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a b s t r a c t

The p53 regulatory pathway controls cell responses, which include cell cycle arrest, DNA repair,

apoptosis and cellular senescence. We propose a stochastic model of p53 regulation, which is based on

two feedback loops: the negative, coupling p53 with its immediate downregulator Mdm2, and the

positive, which involves PTEN, PIP3 and Akt. Existence of the negative feedback assures homeostasis of

healthy cells and oscillatory responses of DNA-damaged cells, which are persistent when DNA repair is

inefficient and the positive feedback loop is broken. The positive feedback destroys the negative

coupling between Mdm2 and p53 by sequestering most of Mdm2 in cytoplasm, so it may no longer

prime the nuclear p53 for degradation. It works as a clock, giving the cell some time for DNA repair.

However, when DNA repair is inefficient, the active p53 rises to a high level and triggers transcription of

proapoptotic genes. As a result, small DNA damage may be repaired and the cell may return to its initial

‘‘healthy’’ state, while the extended damage results in apoptosis. The stochasticity of p53 regulation,

introduced at the levels of gene expression, DNA damage and repair, leads to high heterogeneity of cell

responses and causes cell population split after irradiation into subpopulations of apoptotic and

surviving cells, with fraction of apoptotic cells growing with the irradiation dose.

& 2008 Elsevier Ltd. All rights reserved.
1. Introduction

1.1. Biological background

The p53 regulatory pathway is composed of hundreds of genes
and their products, that respond to a wide variety of stress signals
(see Levine et al., 2006; Kohn and Pommier, 2005 for recent
reviews). The input signals, that include DNA damage, oncogene
activation, heat and cold shock, and others, are transmitted by the
upstream mediators and influence p53 level and its transcrip-
tional activity by several posttranslational modifications. The
action of p53/Mdm2 core is controlled by a number of positive
and negative feedbacks (Harris and Levine, 2005). The down-
stream events, which are mediated by groups of genes and their
products, are regulated by the p53 protein, most commonly by
transcriptional activation but in some cases by protein–protein
interactions. The cellular outputs of these downstream events
include cell cycle arrest, DNA repair, apoptosis or cellular
senescence and often result in extensive communication with
other transduction pathways, reviewed by Vousden and Lane
(2007).
ll rights reserved.

v.pl (T. Lipniacki).
Relevant to the proposed model is the p53 activation in the
response to DNA damage. In healthy cells the level of p53 remains
typically low under the control of Mdm2, which is responsible for
p53 ubiquitination leading to its rapid degradation (Haupt et al.,
1997; Kubbutat et al., 1997). In turn, synthesis of Mdm2 transcript
is controlled by p53 (Barak et al., 1993), which defines the
negative feedback. DNA damage activates the so-called checkpoint
proteins, which destabilize Mdm2 and trigger p53 phosphoryla-
tion elevating its stability and transcriptional activity (reviewed in
Volgenstein et al., 2000). This disturbs homeostatic balance
between Mdm2 and p53 leading to oscillations and/or rise of
the p53 level. Activated p53, triggers transcription of groups of
genes, whose products are responsible for cell cycle arrest and
DNA repair and, if the last fails or takes too long, for initiation of
apoptosis. Disruption of any of these processes can allow
mutations to pass from one cell generation to the next, which is
permissive for the development of cancer (Mayo and Donner,
2002). It can be asserted that essentially every solid cancer lacks a
normal p53 response; in approximately half of the cancers this is
due to alterations in p53 itself, whereas in the other half there are
alterations in p53 regulators. One of the key p53 regulators is the
p53-responsive phosphatase PTEN, that mediates, via phosphati-
dylinositol 3-phosphate (PIP3) and Akt/PBK kinase, the positive
feedback loop allowing p53 to rise to a high level and initiate
apoptosis (Cantley and Neel, 1999). This places PTEN among
the most commonly lost tumor suppressors in human cancer.
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Mutations (or deletions) of PTEN which occur during tumor
development block its enzymatic activity leading to increased cell
proliferation and reduced cell death (reviewed in Simpson and
Parsons, 2001; Li and Ross, 2007).
1.2. Positive and negative feedbacks

The p53-responsive genes produce proteins that interact with
a large number of other signal transduction pathways and, as
discussed by Harris and Levine (2005), there are at least seven
negative and three positive feedback loops regulating p53 level
and its transcriptional activity. This complexity poses a difficulty
for modelers and makes the p53 regulation far from being
resolved. The other difficulty is due to the fact that most of the
experimental data available is on cancer cells, which exhibit
various malfunctions of the p53 network. In addition, potentially
informative experiments on single cells (Lahav et al., 2004; Geva-
Zatorsky et al., 2006) are performed on transfected cells with
elevated number of p53 or Mdm2 gene copies which, due to high
nonlinearity in regulation, may exhibit a different behavior than
that of the original cells.

Since Bar-Or et al. (2000) and then (in single cells) Lahav et al.
(2004) and Geva-Zatorsky et al. (2006) demonstrated existence of
irregular, but persistent oscillations of Mdm2 and p53 nuclear
levels in response to DNA damage caused by G irradiation, several
models have been proposed in order to explain the observed
oscillatory behavior. Undamped oscillations are the manifestation
of autonomous limit cycle, a recurrent solution of constant
amplitude and period. Such solution may appear when negative
feedback is combined with time delay, and/or concurrent positive
feedback loop (Tyson, 2006; Rateitschak and Wolkenhauer, 2007).

The first case, in which negative feedback coupling p53 and
Mdm2 is combined with time delay, has been studied by several
authors including Bar-Or et al. (2000), who assumed that p53
induces Mdm2 via an intermediary, then by Ma et al. (2005) and
Wagner et al. (2005) who explicitly introduced two time delays
associated with transcription and translation of Mdm2.

The group of Tyson explored the second possibility, analyzing
four different positive feedback loops which, in cooperation with
the negative feedback involving p53 and Mdm2, assure existence of
stable oscillations in response to DNA damage. Specifically,
Ciliberto et al. (2005) considered the positive feedback loop which
blocks Mdm2 nuclear entry, rescuing p53 from Mdm2 mediated
degradation. Despite this feedback loop is mediated by PTEN, PIP3
and Akt, the authors neither considered these intermediaries
explicitly, nor introduced any time delay to the regulation. This
simplification, however, substantially changes the dynamics: since
p53 blocks nuclear entry of Mdm2 without any time delay, Mdm2
first accumulates in cytoplasm, then enters the nucleus, which is
not observed experimentally. The same two feedbacks have been
considered in the work of Wee and Aguda (2006); the scope of their
study was to demonstrate existence and robustness of bistability in
p53-Akt regulation. Three other positive feedbacks are considered
in a recent study by Zhang et al. (2007). The main problem in
explaining oscillations by presence of a positive feedback is that
these oscillations appear in relatively narrow gap of parameters.
Zhang et al. (2007) demonstrated that system passes from the
stable point to the limit cycle as Mdm2 degradation coefficient
changes, which can be associated with DNA damage. However,
these oscillations result also from a relatively modest (in Ciliberto
et al., 2005 model a 10% change) change of p53 synthesis rate,
which can be due to p53 transfection. In other words, assuming
that these models properly describe transfected cells studied by
Geva-Zatorsky et al. (2006), one must conclude that the behavior of
non-transfected cells is different.
The single cell stochastic model, we introduce in this study, is
also based on the negative feedback involving p53 and Mdm2 and
on the positive one mediated by PTEN, PIP3 and Akt. However, in
contrast to the models considered by Zhang et al. (2007), in our
model the oscillations are due solely to the negative feedback and
time delay (introduced by explicit presence of intermediaries:
Mdm2 transcript, cytoplasmic Mdm2 and cytoplasmic phosphory-
lated Mdm2). The role of positive feedback is to terminate
oscillations, by sequestering most of Mdm2 in cytoplasm, which
enables p53 to rise to a high level, such that it may activate
proapoptotic genes. The positive feedback acts on a longer time
scale than the negative one, and thus becomes important only
when DNA repair is inefficient.
1.3. Stochastic effects

Experiment by Geva-Zatorsky et al. (2006) demonstrated
oscillations of p53 and Mdm2 nuclear levels continuing over
72 h after G irradiation. These oscillations have relatively stable
period of about 4–7 h, but highly variable amplitude. In addition,
resting cells (and a sizable fraction of the irradiated cells) exhibit
irregular bursts or fluctuations. Such behavior suggests existence
of some stochastic fluctuations, which cause that the single
cell trajectories depart from the stable limit cycle or the stable
steady state.

It is natural to expect that reactions involving small number of
molecules, but associated with some amplification pathways, are
the main source of the overall stochasticity (Lipniacki et al., 2007).
The first candidate is the expression of p53-responsive gene. There
is a growing experimental evidence that mRNA transcription is
quantal, that implies noisy fluctuations of mRNA and protein
levels (e.g. Walters et al., 1995; Femino et al., 1998; Rai et al.,
2006). Following Ma et al. (2005) we expect also that stochastic
DNA damage and repair significantly contribute to the overall
stochasticity of the process.

As demonstrated recently by Joo et al. (2007) in NF-kB system,
stochasticity strengthen oscillations, i.e. when the stochastic
effects are taken into considerations, the range of parameters for
which the regulatory system exhibits oscillations is broader. One
may thus expect that observed oscillations are, in part, due to the
stochastic effects.
2. Model formulation

2.1. Basic assumptions

The model involves two-compartment kinetics of p53, its
primary inhibitor Mdm2, phosphatase PTEN, phosphatidylinositol
3-phosphate (PIP3) and Akt kinase. The level and the transcrip-
tional activity of p53 is regulated by two feedbacks, the negative
one involving Mdm2 and Akt, and the positive one that involves
PTEN, PIP3 and Akt (Fig. 1).

The negative feedback arises since phosphorylated p53 triggers
Mdm2 transcription. In turn synthesized Mdm2 is activated in
cytoplasm by Akt, enters cell nucleus and ubiquitinates p53,
which results in its rapid degradation. The second feedback is
positive in that sense that it blocks the negative feedback loop. In
short, p53 induces transcription of PTEN, then PTEN deactivates
PIP3 hydrolyzing it to PIP2, which may not activate Akt. As a
result, p53 inhibits its inhibitor Mdm2, which may not translocate
to the nucleus and prime p53 for degradation.

Below we summarize the main biological findings and
assumptions on which the model is established.
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Fig. 1. Schematic of the model.
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2.1.1. Negative feedback

The amount of p53 protein in cells is determined mainly by the
rate at which it is degraded rather than the rate at which it is
made (Michael and Oren, 2003). Biogenesis of p53 involves
cotranslational dimerization of monomers and posttranslational
dimerization of dimers (Nicholls et al., 2002). The subsequent
dimerization of dimers is rather inefficient in the solution with
dissociation constant of �3mM for dimer–tetramer equilibrium;
however, p53 dimers exhibit high cooperativity in DNA binding
(Weinberg et al., 2004) with a Hill coefficient of 1.8 (dimer:DNA).
This finding, together with the observation that mutated p53 with
impaired tetramerization binds DNA with six-fold less affinity
than wild-type protein, suggests that the fundamental active
unit of p53 is the tetramer (Weinberg et al., 2004). In addition,
Meek (1998), Meek and Milne (2000) and Brooks and Gu (2003)
showed that p53 phosphorylation enhances its activity as a
transcription factor.

According to the above we make the simplifying assumption
that p53 is produced (with some constant rate) as a dimer,
immediately translocates to the nucleus, where it may attain its
transcriptional activity due to phosphorylation. We assume also
that activation rates of both Mdm2 and PTEN genes are
proportional to the level of phosphorylated p53 in power 2.

In order to enter the nucleus Mdm2 must be phosphorylated
by Akt, which physically associates with Mdm2 and phosphor-
ylates it at Ser166 and Ser186 (Mayo and Donner, 2001; Zhou et
al., 2001). Then the phosphorylated Mdm2 may shuttle between
cytoplasm and nucleus. Thus, in the model we assume that in the
cytoplasm we have both the phosphorylated and the unpho-
sphorylated Mdm2, while in the nucleus we have only the
phosphorylated form. Nuclear Mdm2 is responsible for attaching
the first ubiquitin moiety to p53 initializing p53 polyubiquitina-
tion (Haupt et al., 1997). Attaching the subsequent ubiquitins to
p53 is catalyzed by Mdm2 and other enzymes like p300.
Polyubiquitinated p53 translocates to the cytoplasm to be
degraded by the 26S proteasome or it is degraded in the nucleus
(Stommel and Wahl, 2004). p53 phosphorylation leads to its
acetylation (not explicitly included in the model), which protects
p53 from Mdm2-dependent ubiquitination and degradation
(reviewed in Bode and Dong, 2004).

We assume that the p53 degradation rate is a sum of a
constant term and an Mdm2-dependent term following Hill
function with Hill coefficient equal to 2, and that phosphorylated
p53 has 10-fold lower Mdm2-dependent degradation coefficient
than the unphosphorylated p53.
2.1.2. Positive feedback

First, PTEN transcription is regulated by p53, and level of PTEN
transcript grows about 3–4-fold over 16 h after 10 Gy irradiation
(Stambolic et al., 2001). Next, phosphatase PTEN hydrolyzes PIP3,
produced by the activated phosphatidylinositol 3-kinase (PI3K), to
PIP2 (reviewed in Cully et al., 2006). Since Akt is activated by PIP3,
not by PIP2, PTEN acts as Akt inhibitor. As already said, active Akt
is needed to phosphorylate Mdm2, which enables its nuclear
import. This accomplishes the positive feedback loop, in which
p53 via PTEN, PIP3 and Akt inhibits its own inhibitor Mdm2. We
assume that the total amounts of PIP (PIP2+PIP3) and of the Akt
kinase remain constant, i.e. that there is a balance between their
synthesis and degradation.

Let us note that PTEN regulates p53 protein levels also through
Akt-independent mechanisms; it may directly interact with p53
enhancing its stability (Freeman et al., 2003) or downregulates
Mdm2 transcription by negatively regulating its P1 promoter
(Chang et al., 2004). These interactions, which are not included in
the model also provide positive feedback in p53 regulation.
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2.1.3. System activation

The p53 system may respond to various stress signals and its
activation is mediated by numerous kinases. DNA damage,
ultraviolet light or oncogene stress lead to p53 modifications
(serine and theorine phosphorylation, acetylation and others)
resulting mainly in its enhanced stability and transcriptional
activity (reviewed in Bode and Dong, 2004). The other way of p53
activation is mediated by inhibition or degradation of Mdm2. This
can be due to the expression of oncogenes (Volgenstein et al.,
2000), which may inhibit Mdm2 via activation of p14ARF , or DNA
damage, which also accelerates Mdm2 auto-degradation.

The most intensively investigated pathway of p53 activation is
the one initiated by DNA damage. The irradiation dose of 1 Gy
leads to about 35 double strand breaks (DSBs) (Lobrich et al.,
1995; Rothkamm and Lobrich, 2003). The damage is sensed by the
so-called checkpoint proteins or damage-dependent kinases:
ATM, ATR, DNAPK, Chk1, Chk2, JNK and P38 kinase, which sense
and signal DNA damage to p53 and Mdm2. Particularly, ATM is a
very sensitive and rapid detector of DNA damage. Bakkenist and
Kastan (2003) showed that ATM is phosphorylated at Ser 1981
within 5 min after irradiation and that ATM activation starts at
irradiation dose of 0:1–0.2 Gy and saturates at 0.4 Gy. As a result,
p53 is phosphorylated at several serine residues including Ser 15,
20, 33, 37, 315, 392 (with Ser 15 possibly being the most
important), which leads to its stabilization and enhances its
transcriptional activity (Appella and Anderson, 2001; Bode and
Dong, 2004). Simultaneously in DNA-damaged cells, damage-
dependent kinases (particularly ATM) phosphorylate Mdm2
resulting in its accelerated auto-ubiquitination and proteasome-
mediated degradation (Stommel and Wahl, 2004, 2005;
Meulmeester et al., 2005). As found by Stommel and Wahl
(2004) the Mdm2 half-life decreased about seven-fold in the
response to DNA damage and may be as low as 5 min.

In the model, these experimental finding are substantially
simplified; we assume that p53 may exist only in two forms:
active and inactive. Only the active form has a transcriptional
activity and simultaneously lower (Mdm2 dependent) degrada-
tion rate. We assume that irradiation leads to DNA damage in a
Poisson process (see below). Next, we assume that DNA damage
influences p53 and Mdm2 (implicitly via ATM or other damage-
dependent kinases) and that the strength of this influence follows
a Hill function of number of DSB, N (with Hill coefficient equal to
2 and a half-saturation threshold of seven DSB corresponding to
�0:2 Gy). Namely, we assume that transformation rate from
inactive to active p53 is

a0 þ a1
N2
ðtÞ

h2
0 þ N2

ðtÞ

 !
(1)

and that Mdm2 degradation rate is

d0 þ d1
N2
ðtÞ

h2
0 þ N2

ðtÞ

 !
. (2)

2.1.4. Transcription and translation

There is a growing experimental evidence that mRNA tran-
scription is quantal, and that transcription factors regulate
probability that the given gene is on or off rather than the
transcription rate (e.g. Walters et al., 1995; Femino et al., 1998; Rai
et al., 2006). The on and off gene switching introduces high level of
stochasticity to eukaryotic gene expression and cell regulation
(e.g. Ko, 1991; Kepler and Elston, 2001; Lipniacki et al., 2006;
Paszek, 2007; reviewed in Kærn et al., 2005). A single gene
activation event results (if the activation period is sufficiently
long) in a sizable burst of mRNA molecules, which is then
translated into an even larger burst of proteins. Here, we adopt
this approach and assume that the state of each of two p53-
dependent genes is a sum of states of its copies: GM ¼ GM1þ GM2,
GM 2 f0;1;2g for Mdm2 gene, and GP ¼ GP1þ GP2, GP 2 f0;1;2g for
PTEN. The activation rate of each gene copy depends on the
nuclear level of phosphorylated p53 dimers in a power of 2 (due to
the cooperativity in binding). Thus, in an infinitesimal time
interval Dt the probability Pb

ðt;DtÞ of gene copy activation is

Pb
ðt;DtÞ ¼ Dt � ðq0 þ q1 � P532

npðtÞÞ, (3)

where P53np is the nuclear amount of phosphorylated p53 dimers,
where q0 represents some basal gene activation rate independent
to p53. We assume that inactivation probability is constant, i.e.

Pd
ðt;DtÞ ¼ Dt � q2. (4)

Let us note that when P53npðtÞ varies slowly, the probability that
the gene copy is active is approximately PA (it is precisely PA if
P53npðtÞ ¼ const)

PAðtÞ ¼
q0 þ q1 � P532

npðtÞ

q2 þ q0 þ q1 � P532
npðtÞ

. (5)

Probability PAðtÞ may be interpreted as a ‘‘transcriptional
efficiency of p53’’; when there is no active p53, PAðtÞ ¼

q0=ðq2 þ q0Þ, and p53-dependent genes are inactive for most of
the time. When the level of active p53 is very high, PAðtÞ ’ 1 and
p53-dependent genes are transcriptionally active for most of the
time. There is no reason to expect that the coefficients q0, q1 and
q2 are the same for all p53-dependent genes, nevertheless we
assume that they are equal for Mdm2 and PTEN genes in order to
reduce the number of parameters.

We will assume that when allele is active then the transcrip-
tion proceeds with some rate s0 for Mdm2 gene and rate s1 for
PTEN gene. The speed of mRNA polymerase �40 nt=s and the
characteristic minimum spacing between the neighboring poly-
merases 250 nt gives the upper limit for transcriptional efficiency
from single allele smax ¼ 40=250 ¼ 0:16 ðmRNA=sÞ. Similarly, we
may obtain the upper limit for translation efficiency
tmax ¼ 0:5 (protein/mRNA/s) (see Lipniacki et al., 2007 and
references therein).

2.1.5. DNA damage and repair

We assume that during irradiation phase DNA damage arises,
and that in an infinitesimal time interval Dt the probability
PDAM
ðt;DtÞ that new DSB appears is

PDAM
ðt;DtÞ ¼ Dt � dDAM � R, (6)

where R is the irradiation intensity and dDAM ¼ 35=Gy is the DNA
damage coefficient. As a result of this process (neglecting DNA
repair during irradiation phase) the number of DSB follows
Poisson distribution with the average equal to 35x, where x is
irradiation dose in Gy.

We do not include any mechanism of DNA repair explicitly in
our model. Instead, since p53 regulates transcription of numerous
genes involved in DNA repair, we assume that the rate of DSB
healing is governed by the p53 transcriptional activity PAðtÞ, given
in Eq. (5).

In an infinitesimal time interval Dt the probability PREP
ðt;DtÞ

that number of DSBs NðtÞ decreases by one is

PREP
ðt;DtÞ ¼ NðtÞ

Dt � dREP � PAðtÞ

NðtÞ þ NSAT � PAðtÞ
. (7)

This form of PREP reflects the assumption that when the number of
DSBs is large, with respect to the amount repair enzymes, they
must compete for them.
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2.2. Model equations

In this section we give the equations of model following the
assumed kinetics. In the computations, amounts of all substrates
are expressed in the numbers of molecules. Since we use the ODEs
to describe most of the model kinetics, amounts of molecules are
not integer numbers, but since these numbers are in most cases
much greater than 1, such description is reasonable. To translate
concentrations of the substrates to the numbers of molecules, we
assume that the cell volume is 2000mm3 and that the ratio of the
cytoplasm to nucleus is 5. In such a cell, cytoplasmic concentra-
tion of 1 nM corresponds to 1000 molecules, while the same
nuclear concentration corresponds to 200 molecules.

Upper-case letters denote levels of mRNAs and proteins.
Nuclear levels are denoted by subscript n, while the subscript
denoting level of substrate in the cytoplasm is omitted to simplify
the notation. Active (phosphorylated) forms are denoted by
subscript p, levels of Mdm2 and PTEN transcripts are denoted by
subscript t:

Variables:

AKTp active form of Akt
MDMt Mdm2 transcript
MDM cytoplasmic Mdm2
MDMp phosphorylated cytoplasmic Mdm2
MDMpn phosphorylated nuclear Mdm2
P53n inactive form of nuclear p53 dimers
P53pn active form of nuclear p53 dimers
PTENt PTEN transcript
PTEN (cytoplasmic) PTEN
PIPp active form of PIP (PIP3)
N number of DSBs
R irradiation intensity
GM ¼ GM1þ GM2 state of Mdm2 gene, GM 2 f0;1;2g
GP ¼ GP1þ GP2 state of PTEN gene, GP 2 f0;1;2g

Parameters: We estimated the range in which each parameter
may be changed (separately), without causing any qualitative
difference in the pathway regulation as discussed in the next
section, Table 1. Since most of the parameters can be changed
in a relatively wide range, the properties of the model are
rather due to its structure than a precise tuning of the model
parameters.

Equations: (Cytoplasmic) PTEN, PTEN: The first term describes
PTEN synthesis and the second one describes PTEN degradation

d

dt
PTENðtÞ ¼ t1PTENtðtÞ � d2PTENðtÞ. (8)

Active form of PIP, PIPp: The first term describes PIP activation,
the second one describes its dephosphorylation by PTEN

d

dt
PIPpðtÞ ¼ a2ðPIPtot � PIPpðtÞÞ � c0PTENðtÞPIPpðtÞ. (9)

Active Akt, AKTp: The first term describes AKT activation
catalyzed by PIPp and the second one describes AKTp inactivation

d

dt
AKTpðtÞ ¼ a3ðAKTtot � AKTpðtÞÞPIPpðtÞ � c1AKTpðtÞ. (10)

Cytoplasmic Mdm2, MDM: First term describes MDM synthesis,
the second term describes MDMp dephosphorylation, the third
term describes MDM phosphorylation catalyzed by AKTp, while
last one stands for MDM degradation

d

dt
MDMðtÞ ¼ t0MDMtðtÞ þ c2MDMpðtÞ

� a4MDMðtÞAKTpðtÞ

� d0 þ d1
N2
ðtÞ

h2
0 þ N2

ðtÞ

 !
MDMðtÞ. (11)

Cytoplasmic phosphorylated Mdm2, MDMp: The first term
represents MDM phosphorylation catalyzed by AKTp, the second
term describes MDMp dephosphorylation, the third and the fourth
term represent nuclear import and export, and the last one stands
for MDMp degradation

d

dt
MDMpðtÞ ¼ a4MDMðtÞAKTpðtÞ � c2MDMpðtÞ

� i0MDMpðtÞ þ e0MDMpnðtÞ

� d0 þ d1
N2
ðtÞ

h2
0 þ N2

ðtÞ

 !
MDMpðtÞ. (12)

Nuclear phosphorylated Mdm2, MDMpn: The first and the
second term represent nuclear import and export, while the last
term describes spontaneous and DNA damage driven MDMpn

degradation

d

dt
MDMpnðtÞ ¼ i0MDMpðtÞ � e0MDMpnðtÞ

� d0 þ d1
N2
ðtÞ

h2
0 þ N2

ðtÞ

 !
MDMpnðtÞ. (13)

Inactive (nuclear) p53, P53n: The first term describes P53n

synthesis, the second one its spontaneous and DNA damage
driven activation, the third one inactivation of P53pn, and last one
spontaneous and MDMpn-induced degradation

d

dt
P53nðtÞ ¼ p0 � a0 þ a1

N2
ðtÞ

h2
0 þ N2

ðtÞ

 !
P53nðtÞ þ c3P53pnðtÞ

� ðd3 þ d4MDM2
pnðtÞÞP53nðtÞ. (14)

Active (nuclear) p53, P53pn: The first term represents sponta-
neous and DNA damage driven P53n activation, the second term
represents P53pn inactivation, and last one spontaneous and
MDMpn driven degradation

d

dt
P53pnðtÞ ¼ a0 þ a1

N2
ðtÞ

h2
0 þ N2

ðtÞ

 !
P53nðtÞ � c3P53pnðtÞ

� ðd5 þ d6MDM2
pnðtÞÞP53pnðtÞ. (15)

Mdm2 transcript, MDMt: The first term stands for MDMt

transcription, while the second one describes its degradation

d

dt
MDMtðtÞ ¼ s0ðGM1 þ GM2Þ � d7MDMtðtÞ. (16)

PTEN transcript, PTENt: The first term stands for PTENt

transcription, while the second one describes its degradation

d

dt
PTENtðtÞ ¼ s1ðGP1 þ GP2Þ � d8PTENtðtÞ. (17)

Eqs. (8)–(17), in which the discrete variables N, GM1, GM2, GP1

and GP2 follow the stochastic process defined by transition
probabilities given in Eqs. (3), (4), (6) and (7) describe the
stochastic kinetic of the model. The numerical implementation
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Table 1

Parameter Description Value Range

a0 Spontaneous P53n phosphorylation rate 1� 10�4=s ð0:225Þ � 10�4

a1 DSB-induced P53n phosphorylation rate 1� 10�3=s ð0:323Þ � 10�3

a2 PIP activation rate 5� 10�5=s ð1210Þ � 10�5=s

a3 AKT activation rate 2� 10�9=s ð0:424Þ � 10�9=s

a4 MDM phosphorylation rate 1� 10�8=s ð0:222Þ � 10�8=s

c0 PIPp dephosphorylation rate (by PTEN) 2:5� 10�9=s ð1:25212:5Þ � 10�9=s

c1 AKTp inactivation rate 2� 10�4=s ð1:3210Þ � 10�4=s

c2 MDMp dephosphorylation rate 1� 10�4=s ð0:225Þ � 10�4=s

c3 Spontaneous P53pn de-phosphorylation rate 0 ð022Þ � 10�4=s

d0 Mdm2 spontaneous deg. rate (all Mdm2 forms) 3� 10�5=s ð0:626Þ � 10�5=s

d1 DSB-induced Mdm2 deg. rate (all Mdm2 forms) 1:5� 10�4=s ð0:7522:25Þ � 10�4=s

d2 PTEN degradation rate 5� 10�5=s ð1210Þ � 10�5=s

d3 Spontaneous P53n degradation rate 1� 10�4=s ð0:225Þ � 10�4=s

d4 MDMpn-induced P53n degradation rate 1� 10�13=s ð0:524Þ � 10�13=s

d5 Spontaneous P53pn degradation rate 1� 10�4=s ð0:223Þ � 10�4=s

d6 MDMpn-induced P53pn degradation rate 1� 10�14=s ð0:225Þ � 10�14=s

d7 MDMt degradation rate 3� 10�4=s ð224:5Þ � 10�4=s

d8 PTENt degradation rate 3� 10�4=s ð0:626Þ � 10�4=s

e0 MDMpn nuclear export 0 ð022Þ � 10�4=s

i0 MDMp nuclear import 5� 10�4=s ð1:6225Þ � 10�4=s

p0 P53n production rate 2� 102=s ð0:426Þ � 102=s

s0 MDMt transcription rate 6� 10�2=s ð429Þ � 10�2=s

s1 PTENt transcription rate 6� 10�2=s ð3230Þ � 10�2=s

t0 MDM translation rate 5� 10�1=s ð327:5Þ � 10�1=s

t1 PTEN translation rate 1� 10�1=s ð0:525Þ � 10�1=s

h0 Michaelis const. for DSB-induced P53n activation 7 ð1:4235Þ

and for DSB-induced Mdm2 deg. (all Mdm2 forms)

q0 Spontaneous activation of Mdm2 and PTEN genes 1� 10�4=s ð0:222:2Þ � 10�4=s

q1 P53pn-dependedactivation of Mdm2 and PTEN genes 5� 10�13=s ð1226Þ � 10�13=s

q2 Mdm2 and PTEN genes inactivation rate 3� 10�3=s ð1:7216Þ � 10�3=s

NSAT Saturation coefficient in DNA repair 50 ð102250Þ

dDAM DNA damage rate 35=Gy

dREP DNA repair rate 3� 10�3=s ð0:6215Þ � 10�3=s

AKTtot Total number of Akt molecules (AKT þ AKTp) 2� 105
ð0:4210Þ � 105=s

PIPtot Total number of PIP molecules (PIP þ PIPp) 1� 105
ð0:225Þ � 105=s

a6 Max DNA damage rate (induced by the apoptotic factor) 1� 10�1=s –

d9 Apoptotic factors degradation rate 1� 10�4=s –

p1 Max synthesis rate of apoptotic factor 1� 102=s –

q3 Coefficient governing apoptotic factor synthesis 8� 10�14=s –

q4 Michaelis const. for apoptotic factor synthesis 3� 10�3=s –

The last five parameters are for the extended model only.
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follows that of our recent study (Lipniacki et al., 2007) of
stochastic dynamics in NF-kB system.

2.3. Dynamics in deterministic limit

As we will demonstrate in next section, stochastic effects of
gene expression and DNA damage and repair substantially
influence cell kinetics. Nevertheless, it is worth to analyze
simultaneously the kinetics in the deterministic limit in which
we may use such concepts as steady state or limit cycle.
The deterministic limit of the model may be obtained after
assuming that

(1) Gene activation and inactivation rates q0, q1 and q2 tend to
infinity with q0=q2 and q1=q2 remaining constant. In such a limit
the mRNA transcription rate from single gene copy is PAðtÞ

(as defined in Eq. (5)) and Eqs. (16) and (17) may be replaced
by

d

dt
MDMtðtÞ ¼ 2s0PAðtÞ � d7MDMtðtÞ, (18)
d

dt
PTENtðtÞ ¼ 2s1PAðtÞ � d8PTENtðtÞ. (19)

(2) Number of DSBs NðtÞ is a continuous variable governed by
the following equation:

d

dt
NðtÞ ¼ dDAM � R�

NðtÞ � dREP � PAðtÞ

NðtÞ þ NSAT � PAðtÞ
. (20)

As a result the system dynamics in the deterministic limit is
described by Eqs. (8)–(15) and (18)–(20).
3. Results

3.1. PTEN off, DNA repair off: persistent oscillations

In this section we discuss the case of PTEN knockouted cells in
which (in addition) DNA repair is suppressed. PTEN is not induced
by p53 in breast cancer MCF-7 cells (Wagner et al., 2005) due to
its promoter methylation (Garcı́a et al., 2004; Krawczyk et al.,



ARTICLE IN PRESS

Fig. 2. Deterministic (black) and stochastic simulation (red) of the system with knockouted PTEN and no DNA repair. The deterministic and stochastic simulation started at

t ¼ �60 h from the fix point of the system in the deterministic limit. At t ¼ 0 h the irradiation phase started and lasted 1 h; the total dose is 5 Gy. After irradiation simulation

lasted until t ¼ 60 h.
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2007). These cells have been used in Bar-Or et al. (2000)
experiments and then in single cell experiments by Lahav et al.
(2004) and Geva-Zatorsky et al. (2006) that demonstrated
oscillations in Mdm2 and p53 nuclear levels. In Geva-Zatorsky
et al. (2006) experiment irradiated cells exhibited sustained
oscillations for at least 72 h and even proliferated. This suggests
that in these cells DNA was persistently damaged, but apoptotic
and cell cycle arrest mechanisms were inefficient. In part, the
resistance to apoptosis of irradiated MCF-7 cells may be caused by
lack of caspase-3 (an important effector protein of apoptosis); as
demonstrated by Essmann et al. (2004) reexpression of caspase-3
in these cells sensitized them to irradiation-induced apoptosis.

Mdm2 and p53 dynamics observed by Geva-Zatorsky et al.
(2006) can be reproduced by our model after assuming that cells
do not express PTEN (or that PTEN expression is independent to
p53; data not shown) and that DNA repair is suppressed (or
inefficient, so that at least about 10 DSBs remain unsealed—data
not shown).

In Fig. 2, we show together results from the deterministic
(black line) and the stochastic (red line) simulations. Let us first
focus on the deterministic approximation; prior to DNA damage
the system remains in a steady state, characterized by a low level
of active p53. DNA damage enhances transition rate from inactive
to active p53, and triggers Mdm2 degradation. Since active p53 is
much more stable than inactive, it accumulates and activates
Mdm2 transcription. In turn, synthesized and phosphorylated
Mdm2 enters the nucleus and leads p53 to degradation. As a
result, system tends to the limit cycle of period of about 6 h.

The stochastic dynamic of the system is substantially different.
Prior to irradiation, p53 and Mdm2 levels depart from the fix
point of the deterministic limit and exhibit highly irregular
fluctuations, resembling trajectories of unstimulated and non-
oscillatory cells observed in experiment (Geva-Zatorsky et al.,
2006, Fig. 2). These irregular fluctuations are due to the stochastic
gene activation, but interestingly, the characteristic time scale of
these fluctuations is of order of about 15 h, much longer than the
expected time of gene activity (�5 min) or inactivity (�150 min).
The DNA damage triggers oscillations with well defined period,
but varied amplitude, as demonstrated by Geva-Zatorsky et al.
(2006, Fig. 2). Both, prior and after DNA damage, the source of
stochasticity is the same: Mdm2 gene regulation. However, as
showed by our simulations, the limit cycle appears to be a
stronger attractor than the fix point.

The difference between the purely stochastic fluctuations prior
to DNA damage and semiperiodic oscillations in DNA damaged
cells is visualized in Fig. 3A. The averaged over 100 stochastic
trajectories (green) exhibits almost no fluctuations prior to DNA
damage (despite large fluctuations exhibited by individual
cells—red and pink) and quite regular oscillations after the
damage. The amplitude of these oscillations slowly decreases to
zero (in contrast to the deterministic trajectory, which tends to
the limit cycle) due to the progressing desynchronization of cells.
The above analysis demonstrates that the deterministic approx-
imation may neither properly reproduce single cell trajectories
nor the population average.

As already said, DNA damage stimulates the system in two
ways: (1) it destabilizes Mdm2 and (2) activates p53. It is
interesting to analyze how cells respond to DNA damage if one of
these two activation ways is blocked. We demonstrate that when
DNA damage causes solely p53 activation (Fig. 3B) without any
Mdm2 destabilization (d1 ¼ 0), the p53/Mdm2 oscillations are not
induced, and the level of p53 remains low. Such behavior is in the
agreement with the experimental data by Stommel and Wahl
(2004, 2005), who found that blocking Mdm2 destabilization in
DNA-damaged cells, prevented p53 targeted genes activation. In
contrast, the DNA damage-induced p53 activation is not needed
for oscillations (Fig. 3C).
3.2. PTEN on, DNA repair off: apoptosis

In this section we analyze the case in which PTEN mediated
feedback loop is intact, but DNA repair is suppressed. As showed
in Fig. 4, DNA damage results in activation of p53, which triggers
PTEN transcription. Phosphatase PTEN accumulates in cytoplasm
and dephosphorylates active PIP3 to PIP2, an inactive form, which
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Fig. 3. Deterministic (black), stochastic (red and pink) and the average over 100 stochastic trajectories (green) in the case with PTEN knockout and no DNA repair; the total

dose is 5 Gy. Panel A. The case in which DNA damage both augments p53 phosphorylation and destabilizes Mdm2 (a1a0, d1a0). Panel B. The case in which DNA damage

solely augments p53 phosphorylation (a1a0, d1 ¼ 0). Panel C. The case in which DNA damage solely destabilizes Mdm2 (a1 ¼ 0, d1a0). The simulation protocol as in Fig. 2.

Fig. 4. Deterministic (black) and stochastic simulation (red) of the system with PTEN active and no DNA repair. The deterministic and stochastic simulation started at

t ¼ �60 h from the fix point of the system in the deterministic limit. At t ¼ 0 h the irradiation phase started and lasted 1 h; the total dose is 5 Gy. After irradiation the

simulation lasted until t ¼ 60 h.
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may not phosphorylate Akt. As a result, the level of active Akt
decreases and bulk of Mdm2 remains unphosphorylated, and may
not enter the nucleus. This way the negative feedback loop
(responsible for oscillations) is blocked and p53 escapes out of the
control of Mdm2, which accumulates mostly in cytoplasm and
thus may not prime p53 for degradation. Finally, the system tends
to a steady state, characterized by the high level of active p53 and
the relatively low level of the nuclear Mdm2.

These findings are in the agreement with the study by Mayo et
al. (2002), who demonstrated that overexpression of PTEN
restricts Mdm2 to cytoplasm; Mdm2 was predominantly in the
nucleus in U87MG cells and in the cytoplasm in U87MG(PTEN�=�)
cells. They showed also that PTEN augments the expression of p53
target genes and that the Mdm2 protein level was higher in
U87MG(PTEN�=�) than U87MG cells. Oppositely, expression of the
constitutively active Akt promotes the nuclear entry of Mdm2,
diminishes cellular levels of p53, and decreases p53 transcrip-
tional activity (Mayo and Donner, 2001). The steady state,
characterized by the high level of p53, may be interpreted as a
state in which the apoptotic program is initiated. Such interpreta-
tion is justified by the finding that in apoptosis-prone cells,
p53-dependent signaling enables Akt downregulation, resulting
in elevated level of p53 (e.g. Gottlieb et al., 2002; Vousden and
Lane, 2007).
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Fig. 5. Deterministic (black), stochastic (red and pink) and the average over 100 stochastic trajectories (green) in the case with PTEN active and no DNA repair; the total

dose is 5 Gy. Panel A. The case in which DNA damage augments p53 phosphorylation and destabilizes Mdm2 (a1a0, d1a0). Panel B. The case in which DNA damage solely

augments p53 phosphorylation (a1a0, d1 ¼ 0). Panel C. The case in which DNA damage solely destabilizes Mdm2 (a1 ¼ 0, d1a0). The simulation protocol as in Fig. 4.

Fig. 6. Deterministic (black), stochastic (red and pink) and the average over 100 stochastic trajectories (green) in the case with PTEN and DNA repair active. At t ¼ 0 h the

irradiation phase started and lasted 1 h; after irradiation simulation lasted until t ¼ 60 h. Panels A and B are for 0.5 Gy and 5 Gy, respectively.

K. Puszyński et al. / Journal of Theoretical Biology 254 (2008) 452–465460
Due to time delay in positive feedback loop (caused mainly
by the slowly progressing accumulation of PTEN) the system
before reaching the ‘‘apoptotic steady state’’ exhibits two well-
pronounced oscillations (Figs. 4 and 5A). In EB1 colon cancer cells
the highest, four-fold induction in PTEN expression was observed
20–24 h post-p53 induction (Singh et al., 2002), while in
immortalized mouse embryonic fibroblasts PTEN transcript grows
about 3–4-fold over 16 h after 10 Gy irradiation (Stambolic et al.,
2001). The time delay in positive feedback loop gives chance for
DNA repair before the apoptotic decision is taken.

In Figs. 5B and C, we analyze the same two cases as in Figs. 3B and
C (where in addition PTEN feedback loop was inactive). In the case, in
which DNA damage causes only p53 activation (Fig. 5B), without any
Mdm2 destabilization (d1 ¼ 0), no oscillations are induced, and the
level of p53 remains low. In the second case, in which DNA damage do
not lead to the augmented p53 activation (a1 ¼ 0) the system exhibits
persistent periodic oscillations, without reaching the state of high p53
level (Fig. 5C). This analysis demonstrates that for proper apoptotic
responses the positive feedback loop (mediated by PTEN) must be
active and the DNA damage signaling must assure activation of p53
and destabilization of Mdm2.

3.3. PTEN on, DNA repair on: cell fate decision

In this section we consider the most general case, in
which DNA repair competes with the positive feedback. At low
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irradiation dose of 0.5 Gy (Fig. 6A) system exhibits two oscillations
during which DNA is repaired, and then the system (in deter-
ministic approximation) returns to the initial state. For high
irradiation dose of 5 Gy, system first reaches the apoptotic state
(Fig. 6B—see the plateau in p53 profile), and only after that it goes
back to the initial state. Obviously, the commitment to apoptosis
is irreversible, and the fact that in the model a cell may return
from apoptotic state is solely due to the fact that we have not (yet)
included any mechanism of apoptosis.
3.3.1. Extended model

Now, we append our p53 model by a simple, heuristic model of
apoptosis. Namely, we assume that p53 regulates synthesis of
some apoptotic factor. Since the apoptotic pathway are redundant
and there are three groups of proapoptotic genes regulated by p53
that accumulate, respectively, in cell membrane, cytoplasm and
mitochondria (reviewed by Fei and El-Deiry, 2003; Vousden and
Lane, 2007), there are many candidates for such factor, but we will
not attempt to identify here any specific protein. We assume that
the level of apoptotic factor, AðtÞ, is given by

d

dt
AðtÞ ¼ p1

q3P532
npðtÞ

q4 þ q3P532
npðtÞ
� d9AðtÞ, (21)

i.e. for simplicity, we skip its mRNA transcription, and assume that
it is produced in a deterministic manner being regulated by active
p53. Next, we assume that the apoptotic factor may destroy the
integrity of DNA, introducing additional DSBs. That is, in an
infinitesimal time interval Dt the probability PDAM

ðt;DtÞ that new
DSB appears is

PDAM
ðt;DtÞ ¼ Dt � dDAM � Rþ Dt � a6

AðtÞ

Amax

� �4

, (22)

where Amax ¼ p1=d9 is the maximum number of apoptotic factor
molecules following from Eq. (21), and a6 is a measure of their
DNA destroying efficiency. Since in any individual cell apoptosis
is Yes or NO event we assume the fourth order interaction,
which assures that when the level of apoptotic factor is low it has
a negligible effect on DNA integrity. In the deterministic
Fig. 7. Deterministic (black) and stochastic (red, pink and brown) trajectories of the exte

simulation lasted until t ¼ 60 h. Panels A, B and C are for doses 1 Gy, 2 Gy and 3 Gy, res
approximation the number of DSBs is given by

d

dt
NðtÞ ¼ dDAM � R�

NðtÞ � dREP � PAðtÞ

NðtÞ þ NSAT � PAðtÞ
þ a6

AðtÞ

Amax

� �4

. (23)

Finally, the stochastic dynamics of extended model is given by
Eqs. (8)–(17) and (21), in which the discrete variables N, GM1, GM2,
GP1 and GP2 follow the stochastic process defined by transition
probabilities given in Eqs. (3), (4), (7), (22), while the determinis-
tic limit of the extended system is given by Eqs. (8)–(15), (18),
(19), (21), (23). For a6 ¼ 0 dynamics of the extended model is the
same as of the initial model; i.e. although the apoptotic factor is
produced it does not influence the rest of the system kinetics.

Existence of the apoptotic factor makes the apoptotic decision
irreversible: once the level of active p53 reaches the high plateau,
the level of apoptotic factor rises and DNA damage takes over DNA
repair. As a result (in the model), number of DNA breaks tends to
infinity, and the levels of p53, and other variables stabilize. Such
an idealized model, has its limitation. Extended DNA damage
stops any mRNA synthesis, and activation of ‘‘executioner’’
caspases creates an expanding cascade of proteolytic activity
causing protein levels quickly fall down.

Low dose irradiation introduces a small number of DSBs, and
the DNA damage may be quickly repaired. High irradiation dose
causes that the number of DSBs is higher, and their repair takes
more time. As a result, the slow positive feedback loop causes that
p53 rises to the high level triggering synthesis of the apoptotic
factor, which leads to the further DNA damage. In the determi-
nistic approximation the critical irradiation dose, above which cell
tends to apoptosis is approximately 1:88 Gy, below this dose DNA
is repaired and the cell returns to its initial state. In the ‘‘real’’
stochastic evolution irradiation dose determines only the prob-
ability of apoptosis, which is below 0:1 for dose smaller than 1 Gy
and above 0:9 for dose higher than 3 Gy. In Fig. 7, we present both
deterministic and stochastic evolution for three irradiation doses
1, 2 and 3 Gy. For 2 Gy, which is just above the critical dose in the
deterministic limit, in two, out of three, simulated cells the
number of DSBs diverges to infinity (apoptosis), while the third
one survives having its DNA repaired. Since, as already said, at
latter stages of apoptosis the protein levels fall down, the
nded model: At t ¼ 0 h the irradiation phase started and lasted 1 h; after irradiation

pectively.
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Fig. 9. Analysis of the extended model: distribution of active p53 and active Akt levels in population of 200 cells after 48 h, with respect to the irradiation dose.

Fig. 8. Analysis of the extended model: distribution of active p53 and nuclear phosphorylated Mdm2 levels in population of 200 cells following 2 Gy irradiation in

subsequent time points. After 36 h from irradiation cells can be almost unambiguously separated into apoptotic (with a high level of p53) and surviving (with a low level of

p53).
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discrimination for apoptotic and surviving cells with respect to
p53 level makes sense only at first stages of apoptosis.

In Fig. 8, we simulate population of 200 cells in order to
visualize how the apoptotic decision is reached. In first three
time points (3, 6, 12 h) we may observe oscillatory behavior, but
then at 36 h population splits into surviving cells with low level of
active p53 and larger fraction apoptotic cells, which are marked
by the high level of active p53 and somehow lower level of
its inhibitor Mdm2. Fraction of apoptotic cells at 48 h after
irradiation, grows rapidly with the irradiation dose, reaching
about 30% for 1.5 Gy and 70% for 2 Gy. In Fig. 9, apoptotic cells are
marked by high level (proapoptotic) active p53 and low level of
(antiapoptotic) active Akt, while the surviving cell have low level
of active p53 and high level of active Akt. For 0.5 Gy all of 200
analyzed cells survived and for 4 Gy all of 200 cells died. In
contrast, all PTEN knockouted cells irradiated with 2 Gy dose
settled below the apoptotic threshold at 48 h (Fig. 10). Even if
irradiated with 10 Gy dose PTEN knockouted cells maintain
oscillations for 60 h—data not shown. This may explain why
MCF-7 cells, which are deficient in PTEN signaling, exhibit
prolonged oscillations without commitment to apoptosis as
demonstrated by Geva-Zatorsky et al. (2006).
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Fig. 10. Analysis of the extended model as in Fig. 8 but for the case with PTEN knockout. Cells are irradiated with 2 Gy dose that causes oscillations in p53 and Mdm2 levels,

but in contrast to cells with p53 responsive PTEN (shown in Fig. 8) in these cells the apoptotic state is not reached.
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We should note that proapoptotic action of PTEN is not
restricted to downregulation of Akt (reviewed by Blanco-Aparicio
et al., 2007). Similarly, the antiapoptotic action of Akt is not
restricted to downregulation of p53 level via Mdm2 phosphoryla-
tion, which enables its nuclear entry; Akt also promotes cell
survival by inhibiting proapoptotic proteins (reviewed by Datta et
al., 1999; Franke et al., 2003). As a result suppression of apoptosis
by PTEN knockout is not restricted to downregulation of p53.
4. Conclusions

In the proposed model, p53 regulation is based on two
feedbacks: the negative, which couples p53 with its down-
regulator Mdm2 and the positive one, involving PTEN, PIP3 and
Akt, which may break the negative feedback loop. The negative
feedback, together with time delay, resulting from the presence of
intermediaries: Mdm2 transcript, cytoplasmic Mdm2 and cyto-
plasmic phosphorylated Mdm2, assures homeostasis of healthy
cells and oscillatory responses to DNA damage.

The main finding of the model is that in untransformed cells
(with PTEN mediated positive feedback loop intact), oscillatory
responses to DNA damage are terminated by apoptosis preceded
by stabilization of p53 on a high level, or by return to homeostasis,
characterized by low p53 level. The specific predictions of the
model may be summarized as follows:
1.
 If DNA repair is inefficient, and the positive feedback loop is
broken (e.g. PTEN is not expressed, or it is not p53 responsive)
the p53 oscillations are persistent as observed by Geva-
Zatorsky et al. (2006) in MCF-7 cells, Fig. 2.
2.
 In the case, in which DNA repair is suppressed, but positive
feedback loop is intact, the system, after two oscillations tends
(in the deterministic limit) to the second stable state. This state
is characterized by the high level of PTEN, the low level of
active Akt, Mdm2 mostly trapped in the cytoplasm, that allows
for accumulation of active p53 in the nucleus, and upregula-
tion of proapoptotic proteins, Fig. 4.
3.
 In cells, in which DNA repair and the positive feedback loop
mediated by PTEN function properly, there is a competition
between DNA repair and apoptosis. The positive feedback acts
as a clock allowing about 15 h for DNA repair. If DNA damage is
small, and may be quickly repaired, the cell after one or two
oscillations returns to its initial state. However, if DNA damage
is large, and its repair needs more time, the positive feedback
makes that after two oscillations, the system reaches the state
of high p53 level and low level of active Akt, in which apoptosis
may be initiated, Figs. 6–9.
4.
 The p53 mediated apoptosis may be induced only when PTEN
loop is active and signals from DNA damage simultaneously
destabilize Mdm2 and stabilize p53 by phosphorylation, Fig. 5.

Building the model, we assumed that the overall stochasticity of
p53 regulation origins from the processes involving the smallest
number of molecules, i.e. gene regulation, DNA damage and repair.
Performing stochastic simulations, we demonstrated that the
‘‘real’’ stochastic trajectories substantially differ from trajectories
obtained in the deterministic limit. Surprisingly, this difference is
more significant for resting cells, which exhibit highly irregular
fluctuations, similar to those observed by Geva-Zatorsky et al.
(2006). In DNA damaged cells, the stochastic oscillations are also
irregular regarding amplitude, but with well conserved period, of
about 6 h. Interestingly, their amplitude is noticeably larger than
amplitude of oscillations in the deterministic limit, confirming the
hypothesis that stochasticity is at least in part responsible for
oscillations. Finally, considering the extended model, we found
that due to stochasticity and bistability, cell population separates
distinctively into surviving and apoptotic cells, with fraction of the
apoptotic cells growing with the irradiation dose, and reaching
about 70% for 2 Gy.

The key idea of the proposed model is based on the conjecture
that the role of the negative feedback coupling p53 and Mdm2 is
to assure homeostasis of healthy cells and oscillations of p53 level
in DNA damage cells (needed for expression of protein involved in
DNA repair), while the role of the positive feedback (involving
PTEN, PIP3 and Akt) is to terminate these oscillations and provide



ARTICLE IN PRESS
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bistability, which make apoptotic decision unambiguous. The role
of the positive feedback differs our model from models of Ciliberto
et al. (2005) and Zhang et al. (2007), in which the positive
feedback assures only robustness of oscillations.

In recent years oscillatory responses in p53 system drawn
much attention of modelers (e.g. Ma et al., 2005; Ciliberto et al.,
2005; Zhang et al., 2007; Tyson, 2006; Batchelor et al., 2008).
However, we should remember that all experiments demonstrat-
ing persistent oscillations in p53 and Mdm2 levels were
performed on transformed cancer cells. Such cells, may have
p53 and apoptotic signaling much different from that of normal
cells. In particular, MCF-7 breast cancer line, analyzed by Geva-
Zatorsky et al. (2006) and Batchelor et al. (2008), expresses PTEN
only at a low basal level due its promoter methylation (Garcı́a
et al., 2004; Krawczyk et al., 2007). There is, however, bulk of
evidence that PTEN signaling is key for the induction of the
apoptotic responses; particularly, in MCF-7 cells, Weng et al.
(1999) demonstrated that wild-type PTEN (but not phosphatase
dead PTEN mutant) transfection leads to growth suppression
(due to G1 cell cycle arrest) and cell death via apoptosis.
Accordingly, in PTEN overexpressed cells a significant decrease
in phosphorylated Akt was observed at 24 h of PTEN induction.
Studying other cell line, immortalized mouse embryonic fibro-
blast, Stambolic et al. (2001) demonstrated that PTEN null cells
are almost completely resistant to apoptosis. These cells, when
transfected with PTEN controlled by the wild type, p53-responsive
promoter, became sensitized to p53-mediated apoptosis, whereas
cells transfected with PTEN under mutated promoter remained
resistant to apoptosis. In accordance with this study, Gottschalk
et al. (2005) demonstrated that inhibition of PIP3-kinase causes
increased sensitivity to irradiation of prostate cancer cell line
LNCaP.

The proposed model, together with experimental studies by
Weng et al. (1999) and Stambolic et al. (2001), suggests that
persistent oscillatory responses, observed by Geva-Zatorsky
et al. (2006), and Batchelor et al. (2008) in gamma irradiated
MCF-7 cells, can be due to their deficiency in PTEN regulation. It
would be thus interesting to repeat these experiments, after
transfecting MCF-7 cells with wild-type PTEN controlled by
p53-responsive promoter. Based on our model, we would expect
that PTEN transfected cells will not exhibit sustained oscilla-
tions, but in the response to high dose of gamma irradiation,
p53 level, after one or two peaks, will stabilize on a high level
inducing apoptosis (cf. Figs. 8 and 10). Effect of this kind has been
observed in vivo using bioluminescent imaging. Pretreatment
of mice with irradiation sensitizer, 5-fluorouracil, 1 h before
irradiation causes that after first peak, p53 stabilizes on a
high level without exhibiting further oscillations (Hamstra et al.,
2006).

Since the proposed model is based on two, out of 10 or
more, regulatory feedback loops present in the p53 regulation,
we are far from capturing the whole p53 network dynamics.
It is, however, tempting to speculate that the negative feedbacks
play their role in attenuation of p53 activity during DNA repair
phase, while the role of the positive feedbacks is to induce
apoptosis if DNA damage is irreparable or its repair proceeds
too slow.
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