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Mathematical modeling of the synergy between hyperthermia and radio-

therapy in tumor treatment based on p53 signaling network

SUN Tingzhe
School of Life Sciences, Anqing Normal University, Anging 246133,China

Abstract The aim of the current study was to investigate the synergistic effect between temperature and irradia-
tion on p53 dynamics using mathematical model in p53 signaling pathway. Delayed differential equations were
used to construct the dynamic p53 model. The accelerated z-leap stochastic simulation algorithm was used to
analyze the stochastic behavior. Loewe and Bliss combination indexes were used to calculate the synergy. Numer-
ical simulations were performed in MATLAB software. Results showed that at relatively lower temperatures, the
amplitude and characteristic pitch of p53 pulses varied with changing temperatures. The amplitude and duration
of p53 pulses were highly variable. At temperatures below 39 °C, the amplitude of the first pS3 pulse was
increased when temperature was elevated, whereas the characteristic pitch of p53 pulses was decreased with
increasing temperature. Under mild hyperthermia (= 41 °C), p53 pulses were disrupted and p53 proteins became
steadily accumulated. The patterns of periodicity in auto-correlation plot gradually vanished when the tempera-
ture was increased. With the metrics of cumulative and maximal p53 levels, there existed notable synergistic
effects between the temperature and irradiation doses. In addition, the effect of temperature on p53 dynamics
was reversible. To sum up, temperature could significantly affect dynamic p53 patterns. Radiotherapy may also

benefit from hyperthermia in tumor treatment.
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Table 1 Delayed differential equations for p53 model
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The total level of ATM was held constant '8, ATM + ATM™ = 1. k,, =4 - e " 73 where T is the temperature. Details for variables and kinetic

parameters were shown in Table 2.
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Table 2 Descriptions and values for variables or parameters in p53 model

Variable or parameter Value Description Reference
pS3 0.200 0 Initial concentration of p53 mRNA [16]
mdm?2 0.100 0 Initial concentration of MDM2 mRNA [16]
wipl 0.020 0 Initial concentration of Wipl mRNA [16]
P53 0.001 7 Initial concentration of p53 protein Estimated
MDM?2 0.588 2 Initial concentration of MDM2 [16]
WIP1 0.004 0 Initial concentration of Wip1 [16]
ATM 1 Unphosphorylated ATM [16]
ky 0.000 5 Production rate of p5S3 mRNA [16]
ky 0.002 5 Degradation rate of p53 mRNA [25]
ky 0.001 Production rate of MDM2 mRNA [16]
ky 0.01 Degradation rate of MDM2 mRNA [26]
ks 0.005 p53 dependent mdm?2 transcription rate [16]
kg 0.000 5 Production rate of Wipl mRNA [16]
ks 0.025 Degradation rate of Wipl mRNA [16]
kg 0.008 p53 dependent wip! transcription rate [16]
ky 0.005 Translation rate of p53 [16]
ky 0.017 Degradation rate of p53 [27]
ky, Varied MDM?2 dependent p53 degradation /
ki, 35 ATM* induced p53 phosphorylation [16]
ks 0.25 Wipl induced P53p dephosphorylation [16]
kyy 0.02 MDM2 dependent P53p degradation [16]
kys 0.1 Translation rate of MDM2 [16]
kg 0.017 Degradation rate of MDM2 [27]
ks 0.4 ATM* induced MDM2 phosphorylation [16]
kg 0.5 Wipl induced MDM2p dephosphorylation [16]
ko 0.135 Degradation rate of MDM2p [16]
kg 0.01 Translation rate of Wipl [16]
kyy 0.005 Degradation rate of Wip1 [28]
ks, 0.001 5 DSB induced ATM activation rate Estimated
kys 0.005 ATM autoactivation rate [16]
kyy 0.4 Wipl induced ATM* dephosphorylation Estimated
kys 0.005 ATM* basal inactivation rate [16]
ky 0.5 p53 mRNA MDM2p association rate [22]

k, 0.08 p53-MDM2p dissociation rate [22]
k, 0.25 p53-MDM2p translation rate [16]
K, 0.25 ECs, for induced mdm?2 transcription [16]
K, 0.25 ECs, for induced wip! transcription [16]
K, 500 Activation scaling parameter Estimated
7, 30 mdm?2 transcriptional delay [29]
7, 30 wip! transcriptional delay [29]
7, 10 mdm?2 translation delay [29]
7, 10 wip! translation delay [29]

The first and second order rate constants take the unit min' and L/(umol * min), respectively. The unit for production rate is wmol/(L* min). Initial con-
ditions for p53 protein (P53), k,,, k,, and K; were estimated to match experimentally observed p53 dynamics . The time takes the unit of min. Initial
concentrations for phosphorylated p53 (P53p), phosphorylated MDM2 (MDM2p), active ATM (ATM") and p53 mRNA-MDM2p complex (p53MDM2p)

were all set to be 0
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Figure 1 Effect of temperature on p53 pulses

A: Schematic diagram for p53 signaling network. Arrows indicate activation whereas blunt arrows denote inhibition or degradation; B: Peaking time for

the first p53 pulses with increasing temperature; C: Dynamics of total p53 levels in response to increasing temperature
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Figure 2 Characteristics of p53 pulses are varied with changing temperature

A: Dynamics of p53 with changing temperature in non-irradiated (0 Gy) and irradiated cells (10 Gy) during 25 hours. Two representative stochastic tra-

jectories are shown as black and gray curves. DSB=3 when cells were non-irradiated. The unit is the molecular number; B: Pitch distributions for first

three p53 pulses with different temperatures. The IR dose is 10 Gy; C: Distributions of amplitudes for first three p53 pulses for different temperatures;

D: Self-correlation for p53 dynamics for different temperatures challenged by 10 Gy IR. Each point in the graph represents the Pearson correlation co-

efficient for p53 levels at two different time points except for points along the diagonal. The number of replicates is 500 in stochastic simulations
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Figure 3 Synergy between temperature and irradiation-induced DNA damage

A: Calculation of Bliss combination indexes between temperature and DNA double strand break (DSB) numbers using temporal integrated p53 levels

as the response metric; B: Bliss combination indexes for temperature and DSB numbers using maximal p53 levels as the response; C:Isobologram for

integrated p53 responses with respect to DSBs and temperature; D: Isobologram for maximal p53 responses with respect to DSBs and temperature
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Figure 5 Dynamical p53 response to hyperthermia is reversible
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A: Stochastic simulations identify the dynamic response of total p53 protein levels to temperature changes. IR = 10 Gy. The initial temperature is

41 °C. After 6 hours, the temperature is lowered to 37 °C. The vertical dashed line is a guide for the 6 h. Two representative stochastic trajectories

are shown as black and gray curves. The unit is the molecular number; B: p53 response to temperature changes at populations. The solid black curve

denotes the median responses, whereas the dashed black curves represent 25% and 75% quantile, respectively. The distance between the upper and

lower dashed lines indicates the interquartile range. The unit is the molecular number; C: 500 stochastic trajectories are represented in a heatmap
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