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SUMMARY

At the restriction point (R), mammalian cells irrevers-
ibly commit to divide. R has been viewed as a point
in G1 that is passed when growth factor signaling
initiates a positive feedback loop of Cdk activity.
However, recent studies have cast doubt on this
model by claiming R occurs prior to positive feed-
back activation in G1 or even before completion of
the previous cell cycle. Here we reconcile these re-
sults and show that whereas many commonly
used cell lines do not exhibit a G1 R, primary fibro-
blasts have a G1 R that is defined by a precise
Cdk activity threshold and the activation of cell-cy-
cle-dependent transcription. A simple threshold
model, based solely on Cdk activity, predicted with
more than 95% accuracy whether individual
cells had passed R. That a single measurement
accurately predicted cell fate shows that the state
of complex regulatory networks can be assessed
using a few critical protein activities.

INTRODUCTION

In mammalian cells, growth factor signaling is required for cell-

cycle progression up to the restriction point (R) (Pardee, 1974,

1989; Planas-Silva and Weinberg, 1997). Beyond R, cells will

progress through to division even if growth factors are removed

from the extracellular environment. R therefore marks the point

of irreversible commitment to division. Due to its importance in

the regulation of cell proliferation, mutations weakening or elim-

inating R characterize all forms of cancer (Pardee et al., 1978;

Sherr, 2000; Zetterberg et al., 1995). Despite its importance to

both normal development and disease, we currently lack a

consensus as to when in the cell cycle R occurs and what con-

stitutes its molecular basis.

R was originally determined to occur in late G1 just prior to

the initiation of DNA replication (Pardee, 1974; Yen and Pardee,

1978). According to the current consensus, progression through

G1 is initially driven by growth factor signaling that increases the

expression of cyclin D (Planas-Silva and Weinberg, 1997; Sherr,
Mole
2000). Cyclin D-Cdk4/6 complexes mono-phosphorylate the

transcriptional inhibitor Rb (Narasimha et al., 2014). While the

function of this Rb mono-phosphorylation is presently unclear,

cyclin D-Cdk4/6 likely promotes division through the partial

inactivation of Rb. This frees E2F transcription factors, which

then promote the expression of downstream cyclins E and A

that activate Cdk2 to complete Rb inactivation and initiate

E2F-dependent transcriptional activation. The E2F-Rb-cyclin E

circuit is a positive feedback loop in which E2F and cyclin E

activate their own expression and drive cells into S phase

(Geng et al., 1996; Johnson et al., 1994; Spencer et al., 2013).

In this positive feedback model for R, once threshold levels of

active E2F and cyclin E are reached, they can stimulate and

maintain their own expression so that cells become insensitive

to decreases in upstream growth factor signaling (Yao et al.,

2008). In support of this model, reducing positive feedback in-

hibitors, such as Rb, p27, or p21, decreases the amount of

growth factor signaling required for proliferation (Coats et al.,

1996; Hitomi et al., 2006; Polyak et al., 1994; Sage et al.,

2000; Sherr and Roberts, 1999; Zwang et al., 2011), while

reducing positive feedback activators, such as Cdk2 or

cyclin D, has the opposite effect (Hitomi and Stacey, 1999;

Lee et al., 2010; Merrick et al., 2011). Moreover, increasing

feedback activators, such as cyclins D and E, can lead to imme-

diate triggering of the positive feedback loop (Naetar et al.,

2014; Quelle et al., 1993; Spencer et al., 2013).

While the E2F-Rb-cyclin E feedback loop presents an

appealing mechanism for an irreversible transition driving a cell

into S phase, recent single-cell analyses cast doubt on this

model (Martinsson et al., 2005; Spencer et al., 2013). One study

suggested that R takes place in G1 approximately 5 hr before Rb

hyperphosphorylation, implying that R and positive feedback

activation are two temporally distinct events (Martinsson et al.,

2005). Another recent study found that many cells committed

to division before completing mitosis in the previous cell cycle

(Spencer et al., 2013). Thus, although much has been learned

about molecular aspects of cell-cycle control, how and when

cells commit to division remains controversial (Foster

et al., 2010).

Here we aim to provide a unified, consistent model of R that

can reconcile the disparate observations discussed above. We

find evidence that in primary fibroblasts, R is located in G1 and

is associated with the activation of the Rb-E2F-Cdk positive

feedback loop.
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Figure 1. Primary Fibroblasts, but Not Cell

Lines, Exhibit a Serum-Dependent G1 R

(A) Experiment schematic: cells were grown and

imaged for 2 days in medium with 10% serum.

Then, serum was removed.

(B–G) Birth times relative to the time of serum

removal and cell-cycle durations weremeasured for

(B) MRC5-hTERT cells (n = 206), (C) RPE1-hTERT

cells (n = 43), (D) T98G cells (n = 124), (E) WI-38 cells

(n = 171), (F) primary human foreskin fibroblasts

(HFF; n = 93), and (G) primary human lung fibro-

blasts (HLF; n = 376). Horizontal dashed lines

denote cell-cycle durations greater than 50 hr.

Black dots indicate cells that did not divide again.

Blue dots indicate cells born into serum-containing

medium that went on to divide. Red dots indicate

cells born into serum-free medium that went on to

divide. The percentage of cells born into serum-free

medium that went on to divide is indicated.
RESULTS

Primary Fibroblasts, but Not Cell Lines, Exhibit a Serum-
Dependent G1 R
Motivated by the current disagreement over the timing and

mechanism of R, we first sought to more accurately determine

when R occurs in the cell cycle. Following Martinsson et al.

(2005), we used live-cell time-lapse microscopy to track asyn-

chronously dividing single cells as they respond to abrupt serum

removal (Figure 1A). This method achieves higher temporal res-

olution than population-based methods and minimizes stressful

perturbations associated with cell-cycle synchronization. Cells

were first grown for 2 days in the presence of 10% serum, which

provides growth factor stimulation. Then, cells were switched to

serum-free medium and imaged for an additional 2 days. We

classify cells that divide once more in serum-free medium as

post-R and cells that arrest their cell cycle as pre-R. As a control

we measured cell-cycle durations for cells where the medium

was replaced with serum-containing medium. Cell-cycle dura-

tions were unaffected by medium exchange (Figures S1A–S1C).

Using this single-cell assay, we attempted to measure the

timing of R in several frequently used cell lines. Surprisingly,

some cells born after serum removal from each of these cell lines

subsequently divided; i.e., none of these cell lines had a distinct

serum-dependent R in G1 (Figures 1B–1E). We examined asyn-

chronously cycling cells from lines derived from human fetal lung

fibroblasts (WI-38 andMRC5-hTert), as well as a cell line derived

from retinal epithelial cells (RPE1-hTert) and a glioblastoma
254 Molecular Cell 69, 253–264, January 18, 2018
line considered to have a fairly normal

response to serum removal (T98G) (Stein,

1979). Many cells born after serum was

removed went on to divide again, indi-

cating that they do not need serum stimu-

lation at any time during G1 to divide (red

cells to the right of the dashed lines in Fig-

ures 1B–1E). This meant that many cells

were already committed to divide at least

twice before the end of the previous cell
cycle. Similar single-cell results have been reported for three

other cell lines (Spencer et al., 2013). This suggests that the pro-

cess of cell line creation often selects for the ability to bypass R.

Unlike these cell lines, recently isolated primary human fore-

skin fibroblasts (HFFs) and human lung fibroblasts (HLFs) had

a G1 R (Figures 1F and 1G). Both primary mouse embryonic

fibroblasts (MEFs) and 3T3-immortalized MEFs are more similar

to primary human fibroblasts than to the other cell lines in their

response to serum removal (Figures S1D and S1E). All subse-

quent analyses were performed with HLFs.

The Timing of Primary Fibroblast Passage through R Is
Variable
In order to determine the timing of passage through R, we

measured the fraction of cells that went on to divide after serum

removal as a function of cell age at the time of serum removal

(Figure 2A). All cells less than 3 hr old at the time of serum

removal were pre-R (did not divide). Of the cells older than 3 hr

at serum removal, the likelihood that an individual cell was

post-R increased with cell age before leveling off at about

7–10 hr (Figure 2B).

This observation that the timing of passage through R is vari-

able contrasts with the results from similar serum removal exper-

iments performed by the Zetterberg lab, which showed a sharp

3 hr cutoff for R in murine 3T3 cells (Figure 2 from Zetterberg

and Larsson, 1991) and a similar 3 hr cutoff observed for whether

3T3 cells exhibit an additional 8 hr delay in re-entering the cell cy-

cle following a transient serum removal (Figure 1 from Zetterberg
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Figure 2. The Timing of Primary Fibroblast Passage through R Is Variable

(A) Fraction of HLFs that go on to divide following serum removal as a function of cell age at the time of serum removal (n = 268).

(B) Logistic regression estimate of the fraction of post-R HLFs from (A) as a function of cell age. Dashed lines represent 95% confidence interval based on

bootstrap analysis of the data (see STAR Methods).

(C) Cell-cycle durations of individual cells plotted as a function of cell age at the time of serum removal (n = 268). Yellow region highlights cells with agesR3 and

<10 hr at the time of serum removal.

(D) Cell-cycle durations of individual cells plotted as a function of cell age at the time of medium replacement (replotted from Figure S1E; n = 120).

(E) Fraction of cells within the yellow regions from (C) and (D) that fail to divide following serum removal or medium replacement (serum removal: 72/122 = 59%;

medium replacement: 15/39 = 38%). Chi-square test p value = 0.025.

(F) Cell-cycle durations of individual cells plotted as a function of cell age at the time of serum removal (replotted fromMartinsson et al., 2005; Figure 1B; n = 172).

(G) Cell-cycle durations of individual cells plotted as a function of cell age at the time ofmedium replace (replotted fromMartinsson et al., 2005; Figure 1A; n = 103).

(H) Fraction of cells within the yellow regions from (F) and (G) that fail to divide following serum removal or medium replacement (serum removal: 30/99 = 30%;

medium replacement: 10/56 = 18%). Chi-square test p value = 0.089.
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and Larsson, 1985 and Figure 1 from Zetterberg and Larsson,

1991). In our experiments as well, it is striking that no

cells younger than 3 hr old at the time of serum removal have

passed R (Figure 2C). From those initial observations in 3T3 cells

of a sharp cell-age-based difference in cell fates in response

to transient or permanent serum removal, Zetterberg and col-

leagues defined R as taking place consistently at about 3 hr

following division.

Our disagreement regarding the timing of R stems from how

we interpret the cells that are older than 3 hr but do not divide

after serum removal. Certainly, some of these cells are quiescent

(Q) and so would not have divided even if serum levels were

maintained, but others are potentially pre-R cells that would

have gone on to divide if serum was not removed. To estimate

the fraction of Q cells, we measured the fraction of cells

3–10 hr old that failed to divide in a control experiment in which

the medium was replaced with serum-containing medium (Fig-

ure 2D). 38% of cells failed to divide, which gives us a baseline

estimate that 38%of cells in these conditions will become quies-

cent after cell division (Figure 2E). However, when cells between

the ages of 3 and 10 hr are exposed to serum removal, 59% fail to

divide (Figure 2E). Thus, we estimate that of the cells that are

3–10 hr old, 38% were Q, 21% were pre-R, and 41% were

post-R at the time of serum removal. When we perform the

same analysis on the data from the serum removal experiments

by Zetterberg and colleagues examining human diploid fibro-

blasts (Martinsson et al., 2005), we see a similar trend (Figures

2F–2H). Of cells between 3 and 10 hr old, we estimate that

18% were Q, 12% were pre-R, and 70% were post-R. Chi-

square tests indicated that the pre-R fractions in each set of

experiments were likely non-zero (p < 0.05 for our data). Indeed,

the fraction of dividing cells increases with increasing cell ages

from 3 to 10 hr (Figure S2). Taken together, both our data and

those of Zetterberg and colleagues support a model where R

is passed at a variable time between 3 and 10 hr after division

in primary human fibroblasts.

A Cdk Activity Threshold Accurately Predicts Passage
through R
Having established the timing of R within G1, we next sought to

determine which molecular event corresponds to passage

through R. The highly variable timing of R implies that even pop-

ulations of cells synchronously released from a cell-cycle arrest

will proceed through R at widely different times. This will then

result in bulk biochemical measurements blurring together

events preceding and following passage through R. In contrast,

our single-cell assay allows us to determine whether each cell

passed R by the time of serum removal. By measuring the

change in fluorescent reporters of specific protein activities in

single cells, we can determine which molecular events corre-

spond to passage through R. Note that under our microscopy

conditions, the expression of live-cell fluorescent sensors did

not affect cell-cycle durations (Figures S3A–S3C).

Guided by the consensus molecular view of the G1/S transi-

tion that R corresponds to the activation of a positive feedback

loop of cyclin-dependent kinase (Cdk) activity, Rb phosphoryla-

tion, and E2F-dependent transcription (Figure 3A), we first exam-

ined Cdk activity using a recently developed live-cell sensor
256 Molecular Cell 69, 253–264, January 18, 2018
(HDHB-EGFP) (Hahn et al., 2009). Increasing phosphorylation

of this sensor through the cell cycle drives its export from the nu-

cleus to the cytoplasm (Spencer et al., 2013) (Figure 3B). Thus,

the ratio of cytoplasmic to nuclear fluorescence of HDHB-

EGFP is a measure of cell-cycle phase. Its increase in primary

cells begins in G1 and continues through the cell cycle (Figures

3C–3E and S3D).

To determine the relationship between Cdk activity and R, we

measured the response of cells expressing HDHB-EGFP to

serum removal (Figure 3F). Cdk activity at the time of serum

removal was highly correlated with R (Figures 3G and 3H). Strik-

ingly, a simple threshold model, where cells go on to divide if and

only if their Cdk activity is above a threshold (cytoplasmic-to-nu-

clear HDHB-EGFP fluorescence ratio >0.84) at the time of serum

removal, correctly predicted passage through R for 96% of the

cells (Figures 3I and S3E). The threshold, chosen by logistic

regression is the optimally predictive threshold (Figure S3F) and

shows a good tradeoff between high true positive rate and low

false positive rate as indicated by an ROC curve (Figure S3G).

In sharp contrast, a threshold model using only cell age (time

since previous cytokinesis) at the time of serum removal correctly

predicted passage through R for only 61% of the cells (Figures

S3H and S3I). Moreover, a linear model predicting passage

through R using a combination of cell age and Cdk activity

showed that the coefficient multiplying cell age was not signifi-

cantly different from 0 (p > 0.05). Thus, while passage through

Rcorrelateswith time since division, this canmostly be explained

by cell-to-cell differences in Cdk activity. We therefore define R

as the first increase in Cdk activity above this precise threshold.

Strikingly, cells do not pass this threshold until after the 3 hr

period identified as the earliest time that R can be passed (Fig-

ure S3J). That this threshold is far below the eventual maximum

Cdk activity is consistent with previous studies showing that

high levels of phospho-Rb, active E2F, and cyclin E were only

observed several hours after R (Ekholm et al., 2001; Martinsson

et al., 2005). Similarly, we previously found that commitment to

cell division in budding yeast coincided with the onset, rather

than the peak, of G1 cyclin transcription (Doncic et al., 2011).

Cell-Cycle-Dependent Activation of the E2F1 Promoter
Coincides with R
Next, we aimed to determine the temporal relationship between

R and the transcriptional activation of E2F1, which is central to

G1/S positive feedback (Figure 3A). To monitor E2F1 transcrip-

tional activation, we constructed a fluorescent reporter using a

796 base pair fragment upstream of the E2F1 transcription start

site, which contains two known E2F-binding sites (Johnson

et al., 1994; Yao et al., 2008). This promoter was used to drive

expression of a destabilized, nuclear-localized EGFP (EGFP-

PEST; see STAR Methods) (Figure 4A). Asynchronously growing

HLFs containing the E2F1pr-EGFP-PEST reporter were moni-

tored over multiple cell cycles. We identified the timing of

transcriptional activation relative to the previous division by de-

tecting an inflection point in the spline-fitted fluorescence signal

(Eser et al., 2011) (Figures 4B and 4C). The mean time at which

the E2F1 promoter is activated is not significantly different

from the mean time at which Cdk activity crosses the threshold

for R (t test, p value = 0.31; Figure 4D). We do note the larger
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Figure 3. A Cdk Activity Threshold Accu-

rately Predicts Passage through R

(A) Schematic of mammalian G1/S regulatory

network.

(B) Schematic of HDHB-EGFP Cdk activity sensor.

As HDHB-EGFP is increasingly phosphorylated

over the course of the cell cycle, it translocates from

the nucleus to the cytoplasm.

(C) Example single-cell traces of Cdk activity. Cdk

activity was measured as the ratio of median

cytoplasmic to median nuclear HDHB-EGFP fluo-

rescence (cyt/nuc).

(D) Fluorescence images from the traces measured

in (C) at 30 min time points. Scale bar represents

30 mm.

(E) Traces from a lineage of cells exposed to a

medium replace control at time 0. At the end of the

experiment, contact inhibition prevents further

divisions.

(F) Traces from a lineage of cells exposed to serum

removal at time 0. Cells with high Cdk activity at the

time of serum removal (the top two rows at time 0)

go on to divide, while cells with low Cdk activity at

that time arrest (the bottom six rows at time 0).

(G) Each row is a Cdk activity trace for an individual

cell (n = 102). Rows are ordered by Cdk activity at

the time of serum removal. Cells that divide after

serum removal are marked with a black square to

the right of the trace. Note that all cells that did not

divide were tracked at least 24 hr following serum

removal but were not necessarily segmented for

that entire period.

(H) A commitment plot (as in Figure 1G) in which

each cell from (G) is colored based on its Cdk ac-

tivity at the time of serum removal using the same

scale as in (E)–(G).

(I) Logistic regression estimating the probability a

cell was committed to division as a function of its

Cdk activity at the time of serum removal. The Cdk

activity threshold of 0.84 was calculated from the

midpoint of the logistic regression (95% confidence

interval from bootstrap analysis: 0.76–0.93). Inset:

accuracy of threshold models based on cell age or

Cdk activity (see STAR Methods).
variability in the timing of E2F1 promoter activation, but we are

unsure if this reflects natural variation in the timing of E2F1 acti-

vation, noise in measurements, or noise in analysis of the

reporter. Recently, it was shown that expression from a similar

E2F1 promoter fragment correlated with the onset of S phase

(Dong et al., 2014). In that study, the threshold amplitude for

S was only a fraction of the maximum expression of E2F1, which

is consistent with our results showing that R coincides with the

activation of E2F1 expression rather than the maximum. Taken

together, these data support a model where the activation of

the E2F1 promoter and attainment of a threshold level of Cdk

activity correspond to passage through R.

R Occurs 1–2 hr before S Phase
Next, we determined the timing of R relative to the onset of

S phase. To measure the timing of S phase onset, we used the
FUCCI geminin reporter (Sakaue-Sawano et al., 2008). The first

appearance of geminin-GFP occurs due to the inactivation of

APC/CCdh1 and is coincident with the initiation of S phase

(Sakaue-Sawano et al., 2008) (Figure 4E). We measured gemi-

nin-GFP levels in asynchronously cycling HLFs to determine

the amount of time between the previous division and the

beginning of S phase. When we compare this distribution to

the distribution of times between division and reaching the Cdk

activity threshold for R, we see that the distributions are similar

but that the S phase entry distribution is delayed by 2 hrs (Fig-

ure 4D). To test the hypothesis that entry into S phase follows

R by a consistent 2 hr interval, we compared the distribution of

Cdk threshold times with the distribution of S phase entry times

minus 2 hr and found that the distributions were similar (KS test,

p > 0.29; Figure S4A). We also measured the timing of Cdk

activation and S phase entry in HLFs expressing both
Molecular Cell 69, 253–264, January 18, 2018 257
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Figure 4. Cell-Cycle-Dependent Activation

of the E2F1 Promoter Coincides with R,

Which Occurs 1–2 hr before S Phase

(A) Schematic of E2F1pr-EGFP-PEST fluorescent

reporter.

(B) Example traces from a cell expressing E2F1pr-

EGFP-PEST (blue). Dashed lines denote E2F1

transcriptional activation, which is calculated as the

maximum of the second derivative of a spline fit of

the trace (red; see STAR Methods).

(C) Fluorescence images from the traces measured

in (B) at 30 min time points. Scale bar represents

30 mm.

(D) Boxplots summarizing the distributions of the

times from cell birth to the Cdk activity commitment

threshold (n = 30), activation of E2F1 transcription

(n = 25), or S phase (n = 52) from populations of cells

expressing one of the following constructs: HDHB-

EGFP, E2F1pr-EGFP-PEST, or geminin-GFP. Also

shown is a boxplot summarizing the distribution of

S phase entry times minus Cdk activation times

from cells expressing both HDHB-mCherry and

geminin-GFP. Red bars indicate medians, blue

boxes indicate 25th and 75th percentiles (for Cdk

activation, both the median and the 75th percentile

are 7 hr), and bars indicate themost extreme values.

(E) Example traces from a cell expressing HDHB-

mCherry and geminin-GFP. Cdk activation time is

the first time point >0.84 followed by another time

point >0.84. S phase entry time is determined by

fitting the data to two lines and identifying the

intersection.
HDHB-mCherry and geminin-GFP (Figures 4E and S4B). In these

cells, S phase entry followed Cdk activation by approximately

1 hr. Taken together, our data support a model where variability

in G1 length is almost entirely due to variability in the pre-R

period and that entry into S phase follows R by about 1–2 hr.

Cells Commit at a Lower Cdk Activity Threshold in
Response to MEK Inhibition
So far, we have shown that R in response to abrupt serum

removal is precisely defined by Cdk activity. However, serum

is a complex mixture stimulating several proliferation-promoting

pathways, including the mitogen-activated protein kinase

(MAPK) pathway. To determine the contribution of MAPK

signaling to the Cdk activity threshold, we performed a variation

of our commitment point assay (Figure 5A). Instead of removing

serum, we inhibited MAPK pathway activity in the presence of

serum. Since MAPK activity is essential for primary cell prolifer-

ation, this experiment allows us to identify the specific contribu-

tion of MAPK activity to commitment. To inhibit the MAPK

pathway, we use 500 nM PD0325901, which specifically inhibits

the pathway component MEK (Bain et al., 2007) (Figures

S5A–S5E). Cdk activity at the time of MEK inhibitor addition

was predictive of whether each cell was committed to division

(Figures 5B and 5C). However, the threshold Cdk activity was

lower than that defining R in response to serum removal (Fig-

ure 5D; MEK inhibition Cdk activity threshold = 0.68 ± 0.10
258 Molecular Cell 69, 253–264, January 18, 2018
versus 0.84 ± 0.08 for serum removal; 95% confidence interval

from bootstrapped data; p < 0.01). The threshold was also less

predictive than the threshold determined from the serum

removal experiments (Figures S5F and S5G). When MEK alone

is inhibited, less Cdk activity is required for a cell to be committed

to division than when serum is removed completely. These

results are consistent with a model in which commitment to divi-

sion is due to a combination of upstream growth factor-depen-

dent signals and downstream positive feedback activation. In

comparison with serum removal, MEK inhibition removes

some, but not all, upstream signals. The maintenance of some

upstream proliferative signaling then results in a lower require-

ment for downstream Cdk-positive feedback to commit cells

to division.

Since Cdk activity drives the positive feedback loop control-

ling proliferation, we attempted to perturb its dynamics in HLFs

by exposing them to varying concentrations of the Cdk2 inhibitor

roscovitine (Meijer et al., 1997). The population-wide rate of pro-

liferation decreased with increasing roscovitine concentration

(Figure S5H). However, we saw a bimodal response at the sin-

gle-cell level. Cells either proceeded through the cell division

cycle with nearly normal kinetics or died (Figures S5I and S5J),

implying that we were unable to perturb R using roscovitine

without inducing other cellular responses. Similarly, a recent

study found that a different Cdk2 inhibitor, CVT-313, also

induced a bimodal proliferative response (Dong et al., 2014).
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Figure 5. Cells Commit at a Lower Cdk Activ-

ity Threshold in Response to MEK Inhibition

(A) Experiment schematic: asynchronous HLFs ex-

pressing HDHB-EGFP were treated with 500 nM

MEK inhibitor (PD0325901) while grown in constant

10% serum.

(B) Each row is a Cdk activity trace for an individual

cell (n = 66). Rows are ordered by Cdk activity at the

time of MEK inhibitor addition. Cells that divide after

serum removal are marked with a black square to

the right of the trace. Note that all cells that did not

divide were tracked at least 24 hr following MEK

inhibition but were not necessarily segmented for

that entire period.

(C) A commitment plot (as in Figure 3H) inwhich each

cell is colored based on its Cdk activity at the time of

MEK inhibitor addition using the same scale as in (B).

(D) Logistic regression estimating the probability a

cell was committed to division as a function of its

Cdk activity at the time of MEK inhibitor addition.

The Cdk activity threshold of 0.68 was calculated

from the midpoint of the logistic regression (95%

confidence interval from bootstrap analysis:

0.59–0.79). The Cdk activity threshold for commit-

ment in response to MEK inhibition is significantly

lower than the threshold in response to serum

removal (0.68 versus 0.84; p < 0.01).
HDHB-EGFP Likely Senses the Activity of Multiple
Cyclin-Cdk Complexes
The HDHB-based sensor is strikingly predictive of cell fate in

response to serum removal, but it is not clear exactly what it is

measuring. The full-length HDHB protein is exported from the

nucleus to the cytoplasm over the course of the cell cycle (Gu

et al., 2004). This translocation is mediated by a C-terminal clus-

ter of Cdk-consensus phosphorylation sites from 957 to 1,087.

An HDHB fragment containing these Cdk sites fused to GFP is

sufficient to reproduce the cell-cycle-dependent translocation

(Gu et al., 2004). This fragment was further truncated to amino

acids 994–1,087 to make the HDHB fragment used here (Hahn

et al., 2009). We note that another recently reported Cdk activity

sensor is based on the full 957–1,087 C-terminal region originally

identified by Gu et al. (2004) and has slightly different dynamics,

including a distinctive local peak in activity at the G1/S transition

(Barr et al., 2016).

The phosphorylation-dependent localization of the shorter

HDHB fragment we use was described as Cdk2 specific on

the basis of two sets of experiments (Spencer et al., 2013).

First, the sensor’s activity dropped to baseline upon addition

of 10 mM ‘‘Cdk1/2i’’ (EMD Biosciences #217714) but did not

change upon addition of 9 mM ‘‘Cdk1i’’ (RO-3306). However,

at these concentrations in vitro, both of these molecules

should inhibit Cdk1 and Cdk2 in addition to other kinases

(Lin et al., 2005; Vassilev et al., 2006). This makes the inter-

pretation of these inhibitor-based experiments difficult.

Second, a series of kinase assays showed specific phosphor-

ylation of the purified HDHB fragment by E1-Cdk2 and

A2-Cdk2, but not by B1-Cdk1, D1-Cdk4, or D1-Cdk6 (Spencer

et al., 2013). This experiment confirms that two different

cyclin-Cdk2 complexes can phosphorylate the HDHB frag-

ment, but does not exclude the possibility that other untested
cyclin-Cdk complexes or other kinases could phosphorylate

it as well.

The specificity of cyclin-Cdk complexes is generally thought to

come from the cyclin rather than from the Cdk subunit (Morgan,

2007). It is therefore likely that the sensor is specific to cyclins E

andA rather than toCdk2. This view is supported by experiments

involving siRNA targeting cyclins E and A (Spencer et al., 2013).

When cyclins E1 and E2 are targeted, the sensor activity remains

low. When cyclin A2 is targeted, the sensor begins to rise but

reaches a plateau below the peak level (Spencer et al., 2013).

These experiments, combined with previous observations that

Cdk1 also forms complexes with cyclins E and A (Aleem et al.,

2005; Koff et al., 1991; Merrick et al., 2011; Welcker and

Clurman, 2005), suggest that the sensor may be measuring an

aggregate of cyclin E- and A-dependent Cdk2 and Cdk1 activ-

ities (Figure 6A).

To test this hypothesis, we first sought to test the ability of a

variety of cyclin-Cdk fusions to phosphorylate the HDHB sensor

in vitro. We performed in vitro kinase assays with the following

cyclin-Cdk fusions: cyclin D1-Cdk4, cyclin E1-Cdk2, cyclin

E1-Cdk1, cyclin A2-Cdk2, cyclin A2-Cdk1, cyclin B1-Cdk2,

and cyclin B1-Cdk1 (see STAR Methods). Cyclin E1-Cdk1 and

cyclin A2-Cdk1 both phosphorylate HDHB-EGFP about as

strongly as cyclin E1-Cdk2 and cyclin A2-Cdk2, respectively

(Figure 6B). We also confirmed the previously reported lack of

phosphorylation of HDHB-EGFP by cyclin D1-Cdk4 (Spencer

et al., 2013) and showed that cyclin B1-Cdk2 and cyclin

B1-Cdk1 poorly phosphorylate HDHB-EGFP. These in vitro

experiments, combined with the cyclin E and A siRNA experi-

ments from Spencer et al. (2013), suggest that both Cdk2

and Cdk1 in complex with either cyclin E or cyclin A play a role

in the phosphorylation and localization of the HDHB-EGFP

Cdk activity sensor.
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Figure 6. HDHB-EGFP Likely Senses the

Activity of Multiple Cyclin-Cdk Complexes

(A) Illustration of the hypothesis that multiple cyclin-

Cdk complexes phosphorylate HDHB-EGFP.

(B) In vitro kinase assays were performed with the

indicated cyclin-Cdk complexes and each of three

substrates: purified HDHB-EGFP, histone H1,

and/or a C-terminal fragment of Rb (aa 771–928).

Approximately equal amounts of each kinase

complex were used except for cyclin D1-Cdk4,

which was 10-fold in excess. After 16 min reactions

with [g-32P] ATP, the results were visualized using

autoradiography following SDS-PAGE. A quantifi-

cation of HDHB-EGFP phosphorylation signal

divided by RbC signal and normalized to the cyclin

E1-Cdk2 signal is shown in the lower panel.

(C) Probability of division of Cdk2as RPEs treated

with either 10 mM 3-MB-PP1 or DMSO. Cells were

split into groups based on whether their Cdk activity

at the time of treatment was below or above 0.7

(3-MB-PP1, low: n = 28; DMSO, low: n = 11; 3-MB-

PP1, high: n = 14; DMSO, high: n = 8). Error bars

represent 50% confidence intervals calculated with

bootstrap analysis.

(D) Averaged traces (±standard error of themean) of

unsynchronized Cdk2as RPEs with high Cdk activity

(>0.7) at the time of treatment. Cells were treated

with DMSO (black; n = 23), 10 mM 3-MB-PP1 (blue;

n = 45), or 10 mM EMD #217714 (red; n = 29). Only

dividing cells were averaged from the DMSO and

3-MB-PP1 treatments. All EMD #217714-treated

cells failed to divide.

(E) HLFs expressing HDHB-mCherry were serum

starved for 72 hr. At 0, 10, 20, and 30 hr after serum

addition, HDHB-mCherry-expressing cells were

imaged and then lysed. Above: phosphorylated and

unphosphorylated HDHB-mCherry from the lysates

was resolved with Phos-tag SDS-PAGE and de-

tected with anti-mCherry antibodies. Below: Cdk

activity (cyt/nuc ratio from HDHB-mCherry images)

was measured for cells from each time point (0 hr,

n = 268; 10 hr, n = 269; 20 hr, n = 252; 30 hr, n = 222).

(F) For each time point, the mean Cdk activity

measured from the HDHB-mCherry images was

plotted as a function of the ratio of phosphorylated

to unphosphorylated HDHB-mCherry measured

from the phos-tag gel.
In order to determine the relative importance of Cdk2 activity

to the sensor’s localization, we decided to examine a retinal

pigmented epithelium cell line in which both copies of Cdk2

have been replaced by analog-sensitive alleles of Cdk2 (Cdk2as

RPEs) (Merrick et al., 2011). This allowed us to acutely and

specifically inhibit Cdk2 without the nonspecific effects of

other small-molecule inhibitors. We expressed HDHB-EGFP in

Cdk2as RPEs and performed an experiment where, after

2 days, cells were treated with either the ATP analog 3-MB-

PP1 dissolved in DMSO or a DMSO control. Consistent with a

role for Cdk2 in R, cells with low Cdk activity (<0.7) were less

likely to build up Cdk activity and divide if they were treated

with analog, whereas cells with high Cdk activity (>0.7) were

equally likely to divide if treated with analog or DMSO

(Figure 6C).
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To determine how specific Cdk2 inhibition affects sensor

localization, we averaged sensor traces for cells that had high

activity at the time of analog treatment. The drop in Cdk activity

in these cells immediately following analog addition indicates

that only 25% of the above-background activity is due to Cdk2

in these cells (Figure 6D, blue). In contrast, the addition of

10 mMEMD #217714 (as in Spencer et al., 2013) results in an im-

mediate drop in sensor activity to baseline and no subsequent

cell division (Figure 6D, red). This baseline level is independent

of cell-cycle position before EMD#217714 treatment, suggesting

that other cell-cycle-dependent kinases not inhibited by

EMD#217714 do not participate in HDHB-EGFP localization

(Figure S6A). Wild-type cells show no similar drop in sensor ac-

tivity upon analog addition (Figure S6B), and the addition of a

molecule stabilizing cyclin E-Cdk2 binding in Cdk2as RPE cells,
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Figure 7. A Differential Equation Model of

R Is Consistent with Measured Cdk Activity

Thresholds

(A) Schematic indicating molecular interactions

included in themodel adapted fromYao et al., 2008

(see STAR Methods). MEK-dependent growth fac-

tor signals and a serum-independent E2F synthesis

term were added (orange) to the interactions in the

previously existing model (green).

(B) Serum was removed from the model after

various amounts of time in order to simulate the

serum removal experiments from Figures 3F and

3G. Example traces show dynamics for cells that

were pre-R (red) and post-R (blue) at the time of

serum removal.

(C) Experimental and computational commitment

thresholds in response to serum removal and MEK

inhibition. Growth factor proliferative signaling in

response to serum is decomposed into MEK-in-

dependent and MEK-dependent fractions.

(D) Schematic of Cdk activity (cyt/nuc HDHB ratio)

changes over the course of the cell cycle in primary

human lung fibroblasts.
6-BAP (Merrick et al., 2011), did not affect the results (Figures

S6C—S6E).

In summary, we found that Cdk2 activity is important for the

initial rise of the sensor and for cell-cycle commitment. However,

Cdk2 activity alone is not sufficient to explain subsequent rise in

sensor activity. Our experiments, in combination with the siRNA

experiments from Spencer et al. (2013), suggest a model where

the phosphorylation and localization of the HDHB-based Cdk

activity sensor depends most strongly on cyclin E-Cdk2 activity

during the time leading up to R and subsequently on a combina-

tion of cyclin E-Cdk2, cyclin E-Cdk1, cyclin A-Cdk2, and cyclin

A-Cdk1 activities.

HDHB-Based Sensor Phosphorylation Correlates with
Cdk Activity Measurements In Vivo

Having established that the localization of an HDHB-based

sensor predicts R, and that this sensor is phosphorylated

in vitro by Cdk1 and Cdk2 in complex with either cyclin E or

cyclin A, we next set out to test whether sensor localization

and phorphorylation status were correlated in vivo. To test this,

HLFs expressing HDHB-mCherry were serum starved for

72 hr. After serum addition, dishes of cells were imaged for

HDHB-mCherry localization and then lysed. Phosphorylated

and unphosphorylated HDHB-mCherry was resolved from the

lysates using Phos-tag SDS-PAGE with an antibody against

mCherry (Figure 6E). The identification of phosphorylated and
Molecu
unphosphorylated bands was determined

using a phosphatase assay (Figure S6F).

As the cells re-entered the cell cycle after

release from serum starvation, the phos-

phorylation of HDHB-mCherry increased

alongside the microscopy-based mea-

surements of Cdk activity (Figure 6F).

This experiment supports the use of the
HDHB-based sensor to measure cyclin-Cdk complex activity

in vivo.

A Differential Equation Model of R Is Consistent with
Measured Cdk Activity Thresholds
Having performed a quantitative experimental analysis of R

using the Cdk activity sensor, and having characterized the

sensor’s cyclin-Cdk specificity, we next sought to incorporate

our findings into the most established ordinary differential equa-

tion model of R (Yao et al., 2008) (Figure 7A). We used this model

to simulate our experiments by providing serum for variable

amounts of time, removing it, and observing the system dy-

namics. Our experimental results show that once Cdk activity

rises above a threshold, it will remain high even if serum is

removed. However, in the model of Yao et al., Cdk activity falls

back to baseline if serum levels drop to zero (Figure S7A). To

bring the model in line with our experimental results showing

cell-cycle progression following serum removal, we added a

serum-independent source of E2F1 synthesis (Leung et al.,

2008) (Figures 7A, 7B, and S7B). Next, we sought to incorporate

our result that the threshold for commitment in response to MEK

inhibition was distinct from the threshold for commitment in

response to serum removal. Since serum stimulation activates

MAPK and other proliferative signaling pathways, we separated

the serum term in the equations into MAPK-dependent and

MAPK-independent contributions (Figure 7A). By specifying
lar Cell 69, 253–264, January 18, 2018 261



the MAPK-dependent fraction of serum-induced proliferative

signaling, we fit our two distinct thresholds (Figure 7C). Thus,

following two important modifications, our quantitativemeasure-

ments were easily incorporated into the prevailing differential

equations model.

DISCUSSION

Our work helps to reconcile several counterintuitive sets of

studies about the restriction point with the consensus view of

G1/S control in mammalian cells. Our model describes the re-

striction point in primary fibroblasts as being associated with

the activation of a positive feedback loop of Cdk activity,

E2F-dependent transcription, and Rb hyperphosphorylation.

Zetterberg and colleagues claimed that these molecular events

could not define R on the basis of time-lapse microscopy ex-

periments followed by immunofluorescence in HDFs, which

showed that events like Rb phosphorylation (Martinsson et al.,

2005) and cyclin E accumulation (Ekholm et al., 2001) occurred

after the 3–4 hr time point they associated with R. However, our

experiments with primary HLFs and our reanalysis of the HDF

data from Martinsson et al. (2005) suggest that the timing of

R is more variable in these cell types than in the mouse 3T3

cells in which that 3–4 hr time point was originally defined (Zet-

terberg and Larsson, 1985, 1991). Although 3 hr is the earliest

time at which our primary cells were observed to pass R, the

fraction of cells that had passed R increased with cell age

from 3 to 10 hr (Figures 2A, 2B, and S2C). This timing of

R also matches the timing at which individual HLFs pass the

threshold level of Cdk activity required to be committed to divi-

sion (Figure 4C) and to the timing of cyclin E accumulation in the

HDFs of Ekholm et al. (Figure 4 in Ekholm et al., 2001). Addition-

ally, the fact that peak levels of Rb phosphorylation were not

seen in individual cells until well after the 3–4 hr time point (Mar-

tinsson et al., 2005) makes sense, given that the point of

commitment is at the induction of the positive feedback loop,

at low levels of Cdk activity. Maximal activation, including com-

plete hyperphosphorylation of Rb, may not occur until hours

later. Thus, the HDF data from the Zetterberg Lab are consis-

tent with R in primary fibroblasts occurring at a variable time

3–10 hr into the cell cycle alongside the onset of positive feed-

back loop activation (Figure 7D). Recent work has found that a

large fraction of the variability in the timing of the pre-R period

can be accounted for by DNA damage in the previous cell cycle

(Arora et al., 2017; Barr et al., 2017).

Another contribution of our work to the field of mammalian

G1/S control is our clarification of the specificity of the increas-

ingly widely used HDHB-based Cdk activity sensor. This

sensor has been reported as specific to Cdk2 activity (Spencer

et al., 2013), and subsequent works have also referred to it as

Cdk2 specific (Arora et al., 2017; Barr et al., 2016, 2017; Cap-

pell et al., 2016; Yang et al., 2017). However, this is unlikely

because cyclin-Cdk specificity is generally determined by the

cyclin subunit rather than the Cdk subunit (Morgan, 2007).

The cyclin E and A specificity of the sensor has been deter-

mined by siRNA experiments (Barr et al., 2016; Spencer

et al., 2013). However, both Cdk2 and Cdk1 have also

been shown to bind cyclins E and A, suggesting that Cdk1 in
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complex with those cyclins may also play a role in the sensor’s

localization (Aleem et al., 2005; Koff et al., 1991; Merrick et al.,

2011; Morgan, 2007; Welcker and Clurman, 2005). Consistent

with this picture, our work shows that Cdk2 is not responsible

for all sensor activity in vivo and that Cdk1 in complex with

either cyclin E or cyclin A can phosphorylate the HDHB-

EGFP sensor in vitro. When taken in combination with our other

results, this suggests that the HDHB-based Cdk activity sen-

sor’s initial rise above baseline depends on cyclin E-Cdk2

and that its subsequent increase depends on a mix of

activities from Cdk1 and Cdk2 in complex with cyclins E and

A (Figure 7D).

Our model also describes the timing of R in primary cells as

occurring in G1 1–2 hr before DNA replication, consistent with

an earlier estimate from population data (Yen and Pardee,

1978). This contrasts with a recent study that cast doubt on

the G1 R model by showing that some cell lines commit to divi-

sion prior to the mitosis of the previous cell cycle (Spencer et al.,

2013). These disparate observations can be reconciled by the

fact that G1 R is frequently lost in immortalized, transformed,

or cancerous cell lines (Campisi et al., 1982; Yen and Pardee,

1978; Zetterberg et al., 1995). Indeed, overactive proliferative

signaling is a noted hallmark of cancer (Hanahan and Weinberg,

2011).

In response to serum removal or MAPK inhibition, two anti-

proliferative perturbations, cells with Cdk activity above spe-

cific thresholds are committed to division. However, the two

thresholds are different. Thus, distinct anti-proliferative pertur-

bations may each have their own threshold, a result which

naturally arises from the analysis of positive feedback network

architectures (Doncic et al., 2011; Justman et al., 2009). In

positive feedback networks, commitment results from both

upstream input signals and downstream positive feedback.

The more the upstream signal is reduced, the greater the

requirement for positive feedback activity to commit. Thus,

we expect that a continuum of different commitment thresh-

olds can arise from the same positive feedback network

depending on the magnitude of the reduction in upstream

signaling activities. In the context of other cell types, we

expect upstream signaling pathways to have different

activities, so that the commitment threshold would likely be

different even in identical conditions. Our work suggests that

in any particular cell type and condition, we may be able to

determine a highly predictive Cdk activity threshold. However,

the thresholds determined here may not be the most predictive

in other conditions or cell types.

Just as we here showed that Cdk activity accurately pre-

dicted R, we previously showed that Cdk activity accurately

predicted division in budding yeast (Doncic et al., 2011). In

each case, the regulatory networks are composed of several

interconnected signaling pathways. This network complexity in

combination with the widespread cell-to-cell variation in protein

concentrations led us to expect that measurements of many

molecular events would be required to predict division (Atay

and Skotheim, 2014; Raj and van Oudenaarden, 2008). Yet

single measurements sufficed. This demonstrates that the states

of even highly complex decision-making networks can be accu-

rately determined with single measurements.
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CONTACT FOR REAGENT AND RESOURCE SHARING

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

Skotheim (skotheim@stanford.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell line and primary cell culture
WI-38 cells were obtained from the Harbury Lab (Stanford), MRC5-hTert cells from the Santos Lab (UMDNJ), RPE1-hTert lines from

the Stearns Lab (Stanford) and the Cleveland Lab (UCSD), Cdk2as RPE-hTERT cells from the Fisher Lab (Mount Sinai), and T98G cells

from ATCC. Recently isolated primary human foreskin fibroblasts (HFF) were obtained from the Khavari Lab (Stanford), and recently

isolated fetal human lung fibroblasts (HLF), were obtained from Cell Applications. RPE1-hTert cells were cultured in DMEM/F12

(Corning) with 10% FBS (Cellgro) and 1% Penicillin/Streptomycin (Cellgro). WI-38 cells were cultured in MEM (GIBCO), 10% FBS,

1% Penicillin/Streptomycin, 1% non-essential amino acids, and 1% sodium pyruvate. MRC5-hTert, T98G, Cdk2as RPEs, and

HFFs were cultured in DMEM (Cellgro), 10% FBS, and 1% Penicillin/Streptomycin. Primary lung fibroblasts were cultured in Cell

Applications’ lung fibroblast medium for the first passage, and subsequent passages and experiments were performed in DMEM,

10% FBS, and 1% Penicillin/Streptomycin. Only primary cells under passage seven were used for experiments. WI-38, RPE-hTERT,

and HLF were female. MRC5-hTERT, T98G, and HFF were male.

METHOD DETAILS

Fluorescent reporters
Fluorescent reporters (HDHB-EGFP, HDHB-mCherry, E2F1pr-EGFP-PEST, cyclin E pr-cyclin E-EGFP-PEST, and geminin-GFP)

were cloned into the CSII-EF-MCS lentiviral vector backbone. The CSII vector, the packaging vector dr8.74 and the envelope vector

VSVg were introduced into 293T HEK cells by transfection with TurboFect (Life Technologies). For each microscopy experiment,

medium from transfected 293T cells was used to infect passage 3 HLFs (transduction efficiency was �20%). We began imaging

2 days following infection.

To measure E2F1 promoter activation, we used a 796 base pair fragment upstream of the E2F1 transcription start site driving

expression of an EGFP protein that was destabilized by fusion to the 120 base pairs encoding amino acids 422-461 of mouse

ornithine decarboxylase which includes a PEST degradation domain from amino acids 423-449 (EGFP-MODC-(422-461) from

(Corish and Tyler-Smith, 1999), here called EGFP-PEST). This fragment was designed to contain all the regulatory elements in the

E2F1 promoter identified in a previous study (Johnson et al., 1994). In addition, the construct was fused to an N-terminal nuclear

localization signal (NLS) to facilitate fluorescence quantification. A similar live-cell reporter of E2F1 transcription based on a 784

base pair fragment of the E2F1 promoter was recently examined by another group (Dong et al., 2014).

Microscopy
In preparation for imaging, cells were seeded at a density of approximately 100,000 per 35-mm collagen-coated glass-bottom dish

(MatTek) and incubated overnight in a 37�C, 5%CO2 incubator. Images were taken for up to 9 positions per dish, for 3 dishes, every

30 minutes with a Zeiss AxioVert 200Mmicroscope with an automated stage using an EC Plan-Neofluar 5x/0.16NA Ph1 objective or

an A-plan 10x/0.25NA Ph1 objective. HLFs expressing GFP-fusion fluorescent reporters were exposed for 1 s using the Colibri LED

470 module at 100% power.

Image analysis
HDHB-EGFP images were manually segmented in ImageJ using phase and fluorescence images to identify nucleus and cytoplasm.

The median nuclear and cytoplasmic signal intensities for individual cells over the course of an experiment were measured, the local

median background intensity was subtracted, and the ratio of cytoplasmic-to-nuclear GFP signal was used as a surrogate for Cdk

activity as in another study (Spencer et al., 2013). For cells expressing Geminin-GFP, nuclei were segmented and tracked using a

semi-automated custom MATLAB algorithm adapted from our previous work (Doncic et al., 2013). Cells expressing E2F1pr-

EGFP-PEST were tracked and segmented manually.

Transcriptional activation analysis
To determine the timing of E2F1pr-EGFP-PEST activation, we employed an automated algorithm described in our previous work

(Eser et al., 2011). This algorithm fits a smoothing spline (implemented in MATLAB with smoothing parameter 0.7) to the data.

Next, the maximum of the second derivative of the spline fit was taken as the activation time.

Cdk activity threshold analysis
In serum removal andMEK inhibitor addition experiments, cells were tracked from their last division prior to the condition change until

their next division or the end of the experiment (24-48 hours after medium change). Cdk activity was measured as described above
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and cells were classified by whether or not they divided after the medium change. The Cdk activity traces were smoothed using a

3-time point sliding window. A logistic regression was used to estimate the probability that a cell would divide again after the medium

change as a function of the Cdk activity at the time of the medium change. We defined the Cdk activity threshold as the point where

our logistic regression estimated 50% of the cells were committed to division. The accuracy of each threshold was determined by

assigning cell fates based on whether each cell is above or below the threshold at the time of medium exchange, and then calculating

what percent of cell fates (divide oncemore or immediately arrest) were correctly assigned. We performed a cross validation analysis

as follows. First, we determined a threshold as described above using the dataset excluding a single data point. Next, we used this

threshold to predict the fate of the excluded cell. This yielded a�4%error rate for the serum removal data consistent with the analysis

of the full dataset performed as described above. Error bars on the logistic regression were calculated by bootstrapping. We gener-

ated 1000 datasets by sampling of our data with replacement. We then performed a logistic regression on each bootstrap sample. In

Figures 3I, 5D, and S3I, we plotted the median and 95% confidence intervals for this set of logistic regressions.

Protein expression and purification
For in vitro kinase assays, N-terminally His6-tagged recombinant HDHB-EGFP (aa 994-1087 fromHDHB) andRbC (aa 771-928 of Rb)

(Adams et al., 1999; Rubin et al., 2005) were purified by cobalt-Sepharose affinity chromatography (GE Sepharose cat#17-0575-01)

and eluted with 200 mM imidazole. Histone H1 protein (EMD Millipore) was used as a general substrate for Cdk. Human cyclin-Cdk

fusion complexes were purified from yeast cells using a FLAG-tag method, modified from a previous protocol used for HA-tag

purification (McCusker et al., 2007). Briefly, N-terminally tagged cyclin-Cdk fusions were cloned into 2-micron vectors using a

glycine-serine linker (Rao et al., 1999) and overexpressed from the GAL1 promoter. The overexpressed 3xFLAG-tagged cyclin-

Cdk complexes were then purified by immunoaffinity chromatography using anti-FLAG-M2 affinity agarose beads (Sigma-Aldrich

A2220) and eluted with 0.2 mg/mL 3xFLAG peptide (Sigma-Aldrich F4799). We note that similar Cdk/cyclin fusions have been

able to restore wild-type function in vivo (Chytil et al., 2004).

In vitro kinase assay
For the in vitro phosphorylation assays with HDHB-EGFP and RbC proteins, substrate concentrations were kept in the range of

1-5 mM. Approximately equal amounts of purified kinase complexes were used, with the exception of Cdk4/cyclin D1, which was

about 10-fold in excess compared to other complexes. Reaction aliquots were taken at two time points (8 and 16 min) and the

reaction was stopped with SDS-PAGE sample buffer. The basal composition of the assay mixture contained 50 mM HEPES,

pH7.4, 180 mM NaCl, 5 mM MgCl2, 20 mM imidazole. 0.2 mg/ml FLAG peptide, 2% glycerol, 3 mM EGTA, 0.2 mg/ml BSA and

500 uM ATP (with 2 mCi of [g-32P] ATP added per reaction (PerkinElmer cat# BLU502Z250UC)). To separate the phosphorylated

proteins, 10% SDS-PAGE was used for HDHB-EGFP and H1 and 15% SDS-PAGE was used for RbC. Phosphorylation of substrate

proteins was visualized using autoradiography (Typhoon instrument; GE Healthcare).

Phos-tag SDS-PAGE and phosphatase assay
HLFs were collected and lysed in lysis buffer containing urea for Figure 6E or in RIPA buffer for the phosphatase assay in Figure S6F.

For the phosphatase assay, 40 mL of RIPA buffer lysates were incubated overnight at 30�Cwith 5 mL of Lambda Protein Phosphatase

(400,000 units/mL; New England Biolabs). Phosphorylated species of HDHB-mCherry were resolved from the lysates with Phos-tag

SDS-PAGE (Kinoshita et al., 2005) and quantified using ImageJ. The concentration of the Phos-tag in 10% SDS-PAGE was 50 mM.

Blotting of Phos-tag SDS-PAGE gels was performed with a dry system iBlot2 (Invitrogen by Thermo Fisher Scientific). Abcam anti-

mCherry polyclonal antibody (1:1000) (cat. no. ab167453) and IRDye 800CW goat anti-rabbit antibody (1:20000) from LI-COR

Biosciences (cat. no. 926-32211) were used for the detection of mCherry-tagged HDHB.

Prediction framework
The high temporal resolution of molecular events in single-cell assays allows a very precise inference of which of these molecular

events determine cell fate (Doncic and Skotheim, 2013; Doncic et al., 2011, 2015). Such inferences cannot be made with techniques

where population heterogeneity blurs the dynamics of cellular transitions. Our assay includes two essential components: (1) Expose

cells to an abrupt step change in their extracellular environment and observe subsequent cell fate (divide or not); (2) Use only infor-

mation prior to the step change to predict subsequent cell fate. Regarding (1), without a step change decreasing growth factor

signaling the location of commitment in the cell cycle cannot be measured. Fixation of cells expressing fluorescent reporters can

be used to correlate dynamic aspects of cell signaling activities with other cell-cycle events, such as DNA replication. For example,

this was recently used to show that the onset of DNA replication correlates with low levels of E2F1 expression (Dong et al., 2014).

However, since the serum removal experiment was not performed, we do not know where commitment takes place in this set of

experiments. Regarding point (2), tracking cell fate and using subsequent information can result in conflating downstreammolecular

events with an upstream decision. For example, it was recently shown that Cdk activity correlated with rapid cell-cycle progression in

immortal cells (Spencer et al., 2013). However, these cells are already committed to division �4 hours before the mitosis of the

preceding cell cycle and are already on a trajectory to divide prior to the Cdk activity measurement just after mitosis. Thus, the

Cdk activity 4 hours after commitment to division, which was used for predictive purposes, is more likely a consequence of some

preceding molecular event that occurred in the previous cell cycle that committed the cell to division.
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FACS analysis
Cells were prepared for FACS analysis by washingwith 1X PBS, trypsinizing, and resuspending in 1X PBS. Vybrant DyeCycle orange

dye (Invitrogen) was diluted 1:1000 into the cell suspension and incubated for 30 minutes at 37�C. After incubation, cells were

washed twice with 1X PBS, resuspended in 0.5 mL 1X PBS, and transferred to FACS tubes (BD Falcon). FACS analysis was

performed on a FACSCalibur machine (BD Biosciences), and data were analyzed using the FlowJo cell-cycle analysis feature

(Tree Star).

ODE model of R
We used the previously published model by Yao et al. (2008). To accommodate our experimental results we modified the model in

two ways indicated by orange arrows in Figure 7A:

(i) To reconcile the experimental observation that post-R cells continue through the cell cycle despite complete serum removal,

we added a serum-independent E2F transcription rate, kpfb. Note that in the original model, all E2F transcription depends on

serum so that the model is not bistable at 0% serum (Figure S7A).

(ii) To account for the lower commitment threshold when cells are exposed to a MEK inhibitor, we separated the growth signals

into aMEK-dependent and aMEK-independent part. This results in a lower Cdk activity threshold for commitment in response

to MEK inhibition than serum removal, as we observed.

Given our interpretation of the Cdk activity sensor’s specificity, we also interpret the CE term as a composite of Cdk2 and Cdk1

activities with cyclins E and A.
Differential Equations Model

d½M�
dt

=
kM½M�
KS + ½S� � dM½M�

d½E�
dt

= kE

�
kpfb +

½M�
KM + ½M�

�� ½E�
KE + ½E�

�
+

kb½M�
KM + ½M�+

kp1½CD�½RE�
KCD + ½RE� +

kp2½CE�½RE�
KCE + ½RE� � dE ½E� � kRE ½R�½E�

d½CD�
dt

=
kCD½M�
KM + ½M�+

kCDS½S�
KS + ½S� � dCD½CD�

d½CE�
dt

=
kCE ½E�
KE + ½E� � dCE ½CE�

d½R�
dt

= kR +
kDP½RP�

KRP + ½RP� � kRE ½R�½E� � kp1½CD�½R�
KCD + ½R� � kp2½CE�½R�

KCE + ½R� � dR½R�

d½RP�
dt

=
kp1½CD�½R�
KCD + ½R� +

kp2½CE�½R�
KCE + ½RE�+

kp1½CD�½RE�
KCD + ½RE� +

kp2½CE�½RE�
KCE + ½RE� � dRP½RP�

d½RE�
dt

= kRE � kp1½CD�½RE�
KCD + ½RE� +

kp2½CE�½RE�
KCE + ½RE� � dRE ½RE�
We use the same notation as Yao et al. (2008): S = growth signals (e.g., serum), M = Myc, E = E2F, CD = CycD, CE = CycE,

R = unphosphorylated (active) Rb, RP = phosphorylated (inactive) Rb, RE = Rb-E2F complex. The initial conditions used were:

[Rb] = 0.55 mM and all other concentrations were set to zero. Serum concentration was taken to be 2% unless otherwise stated.

Except the kpfb term, the equations are the same the original model (Yao et al., 2008).
Rate Value

kE 0.4 mM/hr

kM 1.0 mM/hr

kCD 0.03 mM/hr

kCDS 0.45 mM/hr

kR 0.18 mM/hr

kRE 180 mM/hr

kb 0.003 mM/hr

KS 0.5 mM

kCE 0.35 mM/hr

(Continued on next page)
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Continued

Rate Value

dM 0.7/hr

dE 0.25/hr

dCD = dCE 1.5/hr

dR = dRP 0.06/hr

dRE 0.03/hr

kP1 = kP2 18/hr

kDP 3.6 mM/hr

KM = KE 0.15 mM

KCD = KCE 0.92 mM

KRP 0.01 mM

kpfb 4 mM
All rates except kpfb, which we added to the model, were the same as in the original model (Yao et al., 2008). This system of ODEs

was solved using the Runge-Kutta algorithm implemented using MATLAB.

Computation of commitment thresholds: The model was solved with the specified initial conditions and 2% serum for variable

durations after which serum is decreased to 0% (see schematic in Figure 7B). In cases where the simulation passed the point of

commitment before serum was removed, CE eventually reached a high steady-state value. If the threshold was not passed, CE

returned to its initial value of zero (e.g., red and blue curves in Figure 7B). For consistency, we used the same ‘high’ serum concen-

tration (2%) as in Yao et al. (2008). To simulate the effect of theMEK inhibitor we lowered the serum concentration to 0.28% instead of

0% to fit our experimental results.

Comparison of ODE model results with our experiments: To scale the CE term from the model into the experimentally measured

units of Cdk activity, we first calculated the mean peak Cdk activity for cells that passed R and the baseline Cdk activity for cells that

failed to pass R (from the cells in Figure 3G). These activities were 1.83 ± 0.06 (mean ± standard error of the mean, n = 44) and

0.51 ± 0.01 (mean ± standard error of the mean, n = 58) respectively. The range of CE was scaled to be between these values so

that model and experimental results can be compared (Figure 7C).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical details of experiments (p values, confidence intervals from bootstrap analyses, sample sizes) can be found in the figure

legends. Statistical tests (Chi-square tests in Figures 2E and 2H, KS tests in Figure S3B, t test in Figure 4D) were performed in

MATLAB. 95% confidence intervals were calculated through bootstrap analyses for the logistic regressions and corresponding

threshold determinations in Figures 3I and 5D. 50% confidence intervals were calculated for the probabilities estimated in Figure 6C.

All bootstrapped confidence intervals were determined by sampling with replacement 1000 times from the relevant datasets (cellular

Cdk activities at the time of serum removal or MEK inhibitor addition for Figures 3I and 5D; binary data describing whether each cell

divided after treatment with 3-MB-PP1 or DMSO for Figure 6C).
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