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ABSTRACT
The damage response of DNA single-stranded breaks(SSBs) and double-stranded breaks(DSBs) are two
relatively independent processes involving different signaling pathways and protein factors, but there are
still many overlapping parts. All of them can activate p53 protein, then the activated p53 regulates the
damage response of single-stranded breaks or double-stranded breaks in transcriptional regulation and
non-transcriptional regulation. Especially, the two types of damage would compete for RPA and ATR
resources in damage repair process. The research has been focused on damage response of DNA single-
stranded breaks or DNA double-stranded breaks. However, when single-stranded breaks and double-
stranded breaks exist simultaneously, the DNA damage response remains to be elucidated. Here, we
present a hybrid numerical model of p53 response and a hybrid numerical model of DNA damage repair
exploring DNA damage repair and apoptosis mechanisms when DNA single-stranded breaks and DNA
double-stranded breaks exist simultaneously. Firstly, when two kinds of damage are present at the same
time, the response of p53 is graded, it means that p53 responds to single-stranded breaks preferentially;
Secondly, DNA single-stranded breaks are repaired preferentially, and single-stranded breaks and double-
stranded breaks can be repaired simultaneously after most of single-stranded breaks having been
repaired; Moreover, single-stranded breaks are more likely to cause apoptosis, because the accumulation
of p53 in DNA single-stranded breaks is faster than it in DNA double-stranded breaks and single-stranded
breaks has lower threshold of apoptosis.
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Introduction

In response to DNA single-stranded breaks, the complex of
ATR and its functional partner, ATR-Interacting protein
(ATRIP), is recruited to sites of DNA damage by replication
proteinA(RPA)-coated single-stranded DNA(RPA-ssDNA) [1–
3], and then activated ATR phosphorylate downstream signals
CHK1 and p53. Activated p53 regulates the process of DNA
damage repair, the repair mechanism for single-stranded
breaks is NER or BER, and they require the participation of
various regulatory factors such as RPA, PCNA, p48 XP, poly
ADP-ribose polymerase (PARP), X-ray repair cross-comple-
mentary protein1 (XRCC1) and DNA ligase. P53 is involved in
the process of DNA damage repair mainly by interacting with
p48, PCNA, RPA and PARP. DNA double-stranded breaks
rapidly activate ATM kinase, then ATM phosphorylate down-
stream reaction elements CHK2 and p53, activated p53 will
mediate cell cycle arrest to re pair the lesions. Typically, cells
employ two main mechanisms to repair DSBs: homologous
recombination(HR) and nonhomologous end joining(NHEJ).
NHEJ is typically error-prone process, and it can occur
throughout the cell cycle but is dominant in G0/G1 and G2
[4,5]. In this mechanism, the DSB is repaired by blunt end liga-
tion independently of sequence homology, and requiring many
factors such as Ku70/80, DNA-PKcs, PARP, MRN complex,
BRCA1,BRCA2,XRCC4 and DNA ligase IV [6,7]. Alternatively,

the resected DSB can be repaired by HR. Because HR uses a sis-
ter or homologous chromatid for repair, it requires strand inva-
sion mediated by the recombinase RAD51 and the process is
typically error-free [41], in this mechanism, many RPA mole-
cules bind to the exposed single-stranded DNA to stabilize and
protect it, preventing the formation of secondary structures.
Though DNA single-stranded breaks and double-stranded
breaks initiate different signaling pathways, the p53 activated
by ATR/ATM is their common node in the different signaling
pathways, the activated p53 regulates the two damage responses
in form of transcription-dependent and transcriptional-inde-
pendent. Moreover, they compete for RPA and ATR resources
for their repair. So single-stranded breaks response and double-
stranded breaks response are two independent and mutual
restraint processes.

The response of p53 to single-stranded damage is graded, it is
not excitability and is input-dependent [8]. While p53 responds
to double-stranded damage in pulse, the response is excitability,
the amplitudes and intervals between pulses seem to be indepen-
dent of the extent of damage [9–11]. Activated p53 activates cell
cycle arrest for repairing lesions, DNA damages are repaired by
each pulse, and the lesions are exponentially attenuated with p53
pulses [12–14]; If the lesions are too serious to be repaired
timely, the accumulation of p53 in large will activate the apopto-
tic proteins to induce apoptosis [15]. The thresholds of apoptosis
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increases with the time, the cells with slower accumulation of
p53 have higher apoptosis thresholds [16]. Present research has
been focused on DNA single-stranded breaks or DNA double-
stranded breaks response. When the two lesions exist simulta-
neously, the damage responses are unclear.

Here, we present a numerical model of p53 response and a
numerical model of DNA damage repair when DNA single-
stranded breaks and DNA double-stranded breaks exist simul-
taneously. Based on the two hybrid numerical models, Firstly,
when two kinds of damage are present at the same time, the
response of p53 is graded; Secondly, DNA single-stranded
breaks are repaired preferentially, and single-stranded breaks
and double-stranded breaks can be repaired simultaneously
after most of single-stranded breaks having been repaired;
Moreover, single-stranded breaks are more likely to induce
apoptosis, because of the faster accumulation of p53 in DNA
single-stranded breaks.

Modeling methods and assumptions

The model is constructed at the protein levels; Values for the
rate constants in the model were chosen by a trail-and-error
method based on the results of some relative literature to give
simulations that are consistent with known properties of p53
responds to SSB or DSB [8,11].

To explore the relationship between single-stranded damage
response and double-stranded damage response, giving the
model based on established biological fact supplemented by
some assumptions and simplifications:

1) The protein synthesis: transcription regulation is replaced
by regulation of corresponding p53 protein synthesis, and
is incorporated using Hill function,

H xð Þ ¼ xn= kn þ xnð Þ

To characterize the effect of a transcription factor([TF] = x)
on the rate of synthesis of the regulated protein [10,15]. While
the transcription regulation of the activated p53 to MDM2/
Wip1 is replaced by a stiff delay term, which make the produc-
tion rate of Mdm2 depend directly on the concentration of p53
at an earlier time [10]. The transcriptional activation of p53 to
Mdm2 is faster than Wip1, so the delay term about activation
of Mdm2 has a smaller value.

2) The protein degradation: the protein degradation is a
ubiquitin-dependent process, composed by two parts,
one is that the protein is ubiquitinated by others protein,
another is the protein auto-ubiquitination [17]. We use
the degradation rates to replace the degradation regula-
tion, dependent on the protein levels.

3) The DNA damage repair: the process of DNA damage
repair depends on the p53, and the p53 mediates almost
all the DNA damage repair pathways [12]. We simply
assume that the extent of DNA damage decreases pro-
portionally to p53 levels [13]. In addition, the competi-
tion for the resources is replaced by that the sum of the
SSB repair rate k22 and the DSB repair rate k12 is a
constant.

Results

Model

When DNA single-stranded breaks and double-stranded breaks
exist simultaneously, we propose a mechanism of p53 response
in Figure 1A and a mechanism of DNA damage repair response
in Figure 1B, and then based on these assumptions, the mecha-
nisms are translated into equations respectively (Table 1A and
Table 1B).

In the models, DNA single-stranded breaks and double-
stranded breaks can rapidly activate ATR/ATM and its down-
stream substrates Chk2/Chk1, synergistically catalyzing the
phosphorylation of p53 at sites of Ser15 and Ser20; at the same
time kinase of ATR/ATM would phosphorylate MDM2 and
other E3 ligase, inhibiting p53 ubiquitination degradation.P53
regulates Mdm2 as a transcription factor, whereas Mdm2 regu-
lates p53 by promoting it ubiquitination [18–21]; A negative
feedback loop is that p53 can activate Wip1 expression and
Wip1 dephosphorylates p53 to reduce it stability [22]. However,
the activation process of ATM and the activation process of
ATR are different [23–29]. ATM is activated by DSBs with blunt
ends or short single-stranded overhangs(SSOs), the conforma-
tion of the chromosome changes caused by the DNA double-
stranded breaks can induce ATM to be rapidly autophosphory-
lated and activated. But ATR does not require phosphorylation
for its activity [40], ATR and its interacting proteins ATRIP
need to be recruited on sites of DNA damage to be activated. So
the ATM but not the ATR can be inactivated through dephos-
phorylation by wip1. Moreover, the two types of damage would
compete for RPA and ATR resources in damage repair process.

The order response of DNA damage

P53 responds to single-stranded breaks firstly
Based on the hybrid model of p53 response (Figure 1A and
Table 1A), the parameter values given in the Table 2. The out-
put of p53 (Figure 2A) is graded response by setting input1 UV
= 1 and input2 IR = 0, the width and amplitude of output
increases with the stimulus. The output of p53 (Figure 2B) is
digital impulse response by setting input1 UV = 0 and input2
IR = 1, the width and amplitude of the output seem to be inde-
pendent of stimulus and the number of pulses increases with
the stimulus, as experimentally observed by Bachelor [8,11].
While the single-stranded breaks and double-stranded breaks
exist at the same time by setting input1 UV = 1 and input2
IR = 1, the output of p53 is graded response firstly, and then
impulse response (Figure 2C).

In addition, the output response will vary with the parame-
ter values based on the hybrid model I, meanwhile we set
input1 UV = 1 and input2 IR = 1. During the ATR protein pro-
duction rate b2 decreases from 3 to 0 and other parameters
remained, the output response is gradually changing from
graded response to digital impulse response. The output
response is not digital pulse until the b2 is less than 0.5
(Figure 2D, Figure 2E).

The Single-stranded breaks are repaired firstly
Based on the hybrid model II of DNA damage repair (Figure 1B
and Table 1B), the parameter values given in the Table 2.
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Setting the initial value of SSB is 1 and the initial value of DSB
is 0.5; 1) At the beginning, single-stranded breaks are rapidly
repaired, while double-stranded breaks can hardly be repaired;
2) The SSB and the DSB can be repaired simultaneously until
the amount of SSB is less than DSB, but the repair rate of SSB is
still faster than DSB at this time; 3) With the reducing of SSB,
the repair rate of SSB decreases and the repair rate of DSB
increases; 4) The DNA double-stranded breaks can also be
repaired by the graded response of p53, at this time double-
stranded breaks may be repaired by NHEJ; 5) With the comple-
tion of SSB repair, the p53 responds to DSB in pulse; 6) There
may be two reasons for repairing SSB preferentially, one is that
the repair rate of single-stranded breaks is faster than the dou-
ble-stranded breaks; Another is the amount of single-stranded
breaks is much more than double-stranded breaks. Therefore,
when a large of single-stranded breaks generated, it can quickly
takes up the resources to repair and suppress DSB to be
repaired. The repair rate of SSB decreases to give up resources

to be used by DSB until the amount of SSB is less than the
amount of DSB (Figure 3).

The single-stranded breaks are more likely to induce
apoptosis

P53 responds to single-stranded breaks in graded and responds
to double-stranded breaks in digital pulse (Figure 4); Calculat-

ing the cumulative value of p53 about t, we set: D ¼ R t
0 p53dt,

then D1 ¼
R t
0 p53SSBdt is the p53 cumulative value of single-

stranded breaks about t, and D2 ¼
R t
0 p53DSBdt is the p53

cumulative value of double-stranded breaks about t. We define
that the changing rate of the cumulative value about the differ-
ent time is the rate of p53 accumulation, then p53 accumula-
tion rate of single-stranded breaks was faster than double-
stranded breaks (Figure 4).

Figure 1. The network structure of p53 response (A) and the network structure of DNA damaged repaired (B) when SSB and DSB exist simultaneously.
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The low levels of p53 triggers cell-cycle arrest and high levels
of p53 leads to apoptosis [31–33]. When the damage is serious,
the p53 can accumulate to a certain value to reach the threshold
of apoptosis and induce apoptosis. P53 accumulation rate
determines the threshold of apoptosis, the slower cumulative
rate, the higher threshold of apoptosis and the less likely to apo-
ptosis [16,34]. Because the p53 accumulation rate of single-
stranded breaks is faster than that of double-stranded breaks,
double-stranded breaks have higher threshold of apoptosis, and
single-stranded breaks are more likely to induce apoptosis than
double-stranded breaks.

Discussion

In summary, when the two kinds of damage exist simulta-
neously, they compete to be responded due to the existence of
collaborative signal pathways and common damage repair pro-
tein factors. Based on the hybrid numerical model of p53
response and the hybrid numerical model of DNA damage
repair, we explore the response mechanism when the single-
stranded breaks and double-stranded breaks exist simulta-
neously; P53 response is graded and then digital pulse
when the two damages exist at the same time; And DNA

single-stranded breaks can be repaired at first, they can be
repaired simultaneously once the amount of SSB is less than
DSB; Moreover, single- stranded breaks are more likely to
induce apoptosis, because it has lower threshold of apoptosis
than double-strand breaks.

Ultimately, we wish to understand why the p53 response is
graded and why the single-stranded breaks can be repaired
preferentially when the two damages coexist. One possibility is
that the amount of single-stranded breaks is thousands more
than the double-stranded breaks in cells, the ATR can be acti-
vated in a high level while at the same time suppressing the
expression of ATM by Wip1. A second possibility is that if
the single-stranded breaks can not be repaired preferentially,
the system will crumble. We supposed that the single-stranded
breaks are not repaired preferentially, then the single-stranded
breaks that can not be repaired timely will be converted to DSB
[34], these DNA double-stranded breaks in the cell cycle phase
of S caused by replication fork must be repaired by HR, the sin-
gle-stranded breaks can not be repaired effectively because the
limited resources of RPA and ATR are used by HR, then there
will be more single-stranded breaks converting into double-
stranded breaks, this positive feedback process is fatal for cells,
so the single-stranded breaks must be repaired preferentially.

Table 1. Hybrid Model I: the numerical model of p53 response when single-stranded breaks and double-stranded breaks exist simultaneously; Hybrid Model II: the
numerical model of DNA damage repair when single-stranded breaks and double-stranded breaks exist simultaneously.

A
d ATM½ �

dt
¼ b1

� IR½ � þ b11
� ATM½ �n1= ATM½ �n1 þ T1

n1ð Þ � a15
� Wip1½ �� ATM½ �

d ATR½ �
dt

¼ b2
� UV½ � � a2

� ATR½ �

d p53½ �
dt

¼ b3
� ATM½ �n2

ATM½ �n2 þ T2
n2ð Þ þ b31�

ATR½ �n3
ATR½ �n3 þ T3

n3ð Þ � a34
� Mdm2½ �� p53½ � � a35

� Wip1½ �� p53½ �

d Mdm2½ �
dt

¼ b4
� p53 t � t1ð Þ½ � � a41

� ATM½ �� Mdm2½ � � a42
� ATR½ �� Mdm2½ � � a4

� Mdm2½ �

d Wip1½ �
dt

¼ b5
� p53 t � t2ð Þ½ � � a5

� Wip1½ �

IR ¼ rectpulsðt � t1; d1Þ
UV ¼ rectpulsðt � t2; d2Þ

8>>>>>>>>>>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>>>>>>>>>>:
B

d½DAMDSB�
dt

¼ �k12
� p53½ �� DAMDSB½ �

d½DAMSSB�
dt

¼ �k22
� p53½ �� DAMSSB½ �

d ATM½ �
dt

¼ b1
� DAMDSB½ � þ b11

� ATM½ �n1= ATM½ �n1 þ T1
n1ð Þ � a15

� Wip1½ �� ATM½ �

d ATR½ �
dt

¼ b2
� DAMSSB½ � � a2

� ATR½ �

d p53½ �
dt

¼ b3
� ATM½ �n2

ATM½ �n2 þ T2
n2ð Þ þ b31

� ATR½ �n3
ATR½ �n3 þ T3

n3ð Þ � a34
� Mdm2½ �� p53½ � � a35

� Wip1½ �� p53½ �

d Mdm2½ �
dt

¼ b4
� p53 t � t1ð Þ½ � � a41

� ATM½ �� Mdm2½ � � a42
� ATR½ �� Mdm2½ � � a4

� Mdm2½ �

d Wip1½ �
dt

¼ b5
� p53 t � t2ð Þ½ � � a5

� Wip1½ �

k12 þ k22 ¼ C

8>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>:
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In addition, the risk of cancer increasing with age may attribute
to this kind of repair mechanism, the DNA damage increased
with age, then there will be relatively more double-stranded
breaks that can not be repaired timely because of the competi-
tive repair mechanism, and the double-stranded breaks have a

higher apoptotic threshold, the cells with the accumulation of
lesions that can not apoptosis timely will be cancerous.

With regard to our models, many improvements could be
considered, for example, we only discussed the effects of ATR
protein production rate to the output response in the hybrid
model I, and further discussions of other parameters in all
spaces is necessary; And for the hybrid model II, the introduc-
tion of specific molecular mechanisms is necessary, such as,
considering the complexity of DNA double-stranded breaks,
involving the fast repair process and slow repair process; Con-
sidering the relationship between the cell cycle and DNA dam-
age repair; Considering the choosing of repair mechanism and
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Figure 2. Simulations of p53 response based on hybrid Model I. (A) UV = 1, IR = 0, graded response of p53; (B) UV = 0, IR = 1, the digital impulse response of p53; (C)
UV = 1, IR = 1, p53 preferentially responds to DNA single-stranded breaks; (D) the dark red block represents the graded response of the p53, the blue block represents
the digital impulse response of p53, the green block and the black block represent the transition state, the ATR protein production rate decreasing from 3 to 0, when the
ATR production rate is reduced to 0–0.5, the p53 responds to double-stranded breaks firstly, and in the range of 1.5–3 p53 responds to single-stranded breaks firstly; (E)
when ATR production rates are 0.2, p53 responds to DNA double-stranded breaks firstly.

Table 2. Parameters and Values for the models.

b1 = 0.8; b11 = 0.4; a15 = 2.7;b2 = 3; a2 = 2.5;b3 = 0.9
b31 = 1.5(A),1.2(B);a34 = 1.4;a35 = 0.14;b4 = 0.9;a41 = 0.5;a42 = 0.5
a4 = 1;b5 = 0.8(A),0.5(B);a5 = 0.7;t1 = 0.7;t2 = 1.25;T1 = 0.5
T2 = 1;T3 = 1;n1 = 4;n2 = 4;n3 = 2;C = 0.1
ATM0 = 0; ATR0 = 0;P530 = 0; Mdm20 = 0;Wip10 = 0.9(A),0.1(B)
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the relationship between damaged repair and cell fate decision
[35–40]; This work provides clues to design more effective and
less toxic treatments for cancer.
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