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Materials and Methods 

Cell culture 

MCF10A cells (ATCC Cat# CRL-10317, RRID:CVCL_0598) were maintained in 

DMEM/F12 (Gibco) supplemented with 5% (v/v) horse serum (Gibco), 20 ng/mL epidermal 

growth factor (EGF, Sigma-Aldrich), 0.5 mg/mL hydrocortisone (Sigma-Aldrich, St. Louis, 

MO), 100 ng/mL cholera toxin (Sigma-Aldrich), 10 μg/mL insulin (Thermo Fisher), and 

penicillin/streptomycin. In EGF withdrawal experiments, both EGF and horse serum were 

removed from the medium. RPE-hTERT cells were obtained from J. Mansfeld at Technische 

Universität Dresden and cultured in DMEM/F12 with 10% (v/v) fetal bovine serum (FBS), 1X 

Glutamax, and penicillin/streptomycin. For time-lapse imaging, phenol-red free DMEM/F12 

(Gibco) was used. All cells were cultured at 37 ºC at 5% CO2.  

 

Stable cell lines 

MCF10A cells with mCitrine knocked into the CCND1 or CDKN1A gene locus were 

described previously (9, 10). These cells also express H2B-mTurquoise for cell tracking and 

DHB-mCherry as a CDK2 activity sensor. To overexpress Fra1, a previously described MCF10A 

cell line expressing H2B-mTurquoise and DHB-mVenus (6) was transduced with lentivirus 

encoding Fra1-mCherry (wild type or S252D-S265D mutant (27)). RPE-hTERT cells expressing 

Cyclin D1-mVenus from its endogenous locus were received from J. Mansfeld (19) and 

transduced with H2B-mIFP lentivirus (28) for cell tracking and DHB-mCherry lentivirus to 

monitor CDK2 activity (6). Transduced cells were sorted by FACS on the fluorescent color(s) 

they carry to establish the cell line.  

To overexpress Cyclin D1 in a tetracycline-inducible manner, TurboID-Cyclin D1 was 

integrated into the FRT site in plain RPE-hTERT Flp-In parental cells (received from J. 

Mansfeld (19)) using the Flp-In system (Thermo Fisher). Stable clones were selected using G418 

(500 μg/mL). Individual clones were tested for Cyclin D1 overexpression and positive clones 

were pooled. Cyclin D1 expression was induced with 1 μg/mL tetracycline for 12 hr.  

 

Inhibitors 

Mek inhibitor, PD-0325091 (S1036, Selleckchem) at 100 nM; CDK4/6 inhibitor, 

palbociclib (Selleckchem, S1116) at 1 μM; Erk inhibitor, SCH772984 (S7101, Selleckchem) at 

100 nM; mTor inhibitor, torin 1 (HY-13003, MedChem) at 250 nM; puromycin (InvivoGen, ant-

pr-1) at 0.625 μg/mL, and cycloheximide (Enzo Life Science, ALX-380-269-G001) at 10 μg/mL 

in Fig. S8 for complete translation inhibition and at 0.5 μg/mL in Fig. S9 to reduce translation 

rate. 

 

Antibodies 

The following antibodies were used: anti-Cyclin D1 clone SP4 (Lab Vision Cat# RM-9104-

S0, RRID:AB_149914) at 1:2000 for WB and 1:500 for IF; anti-Cyclin D2 (abcam, ab207604) at 

1:1000; anti-Cyclin D3 (Santa Cruz Biotechnology Cat# sc-6283, RRID:AB_627355) at 1:1000; 

anti-phospho-Rb S807/811 (Cell Signaling Technology Cat#  8516, RRID: AB_11179075) at 

1:1000; c-Myc (Cell Signaling Technology Cat# 5605, RRID:AB_1903938) at 1:1000 for WB 

and at 1:250 for IF; anti-Fos (Cell Signaling Technology Cat# 2250, RRID:AB_2247211) at 

1:1000 for WB and at 1:6400 for IF; anti-Fra1 (Santa Cruz Biotechnology Cat# sc-28310, 

RRID:AB_627632) at 1:1000 for WB and at 1:200 for IF; anti-p27 (BD Biosciences Cat# 

610241, RRID:AB_397636) at 1:1000 for WB and at 1:200 for IF; anti-β-Tubulin (Cell 
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Signaling Technology Cat# 86298, RRID:AB_2715541) at 1:2000; anti-GAPDH (Cell Signaling 

Technology Cat# 5174, RRID:AB_10622025) at 1:2000; anti-rabbit IgG, HRP-linked (Cell 

Signaling Technology Cat# 7074, RRID:AB_2099233) at 1:2000; anti-mouse IgG, HRP-linked 

(Cell Signaling Technology Cat# 7076, RRID:AB_330924) at 1:2000; Alexa Fluor-647 

secondary antibody (Molecular Probes Cat# A-21245, RRID:AB_141775) at 1:500.  

 

siRNA oligos 

siRNA oligos were synthesized either by Dharmacon: CCND1 (LU-003210-00-0002), 

CCND2 (LU-003211-00-0002), CCND3 (LU-003212-00-0002) and CDKN1B (LU-003472-00-

0002), or by IDT: MYC (hs.Ri.MYC.13.2), JUN (hs.Ri.JUN.13.2), FOSL1 (hs.Ri.FOSL1.13.2), 

FOS (hs.Ri.FOS.13.3), ETS1 (hs.Ri.ETS1.13.2), Negative Control DsiRNA (51-01-14-04). 

siRNA transfection was carried out using DharmaFECT 1 (Dharmacon) following the 

manufacturer’s instructions. Cells were lysed 24 or 48 h after transfection, unless stated 

otherwise, for western blot to determine the knockdown efficiency. 

 

Live-cell imaging 

Cells were plated on a 96-well plate (Cellvis P96-1.5H-N) coated with collagen (Advanced 

BioMatrix, #5015) at least 16 hr prior to the start of imaging and at a density such that cells were 

sub-confluent throughout the imaging period. Cells were imaged on a Nikon Inverted 

Microscope Eclipse Ti-E PFS (Nikon) with a Spectra X light engine (Lumencor), a 10X 0.45 NA 

objective and appropriate filter sets. Images were taken by a Zyla 5.5 sCMOS camera (Andor) or 

an ORCA-Flash 4.0 CMOS camera (Hamamatsu) at a frequency of 1 frame per 12 min. During 

the imaging, cells were kept in a humidified, 37 ºC chamber at 5% CO2. Light exposure time for 

each image was: 10-20 ms for CFP, 200-300 ms for YFP, 50-80 ms for mCherry, 500-600 ms for 

mIFP. CFP and mIFP were excited at 50% lamp intensity and others were excited at 100% 

intensity. Two or four sites were imaged per well with their positions spaced apart so that the 

exposure area for each site did not overlap with other sites. For experiments involving drug 

treatments, cells were first imaged without drug for 4-20 hr; the movie was then paused and 

drugs were added by exchanging 50% of the media in each well with medium containing a 2X 

drug concentration. To wash off drugs, cells were washed thrice with warmed full-growth 

medium. 

 

IF, RNA-FISH, and other fixed-cell staining 

In experiments in which live-cell imaging was followed by immunofluorescence (IF) or 

RNA Fluorescence In Situ Hybridization (FISH), cells were fixed immediately after live-cell 

imaging by incubation in 4% paraformaldehyde for 15 min at room temperature. In O-propargyl-

puromycin (OPP) and 5-ethynyl-2′-deoxyuridine (EdU) incorporation experiments, cells were 

incubated in medium containing 20 μM OPP for 24 min or medium containing 10 μM EdU for 

15 min at the end of the live-cell imaging and then fixed and processed according to the 

manufacturer’s instructions (Thermo Fisher C10458 and C10340). 

For IF, cells were incubated with a blocking/permeabilization buffer (3% BSA, 0.1% Triton 

X-100) for 1 hr at room temperature. Primary antibody staining was carried out overnight at 4 °C 

in the blocking buffer and visualized using secondary antibodies conjugated to Alexa Fluor 647. 

CCND1 RNA FISH (Thermo Fisher, VA6-16943) was carried out using the ViewRNA ISH Cell 

Assay kit (Thermo Fisher) following the manufacturer’s instruction.  
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Image processing and cell tracking 

Raw images were subtracted by dark noise and then divided by illumination bias. Dark 

noise was measured by a blank image taken with light source closed. Illumination bias of each 

fluorescent channel was estimated by averaged cell-free contour of all images in that channel.  

Segmentation and tracking of MCF10A cells were performed using a published pipeline 

(29); code available at https://github.com/scappell/Cell_tracking. In brief, log-transformed H2B-

mTurquoise images were convolved with a rotationally symmetric Laplacian of Gaussian filter 

and objects were defined as contiguous pixels exceeding a threshold filter score defined using 

Ostu’s method (30).  

To segment the whole cell in RNA-FISH and OPP experiments, a channel with whole-cell 

staining (CDK2 sensor or OPP) was first binarized into foreground (cells) and background using 

a threshold manually defined for each experiment. The foreground was further segmented using 

seed-based watershed with segmented nuclei as seeds.  

Segmented cell nuclei were tracked by screening the nearest future neighbor. Between 

frames where the imaging plate was removed from and put back in the microscope (for example, 

for drug addition, drug wash off, and IF, FISH, and OPP stain after live-cell imaging), the plate 

jitter was calculated by registering images of the nucleus-stained channel and corrected prior to 

tracking. The background of each image was subtracted using top-hat filtering after illumination 

bias correction. Mean nuclear intensities were measured by averaging the background-subtracted 

pixel intensities in each nucleus as defined by a segmented nuclear mask. CDK2 activity was 

calculated as the ratio of cytoplasmic to nuclear median sensor fluorescence, with the 

cytoplasmic component measured in a 4-pixel wide cytoplasmic ring outside of the nuclear 

mask. 

The RPE-hTERT cells were tracked using EllipTrack (31), a global-local cell-tracking 

method for hard-to-track cells (code available at https://github.com/tianchengzhe/elliptrack). 

Briefly, segmented nuclei were fit with ellipses, which were then tracked by maximizing the 

combined probabilities of all cell tracks throughout the movie using the Viterbi algorithm. 

Mitotic events were identified through morphological features pre- and post-chromosome 

segregation. The probability that two ellipses in two consecutive frames are linked was 

calculated as a function of morphological similarity and migration probability, the parameters of 

which were either inferred from training data or defined empirically.  

 

Single-cell analysis 

In live-cell experiments, each daughter cell was classified as CDK2inc, CDK2low or 

CDK2emerge. Unless stated otherwise, CDK2 activity in MCF10A cells was examined at 3 hr after 

anaphase: CDK2inc cells have CDK2 activity greater than 0.5 at 3 hr after anaphase that stays 

high until cell division; CDK2low cells have CDK2 activity less than 0.5 at 3 hr after anaphase 

that stays low for the rest of the movie; CDK2emerge cells have CDK2 activity less than 0.5 at 3 hr 

after anaphase but have CDK2 activity that rises later in the movie. Traces that end within 3 hr 

after anaphase were not classified. In RPE-hTERT cells, CDK2 activity was examined at 5 hr 

after anaphase with the same 0.5 threshold for the classification.  

The CDK2inc and CDK2low states are molecularly distinct cellular states. CDK2inc cells are 

born committed to cell cycle with hyper-phosphorylated Rb, whereas CDK2low are born with 

hypo-phosphorylated Rb and are sensitive to mitogen availability and thus not yet committed to 

the cell cycle (6, 9). Because Rb phosphorylation is bimodally distributed in newly born cells (9), 

we treat the CDK2inc and CDK2low states as binary. Passage through the CDK2low state has been 
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described as passage through a transient quiescence (6, 8–10, 32–34). CDK2emerge cells are 

CDK2low cells that emerge from this transient quiescence to later re-enter the cell cycle. While 

the cellular state is binary, the timing with which CDK2low cells become CDK2emerge cells is a 

continuum, as cells can make this switch at any point after entry into the CDK2low state. For 

MCF10A cells, we chose CDK2 activity at 3 hr after anaphase as the cut-off to classify CDK2inc 

cells because the dominant population (80%) of cells increases its CDK2 activity within 3 hr 

after anaphase (Fig. 1C, 1F). The same applies to the 5 hr cut-off in RPE-hTERT cells (Fig. 

S2E).  

To interrogate cell cycle phase-dependent effects in live-cell experiments, traces were 

pooled based on the time of mitosis relative to the perturbation (drug addition or siRNA 

addition). For daughter-cell fate vs. perturbation-relative-to-anaphase plots, each data point was 

calculated from cells that underwent anaphase (marked by H2B) ± one frame (MCF10A), or ± 

two frames (RPE-hTERT), relative to the frame under consideration (a window of 36 min or 1 

hr, respectively, centered at the indicated time point). A sliding window of one frame per time 

point is plotted, resulting in a time resolution of one data point per 12 minutes. These plots 

typically include 40-200 cells per well per data point. CDK2inc, CDK2low or CDK2emerge fractions 

were calculated for each well and mean ± 95% confidence interval from 3-8 wells is plotted (Fig. 

1E, 1G, 2A, 3A, 3D bottom, 3F, S2B-C, S2F-G, S3, S4D, S6A, S7C-E). A lack of overlap in the 

95% confidence interval is equivalent to showing a statistically significant difference via t-test 

with a p value < 0.05. 

In experiments where IF, FISH, or OPP stain is preceded by live-cell imaging of CDK2 

activity, the intensity of the fixed-cell stain in each cell was matched back to the CDK2 traces to 

determine CDK2 status and time-since-anaphase of the cell at fixation (Fig. 2D-E, 3B, 3E, S1B-

C, S4C, S6D-E). To reconstruct the dynamics of protein levels, mRNA levels, and translation 

rates, a moving average ± 95% confidence of all CDK2inc cells in a 36-min window (typically 

including 20-100 cells per condition per time window) is plotted. 

In experiments where protein level or CDK2 activity dynamics were recorded from live-cell 

imaging, subpopulations were selected as specified in figure legends (usually cells in a specific 

cell-cycle phase at the time of perturbation); unless stated otherwise, traces of fluorescence 

intensity were aligned to anaphase and means ± 95% confidence plotted. This analysis typically 

includes 100-2000 single-cell traces per condition (Fig. 2B-C, 3D top, 3G, S4B, S5B, S8, S9A-

C).  

In experiments where only fixed-cell information is shown, cells in a specific cell-cycle 

phase were identified using DNA content. The signal of interest is plotted as mean ± 95% 

confidence interval or density distribution of 5000+ cells per condition (Fig. 3C, S7A, S9E).  

All experiments in the study have been independently performed at least twice. 
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Fig. S1. Supporting data for testing the two mitogen sensing models.  

(A) Decoupling the duration and cell-cycle phase of MAPK inhibition can differentiate between 

the two potential models: cells sense MAPK activity continuously throughout the mother cell 

cycle (left) or only in G2 phase (right). Each dot represents the fraction of proliferative daughters 

(y-axis) when a 3 hr or a 6 hr MAPKi treatment begins at the time indicated on the x-axis in 

mother cells. The solid horizontal lines show examples of treatment windows. (B) Establishing 

the timing of cell-cycle phases in asynchronously cycling MCF10A cells. Asynchronously 

cycling MCF10A cells expressing the CDK2 activity sensor and H2B-mTurquoise were imaged 

and tracked for 20 hr prior to a 15-min pulse of EdU and fixation. For each cell, time-since-

anaphase was determined via time-lapse imaging and cell tracking of H2B-mTurquoise, and EdU 

incorporation was quantified via conjugation of Alexa 647 Azide using Click chemistry and 

visualization via fluorescent microscopy. EdU incorporation, a surrogate of DNA synthesis, is 

plotted as a function of time-since-anaphase for single cells (middle) and for population average 

(right, mean ± 95% confidence interval). (C) Same as B except that the total DNA content (rather 

than newly replicated DNA) was visualized by integrating the Hoechst signal in each nucleus. 

The two methods consistently show that on average, S phase in CDK2inc MCF10A cells is from 

4.5 hr to 9 hr after anaphase. (D) Probability density of inter-mitotic time in the ongoing cell 

cycle of MCF10A cells treated with Meki (left), CDK4/6i (middle) or EGF withdrawal (right) 

for various durations, showing that these perturbations do not change the length of the ongoing 

cell cycle. Cells with treatments initiated at any time during their cell cycle are included. (E) 

Probability density of inter-mitotic time in the ongoing cell cycle of MCF10A cells treated with 

Meki starting at different times since anaphase for 1 hr (left), 3 hr (middle) and 6 hr (right), 

showing that cells treated with Meki at different cell-cycle times do not differ in the length of the 

ongoing cell cycle. The color code indicates time of treatment initiation. Mitosis was marked by 

chromosome segregation visualized with H2B-mTurquoise.  
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Fig. S2. Supporting data for the duration-dependent and cell-cycle phase-independent 

effect of Mek inhibition on cell proliferation.  

(A) Images of an Erk activity sensor (ERK-KTR) (35, 36) in MCF10A cells before and after Meki 

addition and wash-off. Nuclear signal indicates low Erk activity; cytoplasmic signal indicates 

high Erk activity. (B) Proliferation fate (CDK2inc, CDK2low and CDK2emerge fraction) of 

MCF10A cells treated with Meki for 0, 1, 3, 6, or 9 hr, or till the end of the experiment, at 

various times relative to anaphase; data are plotted as mean fraction of CDK2inc, CDK2low, or 

CDK2emerge daughter cells with 95% confidence interval. The top panel is duplicated from Fig. 

1E. (C) Proliferation fate of RPE-hTERT cells treated as in B. (D) Histogram of the time 

between anaphase and the rise of CDK2 activity in CDK2inc and CDK2emerge daughter cells in 

MCF10A (left) and RPE-hTERT (right). Cells were treated with Meki for the indicated durations 

starting from G1 phase of the mother cell cycle. (E) Density distribution of D for RPE-hTERT 

cells. (F) Proliferation fate of MCF10A cells treated with Erki for 0, 1, 3, 6, or 9 hr, or till the 

end of the experiment, at various times relative to anaphase; setup as in B. (G) Proliferation fate 

in which EGF was removed from MCF10A cells for 1, 3, 6, or 9 hr at various times relative to 

anaphase, and then put back.  
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Fig. S3. Determination of CDK4/6i-sensitive window. 

Left: Mean CDK2inc fractions with 95% confidence interval plotted against the time of CDK4/6i 

addition. For a 3 hr CDK4/6i treatment, the treatment maximally inhibits proliferation when 

applied at anaphase, which inhibits CDK4/6 activity from 0 to 3 hr after anaphase (orange line). 

The 6 hr CDK4/6i treatment shows strongest proliferation reduction when begun any time 

between -3 and 0 hr relative to anaphase. Thus, the CDK4/6i-sensitive window can be derived 

from the intersection of these treatments (yellow lines), which is 0-3 hr after anaphase. 

Consistently, the CDK4/6i-sensitive window calculated from 9 hr CDK4/6i treatment also falls 

0-3 hr after anaphase (purple lines). Thus, based on this analysis, cells are most sensitive to 

CDK4/6 inhibition between 0 and 3 hr after anaphase, marking a CDK4/6i-sensitive window. 

Right: Since 3 hr after anaphase is the time point that we classify CDK2inc cells by examining the 

rise of CDK2 activity, CDK4/6 activity could either be required from 0 to 3 hr as a specific 

window in time, or could be required until the molecular event of the rise of CDK2 activity. To 

distinguish between these two ideas, cells were re-classified using a new scheme based on the 

CDK2 activity at 5 hr after anaphase. In this case, CDK4/6 inhibitor has to be present from 0 to 5 

hr after anaphase to maximally inhibit the rise of CDK2 activity. Therefore, the window during 

which CDK4/6 activity is required for proliferation is dictated by the timing of CDK2 activity 

rise rather than by real time, and this window lasts from mitosis until after CDK2 activation. 
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Fig. S4. Cell-cycle inhibitors p21 and p27 do not function as the integrator 

(A) Expected properties of the MAPK integrator and its up- and down-stream regulators. (B) p21 

is not rapidly induced by Meki treatment, but rather is only induced after the subsequent mitosis. 

Time-lapse imaging was carried out in MCF10A cells expressing mCitrine-p21 from its 

endogenous locus (9). Cells were treated with Meki for 0 (black curve), 1, 3, 6 or 9 hr; timing of 

treatment is indicated by the colored bars. Cells receiving Meki at the indicated window were 

grouped, traces were aligned to anaphase, and the mCitrine-p21 signal of each group is shown as 

mean ± 95% confidence interval. Since p21 levels do not change rapidly upon Meki addition, 

p21 does not actively sense MAPK activity [criterion (ii) not satisfied]. (C) p27 protein levels 

can sense Meki in all cell-cycle phases but do not record Meki duration. Time-lapse imaging of 

CDK2 activity in asynchronous cells was followed by fixation and staining with p27 antibody. 

Cells were treated with Meki for the indicated duration before fixation (left). The p27 intensity in 

CDK2inc cells was reconstructed as a function of time-since-anaphase and shown as mean ± 95% 

confidence interval; the black curve represents no Meki treatment (middle). Mean ± 95% 

confidence interval of p27 levels in G2 cells is plotted against the duration of Meki treatments 
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(right). G2 cells were identified as CDK2inc cells at 10-12 hr after anaphase at the time of fixation 

with 4N DNA content. Since p27 levels do not reflect the Meki duration, p27 does not store 

Meki history [criterion (iii) not satisfied]. (D) Knockdown of p27 via siRNA does not alter cell 

fate in control or Meki treatment conditions. MCF10A cells expressing the CDK2 sensor were 

transfected with control siRNA or siRNA against CDKN1B gene (encoding p27) and imaged for 

19 hr prior to Meki addition. Meki was then washed off after the indicated treatment duration 

and data were processed as in Fig. 1E. p27 knockdown does not restore proliferation of daughter 

cells in Meki conditions, indicating that upregulation of p27 is not responsible for Meki-induced 

quiescence. (E) Western blot of p27 to confirm knockdown. siRNA transfection and Meki 

addition were carried out in parallel to the experiments in D. Cells were lysed at 28 hr after 

siRNA transfection (9 hr after Meki addition). 
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Fig. S5. Supporting data for Cyclin D’s regulation of proliferation downstream of the 

MAPK pathway. 

(A) Western blots of Cyclin D1, Cyclin D2 and Cyclin D3 for the indicated knockdown 

conditions. mCitrine-Cyclin D1 MCF10A cells were harvested at 24 hr after siRNA transfection. 

Tubulin and GAPDH are used as loading controls. (B) Live-cell imaging of mCitrine-Cyclin D1 

levels in CCND knockdown and control conditions. Shaded areas indicate interquartile range and 

lines indicate median intensity in all nuclei. (C) Overexpression of Cyclin D1 can rescue the 

Meki-induced proliferation defect. TurboID-Cyclin D1 was expressed in a tetracycline-inducible 

RPE-hTERT cell line. Cells were treated with tetracycline together with Meki or DMSO for 12 

hr before fixation, followed by phospho-Rb staining to determine the fraction of proliferating 

(phospho-Rbhigh) vs. quiescent (phospho-Rblow) cells. Only cells with 2N DNA content are 

included in the analysis. Left: the density distribution of phospho-Rb intensity of 3000+ single 

cells per condition. Right: mean ± 95% confidence interval of the phospho-Rbhigh fraction across 

three wells. (D) Verification of Cyclin D1 overexpression. Cells were induced and fixed as in C, 

followed by staining with Cyclin D1 antibody. The density distribution of Cyclin D1 intensity is 

plotted for 3000+ 2N DNA content cells per condition. The asterisk indicates a small population 

of cells that has lost the Cyclin D1 expression construct and expresses endogenous level of 

Cyclin D1.  
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Fig. S6. Transcription factors for Cyclin D as potential integrators of MAPK signaling. 

(A) Myc, Fos, and Fra1 (FOSL1) regulate cell proliferation in MCF10A cells. Cells were 

transfected with siRNA against the indicated transcription factors. Daughter-cell fates were 

monitored by time-lapse imaging of the CDK2 activity sensor and Cyclin D1 levels by the 

endogenous mCitrine tag. Left: Mean fractions of CDK2inc daughter cells with 95% confidence 
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interval are plotted against the time of siRNA transfection relative to anaphase. Right: Bar plots 

showing Cyclin D1 levels in early G1 daughter cells that underwent mitosis 20 hr post 

transfection (mean ± 95% confidence interval). (B) Western blots to verify knockdowns in A. 

Tubulin and GAPDH are used as loading controls. (C) Experimental scheme to test the capacity 

of Myc, Fos, and Fra1 to sense and store MAPK signaling. MCF10A cells were imaged for 24 hr 

to determine the cell-cycle phase of each cell. Cells were treated with Meki either for the final 6 

hr of imaging, the final 3 hr of imaging, or for 3 hr followed by 3 hr release into full growth 

medium. Cells were then fixed and stained with antibodies against Myc, Fos, or Fra1. 

Immunofluorescence stains were matched to live-cell traces. Comparing 3 hr Meki at the end of 

the imaging to controls tests whether the levels of these transcription factors sense a short (3 hr) 

MAPK inhibition. Control vs. 3 hr Meki vs. 6 hr Meki tests whether cells can store the duration 

of Meki. A 3 hr Meki treatment at the end of the movie vs. 3 hr Meki + 3 hr release tests whether 

cells can carry memory of past Mek inhibition after a release. (D-E) Levels of Myc, Fos, and 

Fra1 protein were reconstructed as a function of time-since-anaphase in CDK2inc cells. Top: each 

dot represents a single cell; bottom: moving average ± 95% confidence interval. The levels of all 

three transcription factors are able to sense Meki (“Sense”) since their levels decrease after a 3-hr 

treatment (green in both D and E). However, Myc and Fos protein levels do not contain 

information on Meki duration, since their levels do not further reduce after a 6 hr Meki treatment 

compared to a 3 hr Meki treatment (D). Similarly, Myc and Fos levels do not store the past Meki 

treatment (“Store”), since their levels are restored to control levels 3 hr after Meki is washed off 

(E). Therefore, Myc and Fos levels are instantaneous MAPK sensors but are not MAPK 

integrators. By contrast, Fra1 levels encode the duration of Meki treatment and store past Meki 

treatment even after Meki is washed off. Therefore, Fra1 has properties of a MAPK activity 

integrator. 
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Fig. S7. Fra1 overexpression does not rescue the Meki-

induced proliferation defect. 

Erk regulates Fra1 at both the levels of transcription and 

protein stability, with the former at <3 hr time scale and 

the latter at a longer time scale (12). Thus, Fra1’s 

integration property likely relies on protein stability. Two 

Erk-dependent phosphorylation sites have been implicated 

in promoting the stability of Fra1: S252 and S265 (27). We 

therefore constructed cell lines overexpressing wild type 

Fra1 (Fra1-WT) or phospho-mimetic Fra1 (Fra1-DD), and 

tested whether increasing the Fra1 levels (by reducing 

degradation) could override the Meki-induced proliferation 

defects. (A) Validation of Fra1 overexpression. Cells were 

fixed and stained with Fra1 antibody. Fra1 levels were 

quantified as total intensity in individual cells. (B) Fra1-

DD mutant is degraded more slowly and thus is expressed 

at higher levels than Fra1-WT when Mek is inhibited. (C-

E) Mean fraction of CDK2inc daughter cells with 95% 

confidence intervals in mock-transduced or Fra1-

overexpressing cells treated with Meki at the indicated 

cell-cycle phase for the indicated durations. Fra1 

overexpression (either WT or DD mutant) does not rescue 

the reduction of the CDK2inc fraction in Meki conditions. 
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Fig. S8. Cyclin D1 is actively turned over in all cell-cycle phases. 

Asynchronously cycling MCF10A cells expressing mCitrine-Cyclin D1 from its endogenous 

locus were imaged for 14 hr followed by treatment with translation inhibitor cycloheximide or 

equal volume of H2O as a control. Top: Single-cell traces of cells receiving cycloheximide in G1 

(A, CDK2inc cells at 3-4 hr after mitosis), S (B, CDK2inc cells at 6-7 hr after mitosis) or G2 (C, 

CDK2inc cells at 10-11 hr after mitosis) phase. Bottom: Mean ± 95% confidence interval of 

mCitrine-Cyclin D1 intensity for the conditions in A.  
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Fig. S9. Supporting data for global translation rate as the integrator.  

(A-B) Direct perturbation of translation interferes with cell-cycle progression. Asynchronously 

cycling MCF10A cells expressing the CDK2 sensor were treated with puromycin (A) or 

cycloheximide (B). CDK2 traces of CDK2inc cells receiving drug starting from mid-G1 were 

synchronized in silico to anaphase and plotted as mean ± 95% confidence interval. CDK2 

activity plateaus or decreases upon addition of these translation inhibitors, indicating strong and 

immediate perturbation of ongoing cell cycle progression. (C) Same as in A and B except with 

mTor inhibitor torin. Unlike puromycin and cycloheximide, progression through the ongoing cell 

cycle (as read out by CDK2 activity) is not perturbed, but mitosis is delayed, as indicated by the 

arrows marking the time of mitosis. (D) Probability density of inter-mitotic time in the ongoing 
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cell cycle of MCF10A cells treated with torin for various durations. Mitosis was marked by 

chromosome segregation visualized with H2B-mTurquoise. These data were used to estimate the 

cell-cycle phase durations as a function of the duration of torin treatment, used in Fig. 3A. (E) 

CDK4/6i pre-treatment increases translation rate. Cells were treated with CDK4/6i (blue) or 

control (yellow) for 24 hr, followed by a 0, 1, 3, 6 or 9 hr Meki treatment. Cells were then pulsed 

with OPP and fixed. The amount of incorporated OPP was visualized via Click chemistry (25) 

and quantified as integrated intensity within each cell. Intensity distributions of OPP in G2 cells 

(identified by 4N DNA content) are compared. Dashed line depicts the translation rate in the 

unperturbed cells in normal growth conditions. In both control (yellow) and CDK4/6i pre-treated 

cells (blue), the translation rate decreases monotonically with longer Meki treatment. CDK4/6i 

enhances the baseline translation rate such that it rescues the reduction of translation induced by 

Meki (full rescue for ≤ 3 hr Meki and partial rescue for ≥ 6 hr Meki). The yellow curve is 

reproduced from Fig. 3C. 
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