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ABSTRACT

The p53 gene is crucial for effective tumor suppression in humans as supported by its uni-
versal inactivation in cancer cells either through mutations affecting the p53 locus directly or
through aberration of its normal regulation. The p53 tumor repressor is regulated through a
negative feedback loop involving its transcriptional target MDM2. MDMX is also an essential
negative regulator of p53. Several computational models have been proposed to simulate the
dynamics of the p53-MDM2 loop, but they do not include MDMX, only account for some basic
interactions between p53 and MDM2 and cannot capture the intrinsic noise in the loop. In this
article, we present a comprehensive model for the p53-MDM2/MDMX loop that accounts for
most known interactions among p53, MDM2 and MDMX. Our model is characterized by a set
of molecular reactions, which enables us to employ stochastic simulation to investigate the
dynamics of the loop. In agreement with experiments, our results show that p53 and MDM2
undergo oscillations after DNA damage in the presence of noise, and the variation in oscil-
lation amplitudes is much higher than that in oscillation periods. Our simulations predict that
intrinsic noise contributes to 60%–70% of the total variation in oscillation amplitudes and
periods. The protein levels of p53, MDM2, and MDMX after treatment with Nutlin in our
simulations are also consistent with experimental results. Our simulation results further
predict that p53 levels increase dramatically after MDM2 is knocked out, but increase with a
much less amount after MDMX is knocked out. This may partially explain why MDM2-null
and MDMX-null mouse embryos die in different developmental stages. Our stochastic model
and simulation provide insights into the variability of the behavior of the p53 pathway and can
be used to predict the dynamics of the pathway after certain interventions.
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1. INTRODUCTION

The tumor suppressor p53 plays a central role in maintaining the integrity of the genome and is crucial

for effective tumor suppression in humans (Hainuat and Wiman, 2005). Approximately 50% of all

malignancies carry a p53 mutation, and of those tumors that do not have mutated p53, a large proportion have

inactivated p53 function by another mechanism (Horn and Vousden, 2007). The p53 pathway is activated in
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response to cellular stresses such as DNA damage and oncogene activation, which leads to a variety of re-

sponse including DNA repair, cell-cycle arrest, senescence, apoptosis (Toledo and Wahl, 2006; Vogelstein

et al., 2000). While the p53 pathway is composed of hundreds of genes and their products, its core control

involves three proteins: p53, MDM2 and MDMX (Toledo and Wahl, 2006; Levine et al., 2006). The MDM2

protein, that is positively regulated by p53 gene, acts on p53 protein as an E3-ubiquitin ligase and induces p53

ubiquitination and degradation. This negative feedback loop keeps p53 protein at low levels in the absence of

stress signals, which allows normal cell proliferation. In addition to MDM2, MDMX is required to restrain

p53 function in a nonredundant manner. More specifically, MDMX affects p53 abundance by modulating the

levels and activity of MDM2; MDMX also binds to the transactivation domain of p53 and inhibits p53

transcriptional activity, which contributes to the overall inhibition of p53 (Toledo and Wahl, 2006; Marine

et al., 2006).

Experimental studies have shown that p53 and MDM2 undergo oscillatory dynamics after ionizing

radiation-induced DNA damage (Bar-Or et al., 2000; Lahav et al., 2004; Geva-Zatorsky et al., 2006). In

individual cells, protein levels of p53 and MDM2 change out of phase with one another. The period of these

oscillations and the peak levels of p53 and MDM2 protein have been observed in vivo to be variable from cell

to cell. Several computational models have been proposed to explain the oscillations of p53 and MDM2 in

cells (Bar-Or et al., 2000; Geva-Zatorsky et al., 2006; Ma et al., 2005; Wagner et al., 2005; Ciliberto et al.,

2005; Monk, 2003; Tiana et al., 2002; Mihalas et al., 2000). However, all these models do not include MDMX

and only account for some basic interactions between p53 and MDM2. Moreover, since these models all

employ ordinary differential equations (ODE) to model the interactions between p53 and MDM2, they are

essentially deterministic models. In order to simulate the variability in the oscillation period and amplitudes

observed in single cells, stochasticity is added to certain parameters of the model (Geva-Zatorsky et al., 2006;

Ma et al., 2005). Although this approach may reflect extrinsic noise, it does not capture the effect of the

intrinsic noise inherent to the pathway (Kærn et al., 2005; Raser and O’Shea, 2005).

Since there is significant stochasticity in gene expression arising from fluctuations in transcription and

translation (Kærn et al., 2005; Raser and O’Shea, 2005), a stochastic model for the p53-MDM2/MDMX loop

is needed to correctly reflect the intrinsic noise inherent to gene expression and other chemical reactions.

Given the important role that MDMX plays in the p53 pathway (Toledo and Wahl, 2006; Marine et al., 2006),

it is highly desirable to incorporate MDMX into a computational model. Although relatively simple models

can produce the oscillations of p53 and MDM2 after DNA damage (Bar-Or et al., 2000; Geva-Zatorsky et al.,

2006; Ma et al., 2005; Wagner et al., 2005; Ciliberto et al., 2005; Monk, 2003; Tiana et al., 2002; Mihalas

et al., 2000), one may gain more insights into the p53 pathway if a model can capture more detailed inter-

actions among p53, MDM2 and MDMX that have been discovered in a number of studies. In this paper, we

present a model for the p53-MDM2/MDMX loop that accounts for most known interactions among p53,

MDM2 and MDMX based on experimental results reported in the literature. The model is characterized by 48

chemical reactions. Since stochastic simulation can correctly reflect the intrinsic noise in a chemically

reacting system (Gillespie, 1977; McAdams and Arkin, 1997), we employ the exact stochastic simulation

algorithm (SSA), that we recently developed for chemically reacting systems with delays (Cai, 2007), to

simulate the dynamics of p53, MDM2 and MDMX based on the proposed model.

2. METHODS

2.1. Model description

Figure 1 depicts a block diagram of the model for the p53-MDM2/MDMX loop (Toledo and Wahl, 2006;

Marine et al., 2006). The transcription factor p53 positively regulates the expression of MDM2 gene.

MDM2 in turn catalyzes p53 ubiquitination, thereby causing proteasomal degradation of p53. MDM2 also

inhibits MDMX by inducing MDMX ubiquitination. MDMX forms a heterodimer with MDM2, which

stabilizes MDM2. MDMX can bind to p53 and inhibit the transcriptional activity of p53. MDMX also

stimulates MDM2-mediated ubiquitination and degradation of p53. The model is characterized by 48

reactions specified in Table 1 and by 21 molecular species described in Table 2. We next describe these

reactions in detail.

p53 expression and tetramerization (reactions 1–7). Since the amount of p53 protein in cells is

determined mainly by its degradation rate (Vogelstein et al., 2000; Oren, 1999), we assume that p53 is
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FIG. 1. p53-MDM2-MDMX loop.

Table 1. Reactions and Parameters

Reaction Parameter (min�1)

p53g!c1
p53gþ p53m c1¼ 0.113

p53m!c2
p53mþ p53p2 c2¼ 0.8

p53p2þ p53p2 �
c3

c4

p53p4 c3¼ 0.004, c4¼ 2160

p53m!c5
0 c5¼ 1.16�10�3

p53p2!c6
0 c6¼ 2.78�10�3

p53p4!c7
0 c7¼ c6/2

mdm2ga!c8
mdm2gaþmdm2ma (delay1a) c8¼ 1.456

mdm2ma!c9
mdm2maþmdm2p c9¼ 0.92

mdm2ga �
c10

c11

mdm2gb c10¼ c11[Np53 / (AVK)]4c, c11¼ 0:139

mdm2gb!c12
mdm2gbþmdm2mb (delay2b) c12¼ 6c8

mdm2mb!c13
mdm2mbþmdm2p c13¼ 14c9

mdm2ma!c14
0 c14¼ 0.01

mdm2mb!c15
0 c15¼ c14

mdm2p!c16
0 c16¼ 3.3�10�2

mdm2pþmdm2p �
c17

c18

mdm2p �mdm2p c17¼ 0.004, c18¼ 180

mdm2p:mdm2p!c19
0 c19¼ c16/2

mdmxg!c20
mdmxgþmdmxm c20¼ 1.775

mdmxm!c21
0 c21¼ c14

mdmxm!c22
mdmxmþmdmxp c22¼ c9

mdmxp!c23
0 c23¼ 3.85�10�3

mdmxpþmdm2p �
c24

c25

mdmxp �mdm2p c24¼ 0.002, c25¼ 18

mdmxp �mdm2p!c26
mdm2pþmdmxpu c26¼ 0.98

mdmxpu!c27
mdmxp c27¼ 1.96

mdmxpu!c28
0 c28¼ 1.16�10�2

mdm2pþ p53p2 �
c29

c30

mdm2p � p53p2 c29¼ 1.84�10�3, c30¼ 123.6

mdm2p:p53p2þmdm2p �
c31

c32

mdm2p �mdm2p � p53p2 c31¼ c29,c32¼ c30

mdm2p � p53p2þmdmxp �
c33

c34

mdmxp �mdm2p � p53p2 c33¼ c29, c34¼ c30

10

mdm2p �mdm2pþ p53p2 �
c35

c36

mdm2p �mdm2p � p53p2 c35¼ c29,c36¼ c30

mdmxpþ p53p2 �
c37

c38

mdmxp � p53p2 c37¼ c29,c38¼ c30

mdmxp � p53p2þmdmxp �
c39

c40

mdmxp �mdmxp � p53p2 c39¼ c29,c40¼ c30

mdmxp � p53p2þmdm2p �
c41

c42

mdmxp �mdm2p � p53p2 c41¼ c29, c42¼ c30

10

mdmxp �mdm2pþ p53p2 �
c43

c44

mdmxp �mdm2p � p53p2 c43¼ c29,c44¼ c30

mdm2p �mdm2p � p53p2!c45
p53p2uþmdm2p �mdm2p c45¼ 0.98

mdmxp �mdm2p � p53p2!c46
p53p2uþmdmxp �mdm2p c46¼ 3c45

p53p2u!c47
p53p2 c47¼ 2.45

p53p2u!c48
0 c48¼ 0.139

aDelay1 is uniformly distributed in the interval [30 min 50 min].
bDelay2 is uniformly distributed in the interval [55 min 75 min].
cSee text for explanation.
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transcribed constitutively as specified by reaction 1. In vitro study of biogenesis showed that p53 dimers are

formed cotranslationally and tetramers are formed posttranslationally (Nicholls et al., 2002). Reaction 2

represents the translation of p53 mRNA that produces p53 dimers. It has been shown that p53 exists as

dimers and tetramers in solution (Weinberg et al., 2004). Moreover, the p53 tetramer is assembled as a

‘‘dimer of dimer’’ (Clore et al., 1994; Lee et al., 1994). The tetramerization and disassociation of p53

dimers are described by reactions 3 and 4. Reaction 5 represents the degradation of p53 mRNA, and

reactions 6 and 7 represent the constitute degradation of p53 protein before being uibiquitinated.

MDM2 expression and degradation (reactions 8–19). The MDM2 gene has two promoters ( Juven

et al., 1993; Wu et al., 1993; Barak et al., 1994; Zauberman et al., 1995). The first promoter (P1) is located

upstream of exon 1 and is constitutively active. The second promoter (P2) is near the 30 end of intron 1; it

contains a p53 binding site and is activated by p53. Reaction 8 represents the constitutive transcription of

MDM2 from P1. The product of reaction 8 is delayed, which accounts for the time needed for transcription,

splicing, translocation and translation. Reaction 9 represents translation of the MDM2 mRNA transcribed

from P1. Reaction 10 models the event that p53 binds to the promoter of MDM2 as a tetramer, while reaction

11 models the disassociation of p53 with the MDM2 gene. Reaction 12 represents the transcription of MDM2

from P2 after p53 binds to its binding site. Like reaction 8, reaction 12 is delayed. We do not include a delay in

other reactions such as reactions 1 and 20, since only delays in reactions 8 and 12 affect the oscillation of p53

and MDM2. Reaction 13 represents translation of the MDM2 mRNA transcribed from P2. Reactions 14 and

15 specify the degradation of MDM2 protein. Reaction 16 represents the degradation of MDM2 protein.

Reactions 17 and 18 describe the dimerization and disassociation of MDM2 protein (Kawai et al., 2007;

Tanimuraa et al., 1999). Reaction 19 represents the degradation of MDM2 dimer.

MDMX expression and ubiquitination (reactions 20–28). MDMX lacks p53 binding sites in its

promoter region and is not induced by p53 after DNA damage (Shvarts et al., 1996; Marinea and Jo-

chemsen, 2005). Hence, we assume that MDMX is transcribed constitutively, as specified by reaction 20.

Reaction 21 represents the degradation of MDMX mRNA. Reaction 22 represents the translation of

MDMX mRNA. Reaction 23 describes constitutive degradation of MDMX protein without ubiquitination.

MDMX and MDM2 form heterodimers (Kawai et al., 2007; Tanimuraa et al., 1999; Sharp et al., 1999; Stad

et al., 2000), and reactions 24 and 25 represent dimerization and disassociation of MDMX and MDM2.

Table 2. Molecular Species

Species Description

p53g p53 gene

p53m p53 mRNA

p53p2 p53 protein dimer

p53p4 p53 protein tetramer

mdm2ga MDM2 gene without p53 bound

mdm2ma MDM2 mRNA transcribed from promoter 1

mdm2p MDM2 protein

mdm2gb MDM2 gene with p53 bound

mdm2mb MDM2 mRNA transcribed from promoter 2

mdmxg MDMX gene

mdmxm MDMX mRNA

mdmxp MDMX protein

mdmxpu Ubiquitinated MDMX protein

mdmxp�mdm2p MDMX and MDM2 protein dimer

mdm2p�p53p2 Complex of MDM2 protein and p53 dimer

mdmxp�p53p2 Complex of MDMX protein and p53 dimer

mdm2p�mdm2p MDM2 protein dimer

mdm2p�mdm2p�p53p2 Complex of MDM2 dimer and p53 dimer

mdmxp�mdm2p�p53p2 Complex of MDM2/MDMX dimer and p53 dimer

mdmxp.mdmxp.p53p2 Complex of MDM2 dimer and p53 dimer

p53p2u Ubiquitinated p53 protein dimer
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Reaction 26 specifies the ubiquitination of MDMX catalyzed by MDM2 (de Graaf et al., 2003; Pan and

Chen, 2003; Ma et al., 2006). It was shown that MDMX is deubiquitinated and stabilized by HAUSP

(Meulmeester et al., 2005). Reaction 27 represents deubiquitination of MDMX. Reaction 28 represents the

degradation of ubiquitinated MDMX.

p53, MDM2, and MDMX interactions (reactions 29–44). Both MDM2 and MDMX can bind to

the N-terminal transactivation domain of p53 via their N-terminal domains. It was observed that p53,

MDM2 and MDMX can form a triple complex (Sharp et al., 1999; Stad et al., 2000). Reactions 29–44

represent the interactions among p53, MDM2 and MDMX.

p53 ubiquitination and degradation (reactions 45–48). Reactions 45 and 46 represent ubiquiti-

nation of p53 catalyzed by MDM2. Note that reactions 45 and 46 are consistent with the observation that

dimerization/oligomerizaton of p53 is necessary for p53 to be efficiently ubiquitinated (Kubbutat et al.,

1998; Maki, 1999). Reaction 47 represents deubiquitination of ubiquitinated p53 by HAUSP (Li et al.,

2004). Reaction 48 represents the degradation of ubiquitinated p53 by proteasome.

Model limitations. Like all existing computational models (Bar-Or et al., 2000; Geva-Zatorsky et al.,

2006; Ma et al., 2005; Wagner et al., 2005; Ciliberto et al., 2005; Monk, 2003; Tiana et al., 2002; Mihalas

et al., 2000), our model is a single-compartment model, because we do not differentiate between nuclear

and cytosolic pools of p53, MDM2 and MDMX with appropriate translocation rates. MDMX is a cyto-

plasmic protein and depends on MDM2 to import into the nucleus. Low levels of MDM2 induce mono-

ubiquitination and nuclear export of p53, whereas high levels promote its polyubiquitination and nuclear

degradation (Li et al., 2003). Our current model does not include shuttling of p53 and MDMX between the

nucleus and cytoplasm, but can be extended to a multi-compartment model when more experimental data

become available.

2.2. Parameter estimation

Each reaction is associated with a reaction probability rate constant, c, which determines the probability

that a specific reaction occurs in an infinitesimal time interval. The probability rate constant c of a specific

reaction can be calculated from the conventional rate constant k as follows: c¼ k for a unimolecular reaction,

c¼ k/(AV) for a bimolecular reaction with two different reactants and c¼ 2k/(AV) for a bimolecular reaction

with one reactant (Gillespie, 2007), where A¼ 6.022�1023 is the Avogadro’s number, and V is the system

volume. We assume that the system is a sphere with a diameter of 10 mm which is the diameter of a typical

mammalian cell nucleus (Dundr and Misteli, 2001). This results in a volume V¼ 5�10�13 L. Note that

translation is modeled as a unimolecular reaction. Therefore, the system volume does not affect the calcu-

lation of probability rate constant of translation, although translation occurs in the cytoplasm. As we will

describe next, most of the probability rate constants were calculated from the conventional rate constants

reported in the literature, while several probability rate constants were determined in simulations.

The transcription rates of p53(c1), MDM2(c8), and MDMX(c20) are unknown. No experimental result on

the deubiquitination rates of MDMX (c27) and p53 (c47) was reported in the literature. Therefore, we

determined these rates in simulations as described in Model Calibration. In the following, we describe how

the remaining probability rate constants were determined.

The rate c2 is estimated from the polysome profile of p53 mRNA (Del Prete et al., 2007). Comparing the

polysome profile of p53 (Del Prete et al., 2007) with that of MDM2 (Brown et al., 1999), we estimated that

the ribosome density of p53 is approximately 1.3 times of that of MDM2. Considering that the p53 protein

has 393 amino acids, we estimated the translation rate of p53 to be 1.6 proteins per minute. See description

of c9 for the method for calculating the translation rate from the ribosome density.

It has been shown that p53 exists as dimers and tetramers in solution with a equilibrium constant equal to

kd,p53¼ 3.2 mM (Weinberg et al., 2004). We chose the rate constant of reaction 3 as k3¼ 107M�1sec�1,

which is approximately one order of magnitude lower than the diffusion limit. The rate constant of reaction

4 was then k4¼ kd,p53k3. The probability rate constants c3 and c4 were calculated from k3 and k4 using the

method described earlier. Since determination of c3 was not based on any experimental results, we tested

the sensitivity of simulation results to c3. Increasing or decreasing c3 ten times did not cause noticeable

changes in simulation results (data not shown).
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The half-life of p53 mRNA is about 10 hours in human RKO colorectal carcinoma cells (Mazan-

Mamczarz et al., 2003), 22–23 hours in primary chicken embryo fibroblast (CEF) cells and murine embryo

fibroblast (MEF) cells, and 2–3 hours in immortal CEF and MEF cells (Kim et al., 2001a,b). We used a

half-life of 10 hours to calculate c5. Specifically, c5¼ ln(2)/T1/2, where T1/2 is the half-life. Note that the

median half-life of human mRNA was estimated to be about 10 hours (Yang et al., 2003).

The half-life of p53 protein was increased from about 20 minutes to 120–130 minutes after the cell was

treated with doxorubicin ( Ju et al., 2007) or Apigenin (McVean et al., 2000). Treatment with doxorubicin

can damage DNA and causes cellular response to DNA damage such as post-translational modification of

p53 (Toledo and Wahl, 2006) and reduced stability of MDM2 (Stommel and Wahl, 2004), which may

significantly diminish the efficiency of p53 ubiquitination. It is not clear how Apigenin stabilizes p53, but it

was speculated that Apitenin might activate protein kinases that phosphorylate p53 (McVean et al., 2000),

which reduces the interaction between MDM2 and p53, thereby diminishing the ubiquitination of p53.

Therefore, we interpreted that the half-life of unubiquitinated p53 is 120–130 minutes and calculated c6 and

c7 from a half-life of 125 minutes.

Reaction 8 includes a delay which accounts for the time needed for transcription, splicing, translocation

and translation. We assume that this delay is random and uniformly distributed in [30 min, 50 min] with a

mean of 40 minutes (Ma et al., 2005).

The rate c9 is estimated from the polysome profile of MDM2 mRNA (Brown et al., 1999) as follows. The

polysome loading curve is an exponential function: x¼ exp((y� b)/a) (Arava et al., 2003; MacKay et al.,

2004), where x is the number of ribosome, y is the fraction number and a and b are two constants. From the

MDM2 polysome experiment (Brown et al., 1999), we have two observed points: x1¼ 1, y1¼ 3, x2¼ 5 and

y2¼ 5.4. In the polysome experiment (MacKay et al., 2004) which was done by the same group as the

MDM2 polysome experiment (Brown et al., 1999), the number of ribosome at the maximum fraction

number was estimated to be about 25. Based on this observation, we assumed another point: x3¼ 12 and

y3¼ 19. Using these three points and the least square method, we found a¼ 3.0 and b¼ 2.24. It can be

verified that the number of ribosome at the maximum fraction number is about 25. Using this polysome

loading curve and the four polysome profiles of MDM2 (Brown et al., 1999), we estimated number of

ribosomes per transcript to be 2.5. The speed of translation is approximately 2–5 amino acids per second for

eukaryotic cells (Alberts et al., 2002; Mathews et al., 2007). We assumed that the speed of translation is 3

amino acids per second. Multiplying the number of ribosomes per transcript by the speed of translation, we

got a translation rate of 450 amino acids per minute. Dividing the translation rate by the number of amino

acids of a protein, which is 491 for MDM2, we got a translation rate of 0.92 protein per minute.

The half-life of p53-DNA complex was reported to be 25 minutes (McLure and Lee., 1998); however, it

may be lower under physiologic condition (Weinberg et al., 2004, 2005). We used a half-life of 5 minutes

to calculate c11 in Table 1. As we describe in the Results, we also ran simulations using a c11 calculated

from a half-life of one minute and twenty five minutes. Taking into account cooperative binding of the p53

tetramer to DNA, we estimated c10 as follows. The probability that the MDM2 gene is bound by a p53

tetramer is assumed to follow the Hill equation: p¼Xn / (KnþXn), where X is the concentration of

free p53. If we denote the number of p53 dimers as Np53p2 and the number of p53 tetramer as Np53p4, we

have X¼ (2Np53p2þ 4Np53p4) / (AV). The Hill coefficient n was chosen to be 4 (Weinberg et al., 2004). The

parameter K was chosen to be 35 nM so that p is very close to zero in the absence of stress signals. From

reactions 10 and 11, we can see that p is also equal to c10/(c10þ c11). Therefore, we have c10¼ c11[X/(AV

K)]4. Note that we assumed that free p53 could bind to its responsive elements and activate its target genes.

However, Ma et al. (2005) assumed that p53 exists in either an inactive or an active state. Only after p53 is

activated by ATM, it can bind to and activate its target genes. Our assumption that p53 does not have two

distinct states and all free p53 are active is based on the following observations from cells treated with

Nutlin. It has been demonstrated that treatment with Nutlin resulted in increased p53 levels and tran-

scriptional activity (Vassilev et al., 2004), and that Nutlin does not induce DNA damage (Wade et al., 2006;

Thompson et al., 2004). Therefore, it is unlikely that ATM is activated after treatment with Nutlin, and it in

turn activates p53.

We chose c12¼ 6c8 based on the experimental results (Mendrysa and Perry, 2000) as follows. After the

cells were exposed with gamma irradiation, the mRNA transcribed from P2 could be increased up to 32-

fold. The basal level of the mRNA transcribed from P2 was 10 to 30% of the level of mRNA transcribed

from P2. If we assume that the 32-fold increase in mRNA was due to the fully-activated P2, then c12 is 3–10

times of c8. Taking the average of this range, we choose c12¼ 6c8. In some situations, MDM2 transcription
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is induced later than that of other p53 target genes (Perry et al., 1993; Knippschild et al., 1995; Lu and

Levine, 1995). Therefore, we assumed a longer delay for reaction 12 than for reaction 8, which was chosen

to be uniformly distributed in [55 min, 75 min].

We chose c13¼ 14c9, since experiments showed that the translation rate of the mRNA transcribed from

P2 is 8–20 times of that of the mRNA transcribed from P1 (Brown et al., 1999; Landers et al., 1997). The

half-life of MDM2 mRNA was reported to be 60–120 minutes (Hsing et al., 2000; Mendrysa et al., 2001),

and thus, we used a half-life of 70 minutes to calculate c14 and c15. The half-life of MDM2 protein is 20–25

minutes under the normal condition without DNA damage (Stommel and Wahl, 2004; Capoulade et al.,

1998; Olson et al., 1993). The rate c16 and c19 were calculated from a half-time of 21 minutes. The

equilibrium constant of MDM2 dimerization, kd,mdm2, is much higher than that of MDM2 and MDMX

dimerization, kd,mdm2x. We assumed that kd,mdm2¼ 10kd,mdm2x. Since kd,mdm2x was estimated to be 30nM as

described later, we have kd,mdm2¼ 300 nM. Like k3, we chose the rate constant k17¼ 107M�1sec�1 and then

calculated k18¼ kd,mdm2k17.

We assumed that MDMX mRNA has the same half-life as MDM2 mRNA, and thus, we took c21¼ c14.

We assumed that MDMX has the same translation rate as the MDM2 mRNA transcribed from P1, and

chose c22¼ c9. The half-life of MDMX was reported to be about 3 hours under normal condition without

ionizing radiation (Kawai et al., 2003). We assumed that deubiquitination rate of MDMX under normal

condition limits the amount of ubiquitinated MDMX and the half-life of unubiquitinated MDMX is 3 hours.

We therefore calculated c23 from a half-life of 3 hours.

We estimated the equilibrium constant of reactions 24 and 25 to be kd,mdm2x¼ 30 nM as follows. It was

reported that MDM2 and MDMX exist predominately as heterodimers and anti-MDM2 immuno-

preciptitation of MCF-7 cell lysates resulted in almost complete depletion of MDMX from the lysates

(Kawai et al., 2007). Based on these observations, we assumed that 70% of MDM2 form heterodimers with

MDMX. Using deterministic simulation that will be described later, we found that the equilibrium constant

to be 30 nM, when 70% of MDM2 form heterodimers with MDMX. Like k3 and k17, we chose the rate

constant k24¼ 107M�1sec�1 and then calculate k25¼ kd,mdm2xk24.

We assumed that MDM2 catalyzes the ubiquitination of MDMX and p53 with the same efficiency. Since

it was reported that one mole of MDM2 transfers 0.98 moles of ubiquitin to p53 per minute (Ma et al.,

2006), we chose c26¼ 0.98. The half-life of MDMX after ionizing radiation was reported to be about 1 hour

(Kawai et al., 2003). Since DNA damage significantly reduces the deubiquitination of MDMX by HAUSP,

we interpreted that the half-life of ubiquitinated MDMX is 1 hour and calculated c28 accordingly.

The equilibrium constant of reaction 29 and 30, kd,mp53 was reported to be 60–700 nM (Schon et al.,

2002; Laia et al., 200; Sakaguchi et al., 2000; Kussie et al., 1996). We used the following experimental

results (Schon et al., 2002): kd,mp53¼ 220 nM, k29¼ 9.2�104 M�1s�1 and k30¼ 2 s�1 (Schon et al., 2002),

and calculated c30 and c31 accordingly. We assumed that reactions 31, 33, 35, 37, 39, 41, and 43 have the

same rate as reaction 29: c31¼ c33¼ c35¼ c37¼ c39¼ c41¼ c44¼ c29. The rates c32, c36, c38, c40, and c44 can

be smaller than c30 possibly due to cooperative binding, but we assumed that they are equal to c30 because

no any experimental result on these rates is available. Since the disassociate constant of MDM2 and

MDMX heterodimer is very small, we assume that c34 and c42 are equal to c30/10.

It was reported that one mole of MDM2 transfers 0.98 moles of ubiquitin to p53 per minute (Ma et al.,

2006). Therefore, we chose c45¼ 0.98. It was reported that MDMX could stimulate ubiquitination of p53

by MDM2 (Linares et al., 2003; Gu et al., 2002). Specifically, it was observed that MDMX increased the

ubiquitination rate 10 times when the amount of MDM2 was rate-limiting. It was also observed that

expression of MDMX increased the half-life of MDM2 3 times. Therefore, we estimated that the net

increase in the ubiquitination rate due to MDMX is 3 fold and chose c46¼ 3c45. Since the smallest value for

the half-life of p53 in the absence of stress signals was reported to be 5 minutes (Giaccia and Kastan, 1998),

we calculated c48 from a half-life of 5 minutes for the ubiquitinated p53. Note that the actual half-life of

p53 is greater than 5 minutes depending on the deubiquitination rate c47.

2.3. Stochastic simulation

Gillespie’s SSA (Gillespie, 1977) is often employed to simulate the stochastic dynamics of genetic

circuits (Kærn et al., 2005; McAdams and Arkin, 1997). However, Gillespie’s SSA cannot deal with delays

in certain reactions. Recently, we developed an exact SSA for chemically reacting systems with delays

(Cai, 2007). We used this exact SSA to simulate the dynamics of the system described in Table 1.
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2.4. Deterministic simulation

A set of ODEs for the number of molecules of each species in Table 2 can be easily derived based on the

reactions in Table 1. The numerical solution to these ODEs roughly reflect the mean of the results of

stochastic simulation. We used these ODEs to tune several unknown parameters.

2.5. Data analysis

Customized Matlab software (Mathworks Inc.) was written to analyze data generated from stochastic

simulations, for example, to calculate the mean and standard error of protein levels, to identify the peaks of

p53 and MDM2 during oscillation, and to calculate peak amplitudes and widths. Oscillation periods were

calculated using the short-time Fourier transform (STFT) method (Vetterli and Kovacevic, 1995). Speci-

fically, Fourier transform was applied to protein levels of p53 and MDM2 within a time window of 22

hours, after the mean level was subtracted. The largest peak at a non-zero frequency was identified as the

oscillation frequency within the time window, and the period of the oscillation is the inverse of the

oscillation frequency. Note that the maximum period that can be identified by the STFT is 11 hour since a

time window of 22 hours was used.

3. RESULTS AND DISCUSSION

3.1. Model calibration

We need to tune the parameters c1, c8, c20 so that the levels of p53, MDM2 and MDMX proteins match the

experimental results (Wang et al., 2007), and adjust c27 and c47 so that the half-lives of MDMX and p53 are

consistent with experimental results. It was reported that average p53, MDM2 and MDMX protein levels in

MCF7 cells are approximately 104, 5.6�104, and 8.7�104 molecules per cell, respectively (Wang et al.,

2007). We first chose an initial value for each of c1, c8, c20, c27 and c47. Then, using the initial condition that

the number of p53, MDM2 and MDMX genes are 2 and the levels of all other molecular species are zero, we

ran deterministic simulation for a sufficiently long time so that the system reaches the steady state. We

compared the levels of p53, MDM2 and MDMX in the steady state with the experimental results, and then,

adjusted c1, c8, c20 if necessary and ran deterministic simulation again. We estimated the half-life of p53,

MDM2 and MDMX protein as follows. After the system reached the steady state, we stopped the translation

process, i.e., set c2¼ c9¼ c13¼ c22¼ 0, and then ran deterministic simulation 400 minutes. Comparing the

protein levels during this 400 minute period with the levels in the steady state, we calculated the half-life of

p53, MDM2 and MDMX. If necessary, we adjusted c27 and c47 and ran simulation again. This process was

iterated until the levels and half-life of p53, MDM2 and MDMX in the steady state match the experimental

results. We then fine-tuned the parameters using stochastic simulation. Specifically, we used the values of the

parameters obtained in deterministic simulation to run stochastic simulation 100 times and compared

the average levels and the half-life of p53, MDM2 and MDMX with the experimental results. We adjusted the

values of the parameters and reran stochastic simulations. This process was iterated until the average levels

and the half-life of p53, MDM2 and MDMX match the experimental results.

Finally, we got the values of c1, c8, c20, c27 and c47 listed in Table 1. Our stochastic simulations using these

values yielded the following results: the average levels of p53, MDM2 and MDMX and their standard errors

in the steady state are 1.03�104� 1.27�103, 5.81�104� 1.98�104, and 8.70�104� 2.33�103 molecules

per cell, respectively; the half-lives of p53, MDM2, and MDMX are 25.08� 0.12, 97.83� 0.15, and

181.53� 0.08 minutes, respectively. The average levels of p53 and MDMX are very close to the experimental

results and their standard errors are small. The average levels of MDM2 are also close to the experimental

result but their standard errors are relatively large. The half-life of p53 is within the range of 5–30 minutes

reported experimentally. The half-life of MDMX is about 3 hours, which is almost the same as the experi-

mental measurements (Kawai et al., 2003). The half-life of MDM2 seems not in the typical range around 25

minutes, but a similar half-life of MDM2 was also reported (Kawai et al., 2003). This is because, in the MCF7

cells considered here, the levels of MDMX is larger than the levels of MDM2, which stabilizes MDM2.

3.2. Oscillations of p53 and MDM2 after DNA damage

After DNA damage, the half-life of MDM2 reduces to about 5–10 minutes (Stommel and Wahl, 2004),

possibly due to impaired deubiquitination of MDM2 by HAUSP (Li et al., 2004). HAUSP-mediated
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deubiquitination of MDMX is also compromised after DNA damage (Meulmeester et al., 2005). DNA

damage leads to phosphorylation of p53 in the N-terminal transaction domain, and it was proposed that N-

terminal phosphorylation reduces association of p53 with MDM2, thereby stabilizing p53 (Craig et al.,

1999). However, in vivo studies showed that N-terminal phosphorylation only marginally alters p53 sta-

bility (Toledo and Wahl, 2006; Wahl et al., 2005). Therefore, we did not consider the effect of phos-

phorylation in our simulations. The mechanism of activating p53 after DNA damage by ataxia

telangiectasia mutated (ATM) was modeled by Ma et al. (2005). It was shown that this model can capture

the effect of radiation dose: the number of oscillation rather than the amplitude of p53 and MDM2 is

dependent on radiation does. While it is possible to incorporate such mechanism into our model, we did not

consider it in our simulations, but simply reduced the half-life of MDM2 to 8 minutes (c16¼ 0.086) and the

deubiquitination rate of MDMX to zero (c27¼ 0) after DNA damage. Essentially, our stochastic simulations

were concerned about the oscillatory behavior of p53 and MDM2 after the p53-MDM2 loop is activated,

rather than the mechanism that activates the p53-MDM2 loop.

Our stochastic simulation started with the steady-state obtained from deterministic simulation as the

initial state at t¼ 0. We ran simulation using the normal values of the parameters in Table 1 until t¼ 4

hours. We assumed that DNA damage started at t¼ 4 hours, and thus, we reduced c16 to 0.086 and c27 to 0

at t¼ 4 hours. We assumed that DNA damage was repaired at t¼ 54 hours and restored c16 and c27 to their

normal values at t¼ 54 hours. Figure 2 shows trajectories of p53, MDM2, and MDMX levels in MCF7 cells

from four simulation runs which correspond to four individual cells. It is seen that p53 and MDM2 start to

oscillate after DNA damage and oscillations end shortly after the DNA damage is repaired. In contrast to

deterministic simulation, stochastic simulations here clearly show that there are significant variations in the

peak amplitude and width. MDMX does not oscillate along with p53 and MDM2, but quickly reduces to

very low levels after DNA damage and returns to the normal level after DNA damage is repaired. The

average peak-to-trough amplitude of oscillations does not appear to change considerably over time, except

for the first two peaks whose amplitude is considerably higher than that of other peaks (Fig. 3A, C). This is
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FIG. 2. Relative levels of p53, MDM2 and MDMX protein in four individual MCF7 cells. The y-axis is the number of

p53, MDM2 and MDMX protein molecules divided by their corresponding steady-state levels without DNA damage:

104 (p53), 5.6�104 (MDM2) and 8.7�104 (MDMX) molecules per cell (Wang et al., 2007). DNA damage starts at 4

hours and ends at 54 hours.
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due to the fact that we treat the effect of DNA damage like a switch, and change c16 and c27 with sharp

discontinuity. If we allow c16 and c27 to reduce slowly over certain time after DNA damage, the average

amplitude of first two peaks can be similar to that of other peaks (data not shown), as observed in

experiments (Geva-Zatorsky et al., 2006). The mean peak width does not change considerably over time

(Fig. 3B, D).

Distributions of oscillation periods are depicted in Figure 4. The mean and standard errors of the periods

are 5.7� 0.6 h for p53 and 5.7� 0.5 h for MDM2. While the mean period is very close to the experimental

result (5.5 h), the standard error is about one-third of that calculated from experimental measurements

(Geva-Zatorsky et al., 2006). MDM2 peaks followed p53 peaks at a delay of 1.83� 0.45 h (Fig. 3E), which

is similar to the experimental result (2� 0.5 h) (Geva-Zatorsky et al., 2006). We examined the variations in

oscillation peaks. We found that the peak-to-through amplitudes of MDM2 and p53 varied with a coef-

ficient of variance (CV; standard error divided by mean) of 0.41 and 0.49 (Fig. 3F, H), respectively, which

are smaller than the experimental result (0.7) (Geva-Zatorsky et al., 2006). In contrast to the large vari-

ations in amplitude, the peak width and p53-MDM2 delay of individual peaks varied with a CV of 0.17
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(Fig. 3G, I) and 0.25 (Fig. 3J), respectively, which are smaller than experimental results (CV¼ 0.3) (Geva-

Zatorsky et al., 2006). The CV of oscillation periods is about 0.07, which is much smaller than that of peak

amplitudes. Note that it is reasonable that the variations in our simulation results are smaller than exper-

imental results, because experiment results include both intrinsic and extrinsic noise, whereas our simu-

lations only account for intrinsic noise.

As described in earlier, c11 in Table 1 was calculated from a half-life of 5 minutes for the p53-MDM2

complex. The parameter c11 determines the rate that the MDM2 gene switches back and forth between the

state that the gene is constitutively transcribed from promoter 1 and the state that the gene is activated by

p53 and transcribed from promoter 2. This rate may significantly affect the stochasticity in the levels of p53

mRNA and protein (Kærn et al., 2005). We also ran simulations for two different values of c11: c11¼ 0.693

that was calculated from a half-life of 25 minutes and c11¼ 0.028 that was calculated from a half-life of 1

minute. No significant difference in the statistics of peak width and amplitude, as well as p53-MDM2 delay,

was observed for three different values of c11 (data not shown).

From above comparison between simulation and experimental results, we have the following two main

observations: (1) consistent with experimental results, our simulations showed that variations in peak

width, period and p53-MDM2 delay are smaller than those in peak amplitudes, and (2) the intrinsic noise

contributes to 60–70% of overall variations.

3.3. Effect of Nutlin

Small molecule Nutlin-3 can bind to MDM2 and inhibit its interaction with p53, resulting in increased

p53 levels and transcriptional activity (Vassilev et al., 2004). However, Nutlin-3 does not disrupt MDMX-

p53 interaction (Wade et al., 2006; Hu et al., 2006; Patton et al., 2006). Moreover, Nutlin-3 does not induce

DNA damage (Wade et al., 2006; Thompson et al., 2004). Since transcription of MDM2 is positively

regulated by p53, the increased p53 levels after treatment with Nutlin-3 cause significant increase in

MDM2 levels (Wang et al., 2007). In spite of high MDM2 levels, MDMX levels after Nutlin-3 treatment

are often slightly increased (Wang et al., 2007; Hu et al., 2006). No significant changes in MDMX mRNA

levels and the half-life of MDMX protein were observed after Nutlin-3 treatment (Hu et al., 2006). It is not

clear how Nutlin-3 affects ubiquitination and degradation of MDMX. In our model, the ubiquitination rate

of MDMX is determined by reactions 24–26. Disrupting MDMX-MDM2 interaction (reaction 24 and 25)

and/or directly decreasing the ubiquitination rate (reaction 26) will decrease degradation of MDMX.
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In order to simulate the effect of Nutlin, we decreased c29, c31, c33, c35, c41, and c42 N1 (N1> 1) times to

reflect the disruption of MDM2-p53 interaction. As we discussed earlier, we can reduce c24 and/or c26 to

reflect the decreased efficiency of MDMX ubiquitination. In the first set of simulations, we decreased c24 N2

(N2> 1) times while keeping c26 unchanged. Figure 5 depicts simulation results for N1¼N2¼ 100, as well

as experimental results (Wang et al., 2007). It is seen from Figure 5 that simulated p53 level matches the

experimental result very well, and that simulated MDMX and MDM2 levels are qualitatively consistent

with experimental results. However, the simulated MDM2 level at 7 hours after treatment with Nutlin is

relatively higher compared to the experimental result. Hence, there may be other unknown mechanisms

preventing MDM2 levels from increasing dramatically that are not included in our simulation. We ran

simulations for different N1 and N2 and found that simulation results (data not shown) do not change much

when N1 and N2 are in between 100 and 1000. In the second set of simulations, we reduced c26 while

keeping c24 unchanged. When N1¼ 100 and c26 was reduced from 0.98 to the range of 0.4–0.6, the MDMX

levels were consistent with experimental results (data not shown). From these two sets of simulations, we

see that our model can produce results that are consistent with experimental results after treatment with

Nutlin.

3.4. MDM2 or MDMX knockout

MDM2-null mouse embryos die very early in development due to increased apoptosis ( Jones et al.,

1995; Montes de Oca Luna et al., 1995), whereas MDMX-null mouse embryos die later probably because

of cell proliferation arrest (Parant et al., 2001; Finch et al., 2002; Migliorini et al., 2002). It is interesting to

see the levels of p53 protein in MDM2- or MDMX-null cells. To simulate protein levels in MDM2-null

cells, we set the number of MDM2 genes (mdm2ga in reaction 8 and mdm2gb in reaction 12) to be zero.

The mean and standard errors of p53 and MDMX levels were found to be 4.15�105� 231 (p53) and

3.14�105� 238 (MDMX) molecules per cell. Compared to the protein levels in cells with MDM2 (104
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(p53) and 8.7�104 (MDMX) molecules per cell), the average levels of p53 and MDMX were increased

41.5 and 3.6 times, respectively.

To simulate protein levels in MDMX-null cells, we set the number of MDMX genes (mdmxg in reaction

20) to zero. Interestingly, p53 and MDM2 in MDMX-null cells undergo oscillation as shown in Figure 6.

The mean and standard errors of oscillation period of p53 and MDM2 are 6.9� 0.5 h which is larger than

the period of oscillations after DNA damage. Table 3 lists the peak amplitude and width, trough amplitude

and period of p53 and MDM2 obtained from 100 simulation runs when MDMX is knocked out. The

average peak (trough) amplitude of p53 is increased 2.7 (1.6) times compared to the p53 levels in cells with

MDMX. The overall average level of p53 is increased about 2 times, which is much smaller than that in

MDM2-null cells. This may partially explain why MDM2-null and MDMX-null mouse embryos die in

different developmental stages.

FIG. 6. Relative levels of p53 and MDM2 in four MDMX-null cells. Levels of p53 and MDM2 are normalized by

their levels in cells with MDMX.

Table 3. Relative Protein Levels and Oscillation Periods in MDMX-Null Cells

Mean Standard error CV

p53 peak amplitude 2.70 0.25 0.09

p53 trough amplitude 1.62 0.17 0.10

p53 peak width 6.71(h) 0.75(h) 0.11

p53 period 6.89(h) 0.49(h) 0.07

MDM2 peak amplitude 7.01 1.49 0.21

MDM2 trough amplitude 1.64 0.38 0.23

MDM2 peak width 6.69(h) 0.82(h) 0.12

MDM2 period 6.88(h) 0.52(h) 0.08

Levels of p53 and MDM2 are normalized by the levels in cells with MDMX, 104 (p53) and 5.6�104 (MDM2) molecules per cell

(Wang et al., 2007).
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