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In Brief
Ki67 is one of the most widely used
markers of proliferation in oncology.
Contrary to its canonical use as a binary
marker of proliferation versus
quiescence, Miller et al. find that Ki67
levels decay steadily in quiescent cells,
which may enable more advanced clinical
applications.
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SUMMARY

Ki67 staining is widely used as a proliferation indicator in the clinic, despite poor understanding of this
protein’s function or dynamics. Here, we track Ki67
levels under endogenous control in single cells over
time and find that Ki67 accumulation occurs only during S, G2, and M phases. Ki67 is degraded continuously in G1 and G0 phases, regardless of the cause
of entry into G0/quiescence. Consequently, the level
of Ki67 during G0 and G1 in individual cells is highly
heterogeneous and depends on how long an individual cell has spent in G0. Thus, Ki67 is a graded rather
than a binary marker both for cell-cycle progression
and time since entry into quiescence.
INTRODUCTION
Ki67 staining is frequently used in oncology to estimate a tumor’s
proliferation index. Using immunohistochemistry of a biopsy,
cells are scored as Ki67 positive or negative, and the biopsy is
assigned a percent Ki67-positive value. Ki67 scores are used
prognostically and also have predictive value for potential benefits from chemotherapy in breast cancer (Dowsett and Dunbier,
2008). However, little is known about Ki67 protein function or
expression dynamics during proliferation versus quiescence.
Initial studies on Ki67 indicated that the protein is present during
every phase of the cell cycle in asynchronously cycling cells and
absent in non-dividing cells (Gerdes et al., 1984). More recent
studies on Ki67 have indicated that it undergoes proteasomemediated degradation during G1 phase and upon cell-cycle exit
and that depletion of Cdh1, an activator of the Anaphase Promoting Complex (APC/C), stabilizes Ki67 (Sobecki et al., 2016, 2017).
Similar to many cell-cycle genes, Ki67 transcription is downstream
of E2F activation (Ishida et al., 2001), which depends on the inactivation of Rb by CDK4/6 (Sobecki et al., 2017). Ki67 has also been
shown to participate in ribosomal biogenesis, heterochromatin organization, and mitotic chromosome separation (Cuylen et al.,
2016; Rahmanzadeh et al., 2007; Sobecki et al., 2016).
Although widely used as a proliferation marker, the impact of
Ki67 on cell proliferation varies from cell type to cell type. Ki67

depletion results in reduced proliferation in hTERT-RPE1,
hTERT-BJ, Swiss-3T3, WI-38, IMR90, MCF7, IM-9, RT-4, and
786-0 cells, but not in others such as MCF10A, DLD-1, HeLa,
€ter et al.,
U2OS, and 293T cells (Cidado et al., 2016; Schlu
1993; Sobecki et al., 2016; Starborg et al., 1996; Sun et al.,
2017; Zheng et al., 2006). Additionally, Ki67 knockout mice
develop normally and are fertile (Sobecki et al., 2016). Thus,
low Ki67 levels can have cell-type-specific effects on cell-cycle
progression.
These prior studies have raised the possibility that more information about cellular proliferation could be obtained from the
distribution of Ki67 intensity in immunohistochemistry stains
(van Dierendonck et al., 1989; Sobecki et al., 2017). However,
current clinical immunohistochemistry staining techniques on
Ki67 still operate as if Ki67 protein levels were a simple onand-off switch: on during cellular proliferation and off during
quiescence and senescence.
In this study, we confirm and elaborate on the subtle Ki67 cellcycle dynamics in MCF10A mammary epithelial cells, MCF7
breast cancer cells, OVCAR3 ovarian cancer cells, and A375
melanoma cells using single-cell time-lapse microscopy and
show how a snapshot immunostain of Ki67 can be used to estimate cells’ proliferation histories. Our results improve our ability
to interpret this traditional biomarker and allow for more
advanced clinical applications.
RESULTS
We first examined Ki67 levels by immunofluorescence (IF) in
cycling cells. We compared G1 cells with a sub-population that
spontaneously enters a state of low CDK2 activity (‘‘CDK2low
cells,’’ also termed spontaneous G0 or spontaneous quiescent
cells) (Spencer et al., 2013) and found lower levels of Ki67 in
spontaneous G0 compared with G1 cells, but with significant
overlap in Ki67 expression (Figures S1A and S1B). That is, spontaneous G0 cells did not have distinctively low levels of Ki67, as
would be expected if Ki67 was ‘‘off’’ in quiescence. We then
examined cells forced into quiescence by mitogen-activated
protein kinase (MAPK) pathway inhibition and found that the distribution of Ki67 levels shifted downward in a unimodal fashion
with increasing duration of MAPK pathway inhibition. In contrast,
phosphorylation of Rb at serine 807/811 showed a bimodal distribution, with an increasing fraction of cells entering a state of
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Figure 1. Ki67 Is a Graded Rather than a Binary Marker of Proliferation
(A) Probability density of Ki67 and phospho-Rb S807/811 intensity in MCF10A (left) and A375 cells (right) treated with 100 nM MEK inhibitor or 1 mM dabrafenib,
respectively, for 0, 24, 48, or 72 hr. x-axis units are arbitrary fluorescence units in natural log. n > 1,000 for each condition.
(B) Time-lapse imaging and single-cell tracking of CDK2 activity followed by immunofluorescence for Ki67 in MCF10A, OVCAR3, A375, and MCF7 cells. Top:
representative traces were computationally aligned to time of anaphase and classified as CDK2inc (blue), CDK2emerge (green), and CDK2low (red) (Table S1).
Middle: a-Ki67 signal was reconstructed as a function of time since anaphase for CDK2inc and CDK2low cells. n = 200–1000. Bottom: CDK2emerge cell traces were
aligned to the time of CDK2 activity rise, and a-Ki67 signal was reconstructed as a function of time since CDK2 activity rise as in Gookin et al. (2017). n = 70–200.
See also Table S1.

low phospho-Rb the longer the MAPK pathway was inhibited
(Figure 1A). Thus, while Rb phosphorylation is an on-off switch,
Ki67 levels do not appear to be switch-like.
To further investigate the dynamics of Ki67 throughout the cell
cycle, we used time-lapse microscopy and single-cell tracking of
four cell lines (MCF10A, A375, OVCAR3, and MCF7) stably expressing a fluorescent protein-tagged histone 2B and a CDK2
activity sensor over a 24-hr time interval. As cells complete
mitosis, they either immediately re-enter the cell cycle by
increasing CDK2 activity (‘‘CDK2inc cells’’; blue in Figure 1B,
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top) or spontaneously turn off CDK2 activity and enter a temporary quiescence (CDK2low/spontaneous G0 cells; red in Figure 1B, top) (Spencer et al., 2013). Cells may emerge from the
quiescent CDK2low state and re-enter the cell cycle by increasing
their CDK2 activity (‘‘CDK2emerge cells’’; green in Figure 1B, top).
After 24 hr of imaging, we fixed the cells, performed immunofluorescence for Ki67, and computationally matched each cell’s
Ki67 signal to its cell-cycle history using previously reported
techniques (Gookin et al., 2017; Spencer et al., 2013). In all
four cell lines, aligning each cell’s Ki67 signal as a function of

time since anaphase revealed two trajectories of Ki67 levels after
mitosis that correlated with the bifurcation in CDK2 activity: cells
in the CDK2low state showed continuous decay of Ki67, while
cells in the CDK2inc state showed accumulation of Ki67 (Figure 1B, middle). CDK2emerge cells began accumulating Ki67
following cell-cycle re-entry (Figure 1B, bottom).
The subtle Ki67 dynamics throughout the cell cycle, however,
remained partially obscured by Ki67 heterogeneity within the population. Therefore, we used CRISPR-based genome editing to tag
Ki67 at its endogenous locus with the mCitrine fluorescent protein
in MCF10A cells (Figure S2A). Using PCR gene amplification of the
MKI67 gene, we confirmed that mCitrine was inserted at both Ki67
alleles (Figure S2B). mCitrine-Ki67 responded to quiescence
induced by MEK inhibition in the same way as wild-type Ki67 (Figure S2C), and mCitrine fluorescence in single cells linearly correlated with antibody staining against Ki67 (Figure S2D). The tagged
Ki67 showed identical localization as that of the untagged wildtype protein in all cell-cycle phases (Figures S2E and S2F).
To track these cells as they asynchronously progress through
the cell cycle, we co-expressed histone 2B-mTurquoise and
either the mCherry-tagged CDK2 activity sensor (Spencer
et al., 2013) or mCherry-Geminin FUCCI sensor that marks the
start of S phase (Sakaue-Sawano et al., 2008). Cells were
imaged and tracked over several days, computationally aligned
to their first anaphase, and categorized into groups depending
on time spent in the CDK2low state following their initial mitosis
(Figures 2A–2C). We compared CDK2inc cells with CDK2emerge
cells that spent approximately 6, 10, or 14 hr in the CDK2low state
before re-entering the cell cycle and with cells that remained
CDK2low for the rest of the imaging period. Overlaying the
CDK2 activity and Ki67 intensity traces of these groups revealed
that Ki67 is degraded uniformly in all cells during G0 and
G1 phases (Figure 2C). Ki67 levels began to increase again
several hours after CDK2 activity began to increase and
concurrently with the initial rise in the Geminin FUCCI sensor
(Figure 2C–2E). This result lends significantly increased precision
to previous reports noting that Ki67 accumulates in S phase (Sobecki et al., 2017). Ki67 levels rose steadily thereafter, from the
start of S phase until mitotic exit (Figures 2C–2E). We also examined Ki67 dynamics in MCF7 cells where Ki67 is endogenously
tagged with yellow fluorescent protein (YFP) (Stewart-Ornstein
and Lahav, 2016). Consistent with results in MCF10A cells,
Ki67 levels in MCF7 cells continuously decreased in spontaneous CDK2low cells and increased a few hours after the rise of
CDK2 activity (Figures S3A and S3B).
Previous studies have reported that Ki67 is absent in G1phase cells emerging from a long quiescence (Gerdes et al.,
1984; Sobecki et al., 2017), and our results explain why: since
Ki67 levels fall as a function of time since quiescence entry,
quiescent cells re-entering the cell cycle will have varying levels
of Ki67 depending on how long the cells have been quiescent
(Figures 2B, 2C, S3A, and S3B). Consistent with this, the few
cells that manage to escape the effects of MEK inhibition and
re-enter the cell cycle after a long quiescence have no detectable
Ki67 signal throughout G1 phase (Figure 2F).
Taking advantage of the measured single-cell dynamics of
Ki67, we further asked whether we can derive kinetic laws of
Ki67 decay in quiescence, and thereby predict time since mitosis

of quiescent cells using a snapshot of Ki67 levels. Analysis of the
spontaneous CDK2low population revealed that the Ki67 signal
decay is better fit with second-order kinetics than first-order kinetics (Figures S4A and S4B). We constructed mathematical
models for both first-order kinetics and second-order kinetics
in spontaneous CDK2low MCF10A cells using live-cell data
from Figure 2B-C. To account for cell-to-cell variability, we built
a population average model as well as a Bayesian model for both
first-order and second-order kinetics (see STAR Methods). We
used these models, which were trained on live-cell MCF10A
data, to predict time since mitosis of spontaneous CDK2low
MCF10A, MCF7, OVCAR3, or A375 cells, based on their Ki67 intensity measured by an immunofluorescence snapshot (Figures
S4B–S4D). We then compared the model prediction with the
ground truth time since mitosis measured in Figure 1B by livecell imaging before fixation and immunofluorescence (Figures
S4C–S4E). In all of these models, predicted time since mitosis
correlated with actual time since mitosis. This suggests that
careful quantification of Ki67 antibody staining can reveal more
than simply whether a cell is in the proliferative state: it can additionally distinguish a rapidly cycling cell with a very short quiescence from a slowly cycling cell that spends long periods in
quiescence prior to re-entering the cell cycle.
How closely do Ki67 levels track exit from and progression
through the cell cycle? To answer this question, we acutely arrested cells at various points in the cell cycle and monitored
the effect on Ki67 levels. Cells forced into quiescence by MEK inhibitor, CDK4/6 inhibitor, or the p53-stabilizing drug Nutlin
degraded Ki67 at the same rate as that of spontaneous CDK2low
cells (Figures 3A, 3B, and S3C; Videos S1, S2, S3, and S4). Ki67
was degraded continuously as long as cells remained quiescent,
declining steadily for over 36 hr. Thus, Ki67 can serve as a marker
for time since entry into quiescence, independent of the quiescence-inducing stimulus. Cells blocked in S phase by hydroxyurea showed an immediate plateauing of Ki67 levels upon entry
into S phase, while cells blocked in G2 by CDK1 inhibitor showed
a plateauing of Ki67 upon entry into G2, with a higher Ki67 level
than that observed with the hydroxyurea block. When nocodazole was added to arrest cells at prometaphase, Ki67 levels plateaued at an even higher level than that of G2 phase-arrested
cells (Figure 3C). These results indicate that Ki67 accumulation
is directly tied to progression through the cell cycle. Indeed,
when we accelerated cell-cycle progression by adding Wee1 inhibitor, accumulation of Ki67 was consequently accelerated
relative to control cells (Figure 3D). Thus, Ki67 levels are hardwired into cell-cycle progression and cell-cycle exit.
We next tested the molecular mechanisms that regulate Ki67
levels at each cell-cycle phase. Inhibiting protein synthesis
in G0/G1 phase using cycloheximide had no immediate effect
on Ki67 levels, while inhibiting protein degradation in G0/G1
phase using bortezomib resulted in a plateauing of Ki67 levels
(Figure 4A). This is consistent with the idea that proteasomemediated degradation causes the decreasing Ki67 levels in G0
and G1 (Sobecki et al., 2017). In contrast, the addition of
cycloheximide to cells in S phase blocked the increase of Ki67,
while the addition of bortezomib showed no immediate effect
compared to control (Figure 4B), indicating that protein synthesis
is responsible for the upregulation of Ki67 in S phase.
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(A) Single-cell traces of CDK2 activity (left) and mCitrineKi67 (right) for asynchronously cycling MCF10A cells. Cells
were selected based on their time of anaphase and then
classified as CDK2inc, CDK2emerge, or CDK2low based on
CDK2 activity (STAR Methods). Black dots indicate individual mitosis events. Only CDK2emerge cells re-entering the
cell cycle within 12 hr of their previous mitosis are shown
here for clarity. CDK2inc, n = 40; CDK2emerge, n = 40;
CDK2low, n = 4.
(B) CDK2 activity and mCitrine-Ki67 traces in MCF10A
for two individual CDK2inc cells (top), CDK2emerge cells reentering the cell cycle 14 hr after mitosis (middle), and
CDK2low cells (bottom).
(C) Averaged single-cell MCF10A traces of CDK2 activity
(top) or mCitrine-Ki67 (middle) computationally aligned to
time of anaphase, for each group of cells indicated. Boxplot
quantifies Ki67 levels at the time CDK2 activity begins to rise
(bottom). CDK2inc, n = 7; CDK2emerge 6hr, n = 66; CDK2emerge
10hr
, n = 69; CDK2emerge 14hr, n = 56; and CDK2low, n = 84.
(D) Single-cell traces of MCF10A mCitrine-Ki67 knock-in
cells stably expressing mCherry-Geminin are plotted for
one rapidly cycling cell (left) and one cell entering S phase
8 hr after anaphase (right). Geminin is rapidly degraded in
anaphase. The dashed vertical lines mark the Geminin rise
time and start of S phase, which occurs concurrently with
the rise in Ki67.
(E) Averaged single-cell traces of Geminin and Ki67 aligned
to anaphase for cells entering S phase 4 hr (left; n = 13) or
7–8 hr (right; n = 9) after anaphase. Dashed line denotes the
start of S phase based on the Geminin signal.
(F) Rare mCitrine-Ki67 knockin MCF10A cells that escape
from 100 nM MEK inhibitor after a long quiescence. Cells
were treated with MEK inhibitor for 48 hr prior to live-cell
imaging. Left: MCF10A mCitrine-Ki67 knockin cells expressing the CDK2 activity sensor; the black arrow marks
the CDK2 activity rise time, and the magenta arrow marks
the Ki67 rise time; n = 57. Right: mCitirine-Ki67 knockin
cells expressing the Geminin FUCCI sensor; black and
magenta arrows mark the Geminin rise time and the Ki67
rise time, respectively, which coincide with the start of
S phase. n = 20.
(C, E, and F) Error bars represent standard error of mean
(SEM).
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Figure 3. Ki67 Levels Are Hardwired into
Cell-Cycle Progression and Cell-Cycle Exit
(A, C, and D) Averaged single-cell MCF10A traces
for CDK2 activity (left column) or mCitrine-Ki67
(right column) computationally aligned to time of
anaphase. Gray boxes indicate windows of drug
addition. Error bars represent SEM.
(A) Averaged traces of all untreated cells (Control
All; n = 200); untreated spontaneous CDK2low cells
(Control G0; n = 18); or cells exposed to MEK inhibitor (n = 200), CDK4/6 inhibitor (n = 200), or Nutlin
(n = 88). The rise of CDK2 acitivity and Ki67 under
CDK4/6i treatment results from a few cells
escaping drug action.
(B) Distribution of fitted Ki67 decay parameters are
similar across different quiescence-inducing conditions. Single-cell Ki67 traces were fit with firstorder kinetics (left) or second-order kinetics (right)
from 2 hr after mitosis until the end of the traces.
PDF, probability density function.
(C) Averaged traces of untreated CDK2inc cells
(Control; n = 67); untreated spontaneous CDK2low
cells (G0; n = 7); or CDK2inc cells blocked by hydroxyurea in S phase (n = 7), RO3306 in G2 phase
(n = 16), or nocodazole in mitosis (n = 6).
(D) CDK2inc cells treated with Wee1 inhibitor
(n = 428) or left untreated (n = 25).

impaired the rise of Ki67 in S/G2, whereas
knockdown of FOXM1 had minimal effect
on the dynamics of Ki67, suggesting that
B-Myb, but not FOXM1, is required for
Ki67 transcription.
DISCUSSION

Additionally, we tested three proposed regulators of Ki67
degradation and transcription by single-cell time-lapse imaging.
Consistent with the reported role of Cdh1 in Ki67 degradation
(Sobecki et al., 2016), we found that knockdown of Cdh1
(FZR1) via small interfering RNA (siRNA) resulted in the reduced
degradation of Ki67 in G1 and overall elevated Ki67 levels (Figure 4C), supporting the notion that APC/CCdh1 mediates degradation of Ki67 in G1. The Ki67 gene promoter harbors a CHR
motif that binds the MMB (Myb-MuvB) complex (Sadasivam
and DeCaprio, 2013), and the Ki67 promoter has been consistently pulled down in several chromatin immunoprecipitation
sequencing (ChIP-seq) experiments by multiple components of
the MMB complex (Fischer et al., 2016). Therefore, we knocked
down two different transcription factors of the MMB complex,
MYBL2 (B-Myb) and FOXM1. Knockdown of B-Myb severely

In summary, we show that Ki67 protein
levels are not binary. Instead, because
Ki67 is continuously degraded during G0
and G1 and is continuously produced
from the start of S phase until mitotic
exit, Ki67 protein levels in a population
span a large spectrum. An individual cell’s
Ki67 expression level in this spectrum is a
function of the current cell-cycle phase as well as its history: the
longer a cell has previously spent in quiescence, the lower its
Ki67 level will be upon re-entering the cell cycle. These results
show that simply scoring Ki67 as positive or negative in a tumor
biopsy can be an oversimplification.
Our live-cell analysis reveals that Ki67 levels are at a local minimum at the G1/S transition in actively proliferating cells and that
Ki67 is undetectable at the G1/S transition in slowly cycling cells
that spent a long time in quiescence before re-entering the cell
cycle. Clinically, this means that additional information can be
obtained from Ki67 immunohistochemistry beyond just the percentage of Ki67-positive cells in a biopsy. By quantifying Ki67
levels in a tissue biopsy in both mitotic cells (to obtain a value
for the initial condition) and late G1/early S (marked, for example,
by 2N DNA and high phospho-Rb or low but non-zero levels of
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Figure 4. Cell-Cycle-Dependent Synthesis and Degradation Regulate Ki67 Dynamics
(A and B) Averaged CDK2 (left) or mCitrine-Ki67 (right) traces of untreated cells, cells treated with cycloheximide, or cells treated with bortezomib in G0/G1
(A) (top, n = 136, 80, 27, respectively) or S phase (B) (bottom, n = 151, 142, and 28, respectively). Gray boxes indicate windows of drug addition. Error bars
represent SEM.
(C–E) Dynamics of mCitrine-Ki67 after FZR1 (C), MYBL2 (D), or FOXM1 (E) knockdown: three randomly selected single cells (top), mean ± SEM of at least 1,000
single-cell traces (middle), and immunoblots from cells transfected with the indicated siRNAs to confirm knockdown (bottom).

cyclin A), one can use the formula described in this work to infer
how long ago a cell last divided (see STAR Methods). Although
calibration for each tissue type would be ideal, Figure S4 shows
that a model trained on MCF10A data still has value for predicting time since mitosis for three other cell lines. Using a similar
model, late G1/early S phase tumor cells could then be subcategorized into three groups: rapid-cycling cells with high Ki67,
moderately paced cycling cells with low Ki67, and slow-cycling
cells with virtually no Ki67 in late G1/early S phase (assuming
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that slow cycling is a result of these cells spending prolonged periods in G0/G1). At the population level, the distribution of Ki67
levels within a tumor is an indication of how fast the tumor is
growing. Rapidly growing tumors would have a distribution of
Ki67 levels in 2N DNA cells concentrated toward the levels found
in mitotic cells. However, slow-growing tumors would have a distribution of Ki67 levels in 2N DNA cells concentrated toward
background Ki67 levels found in adjacent non-cancerous tissue,
with tumors growing at intermediate rates in between. With

additional validation, placing tumors into these more finely
divided categories could inform prognosis and the selection of
patient treatments and could provide an additional readout of tumor responses to ongoing treatments.
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Mathworks

SCR_001622

96 well plate

Greiner bio-one
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Cellvis
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MATLAB
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CONTACT FOR REAGENT AND RESOURCE SHARING
Further information and requests for reagents may be directed to, and will be fulfilled by, corresponding author Sabrina Spencer
(sabrina.spencer@colorado.edu).
EXPERIMENTAL MODELS AND SUBJECT DETAILS
Cell Lines
MCF10A human mammary epithelial cells were maintained in DMEM/F12 supplemented with 5% horse serum, 100 ng/mL cholera
toxin, 20 ng/mL epidermal growth factor (EGF), 10 mg/mL insulin, 0.5 mg/mL hydrocortisone, and 1X penicillin/streptomycin. A375
cells were maintained in DMEM supplemented with 10% FBS, 1.5 g/L sodium bicarbonate and 1X penicillin/streptomycin. OVCAR3
and MCF7 cells were maintained in RPMI1640 supplemented with 10% FBS, 1X Glutamax and 1X penicillin/streptomycin. To serumstarve MCF7 cells, FBS was replaced with 0.3% BSA in the full growth medium. All cells were cultured in humidified 37 C incubator at
5% CO2.
The mCitrine-Ki67 knock-in cell line was generated as follows: CRISPR-Cas9 ribonucleoprotein (RNP) was produced using Alt-R
CRISPR-Cas9 System from IDT and contained crRNA (AAUGUGGCCCACGAG) annealed to tracrRNA and Cas9 nuclease. The RNP
was electroporated into MCF10A cells via the Neon system (Life Technologies) following manufacturer’s instructions, with 2 pulses,
30 ms at 1150 V. mCitrine-Ki67 knock-in single cells were selected by fluorescence-activated cell sorting (FACS), grown into clones,
and verified by immunofluorescence, western blot, and PCR. The PCR product bands were excised and sequenced for verification.
MCF10A mCitrine-Ki67 cells were transduced with H2B-mTurquoise and DHB-mCherry or mCherry-Geminin lentivirus, A375 cells
with H2B-mTurquoise and DHB-mCherry lentivirus, OVCAR3 cells with H2B-mTurquoise and DHB-mVenus lentivirus, MCF7 Ki67YFP cells with H2B-miFP and DHB-mTurquoise2 lentivirus. Cells stably expressing transduced sensors were isolated by FACS and
used in live-cell imaging experiments.
METHOD DETAILS
Immunofluorescence
Cells were fixed with 4% paraformaldehyde and then washed twice with PBS. Cells were then permeabilized with 0.2% Triton-X100
at 4 C for 15 minutes and subsequently blocked with 3% BSA for 60 minutes at room temperature. Primary antibody staining
was performed overnight at 4 C in the presence of 3% BSA and visualized by secondary antibody conjugation to Alexa Fluor405, -488, -546, or -647 secondary antibodies. For the timelapse followed by IF experiment in MCF7 cells, H2B-mIFP fluorophore
was inactivated using CycIF method (Lin et al., 2015) after live-cell imaging, before staining with Ki67 antibody and Alexa Fluor647 secondary antibody. For EdU incorporation experiments, cells were treated with media containing 10 mM EdU for 15 minutes,
subsequently fixed with 4% paraformaldehyde, and processed according to manufacturer’s instructions. Cells were imaged on
an IXMicro microscope (Molecular Devices) or on a Nikon Inverted Microscope Eclipse Ti-E using a 10X 0.45 numerical aperture
(NA) objective.
siRNA
siRNA was transfected using Neon Transfection System (Life Technologies) following the manufacturer’s instructions. Live-cell imaging was started 20 hr after transfection. Cell lysate was made 24 hr after transfection to determine knockdown efficiency.
Inhibitors
Compounds and concentrations used: 1 mM Bortezomib, 1 mg/mL Cycloheximide, 2 mM Hydroxyurea, 100 nM MEK inhibitor
(PD-0325091), 1 mM Dabrafenib, 10 mM Nocodazole, 4 mM Nutlin, 1 mM CDK4/6 inhibitor (Palbociclib), 9 mM CDK1 inhibitor
(RO3306), and 1 mM Wee1 inhibitor (MK-1775).
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Time-lapse Microscopy
Cells were plated on a 96-well plate in phenol red-free full-growth media at least 24 hr prior to the start of imaging and at a density
such that cells were sub-confluent throughout the imaging period. Cells were imaged every 12 min (for MCF10A), 15 min (OVCAR3,
A375, MCF7) or 20 min (MCF7, Figure S3C) on either an ImageXpress Micro XLS wide-field microscope (Molecular Devices) with a
10X 0.45 NA objective or on a Nikon Inverted Microscope Eclipse Ti-E PFS (Nikon) with a 10X 0.45 NA objective. Cells were imaged in
a humidified, 37 C chamber at 5% CO2. Total light exposure time for each time point was kept under 750 ms. For experiments
involving drug treatments, cells were first imaged without drug for approximately 24 hr; the video was then paused and drugs
were added by exchanging 50% of the media in each well with media containing a 2X drug concentration. Cells were then imaged
for an additional 24 to 48 hr. Images were processed as described previously (Cappell et al., 2016). The tracking code is available for
download here: https://github.com/scappell/Cell_tracking
Cell Trace Analysis
Asynchronously cycling cells that did not receive drug treatments during the imaging period were computationally aligned to the time
of their first anaphase and then were additionally segmented into categories based on specific post-mitotic CDK2 or Geminin FUCCI
sensor behavior indicating re-entry into the cell cycle. The mean of all single-cell traces in a given category was taken to create an
averaged trace representative of the cell traces in the category. Asynchronously cycling cells that divided and received drug treatments during the imaging period were initially segmented into two-hour categories based on the cells’ time of mitosis relative to the
time of drug addition. These cells were then additionally subcategorized based on their CDK2 activity after the mitotic event. The
mean of the single-cell traces in a subcategory was then used to create an averaged trace representative of the particular subcategory. All cell trace analysis was done using custom MATLAB scripts and code is available upon request. See Table S1-2 on definition
of cell populations.
Retrospective Estimation of Quiescence Duration Using IF Images of Ki67
Averaged Ki67 traces of CDK2low cells in Figure 3A-B were well-fit by either 1st or 2nd order degradation laws (Figure S4A-B). It is
possible to use a snapshot of Ki67 signals to estimate time since last anaphase of a cell. For this analysis, we restricted our analysis
to spontaneous CDK2low cells and measured the Ki67 signal snapshots by IF. The time since last anaphase was therefore equivalent
to quiescence duration. We assumed that Ki67 degradation followed either 1st or 2nd order degradation laws and constructed two
types of models, a population model and a Bayesian model, for each degradation law respectively.
1st Order Degradation
If Ki67 degradation follows a 1st order degradation law, the Ki67 signal in a quiescent cell satisfies
½Ki67ðtÞ = ½Ki67ð0Þexpfk1 tg

(1)

where ½Ki67ð0Þ and ½Ki67ðtÞ are the Ki67 signals of the cell at mitosis and at time t respectively, both measured by IF. k1 denotes the
rate constant of the 1st order degradation and t is the quiescence duration of the cell.
In the population model, we assumed that all cells shared the same values of ½Ki67ð0Þ and k1 . With Equation 1, the quiescence
duration of a CDK2low cell with Ki67 signal ½Ki67ðtÞ in the IF images could be predicted by
t=

1 ½Ki67ð0Þ
ln
k1 ½Ki67ðtÞ

(2)

The value of ½Ki67ð0Þ can be estimated from all mitotic cells in the IF images. Due to cell rounding and chromosome condensation,
mitotic cells display a reduction in nuclear area and the Ki67 signal appears artificially high. Therefore, measured mitotic Ki67 signals
were divided by a ‘‘cell rounding factor’’ to be comparable to the measured Ki67 signals of cells in other cell-cycle phases. We
computed the cell rounding factor by normalizing its H2B signal at mitosis to its average H2B signal across all time points (Figure S4D),
and defined the rounding factor of a cell line as the average rounding factors of all measured cells in the cell line. The measured cell
rounding factors are: MCF10A, 2.05; MCF7, 1.37; OVCAR3, 1.49; A375, 1.50. We further divided the mean of measured Ki67 signals
of mitotic cells in the IF images by the cell rounding factor of the cell line, and used this as the value of ½Ki67ð0Þ for the population
model.
To compute the value of k1 , we performed timelapse imaging of cells with Ki67 fluorescence markers and fit the Ki67 signals of
every single spontaneous CDK2low cell. To be specific, we considered the Ki67 signals of every CDK2low cell from 2 hr after its
anaphase to the end of the video, and fit the traces with a 1st order degradation law using the cell’s Ki67 signal at 2 hr after anaphase
as the initial condition. In other words, the only parameter to fit was the rate constant k1 . We did not include Ki67 signals from mitosis
to 2 hr after anaphase for fitting, because these signals were affected by cell rounding and chromosome condensation to various
extents at different time points, and estimation of cell rounding factors at each time point can bring substantial uncertainty to the
fitting. All single-cell fit values of k1 were then collected and the upper and lower 5% were removed to account for possible suboptimal fittings. The mean of the remaining values was used as the value of k1 for population model.
To demonstrate the predictive power of the model, we inferred the values of k1 by processing the timelapse imaging data in
Figure 2A-C as described above. We then used this k1 value, the ½Ki67ð0Þ from mitotic cells in the IF images from Figure 1B, and
Equation 2 to predict the quiescence durations of CDK2low cells in the IF images (Figure 1B) based on their measured Ki67 signals.
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The predicted values were then compared with the true quiescence durations measured in the time-lapse video that immediately
preceded the IF (Figure 1B, S4C). Overall, the prediction showed a good agreement with the measurements.
We next examined whether our model with parameter values inferred from MCF10A cells could be used to predict quiescence
duration based on Ki67 IF in other cell lines. We performed time-lapse imaging of MCF7, OVCAR3 and A375 cell lines followed by
IF for Ki67 (Figure 1B). For each cell line, we computed the cell rounding factor as described above (Figure S4D), and used the
average Ki67 signals of mitotic cells in the IF images divided by the cell rounding factor as the value of ½Ki67ð0Þ in Equation 2 while
still using the value of k1 inferred from the MCF10A cell line. We predicted the quiescence durations of CDK2low cells in the IF images
with Equation 2 (Figure S4C), and the predicted values correlated with the measured ones, suggesting that this model has predictive
power across other cell lines.
In the Bayesian model, we assumed that the values of ½Ki67ð0Þ and k1 were drawn from probability distributions to account for
possible heterogeneity of cells. We estimated the distributions of ½Ki67ð0Þ and k1 by performing nonparametric density estimation
to Ki67 signals of mitotic cells in the IF images normalized by the cell rounding factors, and single-cell fitted values of k1 (with the
upper and lower 5% values removed), respectively. We assumed that the two distributions were independent. We therefore expressed the probability distribution of quiescence duration t for a given Ki67 signal in the IF image as
ZZ
pðt j Xt Þ =
pðt j X0 ; Xt ; k1 ÞpðXt Þpðk1 ÞdX0 dk1
ZZ
=


1 X0
pðXt Þpðk1 ÞdX0 dk1
d t  ln
k 1 Xt


(3)

where we use X0 and Xt to denote ½Ki67ð0Þ and ½Ki67ðtÞ for convenience, and dð,Þ is the Dirac delta function.
We applied Equation 3 to MCF10A cells and predicted quiescence durations at various quantiles given Ki67 IF values in spontaneous CDK2low cells (Figure S4E). Comparison with measured true quiescence durations of CDK2low cells in the IF images showed
that most measured durations fell between 0.1 and 0.9 quantiles of prediction, though our model tended to over-estimate the quiescence duration for cells that have short quiescence.
2nd Order Degradation
With a 2nd order degradation law, the Ki67 signal in a quiescent cell satisfies
1
1
=
+ k2 t
½Ki67ðtÞ ½Ki67ð0Þ

(4)

where ½Ki67ð0Þ and ½Ki67ðtÞ denote the concentrations of Ki67 at mitosis and at time t respectively, and k2 is the rate constant of 2nd
order degradation.
In contrast to 1st order models, the value of k2 could not be inferred from the measured Ki67 traces directly. To demonstrate this, we
assumed that the concentration of Ki67 and the measured Ki67 signals MðtÞ differed by an unknown scaling factor C, i.e.
½Ki67ðtÞ = CMðtÞ

(5)

nd

If we fit MðtÞ to a 2 order degradation law, the inferred degradation rate constant would be Ck2 which could not be converted
to k2 . In addition, since the value of C was dependent on measurement conditions, this inferred value could not be used in other
experiments.
To construct a relation which is independent of measurement conditions, we made use of the fact that the scaling factor C was a
constant in an experiment. We considered a special time point (called ‘‘initial half-life,’’ denoted by t1=2 ð0Þ) where Ki67 concentrations
dropped to half of their mitotic values. Based on Equation 4, we have
t1=2 ð0Þ =

1
k2 ½Ki67ð0Þ

(6)

Multiplying both sides of Equation 4 by ½Ki67ð0Þ and making use of Equation 6, we arrived at the relation
½Ki67ð0Þ
t
=1+
½Ki67ðtÞ
t1=2 ð0Þ

(7)

Mð0Þ
t
=1+
MðtÞ
t1=2 ð0Þ

(8)

and

when expressed in measured Ki67 signals MðtÞ. Since Equation 8 contained no terms of C, this relation was independent of measurement conditions and we could use it to analyze both timelapse imaging and IF data.
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In a population model, we assumed that all cells share the same Ki67 signal at mitosis measured by both timelapse imaging and IF,
as well as the same value of t1=2 ð0Þ. If we denote the Ki67 signal at mitosis measured by IF by Mð0Þ, the quiescence duration for a
CDK2low cell with Ki67 signal MðtÞ in the IF images could then be estimated by


Mð0Þ
1 :
(9)
t = t1=2 ð0Þ
MðtÞ
We estimated the value of Mð0Þ as described for 1st order models and estimated t1=2 ð0Þ using the following procedure: We first fit
the Ki67 signals of each CDK2low cell from 2 hr after anaphase to the end of video with the 2nd order degradation law, while fixing the
Ki67 signal at 2 hr after mitosis as the initial condition. The fitted value (i.e., Ck2 ) was then multiplied by its Ki67 signals at mitosis and
divided by the cell rounding factor of the cell line, and the result was the inverse initial half-life of the cell. The initial half-life of all
CDK2low cells were then collected and the upper and lower 5% values were removed. The mean of the remaining values was
used to generate the value of t1=2 ð0Þ for the cell line.
To demonstrate the predictive power of the model, we inferred the values of Mð0Þ and t1=2 ð0Þ from timelapse imaging data of
MCF10A cells and predicted the quiescence durations of CDK2low cells in the IF images by applying Equation 9 to both MCF10A cells
as well as three other cell lines. Similar to 1st order models, predicted quiescence durations using 2nd order models were correlated
with the measured true quiescence durations (Figure S4C).
In the Bayesian Model, we assumed that every cell drew its values of Mð0Þ and t1=2 ð0Þ independently from two probability distributions, estimated by performing nonparametric density estimation on Ki67 signals of mitotic cells in the IF images normalized by the
cell rounding factors and single-cell fit values of t1=2 ð0Þ (with the upper and lower 5% values removed). The probability distribution of
quiescence duration t for a given Ki67 signal in the IF image could then be computed by
ZZ
pðt j Xt Þ =
pðt j X0 ; Xt ; TÞpðXt ÞpðTÞdX0 dT
ZZ
=




X0
 1 pðXt ÞpðTÞdX0 dT
d tT
Xt

(10)

where we used X0 , Xt and T to denote Mð0Þ, MðtÞ and t1=2 ð0Þ for convenience. We applied Equation 10 to MCF10A cells and
compared the predicted distributions of quiescence durations with measured true ones. Most measured durations fell between
0.1 and 0.9 quantiles, and unlike the 1st order model, no apparent bias of prediction was found.
Comparison of Models
Although the average Ki67 traces in CDK2low cells were better fit by 2nd order degradation than 1st order (Figure S4A-B), the 1st order
population model displayed a higher predictive power than the 2nd order population model for all four cell lines (Figure S4C). The halflife for 2nd order population depends on the initial condition, but the half-life for 1st order kinetics does not. Therefore, the estimation of
kinetic constant k1 for 1st order models only required single-cell fitting of Ki67 traces, while estimation of initial half lives t1=2 ð0Þ for 2nd
order models required both single-cell fitting and measurement of Ki67 signals at mitosis. This extra requirement in 2nd order models
would bring more uncertainty to the model parameters, resulting in a worse prediction. Meanwhile, in the Bayesian models, the distribution of Ki67 signals at mitosis was explicitly considered. In terms of uncertainty, the distribution of t1=2 ð0Þ in the 2nd order
Bayesian model was then only dependent on single-cell fitting, which was equivalent to the 1st order Bayesian model. Since the
degradation of Ki67 signals was better captured by the 2nd order degradation law, the prediction of the 2nd order Bayesian model
was more consistent with measured true quiescence durations than the 1st order Bayesian model (Figure S4E).
Finally, our models required performing time-lapse imaging for every cell line once to compute the cell rounding factor, which was
necessary for obtaining the proper Ki67 signals at mitosis. Without this information, if one chose the value of rounding factor arbitrarily, calculated Ki67 signals at mitosis would have a constant fold-difference from the true signals. Consequently, the predicted
quiescence durations of both 1st and 2nd order models would be shifted by a constant value. Though the prediction error would
typically increase, the correlation between predicted and measured durations would remain unchanged.
QUANTIFICATION AND STATISTICAL ANALYSIS
Data are presented as mean ± SEM unless otherwise indicated in figure legends. Sample number (n) represents the number of cell s
unless specified otherwise. Statistical tests used are indicated in figure legends. Data analysis was not blinded.
DATA AND SOFTWARE AVAILABILITY
Data are available in the BioStudies database (http://www.ebi.ac.uk/biostudies) under accession number S-BSST167.
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Figure S1. Ki67 levels across the cell cycle as measured by immunofluorescence, Related to Figure 1
(A) Density scatter plots of EdU incorporation (left), -phospho-Rb-S807/811 (middle), and -phosphoHistone H3 (right) vs. DNA content as measured by Hoechst. These stains were used in combination to
determine cell-cycle phases in asynchronously cycling cells, indicated by labeled boxed areas, as
described previously (Gookin et al., 2017). G0 phase: ~2N DNA content/phospho-Rblow/EdUlow; G1
phase: 2N DNA content/phospho-Rbhigh/EdUlow ; Early S phase: ~2N DNA content /EdUmid; S phase: 24N DNA content/EdUhigh; Late S phase: ~4N DNA content/EdUmid; G2 phase: 4N DNA
content/EdUlow/phospho-HH3low and M phase: ~4N DNA content/phospho-HH3high.
(B) Density scatter plot of -Ki67 signal vs DNA content (left) was converted into a contour plot
(middle) using cell-cycle phase information obtained from (A). Probability densities of -Ki67 signal for
cells in G0 and G1 phases were plotted from duplicate wells (right).
Figure S2. Generation of an mCitrine-Ki67 knock-in line, Related to Figure 2-4
(A) Schematic of mCitrine-Ki67 knock-in process. 3.5% of cells were classified as mCitrine-positive by
flow cytometry and sorted into single-cell clones (right).
(B) Expected sizes (left) and PCR products (right) of the wild-type MKI67 gene and the Citrine-MKI67
fusion gene. Both alleles are tagged in the mCitrine-Ki67 knock-in cell line resulting in the absence of a
wild-type band.
(C) mCitrine-Ki67 protein response to 32 hr of 100 nM MEK inhibitor is equivalent to wild-type Ki67, as
assessed by western blot. Note that addition of the small mCitrine tag (26 kDa) to the large Ki67 protein
(359 kDa) is not discernable by western blot.
(D) The -Ki67 signal linearly correlates with mCitrine fluorescence in the mCitrine-Ki67 knock-in line,
but not in wild-type MCF10A cells that lack mCitrine. Treatment with 100nM MEK inhibitor for 32
hours resulted in a decrease in -Ki67 and mCitrine-Ki67 signals in the knock-in cell line. Note that xaxis units are arbitrary fluorescence units in natural log.
(E) Top: Live-cell, time-lapse images of a single mCitrine-Ki67 cell stably expressing Histone 2BmTurquoise and mCherry-tagged CDK2 activity sensor, in various phases of the cell cycle. Bottom:
Single-cell images of wild-type MCF10A cells fixed and stained with Hoechst and Ki67 antibody. Fixed
cell-cycle phases were determined as in Figure S1A. The subcellular localization of mCitrine-Ki67 fusion
protein is consistent with wild-type Ki67 protein localization in all cell-cycle phases.
(F) Corresponding single-cell CDK2 activity and Ki67 traces for the live-cell images shown in (E, Top);
magenta circles on the Ki67 trace mark the time points shown in (E, Top). Dashed lines mark anaphase.

Figure S3. Ki67 continuously decreases in G0/G1 and rises upon S phase entry, Related to Figure 23
(A) CDK2 activity and mCitrine-Ki67 traces for two individual MCF7 CDK2inc cells (top), CDK2emerge
cells re-entering the cell cycle 10 hr after mitosis (middle), and CDK2low cells (bottom).

(B) Averaged single-cell MCF7 traces of CDK2 activity (top) or mCitrine-Ki67 (middle) computationally
aligned to time of anaphase, for each group of cells indicated. Box plot quantifies Ki67 levels at the time
CDK2 activity begins to rise (bottom). n = 13-500.
(C) MCF7 cells were perturbed with control medium change, serum withdrawal, CDK4/6 inhibition, or
Nutlin addition. Averaged single-cell traces for CDK2 activity (left column) or mCitrine-Ki67 (right
column) were computationally aligned to time of anaphase. Gray boxes indicate times of perturbation.
Error bars represent standard error of the mean. n = 15 for Control G0; n = 280-700 for other conditions.

Figure S4. Retrospective estimation of quiescence duration with IF images of Ki67, Related to
Figure 2
(A-B) Population fit of Ki67 degradation in CDK2low cells. Left: the logarithm (A) and the inverse (B) of
the Ki67 signals are plotted against time since anaphase: average traces (red), 95% confidence intervals
(red shades). The correlation coefficients of the fitted data are displayed in the upper right corner of the
images. Right: Average Ki67 traces for CDK2low cells are plotted in red. The average trace is fit by 1st (A)
or 2nd order (B) degradation laws and the fitted curves are plotted in black. Fitting was conducted by
searching for the optimal Ki67 signal at 2 hr after anaphase, [Ki67](0), and the kinetic rate constant, k1 or
k2, to minimize the Euclidean distance between the average Ki67 signals and fitted signals, normalized by
the standard error of the mean (SEM) of the Ki67 signals at each time point.
(C) Population average estimation of quiescence durations using parameters inferred from MCF10A
cells. Inference of Ki67 kinetic rate constants in MCF10A cells and prediction of quiescence durations
with Ki67 IF images were performed as described in Methods. In each panel, each blue dot represents a
CDK2low cell in the IF images, and the cell’s measured (x-axis) and predicted (y-axis) quiescence
durations are plotted. The red line represented the correct prediction where measured durations equal the
predicted ones. The correlation coefficient (R) and the average Euclidean distance (Error, in hours)
between the measured and predicted durations are displayed in the lower right corners. The model with
MCF10A parameters shows predictive power for all four cell lines, suggesting that different cell lines
follow similar Ki67 degradation kinetics.
(D) Normalized H2B signals at mitosis. The normalized H2B signal at mitosis of a cell is defined as its
H2B signal at anaphase divided by its average H2B signal across all time points. The probability
distributions of normalized H2B signals of all cells in a cell line were then estimated by nonparametric
density estimation.
(E) Bayesian estimation of quiescence durations. The probability distribution of quiescence durations at a
given Ki67 signal of CDK2low cells was computed as described in Methods. The 0.10, 0.25, 0.5, 0.75, 0.9
quantiles of the distribution are displayed in the figure. Each red dot represents a CDK2low cell in the IF
images, and its Ki67 signal and measured quiescence duration are plotted on the x- and y-axes,
respectively.
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Table S1. Definitions of cell populations in Figure 2 and Figure S3A-B
MCF10A: CDK2 activity stayed between 1
and 1.5 between a to b hours after
anaphase for at least 36 min, and remained
below 0.8 from 3 to c hr after anaphase

MCF7: CDK2 activity stayed
between 0.6 and 1.1 between a to
b hours after anaphase for at least
2 hr, and remained below 0.6 from
3 to c hr after anaphase

a

b

c

a

b

c

CDK2inc

3

5

NA

3.5

7.5

NA

CDK2emeging 6 hr

7

9

7

5.5

8.5

5

emeging 10 hr

11

13

11

9.5

14.5

9

CDK2emeging 14 hr

15

17

15

13.5

18.5

13

CDK2

CDK2low
NA - Not applicable

CDK2 activity values below 0.5 at 2 hr after mitosis and remain below the level seen
at anaphase for the remainder of the imaging period

Table S2. Definitions of cell populations in Figure 3 and Figure S3C
MCF10A
time point tested (hr
CDK2 activity
after anaphase)
untreated
treated

MCF7
time period tested

CDK2
activity

NA

NA

CDK2inc

2

5

CDK2emerge

2

5

<0.5, but increase later to above the level seen at
anaphase

NA

NA

5

<0.5, and remain below the level seen at
anaphase for the remainder of the imaging period

6 hr after
anaphase to end
of movie

<0.9

low

CDK2

NA - Not applicable

2

>0.5

