.5, 4, 5 or 10 h, termed restriction point (rp) hereafter), and the corresponding expression items are 

set to be constant after these time points, either taking their original values at the restriction points 

(represented by solid lines) or equaling their saturation levels at t=50 h (dashed lines). The left panel shows 

the time courses of E2F levels, while the right panel shows the temporal evolution of normalized E2F levels 

after the restriction points. (D) Dependence of the steady-state level of p53 on Akt and ARF levels, which are 

independent inputs. The color box denotes the value of [p53].   

 

Figure S3：Temporal evolution of key proteins involved in apoptosis induction.  

Time courses of proteins for C=0.1%, 4%, or 10%.  
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Figure S4: Factors that affect cellular outcome. 

(A) Protein expression and cell-fate distribution with ARF overexpression. Without E1A expression, the 

dependence of steady-state levels of p21 (left) and caspase-3 (middle) on ARF and serum concentrations, 

which are changed independently. [p21] is normalized by its maximum, while [Caspase-3] is normalized by 

the maximum of [Caspase-3] in Fig. 3B (i.e., 0.844 μM). Subtracting the p21 level from the caspase-3 level 

gets a new plot, showing the distribution of cell fate (right). (B) The inhibitory effect of p21p-Pro3 interaction 

on apoptosis induction. The same notation as in the rightmost plot in panel A. Compared with the middle 
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panel (with the default parameter values), the rate constant for p21p/Pro3 association (k21P) is decreased (left) 

or increased (right) by 25%. (C) Bifurcation diagrams of the steady-state levels of p21 (blue), caspase-3 (red) 

and p53 (black) for different modes of p53. For panels from left to right, the bistability domain of p53 expands 

with different sets of parameter values. Left: kM_p=0.33, KM_p=0.5, n1=4, kMD_S =0.66, KMD_S =0.45, KMp=0.081, 

KAkt_M=0.5, kDP4=12, kp_M=56, kDP3=9.6, KAkt=0.2, kC3=3, kREE1=60, dREE1=0.065; middle: kM_p =0.33, KM_p =0.5, 

n1=4, kMD_S =0.66, KMD_S =0.45, KMp =0.04, KAkt_M =0.5, kDP4=15, kp_M =90, kDP3=9.6, KAkt =0.2, kC3=3, 

kREE1=100, dREE1=0.08; right: kM_p =0.25, KM_p =0.6, n1=3, kMD_S =0.77, KMD_S=0.45, KMp =0.04, KAkt_M =0.5, 

kDP4=15, kp_M =90, kDP3=9.6, KAkt =0.2, kC3=3, kREE1=80, dREE1=0.08.  An enlarged view of each plot is shown 

in the inset. (D) Impact of the kinetic mode of p53 on cellular outcome. The same notation as in panel B and 

the same parameters as in panel C are taken here. 

 

 

 

Figure S5:  Bifurcation diagrams of steady-state levels of proapoptotic proteins. 

The steady-state levels of Bax, Cyt c and procaspase-9 are presented. The red curves denote the novel branch. 

The same parameter values as in Fig. 5C. 
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Figure S6: Temporal evolution of key proteins in response to serum starvation and recovery.  

The cell is first kept in a serum-free medium for a period of T and then is exposed to 3% (red) or 8% (black) 

serum. T is smaller than T0, and the cell undergoes cell-cycle arrest or proliferation. The same parameter 

values as in Fig. 5C.  See also the discussion on p. 30. 
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Figure S7: Temporal evolution of key proteins involved in apoptosis induction.  

The cell is first kept in a serum-free medium for a period of T and then is exposed to 3% (red) or 8% (black) 

serum. T is larger than T0, and the cell commits apoptosis. For comparison, the cellular response to 0.1% 

serum is also shown (blue). The same parameter values as in Fig. 5C. See also the discussion on p. 30. 
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Figure S8: Dependence of the bifurcation diagrams and T0-C and FC-C curves on p53 mode. 

(A) Full bifurcation diagrams of [Caspase-3] and [p53]. From left to right, the p53 mode changes from 

ultrasensitivity to bistability. The arrows denote the change in [Caspase-3] when its initial value is around an 

unstable steady-state level. An enlarged view of each plot is shown in the bottom row. (B) Dependence of the 

T0-C (red) and FC-C (blue) curves on the p53 mode. The same parameter values are taken as in Fig. S4C. 
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Figure S9: Parameter sensitivity analysis.  

The bifurcation diagram of [Caspase-3] for kp_21=22 (A) or 18 (B); the other parameters are the same as those 

in the rightmost panel of Fig. S4C. (C) The T0-C (red) and FC-C (blue) curves for kp_21=18. The other 

parameters are the same as those in the rightmost panel of Fig. S4C. The same notation and simulation 

protocol as in Fig. 5C. (D) Temporal evolution of p53, p21 and caspase-3 levels. The same parameter values 

as in panel C. See also the discussion on p.30-31. 
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