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The dynamics of p53 expression provide a mechanism to increase differentiation
between cellular stresses and specificity in appropriate responses. Here, we review
recent advances in our understanding of the molecular mechanisms regulating p53
dynamics and the functions of the dynamics in the regulation of p53-dependent cell
stress responses. We also compare dynamic encoding in the p53 system with that found
in other important cell signaling systems, many of which can interact with the p53
network. Finally, we highlight some of the current challenges in understanding dynamic
cell signaling within a larger cellular network context.
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Introduction

With improvements in techniques for the imaging and tracking of single living cells over long time-
scales, studies over the past two decades have found that the dynamics of cellular signaling pathways,
i.e. the temporal patterns of expression of active signaling molecules, can serve an important regula-
tory function in cellular response systems. Examples of dynamic regulation have been found in a
variety of organisms, including Escherichia coli, yeast, and human cells [1-13]. Dynamic regulation
serves a particularly important function for cell signaling hubs, signaling molecules that are activated
in response to several different stimuli and orchestrate the response of multiple downstream pathways.
Since signaling hubs respond to many different stimuli and activate distinct, and sometimes conflict-
ing, downstream pathways, the encoding of additional information through temporal dynamics pro-
vides a mechanism by which signaling pathways can increase specificity and functionality.

In human cells, an important signaling hub that uses dynamic regulation is the transcription factor
P53 [7,14-19]. p53 co-ordinates the response to several cellular stresses [14,15]. Upon stress-mediated
stabilization, p53 controls the expression of many target genes that affect a diverse array of down-
stream responses important for alleviating stresses and regulating cell fates [20-22]. Long-term time-
lapse microscopy, imaging cells on the timescale of days, revealed that the dynamics of the nuclear
concentration of p53, the temporal pattern of p53’s accumulation and degradation in the nucleus,
depend on the stress a cell is experiencing [23] (Figure 1). Stress-specific p53 dynamics are important
for the temporal regulation of the different target gene activation programs in response to stresses, as
altering p53 dynamics can lead to a different cell fate outcome in response to a given stress [24,25].

In addition to the insights gained from time-lapse microscopy, advances in understanding how p53
dynamics encode and shape the cellular response to stress have benefitted from an iterative process
combining quantitative experimental techniques with predictive computational modeling [21,24-28].
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Figure 1. Distinct modes of p53 dynamics.
p53 undergoes qualitatively distinct dynamics in response to different stress stimuli and in different tissues.

to expand our understanding of dynamic regulation at the level of individual cells and provide a more holistic
view of cellular signaling dynamics through the parallel, and often overlapping, networks activated in response
to many stimuli.

In this review, we will highlight advances in our understanding of p53 dynamics, both in terms of how it is
regulated and what functions it provides. We will discuss how dynamic p53 regulation is altered due to cellular
and stress contexts. We will also compare p53’s dynamic regulation to that of other cell signaling hubs. Finally,
we will highlight recent work in which analysis of p53 dynamics has been integrated with other pathways acti-
vated in response to specific cellular stresses.

The regulation and functions of p53 dynamics

p53 is activated by numerous cellular stresses, including DNA double-strand breaks (DSBs), exposed single-
stranded DNA, oxidative stress, oncogene activation, and ribosomal protein stress [34]. p53 has been well-
characterized as the ‘guardian of the genome’ [14], and early work on p53 dynamics focused on the response
to DNA damage. Through high temporal resolution profiling of populations of cells by Western blot analysis,
Lev Bar-Or et al. [18] showed that the p53 response to DNA DSBs in MCEF-7 breast carcinoma cells showed a
damped oscillatory response, with sequential peaks of p53 levels decreasing over time following the damage.
Subsequent single-cell analysis by Lahav et al. [7] showed that oscillations of p53 were undamped within any
given cell, with the concentration of p53 rising to approximately the same levels for any pulse of the oscillation
(Figure 1). The damped oscillations originally identified by Western blotting were attributed to desynchron-
ization across individual cells in the population. Analysis of the single-cell response showed that the average
amplitude, duration, and frequency of p53 pulses are fixed regardless of the dose of the DNA-DSB inducing
agent. The length of time over which the oscillations occur can be highly variable, ranging from single pulses
to oscillations that persist for days [19] or even weeks [35] in some cells. While most studies rely on the induc-
tion of DNA DSBs through the addition of an extrinsic DNA damaging agent such as ionizing radiation or the
radiomimetic drug neocarzinostatin [36], even the small number of DNA DSBs generated during normal cell
proliferation can trigger a single p53 pulse of stereotypical shape [37].

Following the initial identification of dynamic regulation of p53 in response to DNA DSBs, the response to
several other p53-activating conditions was measured (Figure 1). Interestingly, p53 dynamics were found to be
stress specific, with different dynamic patterns occurring in response to different stimuli. For example, in
response to UV-C-induced DNA damage, p53 levels increased not in oscillations but instead in a single pulse
[23]. In contrast with the fixed amplitude and duration pulses in response to different numbers of DNA DSBs,
the single pulse of p53 in response to UV-C increased in both amplitude and duration proportional to the
UV-C dose. The key regulatory feedback loops governing the distinct responses to DNA DSBs and
UV-C-induced DNA damage were characterized by combining experimental quantification of p53 dynamics
[7,18,23], development of differential-equation based computational models [19,26,30,38-43], and further
experimental validation of computational predictions [26,44]. The switch between the distinct dynamic modes
of p53 was shown to be dependent on differential alterations to p53 protein stability generated by the strength
of negative feedback from the phosphatase WIP1 and the E3 ubiquitin ligase MDM2 through interactions with
the upstream kinases ATM and ATR [23,26,44].

More recently, additional dynamic modes of p53 have been identified (Figure 1). Chen et al. [45] showed
that, in contrast with transient exposure to DNA damaging agents such as ionizing or UV-C radiation, con-
tinuous exposure of cells to DNA damaging chemotherapeutics can generate a monotonic dynamic response,
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in which p53 levels continuously rise without oscillations. Furthermore, longer-term imaging studies of the
response to DNA DSBs have found that subpopulations of cells can switch dynamic modes from oscillations to
a more monotonic response ~24 h post-damage [46]. The switch in dynamics is dependent on levels of the
caspase-2-piddosome.

Variations in the signaling networks governing p53 expression can generate cell-type and tissue-specific
alterations to p53 dynamics. Stewart-Ornstein et al. [47] analyzed p53 dynamics in response to DNA DSBs in a
panel of established cell lines and found that the dynamics ranged from relatively consistent oscillations to a
single large pulse. Using a combined modeling and experimental approach, they showed that the different types
of dynamics depended on two main factors: the efficiency of the DNA repair process and the strength of the
activity of the damage sensing kinase ATM. Similarly, Yang et al. [48] showed that cell line differences in p53
dynamical responses to chemotherapeutic compounds could be generated by variability in ATM-mediated deg-
radation of the negative feedback regulator MDM2. Tissue-specific p53 dynamics were observed in a mouse
model by Hamstra et al. [49]. Following whole-body irradiation of mice, p53 oscillations were found to be
strong in certain tissues, including the gut. More recently, it was shown that radioresistant mouse tissues have a
transient p53 dynamic response in vivo, in contrast with a prolonged p53 response in radiosensitive tissues
[50]. These results suggest that distinct modes of p53 dynamics may affect the degree of radiosensitivity or
radioresistance for different tissues and tumor cells.

Several studies have identified functional impacts of p53 dynamics on the regulation of different stress
response pathways. p53 controls the expression of over a hundred target genes, which affect a range of activ-
ities including cell cycle arrest, DNA repair, apoptosis, senescence, and metabolism [20,22]. Following a
p53-activating stress, these pathways must be temporally regulated to provide an effective means of combating
stresses — for example, DNA repair and cell cycle arrest mechanisms should be activated before senescence or
apoptosis programs. Recent work has shown that p53 oscillations provide a mechanism to generate distinct
temporal responses in target genes as a function of the mRNA decay rate of specific targets [21,28]. Target
genes with short-lived mRNAs (relative to the p53 oscillation period) have an oscillatory temporal expression
pattern that tracks p53 dynamics, enabling a threshold on the expression level of the short-lived targets. In
contrast, target genes with long-lived mRNAs continue to increase in transcript level with each oscillatory
pulse of p53, enabling a continuous accumulation of transcript throughout the damage response. Similarly,
the protein expression levels of p53 targets are determined by the protein decay rates [27]. More recently,
Harton et al. [25] used a microfluidic approach to control the delivery of a small molecule inhibitor of
MDM?2 to drive a range of p53 expression dynamics. Focusing on the activation of the two highly
p53-responsive promoters of MDM2 and CDKNIA, they showed that p53 dynamics can confer several differ-
ent cell signaling features. The amplitude of p53 oscillations was important for establishing threshold in the
activation levels of the promoters. The duration of individual p53 pulses was found to control a refractory
period, with longer duration p53 pulses delaying the reactivation of subsequent p53 pulses. Finally, the
MDM?2 and CDKNIA promoters each showed distinct frequency response profiles, with increased promoter
responsiveness for distinct ranges of p53 oscillation frequencies. In terms of the CDKNIA promoter, these
effects were shown to not only impact promoter activation but also affect cell cycle arrest fidelity. In a separate
study, three distinct p53 target promoter archetypes were identified in terms of their temporal responsiveness
to p53 oscillations [51]. The rates of activation of these archetypes were found to be dependent on the
acetylation state of p53.

In addition to the effects on cell cycle arrest [25], p53 dynamics have been shown to functionally control
several other cellular stress responses. By using the small molecule inhibitor of MDM2 Nutlin-3 following
induction of DNA DSBs, Purvis et al. [24] sustained p53 levels, thereby eliminating the normal oscillatory
response. In the condition of sustained p53, cells prematurely up-regulated the senescence program, providing
the first direct evidence that p53 dynamics can control a cell fate program. Chen et al. [45] showed that distinct
p53 dynamics patterns correlate with cell death in tumor cells responding to chemotherapeutic treatments. In
colon carcinoma cells, Paek et al. [52] showed that the rate of accumulation of p53, rather than a threshold con-
centration, determined whether cells underwent apoptosis in response to cisplatin treatment. Chen et al. [53]
found that knockdown of the p53 regulator MDMX activates a biphasic p53 dynamical response consisting of
an initial high amplitude, long duration single pulse of p53 followed by low amplitude, short-duration oscilla-
tions of p53. Subsequent induction of DNA damage during the first phase favors apoptosis; in contrast, DNA
damage during the oscillatory phase of the p53 response abrogates apoptosis and results in higher cell survival
to the damaging agent.
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Dynamic encoding in other cell signaling pathways

Dynamic encoding has been well established in many physiological contexts, such as action potentials in neur-
onal firing or hormonal secretion. At the level of intracellular signaling, several other important cell signaling
hubs in addition to p53 have recently been found to use dynamic encoding to differentiate between stimuli and
perform downstream signaling functions. Here, we highlight two examples of the growing list of cell signaling
networks found to use dynamic encoding.

A particularly well-characterized example is the transcription factor NF-xB. Like p53, it is also a stress
response regulator activated in response to a variety of stimuli, with different dynamic expression patterns
depending on the activating stress. For example, in response to TNFo. NF-«B shuttles from the cytoplasm to
the nucleus in damped oscillations [6,11], whereas in response to the DNA damage-inducing topoisomerase
inhibitor etoposide NF-kB undergo undamped oscillations [11]. Exposure of macrophages to lipopolysaccharide
(LPS) generates a single prolonged pulse of NF-kB [30]. Thus, in response to different stimuli NF-kB dynamics
qualitatively change much like p53 dynamics. The similarity in the dynamic regulation results from a similarity
in the network architecture of the feedback loops regulating p53 and NF-kB; namely, they both have time-
delayed negative feedback mediators that act directly on the network hub (MDM2 for p53, IkB for NF-kB) as
well as additional negative feedback from the hub to the upstream signaling kinase (WIP1 acting on ATM for
the p53 network, A20 acting on IKK for the NF-kB network) [6,11,19,26,31,44]. The dynamics of NF-kB
expression have been found to serve important functions for the temporal ordering and overall dynamics
expression patterns for the large number of NF-«kB target genes [6,30].

The EGF-stimulated ERK/MAPK pathway is an important regulator of cellular proliferation and differenti-
ation. Stimulus-dependent dynamic encoding in the ERK pathway has been well-characterized in the response
of PC-12 cells to different growth factors [54,55]. In response to EGF, there is a transient single pulse of ERK
resulting in cell proliferation. In contrast, in response to NGF there is a sustained ERK response leading to cell
differentiation. More recent analysis of individual cells has revealed that the situation is even more complex,
with subsets of cells exhibiting either dynamic behavior in response to EGF or NGF, but with different percen-
tages of cells in the proliferating or differentiating subpopulations based on the stimulus [32]. Studies in
MCF10A primary-like cells showed that ERK exhibits asynchronous, frequency-modulated pulses of activity in
steady-state conditions in the presence of EGF [1]. Alteration of EGFR activity changed the frequency of ERK
pulses, while inhibiting MEK changed the amplitude [1]. Functionally, the pulse frequency of ERK activity was
correlated with the rate of transition into S-phase, showing that in primary-like cells ERK signaling dynamics
are likely an important regulatory mechanism for controlling cell proliferation rates. Advances in live-cell
imaging have enabled a wealth of new data indicating both complex temporal and spatial regulation of ERK
dynamics within cells, between cells, and within in vivo contexts [56].

In addition to p53, NF-kB, and ERK, differential dynamics in response to different stimuli or stimulation
conditions have been identified for a growing list of cell signaling molecules, including the calcium-responsive
NFAT1 and NFAT4 [57,58] and several yeast transcription factors including Crzl and Msn2 [2-5]. As long-
term live-cell imaging continues to be widely applied, it is likely that the list of dynamic signaling networks will
continue to grow.

Dynamic cross-talk between p53 and other signaling

networks

As discussed, the temporal dynamics of p53 expression play a key role in regulating the expression dynamics of
p53 target genes [21,27,28] and cell fate determination [24,25,35,45,46,52,53]. While the core regulatory network
governing p53 dynamics is well-characterized [7,23,26,44], several additional cell signaling hubs can be induced in
parallel to p53 in response to specific stresses. For example, in response to genotoxic stress NF-xB [59,60], JNK
[61], p38 [62], and FOXO1 [63,64] are all activated in addition to p53. A key question that remains unanswered
is understanding how these networks dynamically integrate with p53 to control gene expression and cell fate in
response to cellular stresses. To date, the number of studies examining the cross-talk of these networks are
limited; however, recent studies are beginning to provide insights into this important question.

One mechanism for dynamic integration of signaling pathways is direct cross-talk to p53 to refine p53
expression dynamics. Putative examples of this potential mechanism include regulation of p53 expression via
the NF-xB network in response to DNA damage (Figure 2). Two interactions that link p53 and NF-xB are
(1) the WIP1 phosphatase, a negative feedback mediator of p53 [26,44,65], which is also a known
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Figure 2. The integration of multiple dynamic signaling networks.

The NF-«xB (left panel), p53 (middle panel), and ERK (right panel) pathways use dynamic encoding in response to stimulation.
Ongoing efforts are being applied to determine how the large network composed of these pathways and their interactions
shape cell signaling dynamics.

transcriptional target of NF-«xB [66], and (2) the NF-xB activator IKK2 kinase can also regulate p53 through
phosphorylation [67]. Indeed, the latter mechanism was recently shown to affect p53 dynamics. Using pharma-
cological inhibition of IKK2, Konrath et al. [68] showed that loss of NF-«B activation significantly delayed the
peak timing of p53 expression and increased the inter-peak interval between sequential p53 pulses. These varia-
tions resulted in changes in the expression of known p53 target genes including CDKNIA, PML, GADD45A,
BBC3, and PMAIP]. Mathematical modeling predicted these downstream effects were through two potential
mechanisms both of which regulated p53 expression by modulating the degradation of p53. These findings
provide direct evidence that integration of additional genotoxic stress-responsive pathways act to refine p53
dynamics. Future studies examining the dynamics of both p53 and NF-«kB activity within the same individual
cells are likely to provide additional insights into these mechanisms and their importance in cell fate
regulation.

In addition to the integration of genotoxic stress-responsive pathways, cells must also reconcile potential pro-
growth signals that coincide with DNA damage to determine the appropriate response. As discussed, the fre-
quency of ERK pulses controls the likelihood of cellular proliferation [1]. To determine how cells interpret the
coincidence of pro-growth signals and DNA damage, the Esposito lab used a combination of a FRET-based
ERK-specific biosensor, a fluorescently tagged p53, and population-level analysis of protein expression by
western blot to measure ERK activity and p53 expression dynamics [69]. When MCF-7 cells encountered both
proliferative and DNA damage signals, the integration of the two networks dictated the cell fate outcome.
Sustained p53 activation in the absence of ERK activity leads to cell cycle withdrawal. In contrast, the presence
of sustained ERK activity leads to diminished p53 activation and cell cycle re-entry. The precise mechanisms
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dictating the balance of arrest and proliferation remain unclear, though it is hypothesized that ERK-mediated
regulation of MDM?2 dictates p53 expression. These studies highlight how the integration of multiple pathways
with distinct temporal dynamics can encode additional information to specify cell fate outcomes (Figure 2).

Similar to ERK, the transcription factor MYC is a known regulator of cellular proliferation [70] and global
regulator of transcription [71,72]. Interestingly, MYC expression was shown to exhibit oscillatory reductions in
expression following p53 pulses in response to DNA damage [73]. These oscillations in MYC expression were
due to the binding of p53 to MYC-distal regulatory elements, demonstrating dynamic cross-talk between p53
and MYC expression. Using an inducible system to regulate MYC expression, Porter et al. [73] found that
repression of MYC is critical for selective induction of DNA damage responsive genes and removing the repres-
sion of MYC led to significant increases in cell death.

These studies highlight how the integration of additional networks with unique temporal dynamics may
enable cells to respond specifically to a wide range of stimuli. By fine-tuning p53 with additional regulatory
inputs, such as the NF-xB network, gene expression patterns can be tightly regulated. Integrating growth
responsive signals through ERK or MYC can potentially improve the specificity of cell fate determination in
response to genotoxic stress. While the number of studies exploring the integration of multiple signaling net-
works in conjunction with p53 are limited, the continued development of fluorescent biosensors should
provide new insight into how multiple networks co-ordinate to regulate the genotoxic stress response.

Future directions

With improvements in fluorescent tagging and time-lapse microscopy, there has been a wealth of new biology
revealed for many important cell signaling systems. The similarities in how signaling dynamics can be used to
enhance information processing at the subcellular level are striking, and it points to potential evolutionary
selection of dynamic encoding as an effective method for biological signaling pathways to respond to multiple
stimuli and orchestrate multiple downstream responses.

While our understanding of dynamic signaling has increased tremendously in recent years, several challenges
remain that will need to be addressed. These studies often rely on live-cell imaging using fluorescent protein
variants, and one limitation is the availability of spectrally distinct fluorophores that can be measured. In add-
ition to improvements in distinct fluorescent protein variants, alternative solutions using current technologies
are actively being pursued. For example, recent work has shown that signaling events can be constrained to dis-
tinct subcellular locations to spatially resolve separate interactions using the same color fluorophore [74]. Such
improvements to increase the number of signaling events that can be simultaneously imaged and tracked will
aid tremendously in efforts to understand how cell signaling pathways are dynamically integrated. Additionally,
advances in microscopy such as super-resolution microscopy and light-sheet fluorescence microscopy are pro-
viding methods to increase spatial resolution and reduce phototoxicity [75]. Finally, efforts to improve the
length of time and spatial penetrance of intravital microscopy will help in developing a better understanding of
dynamic signaling within physiological contexts.

Perspective
e Dynamic p53 expression regulates transcriptional programs and cell fate in response to cellu-
lar stress.

e Integration of p53 dynamics with dynamic signaling from parallel pathways provides increased
specificity in response to multiple stimuli.

e Continued improvements in imaging technologies and data analysis are necessary to under-
stand the integration of complex signaling networks.

Competing Interests
The authors declare that there are no competing interests associated with the manuscript.

Open Access
Open access for this article was enabled by the participation of University of Minnesota in an all-inclusive Read &
Publish pilot with Portland Press and the Biochemical Society.

© 2021 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY-NC-ND).

202 Iudy 01 uo 3senb Aq ypd 08y |0- | 202-1SA/850826/EZ | 2/S/67/HPd-8]0IHE/SUBO0SWAYD0IG/ WO IIBYDIBA|IS Hod//:d)Y WOl papeojumoq


https://creativecommons.org/licenses/by-nc-nd/4.0/

Biochemical Society Transactions (2021) 49 2123-2131 ° PORTLAND
https://doi.org/10.1042/BST20210148 ... PRESS

Author Contributions
Z2.Y., R.L.H., and E.B. wrote and edited the manuscript.

Acknowledgements
This work was supported with startup funds from the University of Minnesota (EB).

Abbreviations
DSBs, DNA double-strand breaks; LPS, lipopolysaccharide.

References

1 Albeck, J.G., Mills, G.B. and Brugge, J.S. (2013) Frequency-modulated pulses of ERK activity transmit quantitative proliferation signals. Mol. Cell 49,
249-261 https://doi.org/10.1016/;.molcel.2012.11.002

2 Cai, L., Dalal, C.K. and Elowitz, M.B. (2008) Frequency-modulated nuclear localization bursts coordinate gene regulation. Nature 455, 485-490
https://doi.org/10.1038/nature07292

3 Dalal, C.K., Cai, L., Lin, Y., Rahbar, K. and Elowitz, M.B. (2014) Pulsatile dynamics in the yeast proteome. Curr. Biol. 24, 2189-2194 https://doi.org/
10.1016/j.cub.2014.07.076

4 Hansen, A.S. and O’Shea, E.K. (2013) Promoter decoding of transcription factor dynamics involves a trade-off between noise and control of gene
expression. Mol. Syst. Biol. 9, 704 https://doi.org/10.1038/msh.2013.56

5 Hao, N. and 0'Shea, E.K. (2011) Signal-dependent dynamics of transcription factor translocation controls gene expression. Nat. Struct. Mol. Biol. 19,
31-39 https://doi.org/10.1038/nsmb.2192

6 Hoffmann, A., Levchenko, A., Scott, M.L. and Baltimore, D. (2002) The IkappaB-NF-kappaB signaling module: temporal control and selective gene
activation. Science 298, 1241-1245 https://doi.org/10.1126/science. 1071914

7 Lahav, G., Rosenfeld, N., Sigal, A., Geva-Zatorsky, N., Levine, A.J., Elowitz, M.B. et al. (2004) Dynamics of the p53-Mdm?2 feedback loop in individual
cells. Nat. Genet. 36, 147—150 https://doi.org/10.1038/ng1293

8  Levine, J.H,, Lin, Y. and Elowitz, M.B. (2013) Functional roles of pulsing in genetic circuits. Science 342, 1193-1200 https://doi.org/10.1126/science.
1239999

9 Locke, J.C., Young, J.W., Fontes, M., Hernandez Jimenez, M.J. and Elowitz, M.B. (2011) Stochastic pulse regulation in bacterial stress response.
Science 334, 366—369 https://doi.org/10.1126/science.1208144

10  Nandagopal, N., Santat, L.A., LeBon, L., Sprinzak, D., Bronner, M.E. and Elowitz, M.B. (2018) Dynamic ligand discrimination in the notch signaling
pathway. Cell 172, 869-880.e19 https://doi.org/10.1016/).cell.2018.01.002

11 Nelson, D.E., Ihekwaba, A.E., Elliott, M., Johnson, J.R., Gibney, C.A., Foreman, B.E. et al. (2004) Oscillations in NF-kappaB signaling control the
dynamics of gene expression. Science 306, 704—708 https://doi.org/10.1126/science.1099962

12 Lee, RE., Walker, S.R., Savery, K., Frank, D.A. and Gaudet, S. (2014) Fold change of nuclear NF-kappaB determines TNF-induced transcription in
single cells. Mol. Cell 53, 867—879 https://doi.org/10.1016/j.molcel.2014.01.026

13 Sung, M.-H., Li, N., Lao, Q., Gottschalk, R.A., Hager, G.L. and Fraser, 1.D.C. (2014) Switching of the relative dominance between feedback mechanisms
in lipopolysaccharide-induced NF-«B signaling. Sci. Signal. 7, ra6 https://doi.org/10.1126/scisignal.2004764

14 Levine, AJ. (1997) P53, the cellular gatekeeper for growth and division. Cell 88, 323-331 https://doi.org/10.1016/50092-8674(00)81871-1

15 Vogelstein, B., Lane, D. and Levine, A.J. (2000) Surfing the p53 network. Nature 408, 307-310 https://doi.org/10.1038/35042675

16 Jin, S. and Levine, A.J. (2001) The p53 functional circuit. J. Cell Sci. 114, 4139-4140 https://doi.org/10.1242/jcs.114.23.4139

17 Aylon, Y. and Oren, M. (2011) New plays in the p53 theater. Curr. Opin. Genet. Dev. 21, 86-92 https://doi.org/10.1016/j.gde.2010.10.002

18  Lev Bar-Or, R., Maya, R., Segel, L.A., Alon, U., Levine, A.J. and Oren, M. (2000) Generation of oscillations by the p53-Mdm2 feedback loop: a
theoretical and experimental study. Proc. Nat! Acad. Sci. U.S.A. 97, 11250-11255 https://doi.org/10.1073/pnas.210171597

19  Geva-Zatorsky, N., Rosenfeld, N., Itzkovitz, S., Milo, R., Sigal, A., Dekel, E. et al. (2006) Oscillations and variability in the p53 system. Mol. Syst. Biol. 2,
2006.0033 https://doi.org/10.1038/msb4100068

20 Riley, T., Sontag, E., Chen, P. and Levine, A. (2008) Transcriptional control of human p53-regulated genes. Nat. Rev. 9, 402—412 https://doi.org/10.
1038/nrm2395

21 Porter, J.R., Fisher, B.E. and Batchelor, E. (2016) P53 pulses diversify target gene expression dynamics in an mRNA half-life-dependent manner and
delineate co-regulated target gene subnetworks. Cell Syst. 2, 272—282 https://doi.org/10.1016/j.cels.2016.03.006

22  Kastenhuber, E.R. and Lowe, S.W. (2017) Putting p53 in context. Cell 170, 1062—1078 https://doi.org/10.1016/j.cell.2017.08.028

23 Batchelor, E., Loewer, A., Mock, C. and Lahav, G. (2011) Stimulus-dependent dynamics of p53 in single cells. Mol. Syst. Biol. 7, 488 https://doi.org/
10.1038/msb.2011.20

24 Purvis, J.E., Karhohs, K.W., Mock, C., Batchelor, E., Loewer, A. and Lahav, G. (2012) P53 dynamics control cell fate. Science 336, 14401444
https://doi.org/10.1126/science. 1218351

25 Harton, M.D., Koh, W.S., Bunker, A.D., Singh, A. and Batchelor, E. (2019) P53 pulse modulation differentially regulates target gene promoters to
regulate cell fate decisions. Mol. Syst. Biol. 15, 8685 https://doi.org/10.15252/msh.20188685

26  Batchelor, E., Mock, C.S., Bhan, I., Loewer, A. and Lahav, G. (2008) Recurrent initiation: a mechanism for triggering p53 pulses in response to DNA
damage. Mol. Cell 30, 277-289 https://doi.org/10.1016/.molcel.2008.03.016

27  Hanson, R.L., Porter, J.R. and Batchelor, E. (2009) Protein stability of p53 targets determines their temporal expression dynamics in response to p53
pulsing. J. Cell Biol. 218, 1282—1297 https://doi.org/10.1083/jch.201803063

28  Hafner, A., Stewart-Ornstein, J., Purvis, J.E., Forrester, W.C., Bulyk, M.L. and Lahav, G. (2017) P53 pulses lead to distinct patterns of gene expression
albeit similar DNA-binding dynamics. Nat. Struct. Mol. Biol. 24, 840847 https://doi.org/10.1038/nsmb.3452

© 2021 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY-NC-ND). 21 29

202 Iudy 01 uo 3senb Aq ypd 08y |0- | 202-1SA/850826/EZ | 2/S/67/HPd-8]0IHE/SUBO0SWAYD0IG/ WO IIBYDIBA|IS Hod//:d)Y WOl papeojumoq


https://doi.org/10.1016/j.molcel.2012.11.002
https://doi.org/10.1038/nature07292
https://doi.org/10.1016/j.cub.2014.07.076
https://doi.org/10.1016/j.cub.2014.07.076
https://doi.org/10.1038/msb.2013.56
https://doi.org/10.1038/nsmb.2192
https://doi.org/10.1126/science.1071914
https://doi.org/10.1038/ng1293
https://doi.org/10.1126/science.1239999
https://doi.org/10.1126/science.1239999
https://doi.org/10.1126/science.1208144
https://doi.org/10.1016/j.cell.2018.01.002
https://doi.org/10.1126/science.1099962
https://doi.org/10.1016/j.molcel.2014.01.026
https://doi.org/10.1126/scisignal.2004764
https://doi.org/10.1016/S0092-8674(00)81871-1
https://doi.org/10.1016/S0092-8674(00)81871-1
https://doi.org/10.1016/S0092-8674(00)81871-1
https://doi.org/10.1038/35042675
https://doi.org/10.1242/jcs.114.23.4139
https://doi.org/10.1016/j.gde.2010.10.002
https://doi.org/10.1073/pnas.210171597
https://doi.org/10.1038/msb4100068
https://doi.org/10.1038/nrm2395
https://doi.org/10.1038/nrm2395
https://doi.org/10.1016/j.cels.2016.03.006
https://doi.org/10.1016/j.cell.2017.08.028
https://doi.org/10.1038/msb.2011.20
https://doi.org/10.1038/msb.2011.20
https://doi.org/10.1126/science.1218351
https://doi.org/10.15252/msb.20188685
https://doi.org/10.1016/j.molcel.2008.03.016
https://doi.org/10.1083/jcb.201803063
https://doi.org/10.1038/nsmb.3452
https://creativecommons.org/licenses/by-nc-nd/4.0/

.. 2 PORTLAND
00 Press

2130

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

Biochemical Society Transactions (2021) 49 2123-2131
https://doi.org/10.1042/BST20210148

Sen, S., Cheng, Z., Sheu, K.M., Chen, Y.H. and Hoffmann, A. (2020) Gene regulatory strategies that decode the duration of NF«xB dynamics contribute
to LPS- versus TNF-specific gene expression. Cell Syst. 10, 169-182.e5 https://doi.org/10.1016/j.cels.2019.12.004

Tay, S., Hughey, J.J., Lee, TK., Lipniacki, T., Quake, S.R. and Covert, M.W. (2010) Single-cell NF-kappaB dynamics reveal digital activation and
analogue information processing. Nature 466, 267—271 https://doi.org/10.1038/nature09145

Ashall, L., Horton, C.A., Nelson, D.E., Paszek, P., Harper, C.V., Sillitoe, K. et al. (2009) Pulsatile stimulation determines timing and specificity of
NF-kappaB-dependent transcription. Science 324, 242—246 https://doi.org/10.1126/science. 1164860

Ryu, H., Chung, M., Dobrzyhski, M., Fey, D., Blum, Y., Lee, S.S. et al. (2015) Frequency modulation of ERK activation dynamics rewires cell fate.

Mol. Syst. Biol. 11, 838 https://doi.org/10.15252/msh.20156458

Toettcher, J.E., Gong, D., Lim, W.A. and Weiner, 0.D. (2011) Light-based feedback for controlling intracellular signaling dynamics. Nat. Methods 8,
837-839 https://doi.org/10.1038/nmeth.1700

Lavin, M.F. and Gueven, N. (2006) The complexity of p53 stabilization and activation. Cell Death Differ. 13, 941-950 https://doi.org/10.1038/sj.cdd.
4401925

Reyes, J., Chen, J.-Y., Stewart-Ornstein, J., Karhohs, K.W., Mock, C.S. and Lahav, G. (2018) Fluctuations in p53 signaling allow escape from cell-cycle
arrest. Mol. Cell 71, 581-591.e5 https://doi.org/10.1016/j.molcel.2018.06.031

Shiloh, Y., Tabor, E. and Becker, Y. (1983) Abnormal response of ataxia-telangiectasia cells to agents that break the deoxyribose moiety of DNA via a
targeted free radical mechanism. Carcinogenesis 4, 1317-1322 https://doi.org/10.1093/carcin/4.10.1317

Loewer, A., Batchelor, E., Gaglia, G. and Lahav, G. (2010) Basal dynamics of p53 reveal transcriptionally attenuated pulses in cycling cells. Cell 142,
89-100 https://doi.org/10.1016/j.cell.2010.05.031

Ma, L., Wagner, J., Rice, J.J., Hu, W., Levine, A.J. and Stolovitzky, G.A. (2005) A plausible model for the digital response of p53 to DNA damage.
Proc. Natl Acad. Sci. U.S.A. 102, 14266-14271 https://doi.org/10.1073/pnas.0501352102

Ciliberto, A., Novak, B. and Tyson, J.J. (2005) Steady states and oscillations in the p53/Mdm2 network. Cell Cycle 4, 488—493 https://doi.org/10.4161/
cc.4.3.1548

Zhang, T., Brazhnik, P. and Tyson, J.J. (2007) Exploring mechanisms of the DNA-damage response: p53 pulses and their possible relevance to
apoptosis. Cell Cycle 6, 8594 https://doi.org/10.4161/cc.6.1.3705

Monk, N.A.M. (2003) Oscillatory expression of Hes1, p53, and NF-kappaB driven by transcriptional time delays. Curr. Biol. 13, 1409-1413 https://doi.
0rg/10.1016/50960-9822(03)00494-9

Pigolotti, S., Krishna, S. and Jensen, M.H. (2007) Oscillation patterns in negative feedback loops. Proc. Natl Acad. Sci. U.S.A. 104, 65336537
https://doi.org/10.1073/pnas.0610759104

Puszyfski, K., Hat, B. and Lipniacki, T. (2008) Oscillations and bistability in the stochastic model of p53 regulation. J. Theor. Biol. 254, 452—465
https://doi.org/10.1016/j.jtbi.2008.05.039

Geva-Zatorsky, N., Dekel, E., Batchelor, E., Lahav, G. and Alon, U. (2010) Fourier analysis and systems identification of the p53 feedback loop.

Proc. Natl Acad. Sci. U.S.A. 107, 1355013555 https://doi.org/10.1073/pnas.1001107107

Chen, X., Chen, J., Gan, S., Guan, H., Zhou, Y., Ouyang, Q. et al. (2013) DNA damage strength modulates a bimodal switch of p53 dynamics for
cell-fate control. BMC Biol. 11, 73 https://doi.org/10.1186/1741-7007-11-73

Tsabar, M., Mock, C.S., Venkatachalam, V., Reyes, J., Karhohs, K.W., Oliver, T.G. et al. (2020) A switch in p53 dynamics marks cells that escape from
DSB-induced cell cycle arrest. Cell Rep. 32, 107995 https://doi.org/10.1016/j.celrep.2020.107995

Stewart-Ornstein, J. and Lahav, G. (2017) P53 dynamics in response to DNA damage vary across cell lines and are shaped by efficiency of DNA repair
and activity of the kinase ATM. Sci. Signal. 10, eaah6671 https://doi.org/10.1126/scisignal.aah6671

Yang, R., Huang, B., Zhu, Y., Li, Y., Liu, F. and Shi, J. (2018) Cell type-dependent bimodal p53 activation engenders a dynamic mechanism of
chemoresistance. Sci. Adv. 4, eaat5077 https://doi.org/10.1126/sciadv.aat5077

Hamstra, D.A., Bhojani, M.S., Griffin, L.B., Laxman, B., Ross, B.D. and Rehemtulla, A. (2006) Real-time evaluation of p53 oscillatory behavior in vivo
using bioluminescent imaging. Cancer Res. 66, 7482—7489 https://doi.org/10.1158/0008-5472.CAN-06-1405

Stewart-Ornstein, J., lwamoto, Y., Miller, M.A., Prytyskach, M.A., Ferretti, S., Holzer, P. et al. (2021) P53 dynamics vary between tissues and are linked
with radiation sensitivity. Nat. Commun. 12, 898 https://doi.org/10.1038/s41467-021-21145-z

Friedrich, D., Friedel, L., Finzel, A., Herrmann, A., Preibisch, S. and Loewer, A. (2019) Stochastic transcription in the p53-mediated response to DNA
damage is modulated by burst frequency. Mol. Syst. Biol. 15, e9068 https://doi.org/10.15252/msb.20199068

Paek, A.L., Liu, J.C., Loewer, A., Forrester, W.C. and Lahav, G. (2016) Cell-to-cell variation in p53 dynamics leads to fractional killing. Cell 165,
631-642 https://doi.org/10.1016/}.cell.2016.03.025

Chen, S.H., Forrester, W. and Lahav, G. (2016) Schedule-dependent interaction between anticancer treatments. Science 351, 1204-1208 https://doi.
org/10.1126/science.aacs610

Marshall, C.J. (1995) Specificity of receptor tyrosine kinase signaling: transient versus sustained extracellular signal-regulated kinase activation. Cell 80,
179-185 https://doi.org/10.1016/0092-8674(95)90401-8

Santos, S.D.M., Verveer, P.J. and Bastiaens, P.I.H. (2007) Growth factor-induced MAPK network topology shapes Erk response determining PC-12 cell
fate. Nat. Cell Biol. 9, 324-330 https://doi.org/10.1038/nch1543

Muta, Y., Matsuda, M. and Imajo, M. (2019) Divergent dynamics and functions of ERK MAP kinase signaling in development, homeostasis and cancer:
lessons from fluorescent bioimaging. Cancers (Basel) 11, E513 https://doi.org/10.3390/cancers11040513

Hannanta-Anan, P. and Chow, B.Y. (2016) Optogenetic control of calcium oscillation waveform defines NFAT as an integrator of calcium load. Cell Syst.
2, 283-288 https://doi.org/10.1016/j.cels.2016.03.010

Kalo, A. and Shav-Tal, Y. (2013) Acting on impulse: dissecting the dynamics of the NFAT transcriptional response. Genome Biol. 14, 102 https://doi.
org/10.1186/gb-2013-14-1-102

Hinz, M., Stilmann, M., Arslan, S.C, Khanna, K.K., Dittmar, G. and Scheidereit, C. (2010) A cytoplasmic ATM-TRAF6-cIAP1 module links nuclear DNA
damage signaling to ubiquitin-mediated NF-xB activation. Mol. Cell 40, 63—74 https://doi.org/10.1016/j.molcel.2010.09.008

Scheidereit, C. (2006) lkappab kinase complexes: gateways to NF-kappaB activation and transcription. Oncogene 25, 6685—6705 https://doi.org/10.
1038/sj.0nc.1209934

© 2021 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY-NC-ND).

202 Iudy 01 uo 3senb Aq ypd 08y |0- | 202-1SA/850826/EZ | 2/S/67/HPd-8]0IHE/SUBO0SWAYD0IG/ WO IIBYDIBA|IS Hod//:d)Y WOl papeojumoq


https://doi.org/10.1016/j.cels.2019.12.004
https://doi.org/10.1038/nature09145
https://doi.org/10.1126/science.1164860
https://doi.org/10.15252/msb.20156458
https://doi.org/10.1038/nmeth.1700
https://doi.org/10.1038/sj.cdd.4401925
https://doi.org/10.1038/sj.cdd.4401925
https://doi.org/10.1016/j.molcel.2018.06.031
https://doi.org/10.1093/carcin/4.10.1317
https://doi.org/10.1016/j.cell.2010.05.031
https://doi.org/10.1073/pnas.0501352102
https://doi.org/10.4161/cc.4.3.1548
https://doi.org/10.4161/cc.4.3.1548
https://doi.org/10.4161/cc.6.1.3705
https://doi.org/10.1016/S0960-9822(03)00494-9
https://doi.org/10.1016/S0960-9822(03)00494-9
https://doi.org/10.1016/S0960-9822(03)00494-9
https://doi.org/10.1016/S0960-9822(03)00494-9
https://doi.org/10.1073/pnas.0610759104
https://doi.org/10.1016/j.jtbi.2008.05.039
https://doi.org/10.1073/pnas.1001107107
https://doi.org/10.1186/1741-7007-11-73
https://doi.org/10.1186/1741-7007-11-73
https://doi.org/10.1186/1741-7007-11-73
https://doi.org/10.1186/1741-7007-11-73
https://doi.org/10.1016/j.celrep.2020.107995
https://doi.org/10.1126/scisignal.aah6671
https://doi.org/10.1126/sciadv.aat5077
https://doi.org/10.1158/0008-5472.CAN-06-1405
https://doi.org/10.1158/0008-5472.CAN-06-1405
https://doi.org/10.1158/0008-5472.CAN-06-1405
https://doi.org/10.1158/0008-5472.CAN-06-1405
https://doi.org/10.1038/s41467-021-21145-z
https://doi.org/10.1038/s41467-021-21145-z
https://doi.org/10.1038/s41467-021-21145-z
https://doi.org/10.1038/s41467-021-21145-z
https://doi.org/10.15252/msb.20199068
https://doi.org/10.1016/j.cell.2016.03.025
https://doi.org/10.1126/science.aac5610
https://doi.org/10.1126/science.aac5610
https://doi.org/10.1016/0092-8674(95)90401-8
https://doi.org/10.1016/0092-8674(95)90401-8
https://doi.org/10.1016/0092-8674(95)90401-8
https://doi.org/10.1038/ncb1543
https://doi.org/10.3390/cancers11040513
https://doi.org/10.1016/j.cels.2016.03.010
https://doi.org/10.1186/gb-2013-14-1-102
https://doi.org/10.1186/gb-2013-14-1-102
https://doi.org/10.1186/gb-2013-14-1-102
https://doi.org/10.1186/gb-2013-14-1-102
https://doi.org/10.1186/gb-2013-14-1-102
https://doi.org/10.1186/gb-2013-14-1-102
https://doi.org/10.1016/j.molcel.2010.09.008
https://doi.org/10.1038/sj.onc.1209934
https://doi.org/10.1038/sj.onc.1209934
https://creativecommons.org/licenses/by-nc-nd/4.0/

Biochemical Society Transactions (2021) 49 2123-2131 ° ot PORTLAND
https://doi.org/10.1042/BST20210148 ... PRESS

61

62

63

64

65

66

67

68

69

70
71

72

73

74

75

Ip, Y.T. and Davis, R.J. (1998) Signal transduction by the c-Jun N-terminal kinase (JNK)—from inflammation to development. Curr. Opin. Cell Biol. 10,
205-219 https://doi.org/10.1016/50955-0674(98)80143-9

Sanchez-Prieto, R., Rojas, J.M., Taya, Y. and Gutkind, J.S. (2000) A role for the p38 mitogen-acitvated protein kinase pathway in the transcriptional
activation of p53 on genotoxic stress by chemotherapeutic agents. Cancer Res. 60, 2464—2472

Huang, H., Regan, K.M., Lou, Z., Chen, J. and Tindall, D.J. (2006) CDK2-dependent phosphorylation of FOXO1 as an apoptotic response to DNA
damage. Science 314, 294-297 https://doi.org/10.1126/science.1130512

Lei, H. and Quelle, F.W. (2009) FOXO transcription factors enforce cell cycle checkpoints and promote survival of hematopoietic cells after DNA damage.
Mol. Cancer Res. 7, 1294-1303 https://doi.org/10.1158/1541-7786.MCR-08-0531

Shreeram, S., Demidov, O.N., Hee, W.K., Yamaguchi, H., Onishi, N., Kek, C. et al. (2006) Wip1 phosphatase modulates ATM-dependent signaling
pathways. Mol. Cell 23, 757-764 https://doi.org/10.1016/j.molcel.2006.07.010

Lowe, J.M., Cha, H., Yang, Q. and Fornace, A.J. (2010) Nuclear factor-kappaB (NF-kappaB) is a novel positive transcriptional regulator of the oncogenic
Wip1 phosphatase. J. Biol. Chem. 285, 5249-5257 https://doi.org/10.1074/jbc.M109.034579

Xia, Y., Padre, R.C., De Mendoza, T.H., Bottero, V., Tergaonkar, V.B. and Verma, I.M. (2009) Phosphorylation of p53 by lkappaB kinase 2 promotes its
degradation by beta-TrCP. Proc. Nat/ Acad. Sci. U.S.A. 106, 2629-2634 https://doi.org/10.1073/pnas.0812256106

Konrath, F., Mittermeier, A., Cristiano, E., Wolf, J. and Loewer, A. (2020) A systematic approach to decipher crosstalk in the p53 signaling pathway
using single cell dynamics. PLoS Comput. Biol. 16, e1007901 https://doi.org/10.1371/journal.pchi. 1007901

De, S., Campbell, C., Venkitaraman, A.R. and Esposito, A. (2020) Pulsatile MAPK signaling modulates p53 activity to control cell fate decisions at the
G2 checkpoint for DNA damage. Cell Rep. 30, 2083—-2093.e5 https://doi.org/10.1016/j.celrep.2020.01.074

Schmidt, E.V. (1999) The role of c-myc in cellular growth control. Oncogene 18, 2988-2996 https://doi.org/10.1038/sj.onc.1202751

Lin, C.Y., Loven, J., Rahl, P.B., Paranal, R.M., Burge, C.B., Bradner, J.E. et al. (2012) Transcriptional amplification in tumor cells with elevated c-Myc.
Cell 151, 56-67 https://doi.org/10.1016/}.cell.2012.08.026

Nie, Z., Hu, G., Wei, G., Cui, K., Yamane, A., Resch, W. et al. (2012) c-Myc is a universal amplifier of expressed genes in lymphocytes and embryonic
stem cells. Cell 151, 68—79 https://doi.org/10.1016/j.cell.2012.08.033

Porter, J.R., Fisher, B.E., Baranello, L., Liu, J.C., Kambach, D.M., Nie, Z. et al. (2017) Global inhibition with specific activation: how p53 and MYC
redistribute the transcriptome in the DNA double-strand break response. Mol. Cell 67, 1013-1025.e9 https://doi.org/10.1016/j.molcel.2017.07.028
Linghu, C., Johnson, S.L., Valdes, P.A., Shemesh, O.A., Park, W.M., Park, D. et al. (2020) Spatial multiplexing of fluorescent reporters for imaging
signaling network dynamics. Cell 183, 1682—1698.e24 https://doi.org/10.1016/j.cell.2020.10.035

Power, R.M. and Huisken, J. (2019) Putting advanced microscopy in the hands of biologists. Nat. Methods 16, 1069-1073 https://doi.org/10.1038/
541592-019-0618-1

© 2021 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY-NC-ND). 21 31

202 Iudy 01 uo 3senb Aq ypd 08y |0- | 202-1SA/850826/EZ | 2/S/67/HPd-8]0IHE/SUBO0SWAYD0IG/ WO IIBYDIBA|IS Hod//:d)Y WOl papeojumoq


https://doi.org/10.1016/S0955-0674(98)80143-9
https://doi.org/10.1016/S0955-0674(98)80143-9
https://doi.org/10.1016/S0955-0674(98)80143-9
https://doi.org/10.1126/science.1130512
https://doi.org/10.1158/1541-7786.MCR-08-0531
https://doi.org/10.1158/1541-7786.MCR-08-0531
https://doi.org/10.1158/1541-7786.MCR-08-0531
https://doi.org/10.1158/1541-7786.MCR-08-0531
https://doi.org/10.1016/j.molcel.2006.07.010
https://doi.org/10.1074/jbc.M109.034579
https://doi.org/10.1073/pnas.0812256106
https://doi.org/10.1371/journal.pcbi.1007901
https://doi.org/10.1016/j.celrep.2020.01.074
https://doi.org/10.1038/sj.onc.1202751
https://doi.org/10.1016/j.cell.2012.08.026
https://doi.org/10.1016/j.cell.2012.08.033
https://doi.org/10.1016/j.molcel.2017.07.028
https://doi.org/10.1016/j.cell.2020.10.035
https://doi.org/10.1038/s41592-019-0618-1
https://doi.org/10.1038/s41592-019-0618-1
https://doi.org/10.1038/s41592-019-0618-1
https://doi.org/10.1038/s41592-019-0618-1
https://doi.org/10.1038/s41592-019-0618-1
https://creativecommons.org/licenses/by-nc-nd/4.0/

	Progress and challenges in understanding the regulation and function of p53 dynamics
	Abstract
	Introduction
	The regulation and functions of p53 dynamics
	Dynamic encoding in other cell signaling pathways
	Dynamic cross-talk between p53 and other signaling networks
	Future directions
	Competing Interests
	Open Access
	Author Contributions
	References


