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PLOS COMPUTATIONAL BIOLOGY

Minimum Criteria for DNA Damage-Induced Phase
Advances in Circadian Rhythms

Christian I. Hong'?, Judit Zamborszky?®, Attila Csikasz-Nagy**

1 Department of Genetics, Dartmouth Medical School, Hanover, New Hampshire, United States of America, 2 The Microsoft Research-University of Trento Centre for

Computational and Systems Biology, Povo (Trento), Italy

Abstract

Robust oscillatory behaviors are common features of circadian and cell cycle rhythms. These cyclic processes, however,
behave distinctively in terms of their periods and phases in response to external influences such as light, temperature,
nutrients, etc. Nevertheless, several links have been found between these two oscillators. Cell division cycles gated by the
circadian clock have been observed since the late 1950s. On the other hand, ionizing radiation (IR) treatments cause cells to
undergo a DNA damage response, which leads to phase shifts (mostly advances) in circadian rhythms. Circadian gating of
the cell cycle can be attributed to the cell cycle inhibitor kinase Wee1 (which is regulated by the heterodimeric circadian
clock transcription factor, BMAL1/CLK), and possibly in conjunction with other cell cycle components that are known to be
regulated by the circadian clock (i.e., c-Myc and cyclin D1). It has also been shown that DNA damage-induced activation of
the cell cycle regulator, Chk2, leads to phosphorylation and destruction of a circadian clock component (i.e., PER1 in Mus or
FRQ in Neurospora crassa). However, the molecular mechanism underlying how DNA damage causes predominantly phase
advances in the circadian clock remains unknown. In order to address this question, we employ mathematical modeling to
simulate different phase response curves (PRCs) from either dexamethasone (Dex) or IR treatment experiments. Dex is
known to synchronize circadian rhythms in cell culture and may generate both phase advances and delays. We observe
unique phase responses with minimum delays of the circadian clock upon DNA damage when two criteria are met: (1)
existence of an autocatalytic positive feedback mechanism in addition to the time-delayed negative feedback loop in the
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clock system and (2) Chk2-dependent phosphorylation and degradation of PERs that are not bound to BMAL1/CLK.
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Introduction

Circadian rhythms are periodic physiological events that recur
about every 24 hours. The importance of circadian rhythms is well
recognized in many different organisms’ survival as well as in
human physiology. Misregulations in circadian rhythms may lead
to different conditions such as depression, familial advanced sleep
phase syndrome (FASPS), delayed sleep phase syndrome (DSPS),
or insomnia, which largely impact our society [1,2]. Recent studies
indicate higher incidents of cancer in clock defective individuals
[3,4] and chronic jet-lag is associated with higher mortality rate in
aged mice as well as faster growth of tumor [5,6]

The molecular mechanism of circadian rhythms began to
become clear beginning with the discovery of the period (per) gene in
Drosophila melanogaster in 1971 [7], and the frequency (frq) gene in
Neurospora crassa in 1973 [8]. Through analysis of the genetic
variants of these genes, pieces of the clock’s mechanism could be
described. The consensus idea is that it involves interlocked
feedback loops largely based on a transcription-translation related
time-delayed negative feedback loop [9]. Most of the genes
encoding proteins involved in the mechanism of circadian rhythms
have been found simply by screens aimed at cataloging the
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components or by analysis of the regulation of the components.
Several studies of mathematical modeling and systems approaches
helped further understanding of circadian rhythms in various
organisms [10-14].

One of the defining properties of circadian rhythms is the ability
to phase shift upon a stimulus from external cues. This property
allows organisms to adapt efficiently to the external environ-
ment. For example, a person traveling east to Europe from the
U.S. will experience a jet-lag in the process to adapt advanced
phase. Even a brief pulse of light may cause phase advances or
delays depending on the timing and influence of the pulse [15].
It is intuitive to assume that a phase shifting agent will create
both phase advances and delays depending on the timing and
strength of the pulse by uniformly affecting molecular pathways
in the circadian system [16]. It has been observed that 2 h
treatments of Rat-1 fibroblasts with dexamethasone (Dex) result
in large advances and delays (Type O resetting of the phase),
possibly by inducing transcription of both rPerl and rPer?
[17,18]. This Dex-dependent PRC is also observed in the
NIH3T3-Bmall-Luc-1 cells [19]. If the Dex-dependent induc-
tion of Per transcripts causes both phase advances and delays, we
would also predict that DNA damage-dependent phosphoryla-
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Author Summary

Molecular components and mechanisms that connect cell
cycle and circadian rhythms are important for the well-
being of an organism. Cell cycle machinery regulates the
progress of cell growth and division while the circadian
rhythm network generates an ~24 h time-keeping
mechanism that regulates the daily processes of an
organism (i.e. metabolism, bowel movements, body
temperature, etc.). It is observed that cell divisions
usually occur during a certain time window of a day,
which indicated that there are circadian-gated cell
divisions. Moreover, it's been shown that mice are more
prone to develop cancer when certain clock genes are
mutated resulting in an arrhythmic clock. Recently, a cell
cycle checkpoint regulator, Chk2, was identified as a
component that influences a core clock component and
creates mostly phase advances (i.e., jet lags due to
traveling east) in circadian rhythms upon DNA damage.
This phase response with minimum delays is an
unexpected result, and the molecular mechanism behind
this phenomenon remains unknown. Our computational
analyses of a mathematical model reveal two molecular
criteria that account for the experimentally observed
phase responses of the circadian clock upon DNA
damage. These results demonstrate how circadian clock
regulation by cell cycle checkpoint controllers provides
another layer of complexity for efficient DNA damage
responses.

tion and degradation of PERs by Chk2 [20,21] would result in
similar PRCs. Recent findings indicate that this prediction is
wrong [18,21]. Upon experiencing DNA damage, the cell cycle
machinery influences the circadian clock in such a way that
creates predominantly phase advances in Rat-1 fibroblasts and
mice [18], as well as in Neurospora crassa [21]. These data strongly
suggest that there is a conserved pathway across different species
that affects the phase of the clock after DNA damage, and
involves physical interactions of ATM and/or Chk2 with a core
clock component (i.e. PER1 or FRQ) [18,20,21]. This interac-
tion leads to phosphorylation of PER1 and FRQ [21,22]. The
molecular mechanism for this unique phenomenon, however,
remains unexplained.

In this paper, we explore the minimum criteria in the molecular
network of circadian rhythms that simulate the above PRCs with
tools of computational modeling. Theoretically, a time-delayed
negative feedback is sufficient to create robust oscillations. Both
cell cycle and circadian rhythms, however, contain both negative
and positive feedbacks in their wiring networks. Positive feedback
mechanisms are essential for proper eukaryotic cell divisions [23]
whereas their roles in circadian rhythms remain elusive. Recently,
Tsai and colleagues indicated that a general function of positive
feedbacks in different networks is to create tunable robustness in
the system [24]. In our study, we address two questions 1) what is a
molecular mechanism that accounts for Chk2-dependent PRC: in
circadian rhythms?, and 2) is the positive feedback mechanism
necessary for the observed PRC? In the conditions that we have
tested, we discovered that we can only simulate the Chk2-
dependent PRC with predominantly phase advances when Chk2
only affects PERs that are not bound to BMAL1/CLK in the
presence of an autocatalytic positive feedback mechanism. Both
conditions are required for proper simulations. Our study is the
only in silico experiment to indicate the necessity of an
autocatalytic positive feedback mechanism in simulating specific
phenotype in the circadian system.

@ PLoS Computational Biology | www.ploscompbiol.org
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Results

Chk2-dependent differential degradation of PER creates

predominantly phase advances upon DNA damage

We explored our simple mammalian circadian clock model
(Fig. 1) from our previous work [25] to investigate whether we can
simulate different PRCs from the Dex and IR treatment
experiments [17,18]. Note that an autocatalytic positive feedback
mechanism is already embedded in our model [12,26]. Based on
the experimental data, we added the following in our previous
model: 1) Dex increases the transcripts of Per but not Bmall [18],
and 2) Chk2 phosphorylates PERs and facilitates their degradation
upon DNA damage [20,21]. Our simulations show that the Dex-
dependent increase of Per messages creates both Type 0 (as shown
in the experiment, strong resetting of the phase) and Type 1 PRCs
(weak resetting of the phase) depending on the strength
(concentration) of the Dex treatments (Fig. 2A). It is, however,
not trivial to simulate a PRC with mostly phase advances
reproducing the phenotype from the IR treatment experiments
[18]. We observe a PRC with large advances and delays if we
follow the simplest possible assumption that DNA damage induces
Chk2-dependent phosphorylation and degradation of all forms of
PER (monomer, dimer, and complex with BMALI1/CLK) (Fig 1
and Fig 2B). Through in silico experiments, however, we observe
minimum phase delays as seen in experiments [18,21] only when
Chk2 does not affect the PER that is in a complex with BMAL1/
CLK (i.e. due to conformational changes of PER upon complex
formation) (Iig. 2B). In other words, Chk2 prematurely degrades
PERs that are not bound to BMALI1/CLK to advance the clock,
while allowing continued repression of BMALI/CLK by not
degrading the PERs that are in complex with BMAL1/CLK
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Figure 1. Molecular wiring diagram of the simple circadian
clock network. For simplicity of the model, we only deal with PER
protein, and treat PER1, PER2, and PER3 as same proteins. We assume
that PERs exist in monomers, dimers, and complex with the BMAL1/CLK.
We also assume that the BMAL1/CLK is inactive when bound to PER
forming a negative feedback loop. A pulse of Dex activates the
transcription of Per in addition to the BMAL1/CLK. Chk2 does not affect
the PERs that are bound to the BMAL1/CLK, which accounts for the
unique phase response upon DNA damage.
doi:10.1371/journal.pcbi.1000384.g001
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Figure 2. In silico Dex and IR treated experiments. (A) Strong
pulses of Dex generate Type 0 PRC (filled circles; strong resetting of the
circadian clock to the new phase which does not depend on the old
phase) whereas weak pulses of Dex generates Type 1 PRC (blank circles;
weak resetting of the phase where the new phase changes as a
function of the old phase). (B) Large advances and delays are observed
when Chk2 is assumed to affect all forms of PERs including the complex
with BMAL1/CLK (orange squares). Chk2-dependent phase advances
and minimum delays of the circadian clock are observed only if Chk2
does not affect the PERs that are in complex with BMAL1/CLK (red
circles). (C) DNA damage-induced Chk2 activation causes phase
advances of circadian clock. Solid lines represent endogenous profiles
of PER and BMAL1/CLK. Dashed lines indicate PER (red - CP;y) and
BMAL1/CLK (blue - TF) in response to a 2 h IR treatment at simulation
hour 4 and dots represent the results after the same 2 hr treatment at
hour 16 (hour 0 corresponds to the peak of PER monomers (CP)).
doi:10.1371/journal.pcbi.1000384.g002
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(Fig. 2C). This prolonged repression on BMALI/CLK creates
small delays when Chk2 affects PERs around their minima as
observed in experiments [18,21].

It is interesting to note that an inhibition of CKle, another
kinase that is known to phosphorylate PER, generates a PRC with
only delays [27]. This PRC is qualitatively different than the PRC
after DNA damage as there are no advances. We can simulate a
mirror image of the PRC with mostly advances, which creates
mostly delays, by reducing the rates for Chk2-dependent
phosphorylations (not shown). Our data, however, is qualitatively
different as we do see small advances whereas Badura and
colleagues did not observe any advances [27]. This difference are
possibly due to the following reasons: 1) Badura et al. administered
a CKle inhibitor not as a pulse (there was no removal of the drug
after administration), and 2) it is possible that Chk2 and CKle
results in different types of phosphorylations which can lead to
different consequences. We plan to further investigate this with an
extended version of circadian clock module.

An autocatalytic positive feedback mechanism is
required for the observed PRC

Our simple model is adapted from Tyson and colleagues’ earlier
paper where both negative and positive feedbacks play essential
roles in creating a robust oscillator [12,26]. The autocatalytic
positive feedback mechanism in the model arises from different
stabilities between PER monomers vs. PER complexes. Based on
molecular data from Drosophila system [28-31], we assume that
PER monomers are more susceptible to degradation than PER in
complexes (i.e. PER/PER, PER/CRY, etc.). This creates
autocatalytic PER dynamics as PER stabilizes itself by forming
complexes. To date, this is the only circadian rhythm model that
employs an essential positive feedback mechanism that is necessary
to maintain a robust oscillator [32]. Hence, we wondered whether
the incorporated essential positive feedback is required (or
disposable) in simulating the unique PRCs upon DNA damage.

In order to test our hypothesis, we removed the autocatalysis in
the model by assuming no stability differences between PER
monomers and complexes. Then, we re-parameterized the system
to rescue oscillations (see materials and methods). Note that we
had to use a Hill-coefficient =4 for highly cooperative negative
teedback in order to rescue oscillations in our four-variable model
in the absence of the autocatalytic positive feedback mechanism.
To our surprise, we were not able to generate the unique PRC
with predominantly phase advances upon DNA damage even by
assuming differential phosphorylation and degradation of PER
monomers vs. PER complexes with BMALI/CLK (lane 2,
Table 1).

We wondered whether above conclusions from our simple
model can be generalized to a more comprehensive model with
distinct wiring network. Hence, we tested Leloup and Goldbeter’s
mammalian model [33,34]. They used four sets of parameters in
order to investigate possible functions of multiple feedback loops in
the circadian system. For our purposes, we concentrated in
parameter sets 1 and 3. In the parameter set 1, robust oscillations
of their model can arise from two different time-delayed negative
feedback loops: PER-driven and PER/CRY-independent
BMALI1/CLK-driven negative feedback loops. For this parameter
set, they can generate an oscillator based on BMALL/CLK-driven
negative feedback loop in the absence of the PER-driven negative
feedback loop. In the parameter set 3, they disabled the BMAL1/
CLK-driven negative feedback loop making the system a PER/
CRY-dependent single negative feedback oscillator. We did not
explore parameter sets 2 and 4 because PER is not required for
oscillations in parameter sets 2 and 4. The wiring network of
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Leloup and Goldbeter’s model is significantly different from our
model which consists of an intertwined dynamics between an
essential autocatalytic positive feedback and time-delayed negative
feedback [12,32].

We incorporated Chk2-induced degradation of PER molecules
that are not bound to BMALI/CLK in the Leloup and
Goldbeter’s model. Then, we tested Chk-2-dependent differential
degradation of PER as in our simple model. Our simulations
indicate that we see both TYPE 1 and TYPE 0 PRC depending on
the strength of Chk2, but we do not observe asymmetric PRCs
with mostly advances (lane 3 and 4, Table 1). These results show
that the differential effect of Chk2-dependent degradation of PER
complexes is not enough to create the observed DNA-damage
induced PRCs with the innate wiring of the Leloup and
Goldbeter’s model.

Our next step was to introduce an autocatalytic positive
feedback mechanism in the Leloup and Goldbeter’s model and
investigate its role in reproducing the asymmetric PRC upon
DNA-damage. First, we added an autocatalytic positive feedback
in the parameter set 1 of Leloup and Goldbeter’s model in a
similar way as in our simple model. PER complexes are assumed
to be more stable than PER monomers. To our surprise, we were
not able to generate the PRCs with predominantly phase advances
with differential degradations of PER complexes by Chk2 even
with an added autocatalytic positive feedback mechanism (lane 5,
Table 1). We wondered whether this was due to the PER-
independent BMAL1/CLK-driven negative feedback loop which
1s built in the parameter set 1. Hence, we tested the parameter set
3 which consists of the PER-driven single negative feedback.
Interestingly, we were able to simulate the observed asymmetric
PRC with predominantly phase advances as we have observed in
our simple model only when both the autocatalytic positive
feedback and the differential effect of Chk2 on PERs were
implemented in the absence of BMALI/CLK-driven negative
feedback loop (lane 6, Table 1). This suggests that there exists an
important dynamical relationship between negative feedback loops
and an autocatalytic positive feedback mechanism.

Discussion

What are the implications of DNA damage-induced phase
responses of the circadian clock to the cell cycle? We hypothesize
that cells utilize various pathways for different timing events in
response to DNA damage. The Chk2 kinase directly inhibits the
progress of the cell cycle by phosphorylating and removing
Cdc25C (a phosphatase that is antagonistic to Weel which

@ PLoS Computational Biology | www.ploscompbiol.org

Table 1. Theoretical requirements for the experimentally observed DNA damage-induced PRCs with small delays in circadian clock
models.

Model Positive feedback Ratio of maximum advance and maximum delay
Simple model Yes 3.54

Simple model, positive feedback removed No 0.77

Leloup and Goldbeter set 1 No 0.57

Leloup and Goldbeter set 3 No 1.11

Leloup and Goldbeter set 1 with positive feedback Yes 0.71

Leloup and Goldbeter set 3 with positive feedback Yes 247

We removed the autocatalytic positive feedback from our simple model and added positive feedback into the Leloup and Goldbeter’s model as discussed in the text. In
all cases, we checked the maxima and minima from PRCs after the Chk2-dependent degradations of PER. In the last column, we report the ratio of these values (larger
value indicates most advance with least delay). See text for analysis and Table S1 for detailed results. In all cases we assume that Chk2 acts only on the free forms of PER.
doi:10.1371/journal.pcbi.1000384.t001

activates cell proliferation) from the nucleus [35]. Moreover, the
cell cycle machinery also employs Chk2 in order to provide an
additional mechanism that helps to delay the cell cycle progress for
extended time by indirectly increasing the level of Weel via the
circadian network. We believe that the above sequential roles of
Chk2 maximize the efficiency of DNA damage-induced delay.
With our model, we show that premature degradation of PER,
resulting in phase advances, causes early activation of BMALI
(Fig 2C). This creates an early transcriptional activation of the
Weel (G2 inhibitor of the cell cycle) during the upcoming
circadian cycle, which delays the cell cycle in the G2 phase. If the
DNA damage-response induces large phase delays, it will generate
a short-lived, transient increase of BMALI, but a long delay in the
activation of Weel by BMAL1/CLK for the upcoming circadian
cycle. This late activation of Weel is probably not a desired result
for an efficient DNA damage response.

Our model is simple and intuitive, and yet predicts a molecular
mechanism that is responsible for the observed PRC. Our in silico
experiments elucidate a molecular mechanism that accounts for
Chk2-dependent phase advances and minimum delays of the
circadian clock upon DNA damage. It seems counterintuitive to
assume that Chk2 does not affect the PER that is in a complex
with BMAL1/CLK. This may appear to prolong the repression on
BMALI, which will delay the activation of Weel. However, due to
the cyclic nature of the circadian clock, our simulations suggest
that these unique Chk2-dependent phase responses are the best
strategy for inducing large and prolonged induction of Weel by
BMAL1/CLK, allowing extended time for the cell cycle to repair
problems upon DNA damage. We propose that the cell cycle
network is ingeniously wired with the circadian clock for an
optimal response upon DNA damage. Previously, experimentalists
showed that the functional circadian clock is important for
optimum response to the chemotherapeutic agent cyclophospha-
mide or y radiation [4,36]. For example, reduced apoptosis is
observed in mPer? deficient mice compared to wild-type mice
upon 7y radiation, which resulted in tumorigenesis [4]. Based on
these works, it can be assumed that DNA damage response is more
efficient when the circadian clock is intact. We do not know,
however, how the efficiency of DNA damage response is affected
by the circadian clock. Hence, we suggest testing the efficiency of
DNA damage response in the presence and absence of the
circadian clock in both in cell culture (i.e. wild-type vs. myk‘ﬁ as well
as in vivo.

Another intriguing finding is the importance of the autocatalytic
positive feedback mechanism in simulating the observed PRC
upon DNA damage. Our simple model is adapted from Tyson and
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colleagues which implemented both negative and positive
feedback mechanisms [12,32]. DNA damage-induced PRCs with
predominantly advances are lost upon removal of the positive
feedback even with the differential degradation of PERs by Chk2.
This observation is extended to the Leloup and Goldbeter’s model
[33,34]. We tested four different combinations of positive and
negative feedback loops with two different sets of parameters
(Table 1). Our findings confirm that the autocatalytic positive
feedback mechanism is required to simulate DNA damage-
induced PRCs. Our results elucidate three important points: (1)
the role of the autocatalytic positive mechanism in the circadian
system, (2) the wiring of different negative feedback loops, and (3)
the interplay between positive and negative feedbacks in response
to DNA damage. We acknowledge that there are multiple
teedback loops in the circadian system [9]. Therefore, it is
essential to develop a more comprehensive model accounting
detailed dynamics of different negative feedback loops in the clock
network. Furthermore, it is important to experimentally verify
autocatalytic positive feedback mechanisms in the context of
circadian rhythms, the nonlinearity of negative feedback loops,
and the possible interplay between the positive and negative
feedback loops in the circadian clock.

Materials and Methods

Circadian rhythm model

Our objective is to create a simple mammalian circadian clock
model that accounts for different phase response curves (PRCis)
observed from various experiments [17,18,21]. For simplicity of
the model, we only deal with PER protein and treat PER1, PER2,
and PER3 as same proteins. CRY proteins (CRY1 and CRY?2) are
also part of core clock components that negatively regulate
BMALI1/CLK. We do not consider, however, CRY proteins in
this model for two reasons: (1) simplicity of the model, and (2) it is
not yet known whether Chk2 phosphorylates and triggers
degradation of CRY proteins as mPER1. We will include the
function of CRY proteins in our future work. We assume that
PERs exist in monomers (Clock Protein, CP), dimers (Clock
Protein, CPy), and complex with the BMAL1/CLK (Transcription
Factor, TT). We imagine that the BMALL/CLK is inactive when
bound to PER (Inactive Complex, IC) creating a negative
feedback. We treat CLK as a parameter in the system since it
does not cycle [37]. We also assume that the CP, is more stable
than the CP, which introduces a positive feedback in the system
[12]. Dex induces the transcription of Per message (Message, M)
[18], and DNA damage-activated Chk2 promotes phosphorylation
and degradation of PERs [20,21]. We use same equations and
parameter values from our previous publication [25] other than
the newly added effects of Dex or Chk2.

Differential equations of the simplified circadian rhythm
model for mammalian cells
Messenger RNA of the clock proteins (Per mRINA):

d TF"
— M =D e ————— G 7) M 1
7 ex+k, T K (1)

Monomer clock proteins (PER):

d
7 CP =k psM — kg CP—2k,CP?
CP (2)
2kyCPy—ky ————— — Chk2-CP
+2eaCl "], +CPy
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Dimer form of clock proteins (PER/PER):

d
= CPr=k, CP* —kqCPy—kepra CP2 +kicalC

(3)
Ch_ Chk2-CP,

—kieaCP>»TF —kp ———
a2 7 J,+CPuyy

Transcription factor (BMAL1/CLK):

% TF=kcp2,11C+kichC7kicaTF‘sz
(4)
+hy + Chk2e-IC

Jp+CPio

Inactive complex of clock dimers and transcription factor:

IC=TF;—TF (5)
Total amount of clock proteins (PER on Fig. 2):

CP,yy=CP+2CP,+2IC (6)

Rate constants (h™):

kms = 1a kmd =0-1> kcps =0-5’ kcpd :0525,
k=100, k;=0.01, kg =0.0525, ki.q =0.01,
kica=20, kp1 =10, kyp=0.1, Dex=0, Chk2=0, Chk2,=0

Dimensionless constants:

TF,y=0.5,J,=0.05, =03, n=2

All protein concentrations in the model are expressed in
arbitrary units (au) because, for the most part, we do not know the
actual concentrations of most circadian proteins in the cell. All rate
constants capture only the timescales of processes (rate constant
units are in h™").

Simulation of Dex and IR treatments

(1) Strong resetting (type 0 PRC) of circadian period by Dex
treatment (2 h pulse):

Dex=9, Chk2=Chk2,=0

(2) Weak resetting (type 1 PRC) of circadian period by Dex
treatment (2 h pulse):

Dex=0.05, Chk2=Chk2,=0

(3) Chk2 affects degradation of all forms of PER, including
mactive complex (/C) of transcription factor BMALL/CLK
(TF) and PER dimers (2 h treatment).

Dex=0, Chk2=0.2, Chk2,=0.05

(4) Chk2 only affects degradation of PER monomers and dimers
(2 h treatment).

May 2009 | Volume 5 | Issue 5 | 1000384



Dex=0, Chk2=0.2, Chk2,=0

Removal of the positive feedback mechanism from
Zamborszky et al. [25]

Various parameters of the model of Zamborszky et al. [25] have
been changed in order to remove the originally existing positive
feedback from the system. The equations are the same as
presented above. Many parameters were changed to create a
robust circadian rhythm with approx 24 h period. Changed
parameters: Rate constants (h-1): k,,,=0.5, k,,q=0.045, k=10,
kyq=0.0001, k,=100, k;=0.001, £ky,p=0.0001, £k;;=0.001,
kia=4, k=197, kyo=1.97. Dimensionless constants: 7F,=1,
Jp=0.05, 7=0.4, n=4.

Simulation of IR treatments in the Leloup and

Goldbeter's model [33,34]

The Chk2 induces degradation of PER monomers and PER-
CRY dimers but not PER proteins that are in complex with
BMALI/CLK. To achieve this we replaced the original V), term
by (VppostVemz) in the original Leloup and Goldbeter models
[33,34]. In simulations we used Vo =1 to simulate the effect of
IR pulse treatment.

Addition of a positive feedback mechanism to the Leloup
and Goldbeter's model [33,34]

We increased the nonspecific degradation rate constant for
destruction of nonphosphorylated PER monomers in the cytosol
from 0.01 to 0.3, while keeping the background degradation rates
of PER/PER dimers and PER/CRY complexes at the original

References

1. Ko CH, Takahashi JS (2006) Molecular components of the mammalian
circadian clock. Hum Mol Genet 15(Spec No 2): R271-R277.

2. Leloup JC, Goldbeter A (2008) Modeling the circadian clock: from molecular
mechanism to physiological disorders. Bioessays 30: 590-600.

3. Sahar 8, Sassone-Corsi P (2007) Circadian clock and breast cancer: a molecular
link. Cell Cycle 6: 1329-1331.

4. Fu L, Pelicano H, Liu J, Huang P, Lee C (2002) The circadian gene Period2
plays an important role in tumor suppression and DNA damage response in
vivo. Cell 111: 41-50.

5. Davidson AJ, Sellix MT, Daniel J, Yamazaki S, Menaker M, et al. (2006)
Chronic jet-lag increases mortality in aged mice. Curr Biol 16: R914-R916.

6. Filipski E, Delaunay F, King VM, Wu MW, Claustrat B, et al. (2004) Effects of
chronic jet lag on tumor progression in mice. Cancer Res 64: 7879-7885.

7. Konopka R]J, Benzer S (1971) Clock Mutants of Drosophila melanogaster. Proc Natl
Acad Sci U S A 68: 2112-2116.

8. Feldman JF, Hoyle MN (1973) Isolation of circadian clock mutants of Neurospora
crassa. Genetics 75: 605-613.

9. Dunlap JC, Loros JJ, Colot HV, Mchra A, Belden W], et al. (2007) A circadian
clock in Neurospora: how genes and proteins cooperate to produce a sustained,
entrainable, and compensated biological oscillator with a period of about a day.
Cold Spring Harb Symp Quant Biol 72: 57-68.

10. Gallego M, Eide EJ, Woolf MF, Virshup DM, Forger DB (2006) An opposite
role for tau in circadian rhythms revealed by mathematical modeling. Proc Natl
Acad Sci U S A 103: 10618-10623.

11. Gonze D, Halloy J, Goldbeter A (2002) Robustness of circadian rhythms with
respect to molecular noise. Proc Natl Acad Sci U S A 99: 673-678.

12. Hong CI, Conrad ED, Tyson JJ (2007) A proposal for robust temperature
compensation of circadian rhythms. Proc Natl Acad Sci U S A 104: 1195-1200.

13. Locke JC, Kozma-Bognar L, Gould PD, Fcher B, Kevei E, et al. (2006)
Experimental validation of a predicted feedback loop in the multi-oscillator clock
of Arabidopsis thaliana. Mol Syst Biol 2: 59.

14. Ueda HR (2007) Systems biology of mammalian circadian clocks. Cold Spring
Harb Symp Quant Biol 72: 365-380.

15. Pittendrigh CS (1975) Circadian Clocks: What are They? In: Hastings JW,
Schweiger H-G, eds (1975) The Molecular Basis of Circadian Rhythms. Berlin:
Abakon Verlagsgesellschaft. pp 11-48.

@ PLoS Computational Biology | www.ploscompbiol.org

DNA Damage-Induced Phase Shift

0.01 level. In this way PER has a positive influence on itself by
forming complexes. This creates a similar autocatalytic positive
feedback mechanism as the one we used in Zamborszky et al. [25].

Computer simulations

We used XPP-AUT computer program [38] of G. Bard
Ermentrout (freely available at http://www.math.pitt.edu/bard/
xpp/xpp.html) for simulations and analysis of our model. The
ODE file of our model is available as online supplementary
material of this article (see Text S1). The SBML version of the
model is also downloadable from the BioModels Database (http://
www.ebi.ac.uk/biomodels-main/) [39], as MODEL7984093336.
For each simulation, we calculated the phase differences between
unperturbed and perturbed systems after 10 days (10 circadian
cycles). Treatments were induced at each circadian hour.

Supporting Information

Table S1 Detailed results of the positive feedback necessity
analysis of Table 1.

Found at: doi:10.1371/journal.pcbi.1000384.s001 (0.03 MB
DOC)

Text S1 Readers can simulate this model by the XPP-AUT
computer program, freely available at http://www.math.pitt.edu/
bard/xpp/xpp.html

Found at: doi:10.1371/journal.pcbi.1000384.5002
TXT)

(0.00 MB

Author Contributions

Conceived and designed the experiments: CIH ACN. Performed the
experiments: CIH JZ. Analyzed the data: CIH JZ ACN. Wrote the paper:
CIH ACN.

16. Myers MP, Wager-Smith K, Rothenfluh-Hilfiker A, Young MW (1996) Light-
induced degradation of TIMELESS and entrainment of the Drosophila circadian
clock. Science 271: 1736.

17. Izumo M, Sato TR, Straume M, Johnson CH (2006) Quantitative analyses of
circadian gene expression in mammalian cell cultures. PLoS Comput Biol 2:
e136. doi:10.1371/journal.pchi.0020136.

18. Oklejewicz M, Destici E, Tamanini F, Hut RA, Janssens R, et al. (2008) Phase
resetting of the mammalian circadian clock by DNA damage. Curr Biol 18:
286-291.

19. Nagoshi E, Saini C, Bauer C, Laroche T, Naef F, et al. (2004) Circadian gene
expression in individual fibroblasts: cell-autonomous and self-sustained oscilla-
tors pass time to daughter cells. Cell 119: 693-705.

20. Gery S, Komatsu N, Baldjyan L, Yu A, Koo D, et al. (2006) The circadian gene
perl plays an important role in cell growth and DNA damage control in human
cancer cells. Mol Cell 22: 375-382.

21. Pregueiro AM, Liu Q, Baker CL, Dunlap JC, Loros JJ (2006) The Neurospora
checkpoint kinase 2: a regulatory link between the circadian and cell cycles.
Science 313: 644-649.

22. Matsuoka S, Ballif BA, Smogorzewska A, McDonald ER III, Hurov KE, et al.
(2007) ATM and ATR substrate analysis reveals extensive protein networks
responsive to DNA damage. Science 316: 1160-1166.

23. Novak B, Tyson JJ, Gyorfty B, Csikasz-Nagy A (2007) Irreversible cell-cycle
transitions are due to systems-level feedback. Nat Cell Biol 9: 724-728.

24. Tsai TY, Choi YS, Ma W, Pomerening JR, Tang C, et al. (2008) Robust,
tunable biological oscillations from interlinked positive and negative feedback
loops. Science 321: 126-129.

25. Zamborszky J, Hong CI, Csikasz Nagy A (2007) Computational analysis of
mammalian cell division gated by a circadian clock: quantized cell cycles and cell
size control. J Biol Rhythms 22: 542-553.

26. Tyson JJ, Hong CI, Thron CD, Novak B (1999) A simple model of circadian
rhythms based on dimerization and proteolysis of PER and TIM. Biophys J 77:
2411-2417.

27. Badura L, Swanson T, Adamowicz W, Adams J, Cianfrogna J, et al. (2007) An
inhibitor of casein kinase I epsilon induces phase delays in circadian rhythms
under free-running and entrained conditions. J Pharmacol Exp Ther 322:
730-738.

May 2009 | Volume 5 | Issue 5 | 1000384



28.

30.

31.

32.

34.

Huang 7], Curtin KD, Rosbash M (1995) PER protein interactions and
temperature compensation of a circadian clock in Drosophila. Science 267:

1169-1172.

. Kloss B, Price JL, Saez L, Blau J, Rothenfluh A, et al. (1998) The Drosophila clock

gene double-time encodes a protein closely related to human casein kinase Ie. Cell
94: 97-107.

Ko HW, Jiang J, Edery I (2002) Role for Slimb in the degradation of Drosophila
Period protein phosphorylated by Doubletime. Nature 420: 673-678.

Price JL, Blau J, Rothenfluh A, Young MW (1998) double-time is a novel Drosophila
clock gene that regulates PERIOD protein accumulation. Cell 94: 83-95.
Tyson JJ, Hong CI, Thron CD, Novak B (1999) A simple model of circadian
rhythms based on dimerization and proteolysis of PER and TIM. Biophys J 77:
2411-2417.

. Leloup J, Goldbeter A (2003) Toward a detailed computational model for the

mammalian circadian clock. Proc Natl Acad Sci U S A 100: 7051-7056.
Leloup JC, Goldbeter A (2004) Modeling the mammalian circadian clock:
sensitivity analysis and multiplicity of oscillatory mechanisms. J Theor Biol 230:
541-562.

@ PLoS Computational Biology | www.ploscompbiol.org

36.

37.

38.

39.

DNA Damage-Induced Phase Shift

. Matsuoka S, Huang M, Elledge SJ (1998) Linkage of ATM to cell cycle

regulation by the Chk2 protein kinase. Science 282: 1893-1897.

Gorbacheva VY, Kondratov RV, Zhang R, Cherukuri S, Gudkov AV, et al.
(2005) Circadian sensitivity to the chemotherapeutic agent cyclophosphamide
depends on the functional status of the CLOCK/BMALI transactivation
complex. Proc Natl Acad Sci U S A 102: 3407-3412.

Shearman LP, Sriram S, Weaver DR, Maywood ES, Chaves I, et al. (2000)
Interacting molecular loops in the mammalian circadian clock. Science 288:
1013-1019.

Ermentrout B (2002) Simulating, Analyzing, and Animating Dynamical Systems.
Dongarra JJ, ed. Philadelphia: SIAM.

Le Novere N, Bornstein B, Broicher A, Courtot M, Donizelli M, et al. (2006)
BioModels Database: a free, centralized database of curated, published,
quantitative kinetic models of biochemical and cellular systems. Nucleic Acids
Res 34: D689-D691.

May 2009 | Volume 5 | Issue 5 | 1000384



	Minimum Criteria for DNA Damage-Induced Phase Advances in Circadian Rhythms
	Dartmouth Digital Commons Citation

	pcbi.1000384 1..7

