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Abstract
Experimental evidence indicates that aging leads to accumulation of senescent cells in tis-

sues and they develop a secretory phenotype (also known as SASP, for senescence-asso-

ciated secretory phenotype) that can contribute to chronic inflammation and diseases.

Recent results have showed that markers of senescence in astrocytes from aged brains are

increased in brains with Alzheimer’s disease. These studies strongly involved the stress ki-

nase p38MAPK in the regulation of the secretory phenotype of astrocytes, yet the molecular

mechanisms underlying the onset of senescence and SASP activation remain unclear. In

this work, we propose a discrete logical model for astrocyte senescence determined by the

level of DNA damage (reparable or irreparable DNA strand breaks) where the kinase

p38MAPK plays a central role in the regulation of senescence and SASP. The model pro-

duces four alternative stable states: proliferation, transient cycle arrest, apoptosis and se-

nescence (and SASP) computed from its inputs representing DNA damages. Perturbations

of the model were performed through gene gain or loss of functions and compared with

results concerning cultures of normal and mutant astrocytes showing agreement in

most cases. Moreover, the model allows some predictions that remain to be tested

experimentally.

Introduction
Cellular senescence is an anti-tumor program that is triggered by different insults like telomere
shortening, oxidative stress and oncogene activation [1–3]. Experimental evidences support
that senescent cells accumulate in aging mammal tissues and have an altered phenotype, called
SASP (senescence-associated secretory phenotype), that apparently contributes to several aging
diseases including Alzheimer’s disease (AD) [3–6]. SASP contributes to ‘inflamm-aging’ (the
development of a systemic proinflammatory status with normal aging) which involves an in-
crease of blood plasma levels of inflammatory cytokines like interleukin 6 (IL-6) [7]. AD is an
example of inflammaging disease, other cases are atherosclerosis, osteoporosis and diabetes [7].
In the case of AD, astrocyte senescence is claimed to be an important contributor to the devel-
opment of the pathology [5]. Astrocytes are the most numerous cell type in the human brain
and are involved in many essential physiological functions that keep the brain homeostasis,
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among them the clearance of the Amyloid-β peptide that accumulates in brains with AD [5].
Astrocytes are sensitive to oxidative stress (caused by reactive oxygen species or ROS) which
increases with aging and causes DNA damage [8]. The question of whether astrocyte senes-
cence contributes to age-related dementia was recently addressed by Bhat and coworkers who
proposed that it is an age-related risk factor for AD [9]. The authors observed in vitro that
under oxidative stress, astrocytes of brains from patients with AD expressed more senescence
and SASP markers than brains from healthy, aged individuals. The chief markers observed in-
clude secretion of β-galactosidase, expression of cyclin-dependent kinase inhibitor 2A
(p16INK4a) and senescence-associated heterochromatin foci [5,10]. The authors verified that as-
trocytes exposed to Amyloid-β peptides triggered a senescence response and produced high
quantities of interleukin 6 (IL-6), a mediator of chronic inflammation that is increased in the
central nervous system of AD individuals [5]. In addition, Bath et al. observed a strong expres-
sion correlation between IL-6 and the mitogen activated protein kinase 14 (p38MAPK) that is
an important regulator of cell cycle checkpoints [11,12]. IL-6 in pre-senescent and senescent
astrocytes could be abolished by drug inhibition of p38MAPK [9].

These experimental results suggest that astrocyte senescence is strongly connected to
p38MAPK activation. However, the exact molecular mechanisms that drive astrocytes into se-
nescence remain obscure [5]. p38MAPK can induce checkpoint arrest and its overexpression
induces senescence in fibroblasts which are cells that share functional similarities with astro-
cytes [5,13]. Based on a previous, specific model of senescence onset at G1/S checkpoint [12],
in this work we propose that p38MAPK induction can explain astrocyte senescence and SASP
and we propose an extended logical model of the process integrating checkpoints G1/S and
G2/M [14] as both have similar mechanisms of checkpoint activation by p38MAPK upon
DNA damage [11,15]. The model corroborates several experimental findings and make
some predictions.

In what follows we describe the organization of the paper. The logical modeling method is
described in the next section. Then after an overview of general molecular mechanisms of
checkpoint and cell fate decisions, our model is defined and studied in the Results section. The
Discussion section summarizes the implications of this work and indicates future work.

Methods
Logical models were used to study cell cycle control [16] and cell fate decisions [17], for a re-
view see [14]. A logical model [18–20] is defined by a directed regulatory graph where discrete
variables are associated with the nodes and logical rules determine the evolution of these vari-
ables. Nodes in this type of graph symbolize molecular components as genes and/or proteins,
biological processes (for example, a pathway) or phenomenological events (e.g. apoptosis, se-
nescence etc.). Edges represent activatory or inhibitory effects and variables denote activity lev-
els with two or more states (multi-valued). In most cases the variables are Boolean (0 or 1), but
multi-valued variables can represent different influences of a node affecting its targets.

The evolution of the level of each component is defined by a logical rule subjected to the reg-
ulators of this component. Input components are not regulated and symbolize extrinsic con-
stant conditions. The dynamics of logical models can be characterized in terms of state
transition graphs, where the states are nodes comprising the level of each component in the
model and the edges, connecting the nodes, represent state transitions resulting from the logi-
cal rules that change the levels of the model components. End nodes in state transition graphs
correspond to attractors that can be a stable state (which has no successor state) or a cycle.

The logical framework allows the consideration of diverse molecular processes associated
with different time scales in a unique model as it happens with transcriptional regulation and
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protein phosphorylation [16]. In addition, the logical method permits analysis of perturbations
consisting in retaining a variable to its lowest levels, known as loss of function experiment
(LoF), or to its positive levels, known as gain of function experiment (GoF).

This framework is implemented in the tool GINsim (http://ginsim.org), which permits dif-
ferent types of analysis of logical models including the determination of stable states [14].

Results
Cell fate decisions between apoptosis or senescence upon DNA damage occur at cell cycle
checkpoints [21]. In what follows, we give an overview of the molecular processes responsible
for the induction of cell cycle checkpoints as a result of DNA damage. These responses consti-
tute the focus of the logical regulatory model of Fig 1. Then, we describe our proposal for the
mechanisms involved in the regulation of astrocyte senescence and SASP upon checkpoint in-
duction. In a previous work, we introduced a model for the role of p38MAPK on the onset of
senescence limited to the G1/S checkpoint [12]. Here, we enlarge this model including the
mechanisms activation of the checkpoint G2/M to build a unified framework of checkpoint ac-
tivation in which p38MAPK regulates the senescence fate [11].

Fig 1. Regulatory network for astrocyte fate decision.Rectangular and elliptic nodes represent Boolean and multi-valued nodes, respectively. The input
nodes in dark color at the top of the network denote single (SSB) and double-strand (DSB) DNA breaks, respectively. The output nodes in white color
represent the possible cell fate decisions and the internal nodes are the regulators of the outputs.

doi:10.1371/journal.pone.0125217.g001
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Checkpoint regulation and apoptosis (Fig 1)
DNA damage activates checkpoints arresting cell cycle progression for a transient arrest for
DNA repair or, if the damage is irreparable, a decision is taken between apoptosis or senescence
[21,22]. Arrest of the cell cycle can be triggered at G1/S and G2/M checkpoints which have sim-
ilar molecular mechanisms, in particular, the inhibition of cell division cycle 25 protein family
(CDC25A/B/C) required for cell cycle, occurs at both checkpoints.

DNA double-strand breaks activate the kinase ataxia telangiectasia mutated (ATM), either
DNA single-strand breaks (SSB) or DSB activate Rad3-related (ATR). Phosphorylations down-
stream ATM and ATR lead to activation of p53 [22,23]. The cascade phosphorylations trig-
gered by ATM and ATR is shown in Fig 1 [15,21]. The kinase checkpoint kinase 2 (CHEK2) is
phosphorylated by ATM while the kinase checkpoint kinase 1 (CHEK1) is phosphorylated by
ATR. CHEK2 and CHEK1 start the arrest upregulating Wee1 G2 checkpoint kinase (Wee1)
and inactivating CDC25A/B/C required for both checkpoints to activate protein complexes in-
volving cyclins and cyclin-dependent kinases (CDKs) that determine cell cycle progress
[15,21]. These complexes are cyclin-dependent kinase 4, 6 and cyclin D (Cdk4/6-Cyclin-D)
complex, cyclin-dependent kinase 2 and cyclin E (Cdk2/Cyclin-E) complex for checkpoint G1/
S, and cyclin-dependent kinase 1 and cyclin B (Cdk1/Cyclin B) complex (which is inhibited by
Wee1) for checkpoint G2/M [21]. In addition, phosphorylated p53 mediates the maintenance
of arrest through the activation of cyclin-dependent kinase inhibitor 1A (p21), which also in-
hibits Cdk4/6-Cyclin-D [24,25]. In the case of checkpoint G1/S, the inhibition of these com-
plexes prevents the phosphorylation of retinoblastoma 1 protein (pRB) and the release of E2F
transcription factors that induce the expression of genes required for the cell to enter the S
phase [21,26]. In the case of reparable damage, the complexes are reactivated driving the cell to
the next phase of the cycle.

E3 ubiquitin protein ligase homolog (Mdm2), p14ARF and p53 form a regulatory circuit.
Mdm2 degrades p53 and Mdm2 is sequestered by p14ARF controlling p53 degradation [27].

The choice between cycle arrest and apoptosis occurs through a threshold mechanism de-
pendent on the activation level of p53 that, when exceeded, triggers apoptosis [28]. Owing to
this, in our model, apoptosis is activated only when p53 reaches its highest level which is a
strong simplification. p14ARF (the alternate reading frame product) and cyclin-dependent ki-
nase inhibitor 2A (p16INK4a) contribute to cell cycle regulation and senescence [6,27], deletion
of the locus (CDKN2A) that produces these two proteins enhances astrocyte proliferation [29].

Astrocyte senescence, p38MAPK and SASP (Fig 1)
Experimental results strongly suggest that astrocyte senescence in AD is entangled with the ac-
tivation of the kinase p38MAPK [9] which, when overexpressed, induces senescence in fibro-
blasts [5,13,30]. The p38 MAPK family of proteins in which p38α has a prominent role is
activated in a ATM/ATR dependent manner by cellular stresses induced, for example, by ROS
[8], and it also seems to regulate the secretion of IL-6 in senescent astrocytes [5,9]. IL-6 plays a
central role in SASP and inflammaging diseases [3,7].

DNA damage can induce a checkpoint arrest through p38MAPK upon joint mechanisms
like: upregulation of p16INK4a and p14ARF, inhibition of the protein family Cdc25A/B/C and
phosphorylation of p53 which, additionally, can lead to apoptosis [11,15,31,32].

Senescence requires the activation of p53-p21 and p16INK4a-pRB pathways in different cell
types. p16INK4a contributes along with p53 to block proliferation as it inhibits cyclin-dependent
kinases [6,33,34]. The molecular mechanisms of regulation of p16INK4a (and p14ARF) are not
completely understood, but p38MAPK affects the expression of CDKN2A locus [35,36].
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Logical model for astrocyte fate
Based on the biological facts mentioned above, we define a logical model for astrocyte cell cycle
checkpoint regulation and fate. The main hypothesis underlying the model is as follows:

In astrocytes senescence activation by p38MAPK upon DNA damage utilizes similar mech-
anisms for checkpoints G1/S and G2/M.

Tables 1 and 2 include a brief description of the model nodes and of the logical rules govern-
ing the states of the nodes, respectively. The logical rules were built based on our interpretation
of the biological information, the process also involves several manual rounds of consistency
analysis between model predictions and experimental knowledge. The interactions among the
nodes in Fig 1 are reported in the literature and detailed bibliographic information can be
found in S2 Dataset. Only direct interactions are considered.

The input nodes of the network, SSB and DSB, can assume three values denoting DNA
damage levels: absence of damage = 0, reparable damage = 1 and irreparable damage = 2. SSB
and DSB values define ATR and ATM levels, respectively. ATM and ATR activate CHEK2,
CHEK1, p38MAPK, Wee1 and p53. DSB can activate CHEK1 through ATM. p53 and
p38MAPK are multi-valued and have 3 and 4 levels, respectively, they strongly affect fate deci-
sions. Reparable damage induces p53 to its middle level (p53 = 1) which is involved in several
fates. When p53 reaches its highest value 2, apoptosis is triggered but it only occurs for highest
DNA damage, i.e. DSB = SSB = 2 [28]. p38MAPK activation has a stronger influence from
ATM than ATR and is controlled in the following way: to reach its first positive level (1) it re-
quires activation of ATR, or ATM but not at its highest level [11]. p38MAPK reaches its level
(2) when ATR is not at its maximum level but ATM is. p38MAPK reaches its highest level (3)
only when ATM and ATR are both at their maximum levels.

Absence of DNA damage implies the activation of nodes CdkCyclin (representing the pro-
tein complexes that promote cell cycle for both checkpoints G1/S and G2/M) and

Table 1. Description of network elements.

Node Description

SSB Single strand break: 0 (no break), (1) reparable and (2) irreparable SSB

DSB Double strand break: 0 (no break), (1) reparable and (2) irreparable DSB

ATR Ataxia telangiectasia and Rad3 related protein

ATM Ataxia telangiectasia mutated protein

CHEK2 Checkpoint kinase 2 protein

CHEK1 Checkpoint kinase 1 protein

p14ARF Alternate reading frame (ARF) protein (from CDKN2A locus)

p16INK4a Cyclin-dependent kinase inhibitor 2A protein (from CDKN2A locus)

p38MAPK Mitogen activated protein kinase 14 protein

Mdm2 E3 ubiquitin protein ligase homolog protein

p21 Cyclin-dependent kinase inhibitor 1A protein

p53 Tumor supressor protein p53 protein

CDC25ABC Cell division cycle 25 protein family

E2F E2F transcription factor family of proteins (E2F1, E2F2, E2F3)

pRB Retinoblastoma 1 protein

Wee1 Wee1 G2 checkpoint kinase

CdkCyclin Proteins complexes that promote cell cycle

Short description of the molecular components of the model.

doi:10.1371/journal.pone.0125217.t001

AModel for p38MAPK-Induced Astrocyte Senescence

PLOS ONE | DOI:10.1371/journal.pone.0125217 May 8, 2015 5 / 12



‘proliferation’. The ‘cycle_arrest’ node represents an arrest for repair and it is inhibited by
CdkCyclin and E2F.

The p16INK4a-pRB and p53-p21 pathways in astrocytes seem to have redundant function in
promoting inhibition of proteins involved in cell cycle progression [37]. Hence, we defined the
activation of node ‘senescence’ to require the activation of both, p21 and p16INK4a, inactivation
of Cdc25ABC and p53< 2. Nevertheless, if Cdc25ABC is active, senescence can be activated if
p16INK4a = 2. SASP requires activation of p38MAPK and senescence [6,9]. Cdc25ABC has 3
levels and can be inactivated only in presence of CHEK1, CHEK2 and p38MAPK [32,38].

Table 2. Logical rules.

Node Rule / level interpretation

ATM 1: DSB = 1 Reparable damage

2: DSB = 2 Persistent DSB signaling

ATR 1: SSB = 1 Reparable damage

2: SSB = 2 Persistent SSB signaling

CHEK2 1: ATM = 2

CHEK1 1: ATR = 2 OR ATM = 2

Wee1 1: CHEK1 = 1

p14ARF 1: p38MAPK = 2 OR E2F

p38MAPK 1: (ATM = 1 OR ATR = 1–2) AND NOT(ATM = 2) p38MAPK activation (leading to cycle
arrest)

2: ATM = 2 AND NOT(ATR = 2) p38MAPK activation (leading to
senescence)

3: ATM = 2 AND ATR = 2 p38MAPK activation (leading to
apoptosis)

Wee1 1: CHEK1

Mdm2 1: p53 = 1 AND NOT(p14ARF)

p16INK4A 1: p38MAPK = 1–2 Activated p16INK4A

2: p38MAPK = 3 p16 INK4A upregulation

p21 1: p53 = 1

p53 1: Mdm2 = 1 AND (p38MAPK = 3 OR ATR = 1–2 OR ATM = 1–2 OR CHEK1 = 1 OR
CHEK2 = 1)

Activated p53 (no accumulation)

2: NOT(Mdm2 = 1) AND (p38MAPK = 3 OR ATR = 1–2 OR ATM = 1–2 OR CHEK1 = 1 OR
CHEK2 = 1)

p53 accumulation leading to apoptosis

Cdc25ABC 1: (p38MAPK = 1–3 OR CHEK2 = 1 OR CHEK1 = 1) AND NOT(p38MAPK = 1–3 AND
CHEK2 = 1 AND CHEK1 = 1)

Low active Cdc25ABC (non-
phosphorylated)

2: NOT(p38MAPK = 1–3) AND NOT(CHEK2 = 1) AND NOT(CHEK1 = 1) High concentration of active Cdc25ABC

E2F 1: NOT(RB1 = 1) AND NOT(p53 = 2)

pRB 1: NOT(CdkCyclin = 1) Dephosphorylated pRB bound to E2F

CdkCyclin 1: Cdc25A = 1 AND NOT(p16INK4a = 1–2) AND NOT(p21 = 1) AND NOT(Wee1 = 1)

apoptosis 1: p53 = 2

SASP 1: p38MAPK AND senescence

proliferation 1: CdkCyclin = 1 AND E2F = 1

senescence 1: (p16INK4a = 1 AND p21 = 1 AND NOT(Cdc25ABC = 1–2) AND NOT(p53 = 2)) OR (p16INK4a = 2 AND p21 = 1 AND NOT
(Cdc25ABC = 2) AND NOT(p53 = 2))

cyclearrest 1: NOT(CdkCyclin = 1) OR NOT(E2F)

Logical rules controlling the states of the nodes in Fig 1 and interpretation of node levels. The logical operators AND, OR and NOT are used to define the

rules for each node defined in terms of the state of its regulators. 0 is the default value. The input components are not shown since they have

constant values.

doi:10.1371/journal.pone.0125217.t002
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In what follows we analyze the model predictions in terms of stable states for the wild-type
situation and some selected in silicomutations.

Model results: wild type case
This model presents deterministic behavior since each combination of the levels of the input
nodes DSB and SSB (nine in total) leads to a unique stable state (see Fig 2) characterized by the
activation or deactivation of the nodes representing fates. The synopsis of the results for the
wild type case is that no DNA damage (input: DSB = SSB = 0) leads to proliferation, as ex-
pected, and the main active components are those involved in cell cycle progression. The high-
est level of irreparable damage DSB = SSB = 2 yields apoptosis, irreparable DSBs lead to
senescence (and SASP) and reparable DSBs result in transient cycle arrest indifferent to the
value of SSBs. ‘cycle_arrest’ requires the inhibition of CdkCyclins and it accompanies ‘senes-
cence’ and ‘apoptosis’ which are selected according to the level of DNA damage. DSB = 2 and
SSB<2 yield ‘senescence’ which is compatible with the fact that irreparable SSBs seem not able
to induce senescence [6,23]. Lastly, ‘apoptosis’ is activated by p53 = 2 when SSB = DSB = 2.

Comparison of in silicomutations with experiments
The model can be perturbed through in silicomutations corresponding to loss of function or
gain of function experiments. These model perturbations affect the stable states with respect to
the wild type case and changes can be related to the predominant growth trend observed in cul-
tures of astrocyte cells undergone LoF or GoF experiments involving one or more genes.

Comparisons of LoF and GoF experiments with model perturbations can be classified in
two cases according to DNA damage: (i) absence or (ii) presence of damage that activates
checkpoints. DNA damage is assumed to happen in stress situations as seems to be the case of
astrocytes in aged brains or in AD and also induced in cultures by ROS, ionizing radiation and
other methods.

Only a few experiments with astrocytes were found in the literature and they use primarily
mice cells. Given to this lack of information, we report also some interesting perturbations

Fig 2. Stable states of the model for astrocyte wild-type case. The two right-most columns list in each line the 9 possible combinations of SSB and DSB.
For each line there is a unique stable state characterized by the value of the components and the cell fate is determined by the output components in the 5
left-most columns. Numbers stand for variables state values and empty spaces correspond to state value zero.

doi:10.1371/journal.pone.0125217.g002
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using human or mouse fibroblasts [5,12,13]. Although they will not necessarily yield correct re-
sults for astrocytes, they can be considered as model predictions and remain to be verified.
Table 3 presents comparisons between model outcomes and LoF and GoF experiments for mu-
tant astrocytes. The full set of stable states of each perturbation is listed in S1 Dataset. In what
follows we comment the comparisons in Table 3.

Pharmacological inhibition of p38MAPK in pre-senescent and senescent human astrocytes
prevents SASP [9], while the effect of its GoF is yet unknown. However, in human and mouse
fibroblasts p38MAPK GoF induces senescence [30]. According to our model p38MAPK LoF
abrogates apoptosis, senescence and SASP, while its GoF, with p38MAPK maintained between
states 1 and 2, abrogates proliferation and enhances senescence and SASP compatible with fi-
broblasts experiments. If p38MAPK is maintained at its maximum state 3, then an apoptotic
phenotype prevails.

CDKN2A-null mice astrocytes have high proliferation and are used as a model for glioblas-
toma development [29]. Using the model, this perturbation corresponds to p16INK4a and

Table 3. Comparison with experiments.

Loss of Function (LoF)

Gene Model outcome (No DNA damage / With DNA damage) Experimental
outcome

p38MAPK No damage: proliferation / With damage: loss of senescence, apoptosis & SASP [9]

p16INK4a & p14ARF No damage: proliferation / With damage: loss of senescence & apoptosis [29]

p16INK4a No damage: proliferation / With damage: loss of senescence [29]

p53 No damage: proliferation / With damage: loss of senescence & apoptosis [39]

ATM No damage: proliferation / With damage: loss of senescence & apoptosis [39,40]

ATR & p53 No damage: proliferation / With damage: loss of senescence & apoptosis [43]

p21 No damage: proliferation / With damage: loss of senescence ?

Cdc25ABC No damage: cycle arrest / With damage: senescence enhanced ? / Fibroblasts: [46]

E2F No damage: cycle arrest / With damage: similar to the wild type ? / Fibroblasts: [47]

pRB No damage: proliferation / With damage: apoptosis for DSB = SSB = 2 and undetermined for
other cases

? / Fibroblasts:
[48,49]

Gain of Function (GoF)

Gene Model outcome Experimental
outcome

p38MAPK No damage: [1–2] cycle arrest; [3] apoptosis / With damage: [1–2] senescence enhanced &
loss of apoptosis; [3] apoptosis

? / Fibroblasts: [30]

p16INK4a No damage: cycle arrest / With damage: [1] similar to the wild type; [2] senescence enhanced ? / [33]

p53 No damage: [1] cycle arrest; [2] apoptosis / With damage: [1] senescence enhanced; [2]
apoptosis

?

ATM No damage: [1] cycle arrest; [2] enhanced senescence / With damage: [1] loss of senescence
& apoptosis; [2] senescence enhanced

?

p21 No damage: cycle arrest / With damage: similar to the wild type ? / Fibroblasts:
[44,45]

Cdc25ABC No damage: proliferation / With damage: [1–2] loss of senescence ? / Fibroblasts: [46]

E2F No damage: proliferation / With damage: apoptosis ?

pRB No damage: cycle arrest / With damage: similar to the wild type ?

LoF + GoF

p16INK4a & p14ARF LoF
+ CdkCyclin GoF

No damage: proliferation / With damage: proliferation [42]

Comparison of results of perturbations of the model with experiments. Cases for which no experimental data were found are indicated by question marks.

doi:10.1371/journal.pone.0125217.t003
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p14ARF LoF which yields abrogation of senescence and apoptosis which we interpret as com-
patible with the observed increase of proliferation in experiments.

Given to the importance of p16INK4a in senescence, we studied its perturbations. The
model predicts enhanced senescence for GoF of p16INK4a maintained at its state 2 and loss of
senescence for its LoF, compatible with observations in other cell types [4].

p53-null mice astrocytes present increased proliferation in culture with small sensitivity to
ionizing radiation [39]. The simulation of p53 LoF in absence of DNA damage yields prolifera-
tion, in presence of DNA damage it abrogates senescence and apoptosis which should contrib-
ute to increased proliferation observed in experiments. GoF of p53 maintained at its state 1
enhances senescence.

ATM-null mice astrocytes show a slight decrease in proliferation in presence or absence of
ionizing radiation [39,40]. ATM LoF in the model implies increased proliferation in absence or
presence of DNA damage contrasting with experiments. Actually, this is a surprising experi-
mental behavior, in other cell types ATM LoF contributes to senescence suppression [41], how-
ever for astrocytes this perturbation seems to have a different effect probably because ATM has
some other additional important function in astrocytes that we ignore and that is not contem-
plated by the present model.

Deletion of CDKN2A and simultaneous overexpression of CDK4 in mice astrocytes gener-
ates high proliferating immortal cells and is also studied as a model for glioblastoma develop-
ment [42]. We simulated a related perturbation with the model by combining the LoF of both
p16INK4a and p14ARF with the GoF of CdkCyclin (last line in Table 3). The result is a single
output: proliferation, which strongly agrees with the model.

Double mutant ATR;p53-null mice astrocytes show increased proliferation in relation to
wild type cultures [43]. For the simulation, the LoF of both ATR and p53 yields proliferation in
absence of damage and abrogates senescence and apoptosis compatible with an increase
in proliferation.

In what follows we refer to model predictions based on experiments with human or mice fi-
broblasts, some results are similar to those obtained with our previous model [12].

p21 ectopic expression decreases proliferation and induces senescence in human and mouse
fibroblasts [44,45]. For the model, p21 GoF abrogates proliferation in absence of damage agree-
ing with experiments and its LoF predicts abrogation of senescence.

CDC25ABC LoF and GoF respectively induce or prevent checkpoint arrest in mice fibro-
blasts [46]. For CDC25ABC LoF, the model enhances senescence and for GoF abrogates senes-
cence agreeing partially with experiments [46].

Human fibroblasts do not proliferate without E2F which agrees with the model that indi-
cates decrease of proliferation with E2F LoF [47]. E2F GoF in human fibroblasts induces apo-
ptosis, however the model only shows this result in presence of DNA damage [47].

pRB-null mice fibroblasts present increased apoptosis [48,49], a phenotype recovered by
our model only for the highest damage case. For pRB GoF the model predicts decrease of pro-
liferation in absence of DNA damage.

Conclusion
Recent experiments suggest that astrocyte senescence (and SASP) is an important component
of Alzheimer´s disease [5,9,10]. Motivated by these experiments, in this paper we presented an
original model for astrocyte cell fate where p38MAPK plays a central role in the explanation of
senescence and SASP induction due to DNA damage [5]. The in silico perturbations of the
model are consistent with the available experimental data. The model predictions remain to be
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tested experimentally and one, in particular, the confirmation that p38MAPK GoF in astro-
cytes induces senescence, if confirmed, would be a strong support for the model [30].

Supporting Information
S1 Dataset. List of model stable states corresponding to in silico LoF and GoF perturba-
tions.
(PDF)

S2 Dataset. Logical model in GINsim file format. Requires GINsim to process it (http://
ginsim.org). Bibliographic information about nodes and their interactions are included in the
annotations of the algorithm.
(RAR)

Acknowledgments
We thank C. Chaouiya for the careful reading of the manuscript and Éder M. Simão for his
help at the initial stages of this work. JCMM acknowledges financial support from CNPq
(grants 304805/2012-2, 402547/2012-8).

Author Contributions
Conceived and designed the experiments: JCMM CAB BV. Performed the experiments:
JCMM. Analyzed the data: JCMM CAB. Contributed reagents/materials/analysis tools: JCMM.
Wrote the paper: CAB JCMM.

References
1. De Lange T. How Telomeres Solve the End-Protection Problem. Science. 2009; 326: 948–952. doi: 10.

1126/science.1170633 PMID: 19965504

2. Kuilman T, Michaloglou C, Mooi WJ, Peeper DS. The essence of senescence. Genes & Development.
2010; 24: 2463–2479. doi: 10.1101/gad.1971610

3. Muñoz-Espín D, Serrano M. Cellular senescence: from physiology to pathology. Nature Reviews Mo-
lecular Cell Biology. 2014; 15: 482–496. doi: 10.1038/nrm3823 PMID: 24954210

4. Kuilman T, Peeper DS. Senescence-messaging secretome: SMS-ing cellular stress. Nature Reviews
Cancer. 2009; 9: 81–94. doi: 10.1038/nrc2560 PMID: 19132009

5. Salminen A, Ojala J, Kaarniranta K, Haapasalo A, Hiltunen M, Soininen H. Astrocytes in the aging brain
express characteristics of senescence-associated secretory phenotype: Astrocyte senescence in
aging brain. European Journal of Neuroscience. 2011; 34: 3–11. doi: 10.1111/j.1460-9568.2011.
07738.x PMID: 21649759

6. Campisi J. Aging, cellular senescence, and cancer. Annu Rev Physiol. 2013; 75: 685–705. doi: 10.
1146/annurev-physiol-030212-183653 PMID: 23140366

7. Franceschi C, BonafèM, Valensin S, Olivieri F, De Luca M, Ottaviani E, et al. Inflamm-aging. An evolu-
tionary perspective on immunosenescence. Ann N Y Acad Sci. 2000; 908: 244–254. PMID: 10911963

8. Simpson JE, Ince PG, Haynes LJ, Theaker R, Gelsthorpe C, Baxter L, et al. Population variation in oxi-
dative stress and astrocyte DNA damage in relation to Alzheimer-type pathology in the ageing brain.
Neuropathology and Applied Neurobiology. 2010; 36: 25–40. doi: 10.1111/j.1365-2990.2009.01030.x
PMID: 19422529

9. Bhat R, Crowe EP, Bitto A, Moh M, Katsetos CD, Garcia FU, et al. Astrocyte Senescence as a Compo-
nent of Alzheimer’s Disease. Zheng JC, editor. PLoS ONE. 2012; 7: e45069. doi: 10.1371/journal.
pone.0045069 PMID: 22984612

10. Bitto A, Sell C, Crowe E, Lorenzini A, Malaguti M, Hrelia S, et al. Stress-induced senescence in human
and rodent astrocytes. Experimental Cell Research. 2010; 316: 2961–2968. doi: 10.1016/j.yexcr.2010.
06.021 PMID: 20620137

11. Thornton TM. Non-Classical P38 Map Kinase Functions: Cell Cycle Checkpoints and Survival. Interna-
tional Journal of Biological Sciences. 2009; 44–52. doi: 10.7150/ijbs.5.44

A Model for p38MAPK-Induced Astrocyte Senescence

PLOS ONE | DOI:10.1371/journal.pone.0125217 May 8, 2015 10 / 12

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0125217.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0125217.s002
http://ginsim.org/
http://ginsim.org/
http://dx.doi.org/10.1126/science.1170633
http://dx.doi.org/10.1126/science.1170633
http://www.ncbi.nlm.nih.gov/pubmed/19965504
http://dx.doi.org/10.1101/gad.1971610
http://dx.doi.org/10.1038/nrm3823
http://www.ncbi.nlm.nih.gov/pubmed/24954210
http://dx.doi.org/10.1038/nrc2560
http://www.ncbi.nlm.nih.gov/pubmed/19132009
http://dx.doi.org/10.1111/j.1460-9568.2011.07738.x
http://dx.doi.org/10.1111/j.1460-9568.2011.07738.x
http://www.ncbi.nlm.nih.gov/pubmed/21649759
http://dx.doi.org/10.1146/annurev-physiol-030212-183653
http://dx.doi.org/10.1146/annurev-physiol-030212-183653
http://www.ncbi.nlm.nih.gov/pubmed/23140366
http://www.ncbi.nlm.nih.gov/pubmed/10911963
http://dx.doi.org/10.1111/j.1365-2990.2009.01030.x
http://www.ncbi.nlm.nih.gov/pubmed/19422529
http://dx.doi.org/10.1371/journal.pone.0045069
http://dx.doi.org/10.1371/journal.pone.0045069
http://www.ncbi.nlm.nih.gov/pubmed/22984612
http://dx.doi.org/10.1016/j.yexcr.2010.06.021
http://dx.doi.org/10.1016/j.yexcr.2010.06.021
http://www.ncbi.nlm.nih.gov/pubmed/20620137
http://dx.doi.org/10.7150/ijbs.5.44


12. Mombach JC, Bugs CA, Chaouiya C. Modelling the onset of senescence at the G1/S cell cycle check-
point. BMCGenomics. 2014; 15: S7. doi: 10.1186/1471-2164-15-S7-S7 PMID: 25573782

13. Chen Y, Swanson RA. Astrocytes and brain injury. J Cereb Blood FlowMetab. 2003; 23: 137–149.
PMID: 12571445

14. Naldi A, Berenguier D, Fauré A, Lopez F, Thieffry D, Chaouiya C. Logical modelling of regulatory net-
works with GINsim 2.3. BioSystems. 2009; 97: 134–139. doi: 10.1016/j.biosystems.2009.04.008 PMID:
19426782

15. Medema RH, Macůrek L. Checkpoint control and cancer. Oncogene. 2012; 31: 2601–2613. doi: 10.
1038/onc.2011.451 PMID: 21963855

16. Fauré A, Naldi A, Chaouiya C, Thieffry D. Dynamical analysis of a generic Boolean model for the control
of the mammalian cell cycle. Bioinformatics. 2006; 22: e124–131. doi: 10.1093/bioinformatics/btl210
PMID: 16873462

17. Calzone L, Tournier L, Fourquet S, Thieffry D, Zhivotovsky B, Barillot E, et al. Mathematical modelling
of cell-fate decision in response to death receptor engagement. PLoS Comput Biol. 2010; 6: e1000702.
doi: 10.1371/journal.pcbi.1000702 PMID: 20221256

18. Thomas R, D’Ari R. Biological Feedback [Internet]. CRC Press; 1990. Available: http://hal.archives-
ouvertes.fr/hal-00087681/en/

19. Thomas R, Thieffry D, Kaufman M. Dynamical behaviour of biological regulatory networks–I. Biological
role of feedback loops and practical use of the concept of the loop-characteristic state. Bull Math Biol.
1995; 57: 247–76. doi: 10.1016/0092-8240(94)00036-C PMID: 7703920

20. Chaouiya C, Remy E, Mossé B, Thieffry D. Qualitative Analysis of Regulatory Graphs: A Computational
Tool Based on a Discrete Formal Framework. In: Benvenuti L, Santis A, Farina L, editors. Positive Sys-
tems. Berlin, Heidelberg: Springer Berlin Heidelberg; 2004. pp. 119–126. Available: http://www.
springerlink.com/index/10.1007/978-3-540-44928-7_17

21. Sancar A, Lindsey-Boltz LA, Unsal-Kaçmaz K, Linn S. Molecular mechanisms of mammalian DNA re-
pair and the DNA damage checkpoints. Annu Rev Biochem. 2004; 73: 39–85. doi: 10.1146/annurev.
biochem.73.011303.073723 PMID: 15189136

22. Abraham RT. Cell cycle checkpoint signaling through the ATM and ATR kinases. Genes & Develop-
ment. 2001; 15: 2177–2196. doi: 10.1101/gad.914401 PMID: 11772129

23. D’ Adda di Fagagna F. Living on a break: cellular senescence as a DNA-damage response. Nat Rev
Cancer. 2008; 8: 512–522. doi: 10.1038/nrc2440 PMID: 18574463

24. Haupt S, Berger M, Goldberg Z, Haupt Y. Apoptosis—the p53 network. J Cell Sci. 2003; 116: 4077–
4085. doi: 10.1242/jcs.00739 PMID: 12972501

25. Reinhardt HC, Yaffe MB. Kinases that control the cell cycle in response to DNA damage: Chk1, Chk2,
and MK2. Curr Opin Cell Biol. 2009; 21: 245–255. doi: 10.1016/j.ceb.2009.01.018 PMID: 19230643

26. Timmers C, Sharma N, Opavsky R, Maiti B, Wu L, Wu J, et al. E2f1, E2f2, and E2f3 Control E2F Target
Expression and Cellular Proliferation via a p53-Dependent Negative Feedback Loop. Molecular and
Cellular Biology. 2007; 27: 65–78. doi: 10.1128/MCB.02147-05 PMID: 17167174

27. Stott FJ. The alternative product from the human CDKN2A locus, p14ARF, participates in a regulatory
feedback loop with p53 and MDM2. The EMBO Journal. 1998; 17: 5001–5014. doi: 10.1093/emboj/17.
17.5001 PMID: 9724636

28. Kracikova M, Akiri G, George A, Sachidanandam R, Aaronson SA. A threshold mechanismmediates
p53 cell fate decision between growth arrest and apoptosis. Cell Death Differ. 2013; 20: 576–588. doi:
10.1038/cdd.2012.155 PMID: 23306555

29. Bachoo RM, Maher EA, Ligon KL, Sharpless NE, Chan SS, You MJ, et al. Epidermal growth factor re-
ceptor and Ink4a/ArfConvergent mechanisms governing terminal differentiation and transformation
along the neural stem cell to astrocyte axis. Cancer Cell. 2002; 1: 269–277. doi: 10.1016/S1535-6108
(02)00046-6 PMID: 12086863

30. WangW, Chen JX, Liao R, Deng Q, Zhou JJ, Huang S, et al. Sequential activation of the MEK-extracel-
lular signal-regulated kinase and MKK3/6-p38 mitogen-activated protein kinase pathways mediates on-
cogenic ras-induced premature senescence. Mol Cell Biol. 2002; 22: 3389–3403. PMID: 11971971

31. Lafarga V, Cuadrado A, Lopez de Silanes I, Bengoechea R, Fernandez-Capetillo O, Nebreda AR. p38
Mitogen-Activated Protein Kinase- and HuR-Dependent Stabilization of p21Cip1 mRNAMediates the
G1/S Checkpoint. Molecular and Cellular Biology. 2009; 29: 4341–4351. doi: 10.1128/MCB.00210-09
PMID: 19528229

32. Bulavin DV, Higashimoto Y, Popoff IJ, Gaarde WA, Basrur V, Potapova O, et al. Initiation of a G2/M
checkpoint after ultraviolet radiation requires p38 kinase. Nature. 2001; 411: 102–107. doi: 10.1038/
35075107 PMID: 11333986

AModel for p38MAPK-Induced Astrocyte Senescence

PLOS ONE | DOI:10.1371/journal.pone.0125217 May 8, 2015 11 / 12

http://dx.doi.org/10.1186/1471-2164-15-S7-S7
http://www.ncbi.nlm.nih.gov/pubmed/25573782
http://www.ncbi.nlm.nih.gov/pubmed/12571445
http://dx.doi.org/10.1016/j.biosystems.2009.04.008
http://www.ncbi.nlm.nih.gov/pubmed/19426782
http://dx.doi.org/10.1038/onc.2011.451
http://dx.doi.org/10.1038/onc.2011.451
http://www.ncbi.nlm.nih.gov/pubmed/21963855
http://dx.doi.org/10.1093/bioinformatics/btl210
http://www.ncbi.nlm.nih.gov/pubmed/16873462
http://dx.doi.org/10.1371/journal.pcbi.1000702
http://www.ncbi.nlm.nih.gov/pubmed/20221256
http://hal.archives-ouvertes.fr/hal-00087681/en/
http://hal.archives-ouvertes.fr/hal-00087681/en/
http://dx.doi.org/10.1016/0092-8240(94)00036-C
http://www.ncbi.nlm.nih.gov/pubmed/7703920
http://www.springerlink.com/index/10.1007/978-3-540-44928-7_17
http://www.springerlink.com/index/10.1007/978-3-540-44928-7_17
http://dx.doi.org/10.1146/annurev.biochem.73.011303.073723
http://dx.doi.org/10.1146/annurev.biochem.73.011303.073723
http://www.ncbi.nlm.nih.gov/pubmed/15189136
http://dx.doi.org/10.1101/gad.914401
http://www.ncbi.nlm.nih.gov/pubmed/11772129
http://dx.doi.org/10.1038/nrc2440
http://www.ncbi.nlm.nih.gov/pubmed/18574463
http://dx.doi.org/10.1242/jcs.00739
http://www.ncbi.nlm.nih.gov/pubmed/12972501
http://dx.doi.org/10.1016/j.ceb.2009.01.018
http://www.ncbi.nlm.nih.gov/pubmed/19230643
http://dx.doi.org/10.1128/MCB.02147-05
http://www.ncbi.nlm.nih.gov/pubmed/17167174
http://dx.doi.org/10.1093/emboj/17.17.5001
http://dx.doi.org/10.1093/emboj/17.17.5001
http://www.ncbi.nlm.nih.gov/pubmed/9724636
http://dx.doi.org/10.1038/cdd.2012.155
http://www.ncbi.nlm.nih.gov/pubmed/23306555
http://dx.doi.org/10.1016/S1535-6108(02)00046-6
http://dx.doi.org/10.1016/S1535-6108(02)00046-6
http://www.ncbi.nlm.nih.gov/pubmed/12086863
http://www.ncbi.nlm.nih.gov/pubmed/11971971
http://dx.doi.org/10.1128/MCB.00210-09
http://www.ncbi.nlm.nih.gov/pubmed/19528229
http://dx.doi.org/10.1038/35075107
http://dx.doi.org/10.1038/35075107
http://www.ncbi.nlm.nih.gov/pubmed/11333986


33. Kuilman T, Michaloglou C, Mooi WJ, Peeper DS. The essence of senescence. Genes Dev. 2010; 24:
2463–2479. doi: 10.1101/gad.1971610 PMID: 21078816

34. Lanigan F, Geraghty JG, Bracken AP. Transcriptional regulation of cellular senescence. Oncogene.
2011; 30: 2901–2911. doi: 10.1038/onc.2011.34 PMID: 21383691

35. Bulavin DV, Phillips C, Nannenga B, Timofeev O, Donehower LA, Anderson CW, et al. Inactivation of
the Wip1 phosphatase inhibits mammary tumorigenesis through p38 MAPK–mediated activation of the
p16Ink4a-p19Arf pathway. Nature Genetics. 2004; 36: 343–350. doi: 10.1038/ng1317 PMID:
14991053

36. Chen C-R, WangW, Rogoff HA, Li X, MangW, Li CJ. Dual induction of apoptosis and senescence in
cancer cells by Chk2 activation: checkpoint activation as a strategy against cancer. Cancer Res. 2005;
65: 6017–6021. doi: 10.1158/0008-5472.CAN-05-0677 PMID: 16024600

37. Fanton CP. Dual Growth Arrest Pathways in Astrocytes and Astrocytic Tumors in Response to Raf-1
Activation. Journal of Biological Chemistry. 2001; 276: 18871–18877. doi: 10.1074/jbc.M011514200
PMID: 11278920

38. Sørensen CS, Syljuåsen RG, Falck J, Schroeder T, Rönnstrand L, Khanna KK, et al. Chk1 regulates
the S phase checkpoint by coupling the physiological turnover and ionizing radiation-induced accelerat-
ed proteolysis of Cdc25A. Cancer Cell. 2003; 3: 247–258. doi: 10.1016/S1535-6108(03)00048-5 PMID:
12676583

39. Gosink EC, Chong MJ, McKinnon PJ. Ataxia telangiectasia mutated deficiency affects astrocyte growth
but not radiosensitivity. Cancer Res. 1999; 59: 5294–5298. PMID: 10537312

40. Liu N, Stoica G, Yan M, Scofield VL, QiangW, LynnWS, et al. ATM deficiency induces oxidative stress
and endoplasmic reticulum stress in astrocytes. Lab Invest. 2005; 85: 1471–1480. doi: 10.1038/
labinvest.3700354 PMID: 16189515

41. Zhan H, Suzuki T, Aizawa K, Miyagawa K, Nagai R. Ataxia telangiectasia mutated (ATM)-mediated
DNA damage response in oxidative stress-induced vascular endothelial cell senescence. J Biol Chem.
2010; 285: 29662–29670. doi: 10.1074/jbc.M110.125138 PMID: 20639198

42. Holland EC, Hively WP, Gallo V, Varmus HE. Modeling mutations in the G1 arrest pathway in human
gliomas: overexpression of CDK4 but not loss of INK4a-ARF induces hyperploidy in cultured mouse as-
trocytes. Genes Dev. 1998; 12: 3644–3649. PMID: 9851971

43. Lee Y, Shull ER, Frappart P-O, Katyal S, Enriquez-Rios V, Zhao J, et al. ATRmaintains select progeni-
tors during nervous system development: ATR function in the nervous system. The EMBO Journal.
2012; 31: 1177–1189. doi: 10.1038/emboj.2011.493 PMID: 22266795

44. Hemmati PG, Normand G, Verdoodt B, von Haefen C, Hasenjäger A, Güner D, et al. Loss of p21 dis-
rupts p14 ARF-induced G1 cell cycle arrest but augments p14 ARF-induced apoptosis in human carci-
noma cells. Oncogene. 2005; 24: 4114–4128. doi: 10.1038/sj.onc.1208579 PMID: 15750619

45. Coppé J-P, Rodier F, Patil CK, Freund A, Desprez P- Y, Campisi J. Tumor suppressor and aging bio-
marker p16(INK4a) induces cellular senescence without the associated inflammatory secretory pheno-
type. J Biol Chem. 2011; 286: 36396–36403. doi: 10.1074/jbc.M111.257071 PMID: 21880712

46. Ray D, Kiyokawa H. CDC25A Phosphatase: a Rate-Limiting Oncogene That Determines Genomic Sta-
bility. Cancer Research. 2008; 68: 1251–1253. doi: 10.1158/0008-5472.CAN-07-5983 PMID:
18316586

47. Van den Heuvel S, Dyson NJ. Conserved functions of the pRB and E2F families. Nat Rev Mol Cell Biol.
2008; 9: 713–724. doi: 10.1038/nrm2469 PMID: 18719710

48. Yap DB, Hsieh JK, Chan FS, Lu X. mdm2: a bridge over the two tumour suppressors, p53 and Rb. On-
cogene. 1999; 18: 7681–7689. doi: 10.1038/sj.onc.1202954 PMID: 10618708

49. Taneja P, Zhu S, Maglic D, Fry EA, Kendig RD, Inoue K. Transgenic and knockout mice models to re-
veal the functions of tumor suppressor genes. Clin Med Insights Oncol. 2011; 5: 235–257. doi: 10.4137/
CMO.S7516 PMID: 21836819

AModel for p38MAPK-Induced Astrocyte Senescence

PLOS ONE | DOI:10.1371/journal.pone.0125217 May 8, 2015 12 / 12

http://dx.doi.org/10.1101/gad.1971610
http://www.ncbi.nlm.nih.gov/pubmed/21078816
http://dx.doi.org/10.1038/onc.2011.34
http://www.ncbi.nlm.nih.gov/pubmed/21383691
http://dx.doi.org/10.1038/ng1317
http://www.ncbi.nlm.nih.gov/pubmed/14991053
http://dx.doi.org/10.1158/0008-5472.CAN-05-0677
http://www.ncbi.nlm.nih.gov/pubmed/16024600
http://dx.doi.org/10.1074/jbc.M011514200
http://www.ncbi.nlm.nih.gov/pubmed/11278920
http://dx.doi.org/10.1016/S1535-6108(03)00048-5
http://www.ncbi.nlm.nih.gov/pubmed/12676583
http://www.ncbi.nlm.nih.gov/pubmed/10537312
http://dx.doi.org/10.1038/labinvest.3700354
http://dx.doi.org/10.1038/labinvest.3700354
http://www.ncbi.nlm.nih.gov/pubmed/16189515
http://dx.doi.org/10.1074/jbc.M110.125138
http://www.ncbi.nlm.nih.gov/pubmed/20639198
http://www.ncbi.nlm.nih.gov/pubmed/9851971
http://dx.doi.org/10.1038/emboj.2011.493
http://www.ncbi.nlm.nih.gov/pubmed/22266795
http://dx.doi.org/10.1038/sj.onc.1208579
http://www.ncbi.nlm.nih.gov/pubmed/15750619
http://dx.doi.org/10.1074/jbc.M111.257071
http://www.ncbi.nlm.nih.gov/pubmed/21880712
http://dx.doi.org/10.1158/0008-5472.CAN-07-5983
http://www.ncbi.nlm.nih.gov/pubmed/18316586
http://dx.doi.org/10.1038/nrm2469
http://www.ncbi.nlm.nih.gov/pubmed/18719710
http://dx.doi.org/10.1038/sj.onc.1202954
http://www.ncbi.nlm.nih.gov/pubmed/10618708
http://dx.doi.org/10.4137/CMO.S7516
http://dx.doi.org/10.4137/CMO.S7516
http://www.ncbi.nlm.nih.gov/pubmed/21836819

