
 
 

 

  

Abstract—Base on new experimental results, we give a 
dynamical model to study the dynamical mechanism of the negative 
feedback loop composed of p53 and Mdm2 proteins regulated by 
p14/19ARF. The oscillatory behaviors for the activities of p53 and 
Mdm2 proteins regulated by p14/19ARF in individual of cells are 
described in our dynamical model. The results help us build a basal 
network about oscillatory behaviors among p53, Mdm2 and 
P14/19ARF. The dynamical model and its numerical results will 
help us understand the oscillatory behavior among other network of 
different proteins. 

I. INTRODUCTION  
he study of dynamics and variability of  one of  the 
proteinnetwork motifs that recurs across organisms:  a 
negativefeedback loop is very important .p53 tumor 

suppressor protein plays a key role in preventing the 
development of cancer and is inactivated in many human 
malignancies. Mutations in the p53 tumor suppressor gene 
occur in about 50% of human tumors. In response to genomic 
stress, p53 activation may elicit cell-cycle arrest or apoptotic 
cell death, as well as contribute to DNA repair processes. 
Because some of the cellular effects of activated p53 can be 
irreversible, keeping p53 function under tight control in 
normal cells is critical. A key player in the regulation of p53 
is the Mdm2 protein. This duality defines a negative feedback 
loop, which is widely recognized. P14/19ARF is another 
important new tumor suppressor protein, it has its own 
independent promoter .The p14/19ARF protein can increase 
the level of p53 by neutralizing Mdm2 which destabilize 
p53,ultimately play a role in suppressing cancer.  

Recently, intensive studies have been devoted to the 
signal-response relation between DNA damage and gene 
expressions within living cells. The studies mainly carried out 
on the autoregulatory oscillatory dynamics of the expressions 
or activities of the common network motif composed of the 
tumor suppressor protein p53 and its transcriptional target 
Mdm2[1]–[5].   
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Several simple theoretical models[1],[6] based on the 
p53-Mdm2 autoregulatory feedback between the 
transcription of p53 and Mdm2 proteins have been proposed 
to qualitatively describe the dynamical behaviors of average 
protein levels in population of cells. However, we are still far 
away from understanding the dynamical mechanism for the 
sustained oscillatory behaviors in individual level, and the 
relation between the damped oscillatory behaviors in 
population of cells and undamped oscillatory behaviors in 
individual cells[2],[5]. Moreover, an exponential function in 
time is generally used to express the signal response to the 
damage in the case of population of cells[2]. This response 
relation has far-reaching implication for our understanding of 
how cells respond to damage in different manner in 
individual and population cases.  

An exciting finding is that the p53 pathway is intimately 
linked to other signal ransduction pathways that play a 
significant role in the origins of cancer. One of the first 
connections studied involves p14/19ARF and Mdm2. The  
p14/19 ARF protein binds to the Mdm2 protein and 
modulates down its ubiquitin ligase activity, increasing the 
levels of the p53 protein (Figure 1). The transcription of the 
p14/19 ARF gene is positively regulated by E2F-1 and 
beta-catenin and negatively regulated by p53 itself. In 
addition, the levels of p14/19 ARF protein are increased by 
Ras and Myc activities in a cell (Figure 1). The complexity of 
the regulation of p53 by p14/p19 ARF has been recently 
reviewed. The p14/19 ARF- Mdm2 complexes are often 
localized in the nucleolus of the cell due to the nucleolar 
localization signals present within p14/p19ARF. The 
nucleolus is the site of ribosomal biogenesis and p14/19 ARF 
activity itself can alter the rate of RNA processing of the 
ribosomal RNA precursor into mature ribosomal subunits. 
Thus, p14/19 ARF by controlling Mdm2 and p53 levels and 
coordinating this with ribosomal biogenesis plays an 
important role in cell cycle regulation. This has recently been 
reinforced by the demonstration that the p14/19 ARF protein 
can regulate Myc activity as well (and therefore cell size). 
The Mdm2 in the nucleolus is not, however, a passive entity. 
The Mdm2 protein has been shown to bind specifically to 
three large ribosomal subunit proteins L5, L11 and L23, and 
the binding of L5 or L11 to Mdm2 lowers its ubiquitin ligase 
activity. In addition, the ring- finger domain of Mdm2 binds 
specifically to an RNA sequence found in the large ribosomal 
RNA subunit. While all of these observations point to a 
central role for Mdm2 and p14/19 ARF in the regulation of 
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ribosome biogenesis and the cell cycle, we do not understand 
how these observations come together to form this regulatory 
loop. 

Exploiting autoregulatory negative feedback loop, in this 
paper, we add another important factor p14/19ARF into the 
dynamical model. we propose a dynamical model of negative 
p53-Mdm2 feedback system regulated by p14/19ARF with 
the aim to describe the dynamical behaviors of protein levels 
both in individual and populations of cells in a self-consistent 
and unified way. It should be emphasized that different from 
the previous models[1] [6], the dynamics of damage-derived 
signal is paid special attention in this paper in addition to 
taking account of all the knowledge of the biochemical 
mechanism of the system and to be simplified to the major 
components in the system, because the dynamics of 
damage-derived signal might play crucial role in describing 
the different dynamical activities of the system. At the 
cellular level, the signal is assumed as the form with abrupt 
transition (“on” or “off”) as soon as signal strength passes 
forth and back across a threshold. The time duration when the 
signal is above the threshold mainly depends on the signal 
strength, the different manners for cells to response the 
damage and the repairing abilities of cells. For the case of 
population of cells, the activities of p53 protein will be the 
ensemble average of the individual cells, each of which 
responses damage with different time duration.Under 
abovementioned considerations, the experimental results[1] 
and [2] will be satisfactorily reproduced in this paper. 

II. DYNAMICAL MODEL  
 We now present our dynamical model of p53-Mdm2 

feedback loop regulated by p14/19ARF. We assume that the 
concentration of p53 protein obeys the following kinetic 
equation: 
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On r.h.s. in Eq. (1), the first term describes the synthesis rate 
of the p53 protein, the second one represents Mdm2 and 
signal-dependent degradation of p53 and the last one reflects 
an Mdm2-independent mechanism for p53 degradation. The 

coefficient 53pα represents the ability of Mdm2 to promote 

p53 degradation, and controls the basal levels of p53. S(t) is 
the damage-derived signal which is the key component as 
described above. The introduction of parameter pγ is to take 

into account of that to what extent the damage-derived signal 
S(t) might inhibit the p53 degradation induced by the 
activation of Mdm2 protein. 

Mdm2(t) represents the concentration of Mdm2 protein 
whose kinetic equation is given as:  
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Here the coefficient SMdm2 denotes the rate of 

p53-independent Mdm2 transcription and translation, 
whereas the last term describes Mdm2 degradation. The 
coefficient 2Mdmα denotes the maximal initiation rate of 

Mdm2 transcript initiation up regulated by p53[6]. ( )tT in 
the second term is a Hill-type function and reads which 
takes into account the transcriptional and/or translational time 
delay, denoting as time τ  , between the activation of p53 and 
the induction of Mdm2. The parameter K corresponds to 
some sort of threshold-foractivation for p53-protein 
concentration, and N is a Hill coefficient that determines the 
steepness of ( )tT . 
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P14/19ARF (t)  represents the concentration of  p14/19ARF 

protein whose kinetic equation is given as: 
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On r.h.s. in Eq. (4), the first term describes the synthesis 

rate of the p14/19ARF protein, the second one represents p53, 
Mdm2 and signal-dependent degradation of p14/19ARF and 
the last one reflects an Mdm2-independent mechanism for 
p14/19ARF degradation. The coefficient ARFp 19/14α  

represents the ability of p53 and Mdm2 to promote 
p14/19ARF degradation. 

Equations (1),(2),(3)and (4) describe how the nonlinear 
dynamics of the system depends on the parameters 
incorporated in the model.  

It is not so easy to define all the model parameters. Most of 
the parameters can not be defined since the lack of reliable 
experimental data.   Some of them can be roughly estimated 
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Fig.1.p53/Mdm2/p14/19 ARF loop. See text for details. Arrows 
denote stimulatory interactions, whereas horizontal bars instead 
of arrowheads indicate inhibitory influences. 
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phenomenologically, for example, 53pα  is taken to be small 

with respect to the Mdm2-dependent rate of p53 elimination, 
which reflects the fact that although other mechanisms for the 
degradation of p53 may exist, a large body of data points to 
Mdm2 as the key regulator of p53 stability[1]. The first order 
degradation rate of Mdm2  βMdm2 could be chosen as 0.05/min, 
which corresponds to Mdm2 half-lives approximately 
20-25min under basal condition. The sound experimental 
results at the cellular level[2] have also been considered to 
determine the parameters, which shows that the width of 
pulse was 350±160 min; the timing of the first pulse 
maximum was rather variable, 360±240 min after damage, 
but the time between the maxima of two consecutive pulses 
was more precise, 440±100 min. Mdm2 peaks with a time 
delay of τ≈ 100 min relative to p53 maximum. With the 
parameters used in this paper, the eigenvalues of the 
dynamical matrix of  Eqs. (1)(2) and (4) are always negative 
and thus the solutions are expected to be always stable. 

When cells are exposed to the damaging agents, such as 
UV or ionizing radiation, the signal S(t) will be derived which 
eventually activates an initial pulse of p53 concentration. 
From biological point of view, at cellular level, S(t) can be 
considered as switch “on” and will be with abrupt transition 
from “on” to “off” when signal is resolved, as the behavior of 
the p53-Mdm2 system evolves to give reasonably defined 
quanta of repair enzymes in response to stress[2]. S(t) might 
be defined in Eq. (5) as a step function in time. 
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where τth = nτch, and τch is the characteristic duration within 
which the signal stress is in the region of oscillatory response 
and a pulse is activated. nτth accounts for the total time scale 
of S(t). The value of τth used in this paper is τth≈ 410 min. 
which is obtained from the characteristic frequency of the 
solutions of Eqs. (1) and (2). 

Figure2 shows the dynamical evolution of the 
concentration of p53 and Mdm2 proteins for the case in 
individual cells with S(t) defined in Eq. (5), which are scaled 
with their basal values P53(0) and Mdm2(0) . Under normal 
environment, the amount of p53 protein in the cell is kept low 
and tightly autoregulated by a genetic network built of Mdm2 
and p53 itself. p53 is produced at an essentially constant rate 
and promotes the expression of the Mdm2 gene[7]. On the 
other hand, the Mdm2 protein binds to p53 and promotes its 
degradation[8], decreasing its concentration. When DNA 
molecule is damaged, a cascade of events causes 
phosphorylation of several serines in the p53 protein, which 
modifies its binding properties to Mdm2[9]-[11]. As a 
consequence, the cell experiences a sudden increase in the 
concentration of p53, which activates a group of genes 
responsible for cell growth arrest and apoptosis. The increase 
in p53 protein levels and the transcription activity of p53 lead, 
in turn, to increase the production of Mdm2. Mdm2 protein 
again promotes the rapid degradation of the p53 protein. So as 
the sustained oscillations occur. When the signal is 

completely resolved, the p53-Mdm2 loop return to normal 
case and the levels of p53 and Mdm2 to their basal values. 
The key features displayed in Fig. 2 are that the width of each 
pulse is 328 min; the time of first pulse maximum at 327 min; 
the time between first and second pulses 413 min; the time 
delay τ = 100 min and the peaking of second pulse at 720 
min. All those features satisfactorily fit the experimental 
results reported in [2]. 

 

III. DISCUSSION  AND ANALYS 
We propose a dynamical model to study the dynamical 

mechanism of the negative feedback loop composed of p53 
and Mdm2 proteins regulated by p14/19ARF. We also want 
to discuss another important problem , it is how the 
p14/19ARF regulate the negative feedback loop composed of 
p53 and Mdm2 proteins. So we studied an important 
parameter in the model that is Sp14/19ARF describing synthesis 
rate of the p14/19ARF protein. In Fig.3 , we give the Limit 
Cycle of Mdm2 and p53 and how the parameter Sp14/19ARF in 
the model regulate the negative feedback loop. 

From the results in the Fig.3 we can see that the new factor 
we add to the negative feedback loop composed of p53 and 
p14/19ARF proteins place an very important function. We 
can see that the Limit Cycle of p14/19ARF and p53 will 
become smaller with the change of the parameter Sp14/19ARF. 
That result means that the model we have found can study the 
function of p14/19ARF in the protein network very well. Just 
as we see from the Fig.1 , when the parameter ---Sp14/19ARF  
become larger , the first influence is take to Mdm2. the 
concentration of Mdm2 become lower . Because of the 
negative feedback loop composed of p53 and Mdm2, the 
concentration of p53 become larger . The same results we 
also can find from the Fig.4. In Fig.4, with the change of the 
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Fig.2.Concentration of p53 tumor suppressor protein and its 
transcriptional target Mdm2 and p14/19ARF relative to their basal 
levels with the parameters: Sp53= 0.5, αp53= 1.8, γp= 0.996, βp53= 
0.00025, SMdm2 = 0.00235 , αMdm2= 0.1 ,  βMdm2= 0.05, Sp14/19ARF=0.5, 
αp14/19ARF=0.00025 , βp14/19ARF =0.00025, K = 120, N = 10. The initial 
conditions of P53(t) , Mdm2(t) and P14/19ARF(t) are defined by their basal 
values as P53(0) = 5.89, Mdm2(0) = 0.047 and P14/19ARF(0)=0.5. The 
dynamics of signal S(t) is described by Eq. (5). The transcriptional time 
delayτ =100 minutes.  
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parameter Sp14/19ARF, we can see the change of scaled level 
about p14/19ARF and Mdm2. when the parameter Sp14/19ARF  

become larger, the scaled level about p14/19ARF become 
larger and the scaled level about Mdm2 become lower. In 
order to study the network using numerical results, in 
Fig.5 ,we give the average scaled level about p53 and Mdm2 
witch changing with the parameter Sp14/19ARF. 

 

IV. CONCLUSION  
We present a dynamical model of the p53-Mdm2 feedback 

loop regulated by p19ARF both in individual cell and in 
population of cells. We attempt to capture the gross 
mechanisms of p53-Mdm2 interactions regulated by 
p14/19ARF, we have investigated numerically how different 
parameters can shape the types of behavior that the system 
can exhibit. In particular, we show that specific assumptions 
characterizing the interactions between p53,Mdm2 and 
p14/19ARF regulated by p14/19ARF lead to an oscillatory 
behavior of p53, Mdm2 and p14/19ARF protein levels after a 
sufficiently strong damage signal. Such oscillation may 

enable more effective execution of a reversible p53 response. 
In agreement with this prediction, the levels of three proteins 
are proved to satisfactorily fit experimental results reported in 
lung cancer cells. The dynamical model of cancer-correlative 
p53-Mdm2 feedback loop regulated by p14/19ARF and its 
numerical results will help us understand the origin of cancer 
and the model may help to understand oscillations and  
variability in other regulatory systems [12],[13].  
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Fig. 3. Based on the dynamic model, we give the  Limit Cycle of Mdm2 
and p14/19ARF to study how the parameter Sp14/19ARF in the model 
regulate the negative feedback loop. It also present the regulation of 
p14/19ARF to negative feedback loop composed of p53 and 
p4/19ARF. 
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Fig.4. Based on the dynamic model, we give the scaled level of Mdm2 
and p14/19ARF to study how the parameter Sp14/19ARF  in the model 
regulate the negative feedback loop. It also present the regulation of 
p14/19ARF to negative feedback loop composed of Mdm2 and 
p14/19ARF . 
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Fig.5. the average scaled level about p53 and Mdm2 witch 
changing with the parameter Sp14/19ARF. 
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