
Article
Quantifying the Central Do
gma in the p53 Pathway in
Live Single Cells
Graphical Abstract
p53 CFP

Transcription factor

p21 mCherry

Protein

MS2 hairpinsp21 mRNA

MC
YFP

MC
YFP

MC
YFP

MCP
YFPMCP

YFP

p53 levels

tra
ns

cr
ip

tio
n

pr
ob

ab
ilit

y

p53 levels

tra
ns

ci
pr

tio
n

m
ag

ni
tu

de

Time post-irradiation

p5
3 

pr
ot

ei
n

Time post-irradiationp2
1 

tra
ns

cr
ip

tio
n

Time post-irradiation

p2
1 

pr
ot

ei
n

Highlights
d p53 oscillations lead to oscillations in p21 transcription and

p21 protein derivative

d p53 levels affect the probability, rather than themagnitude, of

p21 transcription

d Independent p21 alleles within a cell show highly correlated

transcriptional dynamics

d Oscillations of p53 levels and p21 transcription dynamics

dampen p21 protein levels
Hafner et al., 2020, Cell Systems 10, 495–505
June 24, 2020 ª 2020 Elsevier Inc.
https://doi.org/10.1016/j.cels.2020.05.001
Authors

Antonina Hafner, José Reyes,
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SUMMARY
Transcription factors (TFs) integrate signals to regulate target gene expression, but we generally lack a
quantitative understanding of how changes in TF levels regulate mRNA and protein production. Here, we es-
tablished a system to simultaneously monitor the levels of p53, a TF that shows oscillations following DNA
damage, and the transcription and protein levels of its target p21 in individual cells. p21 transcription tracked
p53 dynamics, while p21 protein steadily accumulated. p21 transcriptional activation showed bursts of
mRNA production, with p53 levels regulating the probability but not magnitude of activation. Variations in
p53 levels between cells contributed to heterogeneous p21 transcription while independent p21 alleles ex-
hibited highly correlated behaviors. Pharmacologically elevating p53 increased the probability of p21 tran-
scription with minor effects on its magnitude, leading to a strong increase in p21 protein levels. Our results
reveal quantitative mechanisms by which TF dynamics can regulate protein levels of its targets. A record of
this paper’s transparent peer review process is included in the Supplemental Information.
INTRODUCTION

The central dogma, first proposed in 1958 (Crick, 1958), de-

scribes the fundamental relationships of information that flows

between DNA, RNA, and protein. It has proven to be true across

all life forms, but turned to be more complex than originally pro-

posed. Specifically, each step is subjected to a plethora of reg-

ulatory events, complicating the quantitative relationships and

correlation between them. For example, mRNA and protein

levels often show a relatively poor correlation in a given dataset

(de Sousa Abreu et al., 2009; Taniguchi et al., 2010; Csardi et al.,

2015). For large-scale datasets, it has been shown that this cor-

relation for steady-state levels can be improved by a statistical

model that accounts for colinear variation of both entities (Csardi

et al., 2015). However, in dynamic systems, such as

development or stress response, post-transcriptional and

post-translational regulation need to be accounted for in order

to predict protein abundance based on mRNA levels (Peshkin

et al., 2015; Hafner et al., 2017). Quantitative understanding of

the relationship between the levels of transcription factor

(‘‘input’’) and the transcription and translation of its target gene

(‘‘output’’) requires quantifying a range of concentrations for

the input and the resulting output species. In vitro assays, such

as measuring transcription from purified templates (Tyree

et al., 1993; Wang and Kudlow, 1999; Espinosa and Emerson,
2001; Ishibashi et al., 2014), provide accurate measurements

but do not recapitulate the intracellular environment or concen-

trations of factors experienced by living cells. Bulk measure-

ments of RNA or protein levels provide population averages,

but obscure cell-to-cell variations, limiting mechanistic interpre-

tations. Simultaneous detection of TF levels by immunofluores-

cence, together with RNA levels by fluorescent in situ hybridiza-

tion (FISH) has enabled characterization of the input-output

functions at the single-cell level in a few systems (Tka�cik et al.,

2008). However, imaging of fixed cells provides a snapshot

and does not allow for following the same cell over time. Live-

cell imaging, followed by single-cell RNA sequencing has been

used to understand how temporal dynamics of the TF affect

the downstream transcription and cell fate (Lane et al., 2017),

but this approach does not account for time delays between

the changing TF protein levels and transcription. Live-cell imag-

ing of transcriptional dynamics, both in vivo and ex vivo, has re-

vealed insights intomultiple aspects of transcriptional regulation,

such as inheritance of transcriptional memory (Ferraro et al.,

2016; Dufourt et al., 2018), transcription induction in response

to stimuli (Park et al., 2014; Fritzsch et al., 2018; Wilson et al.,

2017), and the stochastic nature of promoter activation (Bothma

et al., 2018; Sepúlveda et al., 2016). These studies prompted us

to use live-cell imaging to study how changes in the dynamics of

TF levels quantitatively influence downstream gene expression.
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The complex dynamics of the tumor-suppressor transcription

factor (TF) p53 makes it an attractive model for studying the

input-output relationship between its levels and the expression

of its target genes. In response to ionizing radiation (IR), which in-

duces DNA double strand breaks, p53 is activated in the form of

periodic pulses with a period of ~5.5 h (Lahav et al., 2004). There-

fore, each cell exhibits different levels of p53 over time, thus

providing natural conditions to measure target gene transcrip-

tion and protein levels over a range of TF levels in a cell. The re-

lationships between p53 dynamics and the dynamics of its target

genes’ mRNA levels have been examined by us and others at the

population level (Hafner et al., 2017; Porter et al., 2016) and in

fixed cells (Friedrich et al., 2019). Such approaches do not allow

examining the extent to which variation in p53 signaling trans-

lates into heterogeneity in target gene expression in individual

cells over time. Here, we have established a system of fluores-

cent reporters to monitor, in live cells, p53 levels and the tran-

scription and protein levels of its well-characterized target

gene and critical cell-cycle regulator, p21. Our experimental sys-

tem enables tracking the dynamics of p53 protein, p21 transcrip-

tion and p21 protein over long timescales, as well as analyzing

short-term fluctuations in these species. Our study introduces

a system to study the information flow from input TF levels, to

transcription and protein levels of a downstream target gene,

revealing dynamical processes that shape the input-output rela-

tionships between p53 levels and downstream gene expression

that are lost in studies that average the behavior in a population

of cells or look at a few snapshots.

RESULTS

Fixed Snapshots Reveal Weak Correlations between TF
and Target Gene RNA and Protein Levels in the p53
Pathway
We first investigated the correlations between p53 protein levels

and the transcription and protein levels of its canonical target

p21 by quantifying these entities in fixed cells after irradiation.

We introduced a p53-CFP transgene to monitor p53 levels, and

tagged one copy of p21 with mCherry at its endogenous locus to

monitor its protein levels (Figures 1A and S1A). p53 levels and os-

cillations were equivalent at a range of radiation doses (Figure S2)

(Lahav et al., 2004), allowing us to focus on p53 levels and dy-

namics, rather than on the extent of DNA damage, as the input

to the network. p21 transcription was quantified by FISH (Fig-

ure 1A). The levels of p21 were determined by fluorescent labeling

aswasdescribed (Stewart-OrnsteinandLahav, 2016;Reyes et al.,

2018) (FigureS1). Toavoid the confoundingeffect of the activep21

protein degradation program present during the DNA replication

phase of the cell cycle (S phase) (Stewart-Ornstein and Lahav,

2016), cellswith lowp21protein levelswereexcluded fromthepro-

tein analyses. Cells were treated with IR to generate DNA damage

in order to induce p53 and expression of its downstream targets.

To investigate how p53 levels correspond with p21 transcription,

wemeasured theaveragep53signal and the intensity of thebright-

est p21 FISH focus in the nucleus, which represents nascent tran-

scription (Yang et al., 2017).

Pairwise comparisons between p53 protein, p21 transcription,

and p21 protein showed positive but weak correlations (Figures

1B–1D). The poor correlations could result from extensive tran-
496 Cell Systems 10, 495–505, June 24, 2020
scriptional and post-transcriptional regulation of p21 (Jung

et al., 2010), such that p53 levels play a minor role in governing

p21 amounts (Figure 1E, top panel). We noted that a population

of cells showed lowp21mRNAeven at high p53 levels (Figure 1B,

dashed box), which could arise from a failure of p53 to activate

its transcriptional program in some cells, or from complex

dynamical relationships between p53 levels and the activation

of p21. Alternatively, there may be stronger correlations that

are offset by a time delay (Figure 1E, middle panel) or that occur

over long timescales, which may be missed by analyzing each

cell at a single time point (Figure 1E, bottom panel). The multiple

plausible explanations for the low correlations between p53, and

p21 transcription and protein prompted us to establish a system

to track their dynamics in living individual cells.

Establishment of a Live-Cell Reporter System to Track
TF, Target Gene Transcription, and Target Protein
Levels
To account for a possible temporal component in the relationship

between the various entities in the central dogma—TF, RNA, and

protein—we tracked their levels live in single cells over time. p53

and p21 protein levels weremonitored via their respective fluores-

cent protein tags. To monitor p21 transcription, this cell line also

included 24MS2 stem-loops in the 30 UTR of themCherry-tagged

p21 allele. Upon co-expression of transgenic MS2 coat protein

(MCP) fused to the yellow fluorescent protein (YFP), which is ubiq-

uitously expressed in the same cells, each stem-loop may be

bound by an MCP dimer, resulting in fluorescent tagging of the

nascent mRNAs at their transcription site (Figure 1F) (Ben-Ari

et al., 2010). To determine whether MS2 tagging accurately re-

ported on the site and magnitude of p21 transcription, we verified

that MS2 foci were marked by p21 FISH foci (Figure 1G) and that

the intensities of the two signals were correlated (Figure 1H). In

addition,weverified that both the taggedanduntaggedp21alleles

showed similar mRNA and protein expression in response to IR

(Figures S1C and S1D), indicating that the tags did not affect p21

regulation.

Having validated the live-cell reporters for p53 protein, p21

mRNA, and protein, we tracked these species in single cells

following ionizing radiation (Video S1). As reported previously,

p53-CFP levels oscillated with a period of 5.5 h (Lahav et al.,

2004; Geva-Zatorsky et al., 2006). The intensities of p21-MS2

foci also oscillated in correspondence (Figures 2A and 2B). To

determine the impact of cell-cycle phase on these dynamics, we

tracked p21-MS2 foci in a cell line containing a CFP-hGemi-

nin(1–100) reporter (Figures 3A–3C). We found that oscillations

in p21 transcription were independent of the cell-cycle phase at

the time of irradiation (Figures 3D–3G). The relationship between

p21 transcription and p21 protein levels was more complex. Cells

in, or transitioning into, S phase showed minimal p21 protein due

to its rapid degradation (Stewart-Ornstein and Lahav, 2016) (Fig-

ures 3E, 3F, and 3H). Cells in the G1 and G2 phases of the cell cy-

cle showed a continuous increase in p21 protein levels during the

course of the experiment in a stepwisemanner, with protein levels

remaining constant when p53 was low, and increasing at peaks of

p53 expression (Figures 2A, 2B, 3D, 3G, and 3H). This behavior

could result if the p21 protein half-life is greater than the duration

of a p53 pulse and the p21mRNAhalf-life ismuch shorter, leading

to accumulation of p21 protein levels over time (temporal
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Figure 1. Quantifying the Central Dogma in Live Individual Cells

(A) Experimental approaches using fixed cells provide access to single snapshots of the relationships between TFs, mRNA and proteins.

(B–D)Cells received IR.p53andp21reporterprotein levelswere imaged in livecells8hpost-IR, fixed immediatelyafterwardandprobedforp21 transcriptionusingFISH.

Scatterplots showp53protein levels andp21 transcription (B),p21 transcriptionandp21protein levels (C) andp53andp21protein levels (D) (n >200cells). Dashedbox

highlights cells with high p53 levels but low p21 transcription. Cells that lacked evidence of p21 protein induction were excluded from the analysis (STAR Methods).

(E) Distinct models can explain low correlations between molecular species at fixed time points.

(F) Schematic of experimental system to track live p21 transcription dynamics. Endogenous tagging of the p21 locus allows quantification of p21 mRNA pro-

duction and p21 protein. MS2 repeats in p21 30 UTR fold into hairpins that are recognized by the constitutively expressed MCP-YFP.

(G) Comparison of MCP-YFP foci (p21-MS2 signal) and p21 FISH. Bright foci in nuclei correspond to sites of nascent transcription. p21 transcription was induced

by treating with the MDM2 inhibitor nutlin-3a and images were obtained after 2.5 h

(H) Comparison of signal intensity of p21-MS2 signal in live-cells and p21 FISH in fixed cells 8 h after irradiation, when cells exhibit substantial heterogeneity in p53

levels. Cells that lacked evidence of p21 protein induction were excluded from the analysis (STAR Methods). See also Figures S1 and S2.
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Figure 2. Pulsatile p53 Dynamics Are Translated IPulsatile Transcription and Protein Production

(A) Representative single-cell trajectories of p53 (blue) and p21 transcription (gray), together with p21 protein (red) and p21 protein derivative trajectories (purple).

(B) Aggregate statistics of p53, p21 transcription, p21 protein and p21 protein derivative dynamics in response to IR. Median (bold line) ± interquartile range

(shaded area) are calculated from > 250 single-cell trajectories from a representative biological duplicate.

(C) Autocorrelation functions for p53, p21 transcription, and p21 protein derivative trajectories. A peak at 5.5 h corresponds to period of pulses (representative

analysis from a biological duplicate with >250 single-cell trajectories). See also Figure S3.
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integration). Plotting the p21 protein derivative for the cells that

accumulated p21, revealed oscillating rates of p21 protein accu-

mulation reflecting both protein production and degradation.

The oscillations in p21 transcription and p21 protein derivative

both displayed a period of 5.5 h (Figure 2C), suggesting that p53

plays a dominant role in regulating p21 RNA and protein dy-

namics. Overall, live imaging of our three-reporter cell line re-

vealed that p53 pulses are transmitted into pulsatile transcrip-

tional activation and protein derivative of p21, and this tracking

is stable over long time periods (24 h).

We noted that individual p53 pulses and their corresponding

pulses of p21 transcription and protein derivatives were offset

by time delays that likely reflect production of the molecules and

fluorophorematuration times (Figures S3A–S3E).We therefore re-

calculated the correlation between p53 levels and p21 transcrip-

tion, and between p21 transcription and p21 protein levels after

re-aligning single-cell trajectories on the basis of the observed

time delays (see STAR Methods; Figures S3F–S3K). This led to

a notable increase in the correlation between p21 transcription

and p21 protein derivative (Figures S3G and S3I). The impact on

the correlation between p53 levels and p21 transcription was

more modest (Figures S3J and S3K), suggesting that accounting

for time delays may not be sufficient to quantitatively understand

the relationship between p53 levels and downstream p21 tran-

scription. These results reveal complex relationships between

TF levels, transcription, and protein accumulation that may not

be accurately captured by analyses of single time points, but

can be observed by tracking dynamical patterns over time.

p53 Levels Influence the Likelihood of p21
Transcriptional Activation
Wenext sought to determine the input-output relationship relating

p53 levelswithp21 transcription. In principle, a variety of functions
498 Cell Systems 10, 495–505, June 24, 2020
could govern this relationship. These include hyperbolic or

sigmoidal functions, which are commonly used in biological

modeling (Alon, 2006), as well as other, non-monotonic relation-

ships (Sepúlveda et al., 2016) (Figure 4A). Moreover, increasing

p53 levels could (1) change the probability of transitioning into

the ‘‘on’’ state, and/or (2) change the magnitude of instantaneous

transcriptional output given that the system is in the ‘‘on’’ state.

We leveraged the natural variation in p53 protein levels arising

from its pulsatile dynamics to dissect the quantitative details gov-

erning the relationship between p53 levels and p21 transcription.

To compute the relationship between p53 levels and either the

fraction of transcriptionally active loci or the intensity of p21-MS2

signal, we in silico aligned p21-MS2 signal to individual p53-CFP

peaks as the reference, such that the two molecular species

peaked at the same time on average (Figures S3A–S3E). p21-

MS2 signal displayed a bimodal distribution (Figure 4B), which al-

lowedus tocategorize transcriptional activity intoonandoff states.

Theprobabilityof activep21 transcription increasedwithp53 levels

following a hyperbolic trend (Figure 4C), whereas the intensity of

active p21-MS2 foci changed minimally with p53 (Figure 4D).

Both parameters approached saturation at high p53 levels. Our re-

sults suggest that individual cells reach nearly maximum instanta-

neous transcriptional outputwithin the rangeofp53 levels that cells

experience in response to IR (Figures 4C and 4D). These results

agree with reports in other systems suggesting that transcription

rapidly saturates, and that TFs regulate the probability of transcrip-

tional activation rather than the magnitude of RNA produced (Ro-

driguez et al., 2019). On a per-cell basis, therefore, instantaneous

TF levels hold little information about the magnitude of transcrip-

tion, but can be used to predict mRNA levels over timescales of

hours (Purvis et al., 2012; Hafner et al., 2017).

We noted that even at high p53 levels, transcriptional activa-

tion did not uniformly reach 100% (Figure 4C). This
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Figure 3. p21 Transcription at Distinct Phases of the Cell-Cycle

Cells were imaged for 1 day in the absence of damage and were then treated with the radiomimetic drug NCS at 500 ng/mL. Dashed lines represent time of DNA

damage in every panel.

(A) The CFP-hGeminin(1–100) fluorescent reporter allows determination of cell-cycle stage at the time of damage in live cells.

(B) Distribution of CFP-hGeminin(1–100) intensity across all cells and time points.

(C) Distribution of p21-mCherry intensity across all cells and time points.

(D–G) Cells were classified on the basis of CFP-hGeminin(1–100) status at the time of damage and 5 h post-damage.We grouped cells in four categories: G1 cells

that arrest (n = 51 cells), G1 cells that transition into S phase shortly after damage (n = 86 cells), S phase at the time of damage (n = 42 cells), and G2 phase at the

time of damage (n = 49 cells). Median (bold lines) and interquartile range (shaded area) of single cells’ p21 transcription and protein trajectories classified by cell-

cycle phase at the time of damage. (D) G1 cells that arrest. (E) G1 cells that transition into S phase. (F) S phase cells. (G) G2 cells. Bold lines and shaded areas

represented median and interquartile range, respectively.

(H) Median trajectories of CFP-hGeminin(1–100), p21-MS2 signal and p21-mCherry colored according to cell-cycle stage at the time of damage. The data are the

same as in (D–G) but presented on the same axes to facilitate comparisons.
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Figure 4. p53 Levels Influence the Likelihood of p21 Transcriptional Activation

(A) Schematic of potential forms of the input-output relationship linking p53 levels and p21 transcription.

(B) Histogram of p21-MS2 signal. p53 could control (1) the burst frequency (ON-OFF switch) or (2) the burst size (intensity of foci given that transcription is on).

(C) Fraction of cells with active p21-MS2 transcription as a function of instantaneous p53 levels. p53-CFP values were normalized to the mean p53 peak intensity

across cells and time points. Measurements are derived from in silico aligned p53 and p21-MS2 pulses after IR. Error bars denote standard error of proportion

using binomial statistics (representative analysis from biological duplicate, with > 600 independent p53 pulses per replicate).

(D) Average p21-MS2 signal, given that transcription is active, as a function of instantaneous p53 levels. Dashed line denotes threshold delineating ON-OFF

transcription state. p53-CFP values were normalized to the mean p53 peak intensity across cells and time points. Error bars denote standard error of means

(representative analysis from biological duplicate, with > 600 independent p53 pulses per replicate).

(E) Hypotheses to explain the lack of p21 transcription in the presence of high p53 levels. In the first scenario, some cellsmay fail to induce p21 at all during a single

p53 pulse. In the second scenario, transcription may fluctuate between ON-OFF states within a p53 pulse. Measurements at a single time point (indicated by red

arrows) are insufficient to distinguish between these two hypotheses.

(F) Fraction of p53 pulses with p21 induction.

(G) Representative single-cell trajectory of p53 and p21-MS2 signal showing multiple bursts of p21 transcription within a single p53 pulse. Cells received IR and

were imaged every 2 min.

(H) Distribution of number of p21 transcriptional bursts (> 10 min) per p53 pulse (analysis from representative biological replicate with 766 pulses).

(I) Fraction of time p21 transcription is OFF due to bursty transcriptionwithin individual p53 pulses. Only pulses duringwhich there is more than one transcriptional

burst are considered (analysis from representative biological replicate with 368 pulses). See also Figure S3.
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phenomenon could arise if some cells fail to activate transcrip-

tion during a p53 pulse (Figure 4E, all-or-none model) or show

bursty transcription, as has been observed in other systems

(Lenstra et al., 2015; Larson et al., 2013; Rodriguez et al.,

2019; Wilson et al., 2017; Suter et al., 2011; Neuert et al.,

2013; Fritzsch et al., 2018; Senecal et al., 2014; Li et al.,

2018) (Figure 4E, transcriptional bursts model). Using data

from cells with oscillating p53 levels imaged at higher temporal

resolution, see STAR Methods), we found that fewer than 3% of

cells failed to exhibit p21-MS2 foci (Figure 4F), arguing against

a prominent role for the ‘‘all-or-none’’ model (Figure 4E). Closer

examination of p21 trajectories revealed that transcription fluc-

tuated within single p53 pulses (Figure 4G), often exhibiting two

or three transcriptional bursts (Figure 4H). The bursty kinetics of

transcription resulted in transcription being off approximately

20% of the time during a p53 pulse (Figure 4I). By tracking

the dynamics of p53 levels and p21 transcription, we

concluded that the observed lack of uniform transcriptional

activation at fixed time points arises mainly from bursty tran-

scriptional kinetics rather than from a subpopulation of cells

that is refractory to p53 activation.
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p53 Dynamics Synchronize Transcription between
Independent Alleles of p21 in the Same Cell
The observed cell-to-cell heterogeneity in p21 transcription in-

duction (Figures 2A and S3F–S3K) could arise from fluctuations

in the global cellular environment or reflect intrinsic stochasticity

at the level of individual p21 loci. Moreover, fluctuations in the

cellular environment could arise at cytoplasmic, nuclear, and

subnuclear levels. To dissect the contribution of these sources

of variability, we monitored independent p21 loci in shared envi-

ronments. We generated binucleated cells by cytochalasin D-

mediated inhibition of cytokinesis (Figures 5A and 5B), allowing

us to compare the variability in p21 transcription in a shared

cytoplasmic compartment. To investigate p21 transcription

from distinct loci in a shared nuclear environment, we analyzed

a rare subpopulation of cells with spontaneously arising biallelic

p21 endogenous tags (<3% in population) (Figures 5C and 5D).

Both binucleated and biallelic cells showed pulsatile p53

dynamics similar to their mononucleated, monoallelic counter-

parts (Figure 5E), although binucleated cells displayed a slightly

longer period of ~6.2 h (compared with 5.5 h for IR-only treated

cells). p53 dynamics were highly correlated between the two
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Figure 5. p53 Dynamics Synchronize Transcription in Independent p21-MS2 Alleles in the Same Cell

(A) A 15 h treatment with cytochalasin D leads to binucleation.

(B) Image series of p21-MS2 signal in a representative binucleated cell after DNA damage. Triangles denote p21-MS2 ‘‘ON’’ (white) and ‘‘OFF’’ (red) states.

(C) Individual cells with two tagged p21 alleles tagged allow simultaneous quantification of transcriptional dynamics at p21 loci under shared nuclear and

cytoplasmic environments.

(D) Image series of p21-MS2 signal in a representative cell with two tagged p21 alleles. Triangles denote p21-MS2 ‘‘ON’’ (white) and ‘‘OFF’’ (red) states.

(E) Representative single-cell trajectories of p53 and p21-MS2 dynamics post-DNA damage in biallelic (IR), binucleated (NCS) or unrelated pairs of cells within

each treatment. Each curve represents a single nucleus (for p53 quantification) or a single locus (for p21-MS2 quantification).

(F) Boxplots of Spearman correlation of pairs of p21-MS2 or p21-mCherry derivative trajectories. Data from a representative biological replicate with 55 cells

(biallelic) and 43 cells (binucleated) cells. *** p < 0.001 Man-Whitney Rank Sum Test. See also Figure S4.
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nuclei of binucleated cells (Figures S4A and S4B), underscoring

the dominant role of cytoplasmic regulation in shaping p53 dy-

namics. A small fraction of binucleated cells (~15%) showing

non-typical p53 dynamics and poorly correlated p53 trajectories

(Figures S4A and S4C) was excluded from the analysis. Next, we

determined the extent of influence that shared cytoplasmic and

nuclear environments have on p21 transcriptional dynamics. p21

transcriptional trajectories were significantly more correlated be-

tween nuclei of binucleated cells and between alleles of biallelic

cells compared with randomly paired cells, even after aligning

the randomly paired cells’ trajectories to be in-phase with each

other (Figures 5E and 5F). Notably, in binucleated cells with

well-correlated p53 trajectories, p21 transcription was also high-

ly correlated (Spearman’s r > 0.6). In contrast, binucleated cells

with poorly correlated p53 dynamics showed weaker correla-

tions in p21 transcription (Spearman’s r < 0.4) (Figures S4B

and S4C). These results suggest that covariation between tran-

scription from independent alleles in a single cell can be largely

explained by p53 dynamics.
Sustained p53 Dynamics Modestly Impact the
Magnitude of p21 Transcription but Strongly Impact the
Levels of p21 Protein
Our results suggest that p53 levels regulate the probability,

rather than the magnitude, of p21 transcriptional activation

and result in rapid cycling of p21 between on and off states

during a single p53 pulse (Figure 4), cumulatively leading to

stepwise accumulation of p21 protein over many p53 pulses

(Figure 2). Although p53 was induced at least 2-fold in these

experiments, it remained possible that we had not sampled

sufficiently high levels of p53 to accurately determine the

input-output relationships with target gene transcription and

protein levels. Therefore, we investigated whether these rela-

tionships held true at even higher levels of p53, which we

induced in irradiated cells by treating them with nutlin-3a

(MDM2i) to inhibit MDM2 (Vassilev et al., 2004), the E3 ubiq-

uitin ligase responsible for degrading p53. We found that in

response to IR and MDM2i, p53 levels were induced more

than 10-fold (compared with cells lacking MDM2i and did
Cell Systems 10, 495–505, June 24, 2020 501
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Figure 6. Sustained p53 Dynamics Have a

Modest Effect on p21 Transcription and a

Strong Effect on p21 Protein Accumulation

(A) Dynamics of p53 in response to IR in the pres-

ence (representative biological replicate with 271

cells) or absence (representative biological replicate

with 201 cells) of MDM2i. p53-CFP values were

normalized to the mean p53 peak intensity across

cells and time points. Bold lines and shaded areas

represent median and interquartile range, respec-

tively. The inset zooms into the early pulsatile

response of p53 after IR alone.

(B) Dynamics of p21-MS2 signal in response to IR in

the presence (representative biological replicate

with 271 cells) or absence (representative biological

replicate with 201 cells) of MDM2 inhibitor (nutlin3-

a). Bold line and shaded areas represent median

and interquartile range, respectively.

(C) Average p21-MS2 signal, given that transcription

is active, as a function of instantaneous p53 levels in

response to IR, in the presence (representative

biological replicate with 271 cells) or absence

(representative biological replicate with 201 cells) of

MDM2i. p53-CFP values were normalized to the

mean p53 peak intensity across cells and time

points. Dashed line denotes threshold delineating

ON-OFF transcription state. Error bars denote

standard error of means.

(D) Fraction of active p21-MS2 transcription as a function of instantaneous p53 levels in response to IR, in the presence (representative biological replicate with

271 cells) or absence (representative biological replicate with 201 cells) of MDM2i. p53-CFP values were normalized to the mean p53 peak intensity across cells

and time points. Error bars denote standard error of proportion using binomial statistics. Red line in inset shows the fraction of active transcription at saturation.

Gray and blue arrows denote the average p53-CFP levels after IR-only or IR+MDM2i treatments, respectively. (E) Dynamics of p21 protein levels in response to IR

in the presence (representative biological replicate with 100 cells) or absence (representative biological replicate with 54 cells) of MDM2 inhibitor (nutlin3-a). The

inset zooms into p21 induction after IR alone. See also Figure S5.
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not oscillate (Figure 6A). To ensure that the MS2 system accu-

rately reports on high levels of transcription without becoming

saturated, transcription levels were measured simultaneously

by MS2 signal and FISH in the presence or absence of MDM2

inhibitor. The results of these two orthogonal assays showed

good correlation, suggesting that the MS2 reporter was not

limited in its detection abilities (Figure S5). MDM2 inhibition

eliminated the oscillations in p21 transcription and led to

only a modest (approximately 2-fold) increase in the magni-

tude of p21 transcriptional activation compared with peak

levels in the absence of MDM2i (Figure 6B). The relationships

between p53 levels and the magnitude of p21 transcription, as

well as transcription probability, were not affected by the high

p53 levels in the presence of MDM2i (Figures 6C and 6D). This

suggests that the input-output relationship between p53

levels and p21 transcription that was determined in response

to IR (Figure 4) is maintained across a wide range of concen-

trations of artificially stabilized p53. Despite the slight differ-

ence in transcriptional magnitude between irradiated cells

treated with or without MDM2i (Figure 6D), p21 protein levels

showed an elevation of 9-fold upon MDM2i treatment (Fig-

ure 6E), resembling the elevation in the levels of the p53 pro-

tein. These results point to a key role for p53 and p21 tran-

scriptional oscillations in preventing rapid accumulation of

p21 protein levels, which holds important implications for

guidance of cellular outcomes that are based on overall pro-

tein levels, in this case the choice between cell-cycle arrest

and cell death (Paek et al., 2016).
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DISCUSSION

In this study, we developed a system to study the cascade of

events from TF induction to target gene transcription and protein

production using live-cell imaging for long time scales and high

temporal resolution. Using time-lapse imaging, we quantified

p53, p21 transcription, and p21 protein levels in individual cells,

thus bypassing limitations of population and single time-point-

based approaches (Figure 7). We found that although p21 tran-

scription was bursty, the probability of inducing transcription

was dependent on p53 levels and that the level of transcription

rapidly saturated. Due to this tight relationship between p53

and p21 transcription, we found a strong correlation between

p53 and p21 transcription, as well as between p53 and p21 pro-

tein derivative, over timescales of a complete p53 pulse (5.5 h).

Quantification of the input-output relationship between p53

levels and p21 transcription showed that p21 transcription

behaved as an ON-OFF switch with higher p53 levels increasing

the probability of p21 transcription being in an ON state. Although

p53 levels influenced the probability of transcriptional activation,

they hadminor effects on themagnitude of transcriptional activity,

as transcription rapidly reached saturation when in the ON state.

This result aligns with other reports of saturation of transcriptional

activation (Rodriguez et al., 2019; Lenstra et al., 2015). Variations in

p53 levels beyond those needed to trigger transcriptional activa-

tion may be buffered by transcriptional saturation, which is a

commonly observed phenomenon in gene regulation that can be

achieved by multiple mechanisms (Scholes et al., 2017). In our
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Figure 7. Quantifying the Central Dogma in

the p53 Pathway in Live Single Cells

(A) A system to quantify the dynamics of p53 protein,

p21 transcription, and p21 protein in live single cells.

(B) Pulsatile dynamics of p53 lead to pulses of p21

transcription and stepwise accumulation of p21

protein.Within each pulse, p21 transcription exhibits

bursty dynamics.

(C) Heterogeneity in p53 expression allows quanti-

fication of input-output relationships across a range

of p53 expression levels. Transcription probability

scales with p53 levels, whereas transcription

magnitude saturates at low p53 levels.
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previous study using population-based measurements of p53

DNAbindingandgeneexpression, wepredicted that all p53 target

genes have transcription dynamics that track p53 protein dy-

namics (Hafner et al., 2017). Future studies extending our reporter

system toother p53 targetswill allowus tounderstandwhether the

same ON-OFF activation and saturation behavior are specific to

p21 or can be generalized to all p53-responsive genes.

We detected substantial heterogeneity in p21 transcription be-

tween cells and evenwithin individual alleles of a biallelic cell. This

finding is reminiscent of the extrinsic and intrinsic noise described

by Elowitz and colleagues, who found that distinct proteins under

the independent control of identical promoters showed both

correlated (extrinsic noise) and uncorrelated variation (intrinsic

noise) (Elowitz et al., 2002). Previous analyses of transcription in

individual mammalian cells identified global correlations when

comparing multiple tagged alleles of the estrogen responsive

Trefoil Factor 1 TFF1 gene in the same cell; however, the mecha-

nistic underpinnings of these correlated fluctuations were not

elucidated (Rodriguez et al., 2019). We found that independent

p21 alleles in the same cell showed strongly correlated dynamics,

suggesting that heterogeneity inp21 transcription is dominated by

extrinsic noise. Our results suggest that much of the extrinsic

noise can be explained by variations in p53 levels, as transcription

from two alleles in a shared nucleus (i.e., exposed to equal p53

levels) was highly correlated. Together, these observations high-

light the importance of quantifying TFs and target genes in the

same cell in order to determine the extent to which variability in

transcription arises at the level of fluctuations in the abundance

of TFs themselves.

While the dynamics of p21 transcription tracked p53 pulses,

upon induction of p21 protein, its levels were not pulsatile but
C

accumulated throughout the experiment. In

contrast, another well-established p53

target gene, MDM2, which also shows pul-

satile transcription (Hafner et al., 2017;

Porter et al., 2016; Purvis et al., 2012; Han-

son et al., 2019), is known to have pulsatile

protein dynamics following p53 pulses

(Lahav et al., 2004). Similar distinctions in

transcription and protein dynamics were

noted for targets of the Erk pathway (Wilson

et al., 2017), which stem from the additional

layers of post-translational regulations re-

flecting the different roles that these genes

play. In the p53 pathway, while MDM2 func-
tions as a negative regulator of p53, establishing a negative feed-

back loop that is the main driver of p53 protein pulses, p21 is a

cell-cycle regulator. One can speculate that the progressive accu-

mulation of p21 protein levels with each pulse is a mechanism to

integrate total p53 levels over time. Consistent with this idea, sus-

tained p53protein dynamics induced by irradiation combinedwith

MDM2i treatment lead tomuch higher levels of p21 protein, which

mayplay a role in pushing cells toward senescence versus cell-cy-

cle arrest, as has been reported for sustained versus pulsatile p53

dynamics, respectively (Purvis et al., 2012). Our results suggest

that pulsatile TF dynamics combined with bursty transcription

may be a strategy for preventing over-accumulation of target pro-

teins in situations where they may prematurely lead to irreversible

outcomes (senescence or apoptosis).

DynamicsofTFsandsubsequentchanges in targetgeneexpres-

sion are important drivers of cell fate decisions (Purvis and Lahav,

2013). While our work emphasizes the value of gaining detailed

quantitative informationabout individual TFs and targetgenes in in-

dividual cells, current live imaging methods are limited in the num-

ber ofmolecular species that can be simultaneously quantified. On

the other hand, efforts to elucidate gene regulatory relationships

from single-cell transcriptomics provide genome-wide data but

rely on static snapshots of cell populations. These approaches

are limited in revealing quantitative input-output relationships due

to the fact that inferences rely on TF mRNA rather than protein

abundance and do not account for correlations offset by time de-

lays. Furthermore, single-cell transcriptomic data do not track indi-

vidual cells’ decision-making processes, but rely on building

computational predictions based on aggregated data (Tusi et al.,

2018), which is subject to the same caveats of "averaging out" het-

erogeneity as in bulk data. Recently, live-cell imaging followed by
ell Systems 10, 495–505, June 24, 2020 503



ll
Article
single-cellRNAsequencinghasbeenused tounderstandhowtem-

poral dynamics of the TF affect the downstream transcription and

cell fate (Lane et al., 2017). Such an integrative approach promises

to expand our understanding of distinct dynamical relationships

between TF levels and transcription operating over short-term (mi-

nutes) and long-term (hours) intervals, and is likely to augment our

understanding of how the dynamics of TF levels, transcription, and

protein output ultimately guide cell fate decisions.

Key Changes Prompted by Reviewer Comments
In response to the reviewers’ and editor’s suggestions, we have

edited the text and figures and added 4 new figures (Figures 3,

7, S2, and S5).We have taken several measures to further validate

our experimental system. First, we showedwith new experiments

and examples from the literature that p53 dynamics are not

affected by the dose of irradiation, which strengthened our choice

of p53 levels, rather than extent of DNA damage, as the ‘‘input’’

governing p21 expression. The effects of different doses of irradi-

ation are now shown in Figure S2. Second, we validated that the

MS2 system is reliable for detecting transcription by simulta-

neously measuring transcription in individual cells using both

the MS2 system and the orthogonal FISH technique (Figure S5).

Our studies were conducted in asynchronous cells. We

therefore have investigated the potential effects of cell cycle

on p53 levels and p21 expression using a live reporter of cell-

cycle phase. We showed that the dynamics of p53 and p21

transcription were similar across all cell-cycle phases. In

contrast, p21 protein accumulated in all phases except for S

phase, in which we have previously shown rapid p21 degrada-

tion (Stewart-Ornstein and Lahav, 2016). These results are

shown in Figure 2. Because p21 protein is degraded in S phase,

we omitted a subset of cells with very low p21 protein in Fig-

ure 1C and recalculated the correlation, which remained low.

To further solidify our finding that two p21-MS2 alleles in a

shared nuclear and cytoplasmic environment exhibit higher

correlations in transcriptional trajectories than alleles in sepa-

rate cells, we calculated correlations between alleles in unre-

lated cells whose p53 trajectories were in-phase with each

other. Correlations in biallelic cells were higher than those be-

tween phase-matched unrelated cells. These results are shown

in Figure 5F. Finally, we have included a discussion of how

alternative techniques, such as single-cell sequencing, can

complement live-cell imaging and contribute to our under-

standing of gene network regulation, and we summarized the

unique insights provided by the live single-cell imaging

approach employed in our study.

For context, the complete Transparent Peer Review Record is

included within the Supplemental Information.
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lation through kinetic control of the transcription cycle. Cell Syst 4, 97–108.e9.

Senecal, A., Munsky, B., Proux, F., Ly, N., Braye, F.E., Zimmer, C., Mueller, F.,

and Darzacq, X. (2014). Transcription factors modulate c-Fos transcriptional

bursts. Cell Rep 8, 75–83.
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Antibodies

Mouse monoclonal anti-p21WAF1 EMD Millipore Ab-1; cat#OP64 RRID:AB_213423

Mouse monoclonal anti-p53 Santa Cruz

Biotechnology

sc-126 (DO1);

RRID:AB_628082

Rabbit polyclonal anti-RFP MBL international PM005;

RRID:AB_591279

Mouse monoclonal anti-b-Actin Sigma A5316;

RRID:AB_476743

IRDye 800CW Goat anti-Mouse IgG

SecondaryAntibody

Licor 926-32210

IRDye 800CW Goat anti-Rabbit IgG

SecondaryAntibody

Licor 926-32211

IRDye 680RD Goat anti-Mouse IgG

SecondaryAntibody

Licor 926-68070

IRDye 680RD Goat anti-Rabbit IgG

SecondaryAntibody

Licor 926-68071

Bacterial and Virus Strains

pCR4-24XMS2SL-stable Addgene 31865

UbC NLS-HA-MCP-YFP (lentiviral) Addgene 31230

pRRL-UbCp-p53-CFP (lentiviral) This work N/A

pDONR221-p21homology-

mCherryp2aNeo-24xMS2-p21homology

This work N/A

pRRL-CMV-CFP-hGeminin(1-100)

(lentiviral)

Karanam, et al. 2012 N/A

Chemicals, Peptides, and Recombinant Proteins

DAPI Sigma D9542

Nutlin3-a Cayman Chemical N/A

Neocarzinostatin (NCS) Sigma N9162

Cytochalasin D Sigma C8273

Critical Commercial Assays

p21 FISH probes Biosearch

Technologies (Purvis, et al 2012)

SMF-1065-5

Custom probes

Deposited Data

Single cell imaging data This work http://doi.org/10.17632/nwt5m8ktgt.1

Experimental Models: Cell Lines

Human: MCF7 Hafner, et al 2017 N/A

Human: MCF7 + MCP-YFP + p53-CFP +

p21-mCherry-P2A-Neo-24XMS2

(endogenous tag)

This work N/A

Human: MCF7 +MCP-YFP + p21-mCherry-

P2ANeo-24XMS2 + CFP-hGeminin(1-100)

This work N/A

Oligonucleotides

p21 Forward:

GACTCTCAGGGTCGAAAACG

This work N/A

p21 wild type Reverse:

AAGATGTAGAGCGGGCCTTT

This work N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

p21 mCherry MS2 Reverse:

CATGTTATCCTCCTCGCCCT

This work N/A

GAPDH Forward:

ACATCGCTCAGACACCATG

This work N/A

GAPDH Reverse:

TGTAGTTGAGGTCAATGAAGGG

This work N/A

Recombinant DNA

pCas9-T2A-p21gRNA

GGCTTCCTGTGGGCGGATTA

Stewart-Ornstein and Lahav, 2016 N/A

Software and Algorithms

Custom analysis scripts This work Mendeley data: http://doi.org/10.17632/

nwt5m8ktgt.1

P53Cinema Single Cell Tracking Software Reyes et al., 2018 https://github.com/balvahal/

p53CinemaManual
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RESOURCE AVAILABILITY

Lead Contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Galit

Lahav (Galit@hms.harvard.edu).

Materials Availability
Cell lines and plasmids generated in this study are available from the Lead Contact upon request.

Data and Code Availability
Original data have been deposited to Mendeley Data [https://doi.org/10.17632/nwt5m8ktgt]. Quantification of single cell imaging

data and code that was used to generate figures (in Matlab) are available at: https://github.com/balvahal/hafner_etal.

EXPERIMENTAL MODEL

MCF7 cells (derived from human, female breast adenocarcinoma) were grown in RPMI + 10% fetal bovine serum (FBS) supple-

mented with 100 U/mL penicillin, 100 mg/mL streptomycin, and 250 ng/mL fungizone (Gemini Bio-Products). Imaging was done

in transparent RPMI + 5% FBS supplemented with 100 U/mL penicillin, 100 mg/mL streptomycin, and 250 ng/mL fungizone. The

parental MCF7 line tested negatively for mycoplasma contamination.

METHOD DETAILS

Cell Treatment
DNA damage was induced by treatment with 10Gy x-ray (Figures 1, 2, 4, 5 biallelic cells, and 6) or addition of the radiomimetic drug

NCS (Sigma) at 500 ng/ml (Figures 3 and 5 binucleated cells). Nutlin-3a was purchased from Cayman Chemical, dissolved in DMSO,

and applied at a final concentration of 10 uM (Figures 1G and 6). Binucleated cells were generated by treating cells with Cytochalasin

D (Sigma) at 10uM for 15h, after which they were washed using transparent RPMI media. As a result of this treatment, ~40% of cells

were binucleated.

Quantitative RT-PCR
RNA was collected using the TRIZOL reagent and purified using the Zymo RNA Clean-up kit. cDNA was generated using the high-

capacity cDNA reverse transcription protocol (Applied Biosystems). Quantitative RT-PCR was then performed using 8.4 ng total

cDNA, 100 nM primer, and SYBR Green reagent (Applied Biosystems). Normalization was done to the GAPDH gene.

qPCR primers used:

p21 Forward: GACTCTCAGGGTCGAAAACG

p21 wild type Reverse: AAGATGTAGAGCGGGCCTTT

p21 mCherry MS2 Reverse: CATGTTATCCTCCTCGCCCT

GAPDH Forward: ACATCGCTCAGACACCATG

GAPDH Reverse: TGTAGTTGAGGTCAATGAAGGG
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Western Blot
Cells were harvested by lysis in the presence of protease inhibitors, and run on 4%–12% Bis-Tris gradient gel (Invitrogen). Transfer

was done onto Nitrocellulose membrane and the membrane was blocked with 5% nonfat dried milk prior to antibody addition. p21

(1:1 000, Calbiochem), p53 (1:8 000, DO1 Santa Cruz), Actin (1:10 000, Sigma) and RFP (1:5 000, MBL) antibodies were used. Sec-

ondary antibodies with IR-680, IR-800 dyes (1:10 000, Licor) were used for detection.

Plasmids and Cloning
To construct the plasmid containing mCherry-P2A Neo-24xMS2 repeats flanked by p21 homology regions, we used sequential re-

striction enzyme cloning. The plasmid containing the 24xMS2 repeats was obtained from Addgene (31865). The p21 homology re-

gions were: 632 bp for the upstream homology region 666 bp for the downstream homology region (without the STOP codon).

mCherry was cloned in frame with the p21 upstream homology region. For CRISPR targeting, previously published plasmids and

gRNA guiding sequence was used (Stewart-Ornstein and Lahav, 2016).

Cell Line Construction
Lentivirus was produced by transfecting 293T cells using TransIT-293 reagent (Mirus) according to manufacturer’s instructions, with

lentiviral packaging vectors and MCP-YFP (Addgene 31230) or p53-CFP plasmids. Viral supernatant was collected and filtered after

3 days of infection. To generate a stably expressing MCF7 MCP-YFP cell line, MCF7 cells were infected with the MCP-YFP virus in

media containing HEPES and protamine sulfate. Single-cell cloneswere obtained by limiting dilution. A clonalMCP-YFP linewas then

transfected with both 1ug of the Cas9-p21gRNA plasmid and 1ug of plasmid containing mCherry-P2ANeo-MS2 flanked by p21 ho-

mology regions using TransIT-LT1 reagent (Mirus) according to the manufacturer’s instructions. Cells were allowed to recover in

nonselective media for 1 day before selection with G418 (400ng/ml). Single clone selection was done using limiting dilution. Finally,

a clonal MCP-YFP, p21-mCherry-MS2 cell line was infected with p53-CFP lentivirus. Selection was done with Puromycin (0.5 ug/ml)

and single clones were obtained by limiting dilution.

To simultaneously track cell cycle progression and p21 transcription and protein dynamics, we used lentiviral delivery of the CFP-

hGeminin(1-100) construct into the p21-mCherry-MS2/MCP-YFP clonal cell line (Karanam, et al. 2012; Sakaue-Sawano et al., 2008).

Microscopy
Two days prior to imaging, cells were plated in poly-D-lysine-coated glass-bottom plates (MatTek Corporation). For live imaging,

cells were switched to transparent RPMI transparent medium supplemented with 5% FBS and imaged using a Nikon Eclipse Ti-E

microscope equipped with a chamber for controlled temperature (37%) and CO2 (5%) environment. All live-cell imaging was per-

formed with a 20x PA objective (Nikon) using YFP, mCherry and CFP filtersets (Chroma). For imaging the p21 transcriptional foci,

3 z-stacks spanning 4um (Figures 2, 3, and 5 biallelic cells) or 5 z-stacks spanning 6um (Figures 4, 5 binucleated cells, and 6),

were collected in the YFP channel. Images were taken every 15 minutes (Figures 2, 3, and 5 biallelic cells), 5 min (Figures 4C, 4D,

5 binucleated cells, and 6) or 2 min (Figures 4G–4I).

For RNA FISH, cells were fixed in 2% PFA and stained according to the FISH protocol and with FISH oligos (Biosearch Technol-

ogies) as described (Purvis et al., 2012). Imaging was done using a 60x oil objective or 20X objective (tomatch FISH foci with live p21-

MS2 signal) and z-stacks were collected for the YFP (p21 MS2 foci) and Cy5 (p21 FISH probes) channels.

QUANTIFICATION AND STATISTICAL ANALYSIS

Image Processing
Image processing was done using a custom MATLAB code. Briefly, manual tracking was done on the YFP channel. Nuclei of cells

were locally segmented within a 111x111 pixels sub-image around tracked centroids in the YFP channel. The average fluorescence

signal within segmented nuclei was estimated for p53-CFP and p21-mCherry. For the p21-MS2 foci quantification, maximal projec-

tions from the YFP z-stacks were filtered using a Gaussianmask of 5 pixels. The p21-MS2 signal was defined as the average intensity

of the 9 brightest pixels, divided by themedian intensity within the nucleus (background signal). Individual foci weremanually tracked

to quantify p21-MS2 signal in binucleated and biallelic cells. To quantify p21 FISH signal, we filtered images using aGaussianmask of

5 pixels. Then, we manually identified nascent transcription foci and recorded the highest pixel intensity in each focus.

To process CFP-hGeminin(1-100) trajectories, we first normalized measurements by subtracting the lowest value and dividing by

themaximum value of each single cell trajectory. We then used the used the distributions of CFP-hGeminin(1-100) across all cells and

timepoints to define a threshold defining the CFP-hGeminin(1-100) ’ON’ and ’OFF’ states (Figure 3). We similarly used the distribution

of p21-mCherry to define p21 ’ON’ and ’OFF’ states. We used the state of CFP-hGeminin(1-100) and p21-Cherry at the time of dam-

age to classify cells in G0/G1 and S/G2 states. We then used the state of these two reporter systems 5h post-DNA damage to further

distinguish between S (Geminin ON/p21 OFF) and G2 cells (Geminin ON/p21 ON), and to make a distinction between cells that arrest

in G1, and cells that progress into S phase shortly after damage.

Quality Control
Only cells which were tracked throughout the entire length of each experiment were considered for further analysis. Segmented cells

that touched the borders of segmentation sub-image (see Image processing), which suggests merging of neighboring cells, were
e3 Cell Systems 10, 495–505.e1–e4, June 24, 2020
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excluded from further analysis. Cells with little or no expression of p53-CFP, suggestive of loss or silencing of the fluorescent reporter,

were also excluded from the analysis.

We used solidity, i.e. the fraction of the convex hull enclosing a segmented cell encompassed by the segmented object, as away to

identify nuclei with regular ellipsoid shapes. This was important to exclude the possibility that the low correlations that we identified

when analyzing fixed timepoints were due to low quality segmentation (Main text Figures 1B–1D).

Inference of Input-Output Relationships
p53-CFP intensity and p21-MS2 signal were pre-processed by subtracting the minimum value from each trajectory. p53-CFP trajec-

tories were smoothed using a 2h sliding window. Individual p53 pulses were identified as local maxima with minimum peak promi-

nence of 40 (a.u.) andminimumwidth half-prominence of 4h. Trajectories were in silico aligned around individual p53 pulses. Aligned

p21-MS2 trajectories were shifted 45min so that the timing of the average p53 and p21-MS2 peaks coincided (Figure S3). Input-

output relationships were inferred using paired measurements of p53 and p21-MS2 from all cell and all timepoints. Our analysis as-

sumes that p21-MS2 signal is a reporter of instantaneous p21 transcription. A similar procedure was used to infer the relationship

between p21-MS2 signal and p21 protein derivatives, adjusting for the average time delay of these molecular species. To avoid

the confounding effect of the active p21 protein degradation program present during S-phase (Stewart-Ornstein and Lahav,

2016), only cells which induced p21 protein immediately after the first p53 pulse were included for p21 protein derivative analyses.
Cell Systems 10, 495–505.e1–e4, June 24, 2020 e4
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