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SUMMARY
CDK2 is a core cell-cycle kinase that phosphorylates many substrates to drive progression through the cell
cycle. CDK2 is hyperactivated in multiple cancers and is therefore an attractive therapeutic target. Here, we
use several CDK2 inhibitors in clinical development to interrogate CDK2 substrate phosphorylation, cell-cy-
cle progression, and drug adaptation in preclinical models. Whereas CDK1 is known to compensate for loss
of CDK2 in Cdk2�/� mice, this is not true of acute inhibition of CDK2. Upon CDK2 inhibition, cells exhibit a
rapid loss of substrate phosphorylation that rebounds within several hours. CDK4/6 activity backstops inhi-
bition of CDK2 and sustains the proliferative program by maintaining Rb1 hyperphosphorylation, active E2F
transcription, and cyclin A2 expression, enabling re-activation of CDK2 in the presence of drug. Our results
augment our understanding of CDK plasticity and indicate that co-inhibition of CDK2 and CDK4/6 may be
required to suppress adaptation to CDK2 inhibitors currently under clinical assessment.
INTRODUCTION

Cyclin-dependent kinases (CDKs, including CDK4, CDK6,

CDK2, and CDK1) comprise the core machinery that drives cells

through the cell cycle. The classic model of cell-cycle progres-

sion holds that mitogens stimulate themitogen-activated protein

kinase (MAPK) pathway, leading to the expression of D-type cy-

clins1–3 and the activation of CDK4/6. In turn, CDK4/6-cyclin D

complexes phosphorylate and inactivate the retinoblastoma

protein (Rb1),4–9 liberating E2F to promote transcription of cy-

clins E and A, which activate CDK2. Activated CDK2 hyperphos-

phorylates Rb1,5,10 establishing a potent positive feedback loop

that ensures the continued expression of cyclins E and A, as well
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as other proteins that are essential for S phase. Engagement of

this positive feedback loop creates sustained Rb hyperphos-

phorylation and constitutes passage through the restriction

point, committing cells to complete the cell cycle.11–13 As cells

complete S phase, cyclin A and then cyclin B form complexes

with CDK1 to drive cells through mitosis (Figure 1A).

Of these CDK-cyclin complexes, only CDK1 is universally

essential.14–17 While CDK4/6 plays a key role in inactivating

Rb1 to facilitate passage through the restriction point, CDK4 is

only essential for pancreatic lineages and reproductive func-

tions,18 whereas both CDK4 and CDK6 are required for hemato-

poietic lineages.15,16 Although CDK2 has a key role in the restric-

tion point and in the initiation of S phase, it is genetically
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Figure 1. CDK2 activity is acutely inhibited by low-dose PF3600, but phosphorylation rebounds rapidly

(A) Schematic of normal cell-cycle progression.

(B) Left: schematic of the CDK2 activity sensor. DHB (DNA-helicase B fragment) localizes to the nucleus when unphosphorylated; progressive phosphorylation

leads to translocation of the sensor to the cytoplasm. NLS, nuclear localization signal; NES, nuclear export signal; S, CDK consensus phosphorylation sites on

serine. Right: schematized data showing the dynamics of CDK2 activity across G1, S, G2, and M phases of the cell cycle in MCF10A cells.

(legend continued on next page)
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dispensable under normal conditions, as its absence is com-

pensated by CDK1 in Cdk2�/� mice.14,16,19 Nevertheless,

CDK2 remains a highly attractive cancer drug target because

its aberrant activation, through the formation of non-canonical

complexes or by cyclin E amplification,20–26 can promote hy-

per-proliferation and confer resistance to FDA-approved

CDK4/6 inhibitors.20,21,27 At least five CDK2 inhibitors have

been developed for clinical investigation: PF-06873600 from

Pfizer (hereafter PF3600), PF-07104091 from Pfizer (hereafter

PF4091), BLU-222 from Blueprint Medicines, INX-315 from Incy-

clix Bio, and INCB123667 from Incyte.28–34 In addition, other

CDK2 inhibitors and CDK2 degrader modalities are in preclinical

development at other companies.

Here, we use single-cell time-lapse imaging of the DNA heli-

case B (DHB)-based reporter of CDK2 activity12 (Figure 1B)

along with other analyses to assess the acute response to the

CDK2 inhibitor PF3600.33,34 While treatment of cells with

PF3600 leads to an immediate reduction of CDK2 kinase activity,

these cells rapidly adapt via a CDK2/4/6-Rb-E2F-dependent

mechanism that circumvents CDK2 inhibition and enables cell-

cycle completion.

RESULTS

Inhibition of CDK2 activity causes loss of substrate
phosphorylation followed by a rapid rebound
We first validated the specificity of the DHB-based reporter for

CDK2 by treating non-transformed MCF10A cells with RO3306

(CDK1 inhibitor) and Palbociclib (CDK4/6 inhibitor). Neither

drug caused a drop in the DHB reporter signal at the time of

treatment, consistent with use of this reporter as a readout for

CDK2 activity (Figure 1C). As expected, RO3306 induced a G2/

M arrest,12,35 whereas Palbociclib, administered at mid-G1 or

later, had no effect on the DHB signal in the ongoing cell cycle.

Instead, Palbociclib caused cells to enter a CDK2-low quies-

cence after the subsequent mitosis, as seen previously,4,12,36

consistent with the widely held notion that CDK4/6 activity is

only required in early G137,38 (Figures 1C and S1A).

We next examined the effect of treating cells with a CDK2 in-

hibitor. PF3600 at low doses (25–100 nM) primarily targets
(C) DHB sensor phosphorylation in MCF10A cells treated with Palbociclib or RO33

on the y axis are median ± 95% confidence interval as shaded bands where no

value < 0.05 (see Figure S1A). Actively proliferating cells (CDK2inc, see STARMeth

After the drug addition window, drugs weremaintained in themedia for the duratio

size statistics for all experiments are in Table S1.

(D) Single-cell traces of DHB sensor phosphorylation inMCF10A cells treated with

and selected for plotting if they received drug t h after anaphase (gray bar). Two tim

the cell cycle.

(E) Median DHB sensor phosphorylation over time from the single-cell traces sho

(F) DHB sensor phosphorylation in MCF10A as in (E). Cells were selected for plottin

sample the cell cycle between 25% and 75% of the intermitotic time. Dotted line

(G) CDC6 phosphorylation in MCF10A cells as read out by CDC6-YFP C/N ratio

degradation of CDC6 by the APC, after which it is not possible to calculate the C

(H–J) DHB sensor phosphorylation as in (E) shown for RPE-hTERT (H), MCF7 (I),

(K and L) MCF10A cells were treated with increasing doses of PF3600 for 1 h or 24

ELISA. Mean of 2 technical replicates plotted ± SD.

(M)MCF7 cells were treatedwith 25 nMPF3600, and phosphorylated peptides we

peptides containing a minimal CDK consensus motif (SP or TP) after 1 h treatment

to DMSO control (see Table S2 for raw data).
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CDK2 and at a high dose (500 nM) blocks the activity of CDK2

and CDK4/6 complexes.33,34 When we treated MCF10A cells

with low-dose PF3600, we observed an immediate and ex-

pected drop in CDK2 substrate (DHB) phosphorylation. Surpris-

ingly, however, this was followed by a rapid rebound in activity

beginning 1–2 h after drug treatment (hereafter ‘‘drop-rebound’’)

(Figures 1D–1F and Videos S1 and S2). Cells eventually

completed the cell cycle and mitosis, albeit at a slower rate

than DMSO-treated cells (Figures S1B and S1C and Video S1).

A rebound in enzyme activity a few hours after its chemical inhi-

bition is highly unusual and would be difficult to detect without a

live-cell enzyme activity sensor and high temporal resolution

microscopy.

In contrast to the low-dose PF3600 treatments, cells treated

with a high dose of PF3600 that covers CDK2, 4, and 6 exhibited

a drop followed by a short-lived rebound of about 5 h followed by

a sustained crash in CDK2 substrate (DHB) phosphorylation

(hereafter referred to as ‘‘hump-crash’’) (Figure 1F). We noted

that inhibition of CDK2 to levels where the DHB reporter falls

below the mitotic nadir (the lowest CDK2 activity observed in un-

treated cells) appears to be required for sustained cell-cycle exit.

These responses were mirrored with an orthogonal live-cell

readout of CDK2 activity, YFP-tagged CDC639,40 (Figure 1G).

Importantly, the drop-rebound phenotype seen at low doses of

PF3600 was not a result of drug degradation, sequestration, or

efflux, as refreshing the drug after 5, 10, or 20 h did not alter

the response (Figure S1D).

We observed similar responses to the inhibition of CDK2 in the

non-transformed cell line RPE-hTERT and the breast adenocar-

cinoma cell line MCF7, although MCF7 cells displayed greater

sensitivity to low-dose PF3600 (Figures 1H, 1I, and S1E–S1G

and Videos S3 and S4). The cyclin E-overexpressing ovarian

cancer line, OVCAR3, was more responsive to low-dose

PF3600, consistent with its known dependence on CDK2,41

albeit with heterogeneity in the single-cell drug response trajec-

tories (Figures 1J and S1H and Video S5).

We next investigated whether the drop-rebound phenomenon

was specific to the DHB- and CDC6-based reporters or whether

it occurred broadly across other CDK2 substrates. We first

tested the effects of low-dose PF3600 treatment on the CDK2
06. Unless stated otherwise, all plots with DHB cytoplasmic/nuclear (C/N) ratio

n-overlapping shading indicates a statistically significant difference with a p

ods) are selected for plotting if they received drug t h after anaphase (gray bar).

n of the experiment. M, timing of mitosis, with color matched to legend. Sample

DMSO or PF3600. Traces are computationally aligned to the point of anaphase

e slices are plotted, showing the effect of drug addition at two different points in

wn in (D), ± 95% confidence interval as shaded bands, as described in (C).

g if they completed anaphase t h before drug addition, where twas selected to

marks mitotic nadir.

. Note that prolonged loss of phosphorylation with 500 nM PF3600 results in

/N ratio.

and OVCAR3 (J) cells.

h, and phospho-NCL (T84) (K) or phospho-Rb (S807/811) (L) was measured by

re assessed by proteomics. Shown are significantlymodulated phosphorylated

(p < 0.05) and the fate of those same peptides at 24 h. Data are plotted relative
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Figure 2. Co-inhibition of CDK2 and CDK4/6 blocks the rebound in CDK2 activity

(A and B) DHB sensor phosphorylation in the three indicated cell lines treated with PF3600 in combination with RO3306 (A) or Palbociclib (B). For MCF10A and

RPE-hTERT, 100 nM PF3600 was used; for MCF7, 25 nM PF3600 was used. See also Figure S2 for additional windows of drug addition.

(C) Representative images of the CDK2 sensor over time in RPE-hTERT cells treatedwith 100 nMPF3600 alone or in combinationwith Palbociclib. Corresponding

schematics of cell-cycle effects are shown to the right.

(D and E) DHB sensor phosphorylation in MCF10A cells treated with 100 nM PF3600 in combination with CDK4/6 inhibitors, Ribociclib (D) or Abemaciclib (E).
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substrates nucleolin (NCL)42,43 and Rb1.44 These substrates ex-

hibited decreased sensitivity to low-dose PF3600 at 24 h relative

to 1 h (Figures 1K and 1L), suggesting that cells had adapted to

CDK2 inhibition at the later time point. Unbiased phosphopro-

teomics further revealed that phosphorylation of peptides with

a minimal CDK consensus sequence were diminished at 1 h

following low-dose PF3600 but recovered by 24 h (Figures 1M

and S1I and Table S2). Thus, although inhibition of CDK2 with

low-dose PF3600 leads to an immediate drop in phosphorylation

of CDK2 substrates, cells adapt rapidly to restore CDK2 sub-

strate phosphorylation and eventually complete the cell cycle.

We considered and went on to test three hypotheses to explain

this rebound in CDK2 substrate phosphorylation upon CDK2 in-

hibition: (1) that CDK2 is not being fully inhibited at CDK2-selec-

tive doses of PF3600; (2) that the positive feedback loop, in

which CDK2 reinforces Rb hyperphosphorylation, liberation of

E2F, and transcription of the cyclins that drive CDK2 activity, is

so robust that it is difficult to break; and (3) that other kinases

are backstopping CDK2 activity in its absence.

CDK4/6 activity stimulates the rebound upon acute
CDK2 inhibition
To explore the mechanism underlying the rebound in CDK2

substrate phosphorylation, we treated cells with low-dose
PF3600 together with other CDK inhibitors. Since previous

studies reported that CDK1 is sufficient to drive the mammalian

cell cycle upon genetic deletion of CDK2,15,16 we hypothesized

that the rebound might be driven by CDK1. To mimic the long

timescales used in these genetic experiments, we first grew

cells in low-dose PF3600 for 1 month to generate a drug-resis-

tant population and then probed CDK2 substrate phosphoryla-

tion upon CDK1 inhibition by using RO3306. We observed that

PF3600-resistant cells were more sensitive than drug-naı̈ve

cells to CDK1 inhibition (Figures S2A and S2B), suggesting

that this long period of adaptation to loss of CDK2 activity

causes cells to become more dependent on CDK1. This mirrors

the situation in long-adapted Cdk2�/� mice where CDK1 miti-

gates loss of CDK2.

We next assessed the acute treatment timescale. Combina-

tion treatment of low-dose PF3600 with RO3306 somewhat

reduced but did not eliminate the remaining DHB reporter signal

and did not block the re-phosphorylation of NCL (Figures 2A and

S2C–S2E), indicating that the rebound in CDK2 substrate phos-

phorylation is not mediated by CDK1 on short timescales. Thus,

while CDK1 may partially contribute to the re-phosphorylation of

CDK2 substrates, it is not the primary compensatory factor

enabling the immediate rebound observed upon treatment with

low-dose PF3600.
Cell 186, 2628–2643, June 8, 2023 2631
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While low doses of PF3600 that primarily inhibit CDK2 cause

the observed drop-rebound phenotype, a high dose of PF3600

that inhibits both CDK2 and CDK4/6 causes the hump-crash

phenotype with sustained suppression of CDK2 substrate phos-

phorylation (Figure 1F). We therefore speculated that CDK4/6

activity might be involved in enabling the rebound. This hypoth-

esis aligns with early work from Tetsu and McCormick,45 report-

ing that CDK4 is required for cell-cycle progression in the

absence of CDK2. Indeed, combining low-dose PF3600 with

Palbociclib recapitulated the hump-crash phenotype seen with

500 nM PF3600, blocked the re-phosphorylation of NCL, and

reduced overall cell proliferation with minimal apoptosis (Figures

2B, 2C, and S2F–S2I and Videos S1, S2, S3, and S4). These data

support the notion that low-dose PF3600 can be used to inhibit

CDK2 activity without significantly perturbing CDK4/6 activity,

since only high-dose PF3600 recapitulates the response pro-

duced by low-dose PF3600 plus Palbociclib. Importantly, two

other FDA-approved CDK4/6 inhibitors, Ribociclib and Abema-

ciclib, also elicited the same hump-crash phenotype when com-

bined with low-dose PF3600 (Figures 2D and 2E). Furthermore,

knockdown of D-type cyclins or CDK4/6 in conjunction with

low-dose PF3600 treatment also phenocopied co-inhibition of

CDK4/6 and CDK2 (Figures 3A–3D and S3A–S3F). These results

are corroborated by immunoblot analysis of phospho-CDC6 and

phospho-NCL (Figure 3E), which show that low-dose PF3600

leads to a rebound in substrate phosphorylation but co-treat-

ment with Palbociclib leads to sustained suppression.

We next probed the temporal contributions of CDK1 and

CDK4/6 in supporting the rebound. When cells are treated with

the CDK1 inhibitor RO3306 at 0, 5, or 10 h after low-dose

PF3600, the rebound is sustained (Figure 3F), consistent with a

minor contribution of CDK1 in reinforcing CDK2 substrate phos-

phorylation at short timescales. When the CDK4/6 inhibitor Pal-

bociclib is added simultaneously with low-dose PF3600, the

hump-crash phenotype is observed, confirming its contribution

to the rapid rebound phenotype. However, if treatment with Pal-

bociclib is delayed by 5 or 10 h after low-dose PF3600, the

rebound is sustained and cells undergo mitosis (Figure 3G).

Additionally, triple-drugging cells with CDK2, CDK4/6, and

CDK1 inhibitors only marginally reduces the activity hump,

consistent with minor contributions of CDK1 in the immediate

rebound (ranging from 1.8% early in the cell cycle to 26.6%

late in the cell cycle; Figures 3H–3J and S3G–S3I). Together,

these data highlight an immediate requirement for CDK4/6 in

enabling the rebound upon acute CDK2 inhibition.

CDK4/6 backstops CDK2 to maintain Rb1
hyperphosphorylation throughout S phase
CDK4/6 activity is thought to be critical only for passage through

the restriction point in G1.4,38 Consistently, CDK4/6 inhibition

blocks Rb1 phosphorylation in cells with 2N DNA content but

does not affect the phosphorylation status of Rb1 in S and G2

phases (Figures 4A [column 2], 4C, and S4A–S4C), as shown

previously.4 This is widely believed to result from the fact that

CDK2 takes over hyperphosphorylation of Rb1 once cells have

crossed the restriction point.5,46 Unexpectedly, single-cell

immunofluorescence revealed that CDK2 inhibition with low-

dose PF3600 barely affected Rb1 phosphorylation in S and G2
2632 Cell 186, 2628–2643, June 8, 2023
phases (Figures 4A [column 3–4], 4C, and S4A–S4E) despite be-

ing effective at reducing phosphorylation of NCL, our positive

control (Figures 4B [column 3–4], 4C, and S4A–S4C). Instead,

either high-dose PF3600 or the combination of low-dose

PF3600 plus Palbociclib was required to reduce phosphorylation

of Rb1 in S phase (Figures 4A [column 5–6], 4C, and S4A–S4C).

Similarly, use of an alternative CDK2 inhibitor, CVT-313, does not

affect Rb1 phosphorylation but strongly inhibits phosphorylation

of NCL (Figures 4A [column 7], 4C, and S4A–S4C). Neither inhib-

iting CDK1 nor co-inhibiting CDK2 plus CDK1 results in loss of

Rb phosphorylation, and triple-drugging cells for CDK1/2/4/6 of-

fers little additional effect on loss of Rb phosphorylation relative

to CDK2/4/6 inhibition (Figures S4F and S4G), consistent with a

minor role for CDK1 in the rebound.

The minimal effect on Rb1 phosphorylation upon CDK2 inhibi-

tion calls into question the accepted model that CDK2 is solely

responsible for hyperphosphorylation of Rb1 in S phase. Our re-

sults suggest that enough CDK4/6 activity persists throughout S

phase to insulate cells from abrupt shocks to CDK2 activity, a

phenomenon only revealed via acute inhibition of CDK2. This re-

silience of Rb1 phosphorylation in the face of acute reduction of

CDK2 activity suggests that the pro-proliferative transcriptional

program regulated by the Rb-E2F axis remains active and may

drive the observed rebound in CDK2 substrate phosphorylation.

Rb1 status determines rebound capability
To test whether the rebound in CDK2 substrate phosphorylation

following CDK2 inhibition is dependent upon Rb1, we utilized

CRISPR or siRNA to knock out or knock down Rb1 in MCF10A

cells (Figure S4H) and examined the response to CDK inhibition.

Apart from making cells cycle slightly faster, knockout or knock-

down of Rb1 had minimal effect on cells treated with DMSO

(Figures 4D and S4I). The knockout/knockdown conferred resis-

tance to Palbociclib as expected,20,47,48 visualized as an in-

crease in cell-cycle re-entry after the first mitosis in drug, but

had no effect on the response to low-dose PF3600 (Figures

4E, 4F, S4J, and S4K). However, co-inhibition of CDK2 and

CDK4/6 with low-dose PF3600 plus Palbociclib elicited a drasti-

cally different response in the presence vs. absence of Rb1.

Whereas wild-type cells displayed sustained suppression of

the DHB reporter signal as in Figure 2B, cells lacking Rb1

showed a rebound in DHB reporter signal even under CDK2

and CDK4/6 co-inhibition (Figures 4G and S4L), phenocopying

cells subjected to low-dose PF3600 alone. These data support

a model in which CDK4/6 and CDK2 cooperate to maintain

Rb1 hyperphosphorylation and E2F liberation to ensure that

the cell cycle is completed even in the face of drops in CDK2

or CDK4/6 activity.

We next investigated the expression of E2F1 and cyclins E and

A, genes expected to be influenced by the status of Rb1 phos-

phorylation. Low-dose PF3600 treatment caused upregulation

of E2F1 mRNA and protein in wild-type and Rb1-depleted cells.

Co-treatment with low-dose PF3600 and Palbociclib strongly

blocked E2F1 mRNA and protein upregulation in wild-type cells

but not in Rb1-depleted cells at 12 h (Figures 5A, 5B, and S5A).

This result was recapitulated for cyclin E1, cyclin E2, and cyclin

A2 mRNA and protein (Figures 5A, 5B, S5B, and S5C). The

changes in mRNA and protein expression were most
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Figure 3. CDK4/6-cyclin D drives the rapid rebound upon CDK2 inhibition

(A and B) DHB sensor phosphorylation in MCF10A (A) and MCF7 (B) treated with low-dose PF3600 (gray bar) 6 h after transfection with the indicated siRNAs

(black arrow).

(C and D) DHB sensor phosphorylation in MCF10A (C) and MCF7 (D) treated with low-dose PF3600 20 h after transfection with the indicated siRNAs. x axis

represents time since transfection. Cells are plotted if they underwent mitosis t h after the time of transfection, where t is indicated on the plot by the bracket. Cells

are further selected for plotting if they received drug in the window marked by the gray bar.

(E) Western blots showing phosphorylation levels of CDK2 substrates in MCF10A cells after treatment with low-dose PF3600 alone or in combination with

Palbociclib for the indicated times. b-tubulin serves as a loading control. Band intensity was quantified and plotted as a bar graph.

(F andG) DHB sensor phosphorylation inMCF10A treatedwith low-dose PF3600 alone or in combinationwith RO3306 (F) or Palbociclib (G). Arrows indicate when

RO3306 or Palbociclib was added: at the same time as PF3600, 5 h after PF3600, or 10 h after PF3600.

(H) Left: DHB sensor phosphorylation inMCF10A cells after the indicated treatment combinations (doses as in F and G). 6 h after drug addition (gray bar), the DHB

C/N ratio was sampled to assess humpmagnitude (arrow). Right: Bar plot of normalizedDHB signal, where 100% represents themaximumDHB signal reached in

an unperturbed cell cycle and 0% represents the floor of the DHB signal (achieved in the triple drug setting). Bars show median value of all cells ± 95% CI.

(I) Overlaid cascade of eight different 1 h drug treatment windows for the indicated conditions.

(J) The median DHB signal was sampled 6 h after each drug treatment and normalized as described in (H). Line plot displays dynamics of the normalized signal

across all treatment windows analyzed. Also displayed is the absolute difference between the double and triple drug conditions for each drug window, revealing

the relative contribution of CDK1 to the activity hump over the course of the cell cycle. Graph shows median value of all cells ± 95% CI.

See also Figure S3.
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pronounced in S-G2 cells, quantified by the percentage of cells

with elevated levels (Figures 5A–5C and S5D). In summary,

low-dose PF3600 treatment alone increases expression of these

key cell-cycle factors, co-treatment with low-dose PF3600 plus

Palbociclib reduces their levels, and loss of Rb1 restores their

expression to varying degrees. These data support a model in

which CDK4/6 maintains Rb1 phosphorylation and E2F activity

upon CDK2 inhibition, reinforcing cyclin expression to support
a rebound in CDK2 substrate phosphorylation and cell-cycle

progression.

Cyclin A2 mediates adaptation to CDK2 inhibition
through the Rb-E2F axis
To test the hypothesis that E2F activity supports the rebound in

CDK2 substrate phosphorylation, we treated MCF10A cells with

the pan-E2F inhibitor HLM00647449 and examined the response
Cell 186, 2628–2643, June 8, 2023 2633
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Figure 4. The CDK2 rebound upon low-dose PF3600 treatment depends on Rb1 status

(A and B) Density scatterplots portraying the effect of the indicated compound on pRb (A) and pNCL (B) in MCF10A after 20 min of drug treatment. Red vertical

lines indicate gating based on Hoechst stain for subsequent quantification of the S phase population; red horizontal line is set at the midpoint between the high

and low populations of normalized phospho-Rb (S807/811) or phospho-NCL (T84) in 2N cells. phospho-Rb was normalized to total Rb in each cell. Note that the

top mode of phospho-Rb represents hyperphosphorylated Rb, as shown previously.4

(C) Percent of S phase cells from (A) and (B) with high levels of the indicated biomarker after 20 min of drug treatment. Mean of 4 technical replicates plotted ± SD.

(D–G) DHB sensor phosphorylation inWT vs. Rb1 knockout (KO) MCF10A treated with DMSO (D), Palbociclib (E), PF3600 (F), or PF3600 plus Palbociclib (G) at the

time marked by the gray bar.

See also Figure S4.

ll
Article
to CDK2 and CDK2/4/6 inhibition. Cells treated with low-dose

PF3600 plus E2F inhibitor recapitulated the hump-crash pheno-

type seen in cells treated with low-dose PF3600 plus Palbociclib

(Figures 6A and S6A–S6C), suggesting that E2F activity is

required for the rebound.

Hypothesizing that E2F-dependent cyclin production amid

CDK2 inhibition may be affecting CDK-cyclin complex profiles,

we performed immunoprecipitation experiments after 4 and

12 h of low-dose PF3600. We found that the interaction be-

tween CDK2 and cyclin E1 and CDK2 and cyclin A2 increases

over time in the presence of low-dose PF3600 (Figures 6B and

6C). Consistent with increased complex formation, treatment

with low-dose PF3600 alone led to sustained cyclin E and cy-

clin A2 mRNA and protein levels, but co-treating with low-

dose PF3600 plus Palbociclib or E2F inhibitor caused a strong

reduction in cyclin E and cyclin A2 mRNA and protein (Figures

6D, 6E, and S6D).

We next knocked down cyclin E1, cyclin E2, or cyclin A2 (Fig-

ure S6E) to assess the extent of each cyclin’s contribution to the

rebound. In DMSO-treated cells, cyclin E1 is needed to initiate

the subsequent cell cycle, whereas cyclin A2 is essential for S

phase progression and the continued rise in DHB reporter signal,

consistent with prior data (Figure 6F, left).12 Strikingly, depletion

of cyclin A2 (but not cyclin E1 or cyclin E2) compromises the im-

mediate rebound in DHB reporter signal upon low-dose PF3600
2634 Cell 186, 2628–2643, June 8, 2023
treatment (Figure 6F right), suggesting a key role for cyclin A2 in

the rebound. We further confirmed the primacy of cyclin A2 in

driving the rebound in CDK2 substrate phosphorylation by using

an RPE-hTERT line engineered to express cyclin A2 fused to the

mAID and SMASh degrons at the endogenous locus.50 Induced

degradation of cyclin A2 combined with low-dose PF3600 elim-

inates the activity hump and causes immediate and sustained

suppression of the DHB reporter signal below the mitotic nadir

(Figure 6G).

To visualize the dynamic behavior of cyclin A2 during the

rebound, we co-expressed the DHB-based CDK2 reporter in

an RPE-hTERT cell line where cyclin A2-mVenus is expressed

from the endogenous locus.51 In unperturbed cells, cyclin A2 be-

gins increasing at the start of S phase and drops in mitosis, as

expected (Figure 6H, top left). Upon low-dose PF3600 treatment,

cyclin A2 levels continue to rise well beyond the typical cyclin A2

expressionmaximum (Figure 6H, topmiddle), whereas co-inhibi-

tion of CDK2 and CDK4/6 causes cyclin A2 levels to briefly rise

and then crash (Figure 6H, top right). This rise-crash in cyclin

A2 levels upon low-dose PF3600 plus Palbociclib mirrors the

hump-crash of the DHB reporter signal (Figures 6H, bottom,

and S6F–S6H), suggesting that this DHB hump is driven by resid-

ual cyclin A2 mRNA that briefly continues to be translated into

protein until it decays, resulting in the delayed DHB crash. These

observations suggest that continued overproduction of cyclin A2
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Figure 5. Rb1 status determines cyclin E and A expression in the response to CDK2 inhibition

(A) Quantification of the ‘‘S-G2 high’’ mRNA population for select conditions from Figures S5A–S5C. Each bar indicates the fraction of the total population that can

be found in the top-right quadrant. Mean of 2 technical replicates plotted ± SD.

(B) Density scatterplots of E2F1, cyclin E1, cyclin E2, and cyclin A2 nuclear immunofluorescence signal plotted against DNA content in wild-typeMCF10A (top) or

Rb1KOMCF10A (bottom) treatedwith the indicated drug for 4 h or 12 h. Red lines indicate gates used to quantify the ‘‘S-G2 high’’ biomarker population in the top-

right quadrant.

(C) Quantification of the ‘‘S-G2 high’’ protein population from (B). Each point indicates the fraction of the total population that can be found in the top-right

quadrant. Mean of at least 2 technical replicates plotted ± SD.
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is a critical adaptive feature of the rebounding cell state.

Together, these data delineate a model whereby cyclin A2 pro-

duction continues to increase amidst CDK2 inhibition, providing

a buffer for new CDK2-cyclin A2 complexes to form and out-

compete drug pressure.

Cell-cycle progression amidst CDK2 inhibition is
sustained by the totality of CDK2/4/6 activities
To determine the generalizability of this adaptation to CDK2 in-

hibition, we sought to inhibit CDK2 by using orthogonal ap-

proaches. Using a CDK2 analog-sensitive (CDK2F80G/F80G)

RPE-hTERT cell line52 that is selectively sensitive to the ATP-

competitive analog 3MB-PP1, we observed that 3MB-PP1

treatment elicits a similar but muted drop in DHB reporter

signal, followed by a rebound (Figures 7A, S7A, and S7B).

The muted nature of this drop can be attributed to the

CDK2F80G/F80G mutation reducing the function of the native
enzyme,52 which we found causes increased reliance on

CDK1 to drive cell-cycle progression (Figure S7C). Co-treat-

ment with 3MB-PP1 plus Palbociclib elicits the hump-crash

phenotype (Figure 7A) seen with low-dose PF3600 plus Palbo-

ciclib. We also tested the action of two additional inhibitors in

clinical development, the CDK2/9 inhibitor, Fadraciclib,53 and

the CDK2-selective inhibitor, PF-0710409129,54–58 (hereafter

PF4091). We found that both drugs recapitulate the drop-

rebound in DHB reporter signal seen with low-dose PF3600

treatment and, in combination with Palbociclib, recapitulate

the hump-crash in DHB reporter signal and loss of Rb1 phos-

phorylation (Figures 7B, 7C, and S7D–S7F). Using the RPE-

hTERT line where cyclin A2-mVenus is expressed from the

endogenous locus, we further found that cyclin A2 expression

continues to increase upon PF4091 treatment but is sup-

pressed upon co-treatment with PF4091 and Palbociclib (Fig-

ure 7D), recapitulating the results seen with low-dose PF3600
Cell 186, 2628–2643, June 8, 2023 2635
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Figure 6. The CDK-Rb1-E2F axis drives cyclin A2 expression to support sustained adaptation to low-dose PF3600

(A) DHB sensor phosphorylation in MCF10A treated with low-dose PF3600, with or without E2Fi.

(B) Immunoprecipitation (IP) and western blot analysis of MCF10A cells treated with 100 nM PF3600 for 0, 4, or 12 h. IgG serves as a negative control. Sup:

supernatant, showing that the protein of interest was effectively depleted from the lysate.

(C) Quantification of cyclin E1 and cyclin A2 over time in the CDK2 IP, normalized to the CDK2 band intensity for each time point. Fold change is relative to the 0 h/

untreated sample.

(D) Representative images of MCF10A treated with 100 nM PF3600, 1 mM Palbociclib, or 50 mM E2Fi for 4 or 10 h and stained for CCNA2 mRNA and cyclin A2

protein.

(E) Quantification of the mRNA and protein abundance in S/G2 cells in (D). Mean of 3 technical replicates plotted ± SD.

(F) DHB sensor phosphorylation in MCF10A (top) or MCF7 (bottom) transfected with the indicated siRNAs (black arrow) 6 h before the indicated drug treatments

(gray bar).

(G) Top: DHB sensor phosphorylation in RPE-hTERT cells expressing cyclin A2 tagged with a SMASh tag and AID degron from the endogenous CCNA2 locus.

Cells were treated with DMSO or low-dose PF3600 at the time indicated by the gray bar; the doxycycline and indole-3-acetic acid (DIA) treatment used to induce

cyclin A2 degradation occurred 2 h before the gray bar, as indicated by the black arrow. Bottom: quantified western blot of cyclin A2 destabilization upon DIA

addition, normalized to b-tubulin.

(legend continued on next page)
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in Figure 6H. These data show that PF4091 and low-dose

PF3600 inhibit CDK2 but leave CDK4/6 and E2F uninhibited

to spark the cyclin A2-dependent rebound. By contrast, combi-

nation with Palbociclib causes a short-lived ‘‘hump’’ in activity,

which is insufficient to maintain E2F-dependent cyclin A2

production.

The observation that none of the CDK2 inhibition strategies

tested thus far caused an immediate drop in the DHB reporter

signal to below the mitotic nadir led us to suspect that CDK2

was not being fully inhibited in any of these conditions. This

would allow the residual CDK2 activity to ignite the rebound,

one of our original hypotheses for this phenomenon. To further

test this hypothesis, we explored whether CDK2 activity can

ever be fully eliminated by drug treatment by applying a supra-

physiological dose of PF3600 (10 mM) or PF4091 (20 mM) and

observed an immediate crash in DHB reporter signal to below

the mitotic nadir with no hump (Figure 7E). While PF3600 may

have off-target effects at this dose,33,34 the complete inhibition

of both CDK2 and CDK4/6 permits no rebound whatsoever.

The more CDK2-selective PF4091 also resulted in a sustained

suppression of DHB reporter signal at the supraphysiological

dose, suggesting that potent inhibition of CDK2 alone (without

CDK4/6 inhibition) can also inactivate the Rb-E2F axis. These re-

sults support the notion that the totality of CDK2, 4, and 6 activ-

ities stimulates the immediate rebound and that complete CDK2

inhibition or partial but simultaneous inhibition across CDK2 and

CDK4/6 is needed to break the pro-proliferative CDK-Rb-E2F

positive feedback loop and push CDK activity below the tipping

point, the mitotic nadir.

We next assessed drug responses over a 5-week period. Low-

dose PF3600 or Palbociclib only partially suppressed prolifera-

tion, whereas low-dose PF3600 plus Palbociclib or high-dose

PF3600 caused sustained suppression of growth (Figures 7F,

S7G, and S7H and Video S6). A coefficient of drug interaction

(CDI) analysis showed that low-dose PF3600 and Palbociclib

co-treatment becomes cooperative in suppressing proliferation

after a few days (Figure S7I), suggesting that both CDK2 and

CDK4/6 must be inhibited to fully block proliferation on an

extended timescale.

We tested these predictions by using a mouse lung tumor

model driven by KRASG12V and TRP53L/L mutations. 28 days

of Palbociclib treatment did not reduce tumor burden (Fig-

ure 7G). An increase in cyclin E expression and CDK2 T-loop

phosphorylation59,60 together with downregulation of p21 (Fig-

ure 7H) suggested that this resistance to Palbociclib is driven

by an increase in CDK2 activity. Consistently, treatment of

these mice with high-dose PF3600 that inhibits both CDK2

and CDK4/6 proved effective at reducing tumor volume while

remaining a tolerable therapy (Figures 7H, 7I, S7J, and S7K).

To further test this notion, we treated Cdk2-null mice from

the same KRASG12V;TRP53L/L background with Palbociclib

and now observed a significant reduction in tumor volume

(Figures 7H, 7I, and S7L). We conclude that ablation of CDK2
(H) Top: cyclin A2-mVenus intensity over time showing the average maximum in

passed in cells rebounding in low-dose PF3600 treatment, and the rise-crash in cy

plots of DHB sensor phosphorylation (left axis) and cyclin A2-mVenus intensity (

See also Figure S6.
renders CDK4/6 inhibition highly effective, but in a wild-type

background, CDK2 as well as CDK4/6 must be inhibited to

block tumor growth.

DISCUSSION

The concept of CDK plasticity,61,62 and that CDK1 is largely suf-

ficient for proliferation,15,16 is well established, but many of these

studies relied on genetic methods, which allow for long-term

adaptation. Visualization of real-time CDK2 enzyme kinetics in

living single cells, together with use of the CDK2 inhibitors

PF3600 and PF4091, enabled us to uncover a hard-wired cell-

cycle buffering mechanism whereby CDK2 and CDK4/6 back-

stop one another to keep Rb1 hyperphosphorylated (Figure 7J).

This adaptive mechanism does not require cell outgrowth or

acquisition of drug-resistancemutations.While acute CDK2 inhi-

bition causes a rapid drop in phosphorylation for most CDK2

substrates, phosphorylation of Rb1 is maintained by CDK4/6 ac-

tivity. E2F therefore remains active, sustaining cyclin A2 produc-

tion and a rebound in CDK2 substrate phosphorylation. By

contrast, inhibition of both CDK2 and CDK4/6 (but not CDK1)

blocks Rb1 phosphorylation and the rebound. These data argue

that it is the totality of CDK2/4/6 activity phosphorylating Rb1

that determines whether the cell mounts a rebound or undergoes

a sustained crash in CDK2 substrate phosphorylation. Thus, in

the contexts examined here, co-inhibition of CDK2 and CDK4/

6 is required to undermine a cell’s CDK2-increasing proliferative

trajectory and break the positive feedback loop that reinforces

Rb1 phosphorylation (Figure 7J).

A key question is which CDK activity mediates the rebound in

CDK2 substrate phosphorylation. CDK4/6-cyclin D does not

typically phosphorylate CDK2 substrates63 including DHB12,64

and is unlikely to change its substrate specificity upon CDK2 in-

hibition. Furthermore, the rebound is strongly cyclin A2 depen-

dent. While CDK1-cyclin A2 may contribute partially to the

rebound, Figure 3F suggests that CDK1 is not the dominant ki-

nase mediating the rebound on short timescales. We therefore

take the view that the rebound consists primarily of CDK2-cyclin

A2 activity. However, this model raises the fundamental question

of how CDK2 activity can persist in the presence of a potent

CDK2 inhibitor. While the full answer to this question requires

additional study, our simplest interpretation of the data, given

that knockdown or degradation of cyclin A2 blocks the rebound

but knockdown of cyclin E1 or E2 does not (Figures 6F and 6G),

is that the CDK2 inhibitors tested here preferentially inhibit

CDK2-cyclin E over CDK2-cyclin A, consistent with live-cell

NanoBRET measurements.33 Although PF3600 does inhibit

CDK2-cyclin A2 in vitro,33 our study suggests inefficient tar-

geting of CDK2-cyclin A2 complexes inside living cells.

Drug-induced stabilization of CDK2-cyclin A2, a phenomenon

that has been described recently in other contexts,65 may

contribute to the rebound in CDK2 activity. Taken together, these

findings serendipitously emphasize the usefulness of these
tensity before mitosis in DMSO-treated cells, how this expression level is sur-

clin A2 in cells treated with low-dose PF3600 plus Palbociclib. Bottom: Overlay

right axis) in RPE-hTERT cells treated with the indicated drugs.
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Figure 7. Orthogonal CDK2 inhibition approaches and in vivo studies indicate that cell-cycle progression ismaintained by the combined sum

of CDK2/4/6 activity

(A) DHB sensor phosphorylation in RPE-hTERTCDK2F80G/F80G cells treatedwith 3MB-PP1 alone or in combination with Palbociclib. Arrowheadsmark initial 3MB-

PP1-induced drop. Dotted line marks mitotic nadir.

(B and C) DHB sensor phosphorylation in MCF10A cells treated with CDK2 inhibitors Fadraciclib (B) or PF4091 (C), alone or in combination with Palbociclib.

Dotted line marks mitotic nadir.

(D) DHB sensor phosphorylation (left) and endogenous cyclin A2-mVenus intensity (right) in RPE-hTERT treated with the indicated drugs at the gray bar.

(legend continued on next page)
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CDK2 inhibitors for cancers that are heavily reliant on cyclin E.

We therefore conclude that the rebound in CDK2 activity upon

acute CDK2 inhibition results from a combination of our original

three hypotheses: chemical inhibition of CDK2 activity is incom-

plete, leaving residual CDK2 activity to maintain the positive

feedback loop that sustains cell-cycle commitment, backstop-

ped by CDK4/6’s maintenance of Rb hyperphosphorylation.

In 2003, TetsuandMcCormick reported that increased levels of

CDK4 in cancer can compensate for loss of CDK2 activity and

concluded that CDK2 may not be a suitable target for cancer

treatment.45 However, despite the rebound in CDK2 activity

observed on the short timescale studied here, long-term CDK2

inhibition is effective in patient-derivedmouse xenografts, partic-

ularly for cyclin E-amplifiedcancers.33Cyclin E amplification in tu-

mors can occur as a pre-existing intrinsic oncogenic driver or as

an acquired feature of clinical resistance to CDK4/6 inhibi-

tors,20,21,27 supporting the potential of CDK2 as a therapeutic

target.

Our model of latent CDK4/6 activity throughout S phase con-

trasts with prior classical models, wherein CDK4/6 mono-5 or

hypo-phosphorylates9,46 Rb1 in G1 to partially liberate E2F,66 af-

ter which CDK2 sustains Rb1 hyperphosphorylation. We are

aware of only one prior report showing that CDK4/6 can hyper-

phosphorylate Rb1 in G1 phase.4 Our results corroborate this

latter view and develop it further by demonstrating maintenance

of Rb1 hyperphosphorylation by CDK4/6 beyond G1 and into S

phase (Figure 4A). This S phase role of CDK4/6 in the hyperphos-

phorylation of Rb1 and maintenance of cell-cycle progression

has not been previously identified due to a lack of tools to rapidly

and specifically inhibit CDK2.

Our results are consistent across several CDK2 inhibitors in

clinical development and short-term and long-term cell culture

experiments, as well as in mice, where Palbociclib-resistant

mouse lung tumors show combinatorial activity of CDK2 ablation

and CDK4/6 inhibition similar to inhibition of CDK2/4/6 with high-

dose PF3600. While resistance to CDK4/6 inhibition via CDK2

activity has been well established,20,26,27,67 here we demon-

strate the reverse—rapid adaptation to CDK2 inhibition via main-

tenance of Rb1 hyperphosphorylation by CDK4/6. On extended

timescales of CDK2 inhibition, we show a shift from CDK4/6 reli-

ance to CDK1 reliance. Given that CDK1 inhibition is expected to

be poorly tolerated in people,16,68 co-targeting CDK2 and CDK4/

6 represents a potential treatment strategy to ablate the early

adaptive rebound and stave off more problematic CDK1-medi-

ated adaptation to CDK2 inhibition. Our work suggests that

simultaneous combination therapy of CDK2 and CDK4/6 inhibi-
(E) DHB sensor phosphorylation in MCF10A cells treated with supraphysiologica

(F) Long-term treatment of MCF10A cells with the indicated drugs. Mean of 6 tech

the indicated drug conditions.

(G) Average tumor volume fold change (as measured by CT scans, Figure S7L) fr

Palbociclib treatment (70 mg/kg). n = number of tumors. Mean tumor volume fold

Error bars indicate SEM.

(H) Western blots of tumors from the Palbociclib treated Kras+/LSLG12V;Trp53L/L m

Error bars indicate SEM from multiple tumors normalized to vinculin for all targe

unpaired t test.

(I) Mean tumor volume fold change from number of tumors ‘‘n’’ from each coho

(CDK2+/+) or null (CDK2�/�). Tumor volumes are measured by CT scans. Mean t

(J) Proposed model of adaptation to CDK2 inhibition.
tors may be needed for durable growth inhibition of relevant tu-

mors, an idea that is currently being tested in clinical trials.28–31 In

summary, our study uncovers a hard-wired cell-cycle buffering

system, enabling an improved understanding of CDK2/4/6-Rb-

E2F plasticity.

Limitations of the study
The rebound in CDK2 substrate phosphorylation appears to be

driven by a pool of free or poorly inhibited CDK2 even in the

presence of a CDK2 inhibitor, revealing a biological paradox.

While we have robustly characterized the cyclin A2 dynamics

that foster this rapid drug adaptation, the dynamics of CDK2

complexes and the coupling between cyclin binding and inhib-

itor binding require further investigation. It is also likely that

additional undiscovered CDK regulators could contribute to

the rebound phenomenon. Candidates include the CDK inhibi-

tors p16, p18, p21, and p27; the CDK phosphatases CDC25A,

B, and C; and the CDK kinases Wee1, Myt1, and CDK7.69–72

Additionally, while we demonstrate that CDK1’s contribution

to the rebound is modest on the short timescales examined

here, further work is needed to identify how and when CDK1

takes over from CDK4/6 under extended CDK2 inhibition to

reach the CDK1-dependent state seen in CDK2-null mice.
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Antibodies

Rb Cell Signaling Technology Cat# 9309; RRID: AB_823629

phospho-Rb (S807/811) Cell Signaling Technology Cat# 8516; RRID: AB_11178658

NCL Abcam Cat# ab13541; RRID: AB_300442

phospho-NCL (T84) Abcam Cat# ab155977

p21 Santa Cruz Cat# sc-6246; RRID: AB_628073

phospho-NBS1 (S343) Thermo Fisher Scientific Cat# PA5-78070; RRID: AB_2736393

phospho-CDC6 (S54) Abcam Cat# ab75809; RRID: AB_1310068

GAPDH (in Figures S3 and S4) Cell Signaling Technology Cat# 5174; RRID: AB_10622025

GAPDH (in Figure 7) Invitrogen Cat# ZG003

Vinculin Sigma Aldrich Cat# V9131; RRID: AB_477629

b-tubulin Cell Signaling Technology Cat# 86298; RRID: AB_2715541

Histone H3 Cell Signaling Technology Cat# 3638; RRID: AB_1642229

CDK1 Abcam Cat# ab133327; RRID: AB_11155333

CDK2 (for IP) Santa Cruz Cat# sc-6248; RRID: AB_627238

CDK2 (for blotting) Abcam Cat# ab32147; RRID: AB_726775

CDK4 Abcam Cat# ab108357; RRID: AB_10867218

CDK6 Abcam Cat# ab151247

Cyclin D1 Abcam Cat# ab134175; RRID: AB_2750906

Cyclin D2 Cell Signaling Technology Cat# 3741; RRID: AB_2070685

Cyclin D3 Cell Signaling Technology Cat# 2936; RRID: AB_2070801

Cyclin E1 (EP435E) (for IF imaging and IP) Abcam Cat# ab33911; RRID: AB_731787

Cyclin E2 (EP454Y) (for IF imaging) Abcam Cat# ab40890; RRID: AB_2071187

Cyclin E (for blotting) Santa Cruz Cat# sc-377100; RRID: AB_2923122

Cyclin A2 (for IF) Santa Cruz Cat# sc-751; RRID: AB_631329

Cyclin A2 (for IF and blotting) Santa Cruz Cat# sc-271682; RRID: AB_10709300

E2F1 Santa Cruz Cat# sc-251; RRID: AB_627476

phospho-CDK2 (T160) Cell Signaling Technology Cat# 2561; RRID: AB_2078685

Alexa Fluor 488 goat anti-mouse Thermo Fisher Scientific Cat# A-11001

Alexa Fluor 546 goat anti-rabbit Thermo Fisher Scientific Cat# A-11035

Alexa Fluor 647 secondary Thermo Fisher Scientific Cat# A21245, A21236

Alexa Fluor 680 secondary Invitrogen Cat# A27042, A28183

HRP-linked anti-mouse Cell Signaling Technology Cat# 7076

HRP-linked anti-rabbit Cell Signaling Technology Cat# 7074

Chemicals, peptides, and recombinant proteins

PF3600 Pfizer Inc. CAS: 2185857-97-8

Palbociclib Pfizer Inc. CAS: 571190-30-2

RO3306 SelleckChem Cat# S7747

Ribociclib MedChemExpress Cat# HY-15777

Abemaciclib MedChemExpress Cat# HY-16297A

Fadraciclib MedChemExpress Cat# HY-101212

CVT-313 EMD Millipore Cat# 238803

E2F inhibitor Sigma Aldrich Cat# 324461

PF-07104091 ChemiTek Cat# CT-PF0710

Doxycycline Sigma Aldrich Cat# D9891

(Continued on next page)

e1 Cell 186, 2628–2643.e1–e8, June 8, 2023



Continued

Reagent or resource SOURCE IDENTIFIER

Indole-3-acetic acid Sigma Aldrich Cat# I5148

3MB-PP1 Cayman Chemical Cat# 17860

Critical commercial assays

ViewRNA ISH Kit Thermo Fisher Scientific Cat# QVC001

Annexin V-FITC Apoptosis Kit Abcam Cat# ab14085

Lipofectamine� CRISPRMAX� Thermo Fisher Scientific Cat# CMAX00003

Neon Transfection System Kit Thermo Fisher Scientific Cat# MPK10096

Click-iT EdU Imaging Kit Thermo Fisher Scientific Cat# C10340

BCA Protein Assay Kit Pierce Cat# 23227

Deposited data

Phospho-proteomic dataset This paper MassIVE: MSV000091849;

ProteomeXchange Consortium:

PXD041959

Experimental models: Human cell lines

MCF10A ATCC Cat# CRL-10317,

RRID: CVCL_0598

RPE-hTERT ATCC Cat# CRL-4000

MCF7 ATCC Cat# HTB-22

OVCAR3 ATCC Cat# HTB-161,

RRID: CVCL_0465

MCF10A (DHB-mVenus, H2B-mTurq2) Spencer et al. (2013)12 N/A

MCF10A (CDC6-YFP, DHB-mCherry, H2B-mTurq2) This paper N/A

MCF7 (DHB-mCherry, H2B-mTurq2) This paper N/A

RPE-hTERT (DHB-mVenus, H2B-mTurq2) This paper N/A

OVCAR3 (DHB-mVenus, H2B-mTurq2) This paper N/A

MCF10A (PF3600R) This paper N/A

MCF10A (Rb1-KO) This paper N/A

MCF10A (Rb1-KO) (DHB-mVenus, H2B-mTurq2) This paper N/A

RPE-hTERT (CycAdd) (CDK2 sensor added) Hégarat et al. 202050 N/A

RPE-hTERT (CycA2-mVenus) (CDK2 sensor added) Collin et al. 201351 N/A

RPE-hTERT (CDK2F80G/F80G) (CDK2 sensor added) Merrick et al. 201152 N/A

Experimental models: Organisms/strains

C57BL/6 mice (Kras+/LSLG12V;

Trp53L/L, Cdk2WT)

Ortega et al. 200319

Jonkers et al. 200173

Guerra et al. 200374

N/A

C57BL/6 mice (Kras+/LSLG12V;

Trp53L/L, Cdk2�/�)
Ortega et al. 200319

Jonkers et al. 200173

Guerra et al. 200374

N/A

Oligonucleotides

GTTCGAGGTGAACCATTAAT (RB1 crRNA) Integrated DNA Technologies Cat# Hs.Cas9.RB1.1.AA

siCCND1 Dharmacon Cat# MU-003210-05-0005

siCCND2 Dharmacon Cat# MU-003211-02-0005

siCCND3 #1 Dharmacon Cat# J-003212-10-0002

siCCND3 #2 Dharmacon Cat# J-003212-11-0002

siCCND3 #3 Dharmacon Cat# J-003212-12-0002

siCDK4 #1 Integrated DNA Technologies Cat# 198569326

siCDK4 #2 Integrated DNA Technologies Cat# 198569329

siCDK4 #3 Integrated DNA Technologies Cat# 198569332

siCDK6 #1 Integrated DNA Technologies Cat# 200925870
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siCDK6 #2 Integrated DNA Technologies Cat# 200925873

siCDK6 #3 Integrated DNA Technologies Cat# 200925876

siRB1 #1 Integrated DNA Technologies Cat# hs.Ri.RB1.13.1

siRB1 #2 Integrated DNA Technologies Cat# hs.Ri.RB1.13.2

siCCNE1 Dharmacon Cat# M-003213-02-0005

siCCNE2 Dharmacon Cat# M-003214-02-0005

siCCNA2 Dharmacon Cat# M-003205-02-0005

E2F1 FISH probe Thermo Fisher Scientific Cat# VA6-3168356-VC

CCNA2 FISH probe Thermo Fisher Scientific Cat# VA6-15304

CCNE1 FISH probe Thermo Fisher Scientific Cat# VA6-3167995

Recombinant DNA

CSII-EF DHB-mVenus Meyer Lab; Spencer Lab12 Addgene Cat# 136461

CSII-EF DHB-mCherry Meyer Lab; Spencer Lab12 N/A

CSII-EF CDC6-YFP This paper N/A

CSII-EF H2B-mTurquoise Meyer Lab; Spencer Lab12 N/A

CSII-EF H2B-mCherry Meyer Lab; Spencer Lab12 N/A

CSII-EF H2B-mIFP Spencer Lab75 N/A

pMDLg Dull et al. 199876 Addgene Cat# 12251

pRSV-Rev Dull et al. 199876 Addgene Cat# 12253

pCMV-VSV-G Stewart et al. 200377 Addgene Cat# 8454

Software and algorithms

MATLAB MathWorks https://www.mathworks.com/

products/matlab.html

Fiji (ImageJ) Cardona Lab https://imagej.net/software/fiji/

Harmony PerkinElmer https://www.perkinelmer.com/uk/product/

harmony-4-6-office-hh17000001

GraphPad Prism GraphPad https://www.graphpad.com/features

Cell-tracking pipeline Meyer Lab Cappell et al.78 https://github.com/

scappell/Cell_tracking

Immunofluorescence image

processing and analysis

Meyer Lab; Spencer Lab https://github.com/tiho9814/matlab_image_

processing_scripts/tree/main/scripts_IF

https://doi.org/10.5281/zenodo.7860489

Analysis scripts for plotting

tracedata mat files

Spencer Lab https://github.com/tiho9814/matlab_image_

processing_scripts/tree/main/scripts_tracedata_

plotting https://doi.org/10.5281/zenodo.7860489
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Sabrina

Spencer (sabrina.spencer@colorado.edu).

Materials availability
Raw data, cell lines, and materials are available from the lead contact upon reasonable request.

Data and code availability
The phospho-proteomics dataset is available as Table S2 and in both MassIVE and the ProteomeXchange Consortium

(MSV000091849/PXD041959) repositories. Cell-tracking scripts and analysis code are available in GitHub (https://doi.org/10.

5281/zenodo.7860489; see key resources table). Any additional information required to reanalyze the data reported in this paper

is available from the lead contact upon request.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell culture
Cell lines used in this study were primarily obtained from ATCC. In Figure 6H, RPE hTERT CycA2-mVenus cells were courtesy of Jörg

Mansfeld at the Institute of Cancer Research, London, UK.51 In Figure 6G, RPE-hTERT CyclinAdd cells were courtesy of Helfrid Ho-

chegger at the University of Sussex, Brighton, UK. In Figures 7A and S7A–S7C, wild-type and CDK2 analog sensitive cells were

courtesy of Robert Fisher at the Icahn School of Medicine, New York, US. MCF10A (human breast epithelial) cells were cultured

in DMEM/F12 supplemented with 5% horse serum (Invitrogen), 20 ng/mL (Sigma-Aldrich), 0.5 mg/mL hydrocortisone (Sigma-

Aldrich), 100 ng/mL cholera toxin (Sigma-Aldrich), and 10 mg/mL insulin (Invitrogen). RPE-hTERT cells were grown in DMEM with

10% FBS and 1X GlutaMAX. MCF7 and OVCAR3 cells were grown using RPMI-1640 supplemented with 10% FBS. Except during

siRNA transfections, all full-growth media were supplemented with Penicillin/Streptomycin. All cells were cultured at 37�C with 5%

CO2. MCF10A-PF3600R cells were generated by continuous culture of MCF10A WT cells in 100 nM PF3600 for 1 month (refreshed

drug every 3 days), and cells were immediately harvested for dose-response profiling with no drug holiday.

Stable cell line generation using lentiviral vectors
Cells stably expressing fluorescent proteins were generated by lentivirus transduction. For virus generation, HEK293T or HEK293FT

cells were transfectedwith CSII-EF plasmid (CSII-EF DHB-mVenus, CSII-EF DHB-mCherry, CSII-EF CDC6-YFP, CSII-EF H2B-mTur-

quoise, CSII-EF H2B-mCherry, or CSII-EF H2B-mIFP) along with the helper packaging and envelope plasmids (pMDLg, pRSV-Rev,

pCMV-VSV-G) using the Fugene-HD reagent (Promega E2311). Lentivirus was harvested 48 h after transfection, filtered through a

0.45 mm filter (Millipore), and incubated with target cells for 6–10 h in presence of 5 mg/mL polybrene (EMDMillipore #TR-1003). Cells

with stable integrations were sorted on an Aria Fusion Flow Cytometer to establish a population where all cells express the desired

sensors.

RB1 knockout cell line generation
RB1 knockout MCF10A cells were generated using the Alt-R CRISPR-Cas9 system from Integrated DNA Technologies (IDT)

following the manufacturer’s protocol using a predesigned crRNA that targets one site near the 50-end of the RB1 coding sequence:

GTTCGAGGTGAACCATTAAT (IDT design ID: Hs.Cas9.RB1.1.AA). The ribonucleoprotein (RNP) contains crRNA annealed to a uni-

versal tracrRNA (crRNA:tracrRNA duplex or sgRNA) and purified Cas9 nuclease. The RNPwas delivered intoMCF10A cells using the

Lipofectamine CRISPRMAX reagent (Thermo Fisher Scientific) following the manufacturer’s protocol. Single RB1 knockout MCF10A

cells were seeded into 96 well plates by serial dilution to obtain clonal knockout cells. Western blot against total Rbwas carried out as

validation.

Mouse studies
Genetically engineeredmice harboring the following alleles: Kras+/LSLG12V; Trp53L/L and Cdk2�/�were used in this study.19,73,74 Mice

were kept on a homogeneous mixed background and both genders were used.

Compound mice using the following transgenes: Kras+/LSLG12V74; Trp53L/L,79 and Cdk2�/�19 were readily available for this study,

appropriate to test the efficacy of co-inhibiting CDKactivities. All animal experiments were approved by the Ethical Committees of the

Spanish National Cancer Research Centre (CNIO), the Carlos III Health Institute and the Autonomous Community of Madrid (PROEX

270/14) and were performed in accordance with the guidelines stated in the International Guiding Principles for Biomedical Research

Involving Animals, developed by the Council for International Organizations of Medical Sciences (CIOMS). Mice were housed in spe-

cific-pathogen-free conditions at CNIO’s Animal Facility (AAALAC, JRS:dpR 001659). All mice were genotyped at the CNIO’s

Genomic Unit.

Cohort sizes

The mice were randomly put in treatment groups based on the following criteria: (1) Each group was designed to contain similar or

equal number of mice; (2) Each group was designed to possesses similar or equal number of tumors in total among all the animals; (3)

Each treatment was designed to contain similar sizes of tumors at the beginning of the treatment. The numbers of mice included in

this study are: CDK2WT (Vehicle: mice = 9, tumors = 14; PF3600: mice = 10, tumors = 52) and CDK2KO (Vehicle: mice = 11, tumors =

31; Palbociclib: mice = 13, tumors = 45).

Lung tumor induction

Induction of lung adenocarcinomaswas carried out in anesthetized (ketamine 75mg/kg, xylazine 12mg/kg) 8-week oldmice by intra-

nasal instillation of a single dose of 106 pfu/mouse of adeno viruses encoding the Cre recombinase (Ad-Cre). All the adenoviral

preparations were purchased from the University of Iowa (Iowa City, USA).

Micro CT imaging

Image studies were done by the Molecular Imaging Core Unit at the CNIO. Mice were anesthetized with a continuous flow of 1% to

3% isoflurane/oxygen mixture (0.5 L/min) and the chest area was imaged by three-dimensional microcomputed tomography per-

formed with a CompaCT scanner (SEDECAL Madrid SpainGE). Data were acquired with 720 projections by 360-degree scan, inte-

gration time of 100 ms with three frames, photon energy of 50 KeV, and current of 100 mA. Tumor measurements were obtained with

GE MicroView software v2.2. Tumor volume was calculated as follows: (short axis x short axis x long axis/2).
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Pharmacological treatment in mice

8 month old Kras+/LSLG12V;Trp53L/L;Cdk2�/� and Kras+/LSLG12V;Trp53L/L;Cdk2+/+ mice were infected with 106 pfu of Ad-Cre. Once tu-

mors were detected by CT, mice harboring at least one tumor bigger than 3 mm3 were enrolled in the different treatment groups.

Palbociclib was dosed at 70mg/kgQD for 4weeks andPF3600was dosed at 50mg/kg BID for 4weeks. Drug efficacywasmonitored

by CT measurements.

METHOD DETAILS

siRNA transfections
siRNA transfections were carried out with the Dharmafect1 reagent (https://horizondiscovery.com/-/media/Files/Horizon/resources/

Quick-protocols/dharmafect-rna-transfection-quick-protocol.pdf). Briefly, cells were seeded in 96-well plates and transfection mix-

tureswere prepared in order to deliver 100 mL per well. Transfectionmixtures contained a final total siRNA concentration of 25 nMand

a final Dharmafect1 concentration of 0.25% (v/v). Adherent cells were incubated with the transfection mixture for 6 h in antibiotic-free

media, whichwas subsequently washed off and replacedwith full-growthmedia containing treatments of interest. See key resources

table for detailed identifiers for each target sequence.

Time-lapse imaging
Cells were seeded at least 24 h prior to imaging in phenol-red-free full-growth medium in glass-bottom 96-well plates (CellVis

P96-1.5H-N) that were coated with collagen prior to seeding. The seeding density was chosen such that the cells would remain

sub-confluent until the end of the imaging period. Cells were first imaged for 16–20 h in full-growth media without drug. The movie

was then briefly paused, and the full-growthmedia was replacedwith full-growthmedia containing drug at the desired concentration.

The plate was then re-inserted into themicroscope and aligned to its prior position and imagingwas continued for an additional 24–48

h. For the Cyclin A2dd RPE-hTERT cell line, cells were seeded and imaged as described, but cells were dosed with DIA (doxycycline

and indole-3-acetic-acid) 2 h before the addition of PF3600. For time-lapse experiments involving siRNA knockdown of CDKs, im-

aging was started immediately following siRNA transfections. Media was changed 6 h after transfection, and imaging was continued

for 14 h in absence of drug. PF3600 (or DMSO)was then added (at 20 h post transfection) and cells were imaged for an additional 24 h.

For siRNA knockdown of cyclins, cells were first imaged in full-growth medium for 20h. The transfection complexes were added for

6h, at which point themediawas replacedwithmedia containing DMSOor PF3600 and imagingwas carried out for an additional 24 h.

For siRNA knockdown of Rb1, cells were electroporated with the indicated nontargeting or targeted siRNA using the Neon Trans-

fection System (Thermo Fisher) and seeded immediately. 24 h after seeding, cells were imaged for 16 h, after which DMSO or the

indicated drugs were added and cells were imaged for an additional 14 h, after which they were fixed and probed for mRNA or pro-

tein. Images were acquired every 12 min (for MCF10A and OVCAR3) or every 20 min (for MCF7 or RPE-hTERT) on a Nikon Eclipse Ti

or Ti2 microscope with a 10X 0.45 NA objective in a humidified, 37�C chamber at 5%CO2. Exposure times for all movies for all chan-

nels were kept under 500 ms per timepoint to minimize phototoxicity.

Immunofluorescence
Cells were fixed for 15min with freshly prepared 4%paraformaldehyde, washed twice with PBS, and incubatedwith a blocking buffer

(3% BSA in PBS) for 1 h at room temperature. Permeabilization was carried out using 0.2% Triton X-100 for 15 min at 4�C. For sam-

ples stained for EdU incorporation, the manufacturer’s protocol was followed prior to immunostaining (Thermo Fisher, C10340). Pri-

mary antibody was diluted in blocking buffer and incubated with cells overnight at 4�C followed by three washes with 1X PBS. Sec-

ondary antibodies conjugated to Alexa Fluor 488, Alexa Fluor 546 or Alexa Fluor 647 were incubated for 1 h followed by three washes

with 1X PBS. DNA was stained using Hoechst 33342 dye for 10 min at 1:10000 (Thermo Fisher, H3570). Images were acquired on a

Nikon Eclipse Ti or Ti2 microscope with a 10X 0.45 NA objective. DNA content was determined by taking the integrated intensity of

each cell’s Hoechst signal. Cells were delineated as 3-4N DNA content by plotting a histogram of DNA content and drawing a

threshold and the end of the 2N peak. In Figures 4, S4, and S7, the vertical gates used to isolate S phase cells were automatically

set by using Otsu’s method to identify the midpoint between the 2N and 4N populations, which was then extended by 15% on either

side to approximate the S phase population.

Apoptosis assay
Cells were seeded in 12-well plates (Corning, #3513), at 105 cells/well, 24 h prior to drug treatments. Wells were treated in triplicate

with indicated drugs for 24, 48, or 72h. After treatment, non-adherent cells were first harvested by pipetting, adherent cells were har-

vested by trypsinization, and these two populations were then combined. Cell suspensions were centrifuged and resuspended in

calcium-rich binding buffer provided by the apoptosis staining kit (abcam, #ab14085) to reach �106 cells/mL. Live suspensions

were stained with both Annexin V-FITC (1:100) and propidium iodide, PI (1:100). Single-cell fluorescent signals were acquired on

a BD FACSCelesta flow cytometer equipped with 488 and 561 nm lasers.
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Long-term treatment experiment
MCF10A cells expressing the nuclear marker H2B-mTurquoise and CDK2 activity sensory DHB-mVenus were seeded in a Poly-D

lysine-coated 96-well PhenoPlate (PerkinElmer 6055500) at 1,000 cells per well and treated with the indicated drugs the following

day and imaged (day 0). Each condition consisted of six replicate wells and the entire well was imaged. Treatments were refreshed

and cells (H2B-mTurquoise signal) were imaged with a 5X objective on an Opera Phenix (PerkinElmer) on days 0, 1, 2, 3, 7, 10, 14, 17,

21, 24, 28, 31, 35 and 38. To quantify the number of cells, nuclear segmentation of the H2B signal was performed using the Harmony

software (PerkinElmer).

7-day treatment experiment
MCF10A andMCF7 cells expressing the nuclearmarker H2B-mTurquoise andCDK2 activity sensor (DHB-mVenus or DHB-mCherry,

respectively) were seeded in a collagen-treated 96-well plate at 3,500 cells per well and treated with the indicated drugs the following

day. Treatments were refreshed at 72 h. Each condition consisted of four replicate wells, and each well was imaged at four individual

sites. At hours 0, 24, 48, 72, 96, and 120, static images were taken to assess the change in cell count. Between hours 144 and 168,

time-lapse imaging was performed on the same well sites to visualize dynamic CDK2 activity and mitotic events during extended

treatment as well as change in cell count. Control MCF10A cells became contact inhibited by day 3. As non-contact-inhibited con-

trols for the movie, fresh untreated cells were seeded into empty collagen-treated wells 24 h prior to the start of the time-lapse im-

aging period. The static images for hours 0, 24, 48, 72, 96, and 120, along with the individual movie frames for hours 144 and 168,

were all subject to nuclear segmentation of the H2B signal via MATLAB scripts (see key resources table) to quantify the number of

cells in the field of view, which are expressed as the fold change in cell count relative to day 0. The number ofmitoses that occurred for

each treatment condition between hours 144–168 in the movie were automatically detected and manually verified.

Small molecules
Palbociclib and PF3600 were obtained directly from Pfizer and were dissolved in anhydrous DMSO (Sigma-Aldrich, Cat# 276855);

Palbociclib was added to a final concentration of 100 nM or 1mM and PF3600 was added to a final concentration of 25 nM, 100

nM, or 500 nM as indicated. RO3306 was purchased from SelleckChem (Cat# S7747). CVT-313 was purchased from EMDMillipore

(Cat# 238803), dissolved in anhydrous DMSO, and used at a final concentration of 60 mM4. Abemacicib (Cat# HY-16297A), Ribociclib

(Cat# HY-15777) and Fadraciclib (Cat# HY-101212) were purchased from MedChemExpress and dissolved in anhydrous DMSO.

Abemaciclib was added to a final concentration of 1mM, Ribociclib was added to a final concentration of 5mM, and Fadraciclib

was added to a final concentration of 600 nM. 3MB-PP1 (Cayman Chemical, Cat# 17860) was dissolved in anhydrous DMSO and

was added to a final concentration of 10 mM. Indole-3-acetic acid (Sigma-Aldrich, Cat# I5148) was dissolved in sterile water and

was added to a final concentration of 250 mM.Doxycycline (Sigma-Aldrich, Cat# D9891) was dissolved in sterile water andwas added

to a final concentration of 500 ng/mL. Pan-E2F inhibitor was purchased from Sigma-Aldrich (Cat# 324461), dissolved in DMSO at a

stock concentration of 25 mM, and used at a final concentration of 50 mM.49 This inhibitor may have off-target effects at this concen-

tration, but this is the only commercially available E2F inhibitor. Commercial PF-07104091 was purchased from ChemiTek (Cat# CT-

PF0710, Lot #01, >99% purity) and dissolved in DMSO at a stock concentration of 10 mM.

Phospho-serine 807/811 Rb and phospho-threonine 84 NCL ELISA
MCF10A or MCF7 cells were seeded at 25,000 cells/well in growth media in 96-well cell culture plates and allowed to adhere at 37�C
with 5% CO2 overnight. The following day, compounds were serially diluted from 10 mM stock for 11-point 3-fold dilution curve in

DMSO (Sigma). Compounds were intermediately diluted 1:200 into growth media prior to diluting 1:5 on cells for final concentration

10 mM top dose in 0.1%DMSOon cells. Cells were treated for either 1 h or 24 h at 37�C in 5%CO2. Cells were lysed in lysis buffer (Cell

Signaling Technologies, 9803) containing protease inhibitor cocktail (Cell Signaling Technologies, 5872), SDS, and PMSF on ice and

transferred to ELISA plates pre-coated with either anti-phospho-Ser807/811 Rb or anti-total NCL for overnight incubation at 4�C.
Plates were washed with phosphate buffered saline to remove residual unbound cellular proteins and total Rb detection antibody

(Cell Signaling Technologies, 9309) or anti-phospho-Ser84 NCL antibody was added for 90 min at 37�C. Following washing to re-

move unbound antibody, HRP-tagged antibody (Cell Signaling Technologies, 7076 or 7074) was allowed to bind for 30 min at

37�C. Following washing to remove unbound HRP antibody, Glo Substrate Reagent (R&D Systems, DY993) was added and incu-

bated protected from light for 5–10 min. Plates were read in luminescent mode on an Envision plate reader (Perkin Elmer) and

IC50 values calculated using GraphPad Prism Version 8.0.2.

Western blotting
Lysates were prepared using diluted 4X LDS sample buffer (ThermoFisher NP007) using equal numbers of cells. Proteins were sepa-

rated using NuPAGE precast polyacrylamide gels (ThermoFisher NP0301). Primary antibodies used are specified in the key re-

sources table. HRP-conjugated antibodies were used for visualization.

For western blots in Figure 7, protein extraction was performed in protein lysis buffer (50 mM Tris-HCl pH 7.4, 150 mMNaCl, 0.5%

NP-40) supplemented with a cocktail of protease and phosphatase inhibitors (cOmplete Mini, Roche, 11836153001; Phosphatase

Inhibitor Cocktail 2 and 3, Sigma, P5726 and P0044). Protein concentrations were measured using Bradford (Bio-Rad) method.

25 g of protein extracts obtained from tumor tissue were separated on NUPAGE TM4–12%Bis-Tris Midi gels (Invitrogen), transferred
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to a nitrocellulose membrane (GE Healthcare) and blotted with primary antibodies. Primary antibodies were detected with goat sec-

ondary antibodies directed against mouse or rabbit IgGs and visualized with ECL Western Blot detection solution (GE Healthcare).

Immunoprecipitation
MCF10A cells were grown to �70% confluency and treated with 100nM PF3600 for 0, 4, or 12 h. Cells were lysed with MSD Lysis

Buffer (MSD R60TX-2) supplemented with a protease inhibitor cocktail (Roche 05 892 970 001) and 1mM Na3VO4. Soluble protein

concentration was determined via bicinchoninic acid protein assay (BCA; Pierce 23227). 1000mg total soluble protein was incubated

with 4mg of mouse a-CDK2 antibody (sc-6248), in 900mL total lysis buffer (12 h). 100mL of 50% slurry Protein A/G Agarose (Pierce

20421) was added to each pulldown and incubated (12 h). The resin was washed and centrifuged 3 times and excess supernatant

was removed. Western blots were performed as described above against CDK2 (sc-6248 for IP, ab32147 for blotting), CDK1

(ab133327), Cyclin A2 (sc-751 for blotting CDK2 IP; sc-271682 for blotting CDK1 IP), and Cyclin E1 (ab33911).

mRNA FISH
Cells were seeded on a glass-bottom 96-well plate coated with collagen 24 h prior to drug treatment. Cells were fixed with 4% para-

formaldehyde and were processed for RNA-FISH analysis using the ViewRNA ISH Cell Assay Kit (Thermo Fisher, #QVC0001). mRNA

probes were hybridized for 3 h, followed by 30 min probe pre-amplification, 30 min probe amplification, and 30 min fluorescent la-

beling. All hybridization, amplification, and labeling steps were performed in a humidified incubation chamber at 40 �C. Probes used
in this study are listed in the key resources table. Blocking and immunofluorescence staining were performed after FISH labeling.

Phosphoproteomics
Phospho-peptide enrichment was performed by TiO2.80 Briefly, a 4:1 ratio of titanium dioxide beads: digested peptides was used to

enrich phospho-peptides in a lactic acid buffered system. Enriched peptides were desalted with C18 reverse phase desalting col-

umns and lyophilized to dryness. Dried peptides were stored at�80�C until labeling. TMT-labeled peptides were reverse phase basic

pH fractionated into 96 fractions that were concatenated to 24.80–82 Briefly, samples were separated on a 4.6 mm 3 250 mm C18

column on a Vanquish Flex HPLC. Separation was performed across a linear gradient of 8–28% (60min) acetonitrile in 10mM ammo-

nium bicarbonate with a flow rate of 0.5 mL/min. Fractions were lyophilized and stored at 80�C until MS analysis. For LC-MS2/MS3

analysis, samples were reconstituted in 10 mL of 5% acetonitrile in 5% formic acid and 8 mL of each fraction was injected on the Orbi-

trap Fusion Lumos for analysis.

Peptides were eluted on a 165-min gradient of 7–32% solvent B (80% acetonitrile in 0.1% formic acid) at 300 nL/min on a PepMap

RSLC C18 column (2 mm, 100 Å, 75 mm3 50 cm) heated to 60�C. Spectra were acquired in Top Speed mode, with a 5 s cycle. MS1

data were collected in the Orbitrap at 60000 resolution across a range of 500–1500 m/z. An automatic gain control (AGC) target of

2x105 was used with a maximum injection time of 100 ms. MS2 data were acquired in the ion trap with a rapid scan rate, maximum

injection time of 70 ms, and an AGC target of 2x104. The quadrupole was used for isolation, with an isolation window of 0.5m/z. Pep-

tides were fragmented with CID at 30% normalized collision energy with an activation time of 10 ms and an activation Q of 0.25. For

MS3 spectra, up to 10 ions were selected for synchronous precursor selection, and data were collected at 60000 resolution in the

Orbitrap. Ions were fragmented with HCD at an energy of 55%. MS3 AGC was set to 1x105 with a maximum injection time of 250 ms

and a first mass of 110 m/z. Data at all stages were centroided.

Resultant raw files were processed on an IP2GPU server (Integrated Proteomics Applications, Inc.). Data were searched with the

ProLuCID algorithm83 against the Uniprot Human Database (Downloaded January 29, 2018) concatenated with the current contam-

inants database and reverse database. Carbamidomethylation of Cysteine residues (+57.02146) and TMT-11modification of peptide

n-termini and Lysine residues (+229.162932) were included as static modifications. Oxidation of Methionine (+15.9949) and phos-

phorylation of Serine, Threonine, and Tyrosine (+79.966331) were included as variable modifications. A maximum of 4 variable mod-

ifications and two missed cleavages were allowed. Peptides had to have a minimum length of 6 amino acids to be considered. Data

were searched with a 50 ppm MS1 tolerance84 and 800 ppm MS2 tolerance. Final data were filtered to a 1% protein level false dis-

covery rate.

Data were normalized in a multistep process. First, data were normalized to a pooled bridge channel to account for run-to-run in-

strument performance differences and then median-scrubbed to account for any mixing errors.80 All phospho data were processed

and analyzed at the peptide level.

QUANTIFICATION AND STATISTICAL ANALYSIS

Cell tracking and single-cell CDK2 activity analysis
Cell tracking was performed using published MATLAB scripts.78 The tracking code is available for download at https://github.com/

scappell/Cell_tracking. Cell counts over time were obtained by counting the number of segmented nuclei in each frame of the movie.

Asynchronously cycling cells that divided and received drug treatments during the imaging period were initially segmented into

categories based on the cells’ time ofmitosis relative to the time of drug addition.85 These cells were then additionally subcategorized
e7 Cell 186, 2628–2643.e1–e8, June 8, 2023

https://github.com/scappell/Cell_tracking
https://github.com/scappell/Cell_tracking


ll
Article
based on their DHB cytoplasmic/nuclear (C/N) ratio after the mitotic event. C/N ratio was calculated by quantifying the ratio of cyto-

plasmic to nuclear mean DHB fluorescence, with the cytoplasmic component calculated as the mean of the top 50th percentile of a

ring of pixels outside of the nuclear mask.

Cells were classified as CDK2inc if the DHB C/N ratio was above 0.5 units 3 h after anaphase, otherwise they were classified as

CDK2low. CDK2inc cells are plotted throughout except for Figure S3A-S3D where all cells were plotted. The median of the single-

cell traces in a subcategory was then used to create a median trace with 95% confidence interval representative of the particular

subcategory. All cell trace analysis was performed using MATLAB scripts (see key resources table).

Statistics
For all time-lapse imaging quantificationswhere themedianDHB cytoplasmic/nuclear (C/N) ratio is plotted, 95%confidence intervals

are shown for every time point as shaded bands, where non-overlapping shading between treatment groups indicates a statistically

significant difference with a p value < 0.05. Validation of this visualization of statistical significance is shown in Figure S1A.

Significance levels for unpaired t-tests are reported as p value summaries on indicated bar charts < 0.05 (*), < 0.01 (**), < 0.001 (***)

and < 0.0001 (****) with corresponding star notations. Throughout the manuscript, ‘ns’ denotes no statistical significance.

All data shown are representative of multiple experiments. See Table S1 for statistics on sample sizes and independent experi-

mental repeats.
Cell 186, 2628–2643.e1–e8, June 8, 2023 e8



Supplemental figures

(legend on next page)

ll
Article



Figure S1. CDK2 activity is acutely inhibited by low-dose PF3600, but phosphorylation rebounds rapidly, related to Figure 1

(A) Validation of 95% confidence interval band plotting. Time-lapse plot of median DHBC/N ratio with 95%confidence interval bands for DMSO- and Palbociclib-

treated cells is replicated from Figure 1C to use as an example (top). Corresponding p values are calculated for 100 sampled cells within each condition (middle),

and true-false results from hypothesis testing are plotted based on whether the p value is less than 0.05 at each time point (bottom).

(B, E, F, and H) DHBC/N single-cell traces for the individual MCF10A, RPE-hTERT, MCF7, andOVCAR3 cells plotted in Figures 1F, 1H–1J. Any additional mitoses

after drug treatment are labeled.

(C) Representative DHB C/N single-cell traces from MCF10A tracked over 50 h to view delay in mitosis in presence of 100nM PF3600.

(D) DHB sensor phosphorylation in MCF7 treated with 25 nM PF3600. Drug was refreshed 5, 10 and 20 h after initial PF3600 addition to test whether the rebound

in DHB was due to drug degradation or efflux.

(G) MCF10A and MCF7 cells were treated with increasing doses of PF3600 for 1 h, and phospho-Rb (S807/811) was measured by ELISA. Mean of 2 technical

replicates plotted ± SD.

(I) Cell-cycle distribution of MCF7 cells treated with DMSO or 25 nM PF3600 for timepoints matched to those used in the phosphoproteomics. Cells were stained

with Hoechst and EdU to deduce cell-cycle phases: G0/G1 (2N DNA content and EdU–), S (EdU+), and G2/M (4N DNA content and EdU–).
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Figure S2. Co-inhibition of CDK2 and CDK4/6 blocks the rebound in CDK2 activity, related to Figure 2

(A) MCF10A were treated continuously with 100 nM PF3600 for 1 month to generate resistant MCF10A-PF3600R cells. Without any drug holiday, MCF10A-WT

and MCF10A-PF3600R were then treated with the indicated dose curves of PF3600 or RO3306 for 4 h after which cells were fixed and processed for immu-

nofluorescence. Dose-response curves showing the percent of phospho-NCL+ or phospho-Rb+ cells among EdU+ cells were plotted. At least 2 technical

replicates per condition, each individual replicate shown. Four-parameter inhibitory Hill equation was employed in GraphPad Prism to fit the curves.

(B) IC50 values from dose-response curves show the change in PF3600 and RO3306 sensitivities for the MCF10A-PF3600R cell line.

(C) Additional time slices from the experiment in Figure 2A showing DHB sensor phosphorylation in MCF10A, RPE-hTERT, andMCF7 cells treated with the drugs

indicated. For MCF10A and RPE-hTERT, 100 nM PF3600 was used; for MCF7, 25 nM PF3600 was used.

(D) MCF10A cells were treated with 100 nM PF3600 for the indicated times, and fixed and stained for phospho-Nucleolin. Hoechst was used to quantify DNA

content. Mean nuclear signals were quantified for cells with 3-4N DNA content and plotted as probability density histograms. The histogram representing the

phospho-NCL distribution in untreated cells is propagated to the other time points as a gray shaded region.

(E) MCF10A cells were treatedwith 100 nMPF3600 + 9 mMRO3306 for the indicated times, and fixed and stained for phospho-Nucleolin. Mean nuclear signal was

quantified for cells with 3-4N DNA content and plotted as probability density histograms. The gray histograms represent the phospho-NCL distribution in un-

treated cells; untreated images and gray histograms are reproduced from (D).

(F) Additional time slices from the experiment in Figure 2B showing DHB sensor phosphorylation in MCF10A, RPE-hTERT, and MCF7 cells treated with the

indicated drugs. For MCF10A and RPE-hTERT, 100 nM PF3600 was used; for MCF7, 25 nM PF3600 was used.

(G) Representative images of the CDK2 sensor over time in RPE-hTERT cells treated with DMSO or Palbociclib, from the experiment in Figure 2C. These

treatments have no effect on sensor phosphorylation, as cells continue through their ongoing cell cycle at normal pace and complete mitosis. The DMSO-treated

daughter cell progresses through a new cell cycle, whereas the Palbociclib-treated daughter cell enters a prolonged G0 state.

(H) MCF10A cells were treated with 100 nM PF3600 + 1 mM Palbociclib for the indicated times, and fixed and stained for phospho-Nucleolin. Image contrast

settings across panels (D), (E) and (H) are the same. Mean nuclear signal was quantified for cells with 3-4N DNA content and plotted as probability density

histograms. The gray histograms represent the phospho-NCL distribution in untreated cells; untreated images and histograms are reproduced from (D).

(I) Percent apoptotic cells after the indicated time and drug treatments, as determined by flow cytometry ofMCF10A cell suspensions stained for propidium iodide

and Annexin V. Bars show mean ± SD.
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Figure S3. CDK4/6-cyclin D drives the rapid rebound upon CDK2 inhibition, related to Figure 3

(A and B) Left: Western blots validating depletion of indicated cyclins in MCF10A and MCF7 24 h after siRNA transfection. b-tubulin, GAPDH, or Histone H3 are

used as a loading control. Right: DHB sensor phosphorylation in MCF10A or MCF7 cells after treatment with the indicated siRNAs. AsMCF7 cells do not express

cyclin D2,86 CCND2 knockdown was omitted from the MCF7 experiment. Data are plotted as median DHB C/N ratio with 95% confidence interval for all cells

receiving siRNA transfectionmix 3–6 h prior to anaphase, as marked by the gray bar. The orange curve for siCCND1 in MCF7 cells falls behind themagenta curve

for siCCND1/D3 and thus is not visible.

(C and D) Left: Western blots validating the depletion of CDK4 and CDK6 in MCF10A andMCF7 24 h after the indicated siRNA treatment. b-tubulin or Histone H3

are used as a loading control. Right: DHB sensor phosphorylation in MCF10A or MCF7 cells after treatment with the indicated siRNAs. Cells were imaged for 50 h

starting immediately following siRNA transfection. x axis represents time since transfection. Data are plotted as median DHB C/N ratio with 95% confidence

interval for all cells undergoing mitosis n h after the time of transfection, where n is indicated on the plot as a vertical gray bar.

(E and F) Single-cell DHB C/N traces for the individual MCF10A (E) and MCF7 (F) cells plotted in Figures 3A and 3B.

(G) DHB sensor phosphorylation in MCF10A cells after indicated CDKi monotherapies and combinations in early (3–4 h), mid (6–7 h), and late (9–10 h) drug

addition windows. Single-cell traces and corresponding median plots are displayed.

(H–I) Left: DHB sensor phosphorylation inMCF10A cells after indicated treatment combinations of 100 mMPF3600, 1 mMPalbociclib or 9 mMRO3306. 6 h after the

drug addition window, the DHB C/N ratio was sampled to assess hump magnitude. Right: Bar plot of normalized DHB signal, where 100% represents the

maximum DHB signal reached in an unperturbed cell cycle and 0% represents the floor of the DHB signal (achieved in the triple drug setting). Median value of all

cells ± 95% CI.
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Figure S4. The CDK2 rebound upon low-dose PF3600 treatment depends on Rb1 status, related to Figure 4

(A and B) Density scatterplots portraying the effect of the indicated compound on normalized phospho-Rb or phospho-NCL in MCF10A after 3 h (A) or 7 h (B).

DMSO plots are reproduced from Figure 4C; red lines as in Figures 4A and 4B.

(C) Bar charts quantifying the fraction of S phase cells with high levels of the indicated biomarker after 3 or 7 h of the indicated treatments. Data for DMSO are

reproduced from Figure 4A and B. Mean of 4 technical replicates plotted ± SD.

(D) Western blot and quantification of phospho-Rb (S807/811) in MCF10A treated with PF3600 as indicated. b-actin is used as a loading control.

(E) Western blot and quantification of CDK2, CDK4, or CDK6 in MCF10A and MCF7 treated with PF3600 as indicated. Histone H3 is used as a loading control.

(F) Density scatterplots portraying the effect of the indicated compound(s) on phospho-Rb in MCF10A after 20 min of drug treatment. Red vertical lines indicate

gating based on Hoechst stain for subsequent quantification of the S phase population; red horizontal line was set at the midpoint between the high and low

populations of normalized phospho-Rb (S807/811) in 2N cells.

(G) Percent of S phase cells from (F) with high levels of phospho-Rb after 20 min of drug treatment. Mean of 4 technical replicates plotted ± SD.

(H) Left: Western blot validation of Rb1 knockout and Rb1 knockdown in MCF10A. Full-length western blot of Rb1 KO cells shows a complete knockout of Rb1

and that no truncated Rb1 proteins remain. GAPDH was used as a loading control. Right: Sequence validation of RB1 KO clone C12.

(I–L) DHB sensor phosphorylation in MCF10A electroporated with nontargeting siRNA (siControl) or siRNA targeting Rb1 40 h before treatment with the indi-

cated drugs.
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Figure S5. Rb1 status determines cyclin E and A expression in the response to CDK2 inhibition, related to Figure 5

(A–C) Density scatterplots ofmedian cytoplasmic RNA FISH signal of E2F1,CCNE1,CCNA2 plotted against DNA content in cells subjected to nontargeting siRNA

(top) or siRNA against Rb1 (bottom). Red lines indicate gates used to quantify the ‘S-G2 high’ biomarker population in the top-right quadrant. Cells were treated

with the indicated drugs for 14 h.

(D) Bar chart quantifying the mean signal in S-G2 cells for the indicated mRNA plotted in (A) through (C). Asterisks correspond to unpaired t tests between the

indicated conditions. Mean of 2 technical replicates plotted ± SD.
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(legend on next page)
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Figure S6. The CDK-Rb1-E2F axis drives cyclin A2 expression to support sustained adaptation to low-dose PF3600, related to Figure 6

(A) Representative images of MCF10A treated with E2Fi for 10 h and stained for E2F1 mRNA (left). Quantification of E2F1 mRNA (right). Mean of 3 replicates

plotted ± SD.

(B) Left: DHB C/N single-cell traces for MCF10A cells treated with indicated doses of E2Fi with or without 100 nM PF3600. The median value is plotted on top of

single-cell traces as a thick dark line. In PF3600-treated cells, increasing doses of E2Fi lead to fewer cells with a rebound in CDK2 activity. Right: Quantification of

the percent of cells with rebounding CDK2 activity as a function of E2Fi dose.

(C) DHB sensor phosphorylation in MCF10A treated with the indicated drugs (gray or pink bar). E2Fi (bottom) was added at the same time as PF3600 and

Palbociclib.

(D) Representative images of MCF10A treated with the indicated drug for 4 h or 10 h and stained for CCNE1 mRNA (left). Quantification of the CCNE1 mRNA

(right). Mean of 3 replicates plotted ± SD.

(E) Knockdown validation of cyclins E1, E2, and A2 after 6 h of siRNA treatments in MCF10A cells by immunofluorescence. Cells were co-stained and gated for

phospho-Rb+ status, to assess knockdown efficiency in actively cycling cells. For cyclins E1 and E2, 2N cells were selected for quantification in the corre-

sponding bar chart. For cyclin A2, 4N cells were selected for quantification in the corresponding bar chart. Mean of 3 replicates plotted ± SD.

(F) DHB C/N single-cell traces for the RPE-hTERT CycA2-mVenus cells plotted in Figure 6H.

(G–H) Overlay of DHB sensor phosphorylation and endogenous cyclin A2-mVenus intensity in RPE-hTERT cells treated at varying times across the cell cycle (gray

bars) with low-dose PF3600 (G) or low-dose PF3600 plus Palbociclib (H).
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Figure S7. Orthogonal CDK2 inhibition approaches and in vivo studies indicate that cell-cycle progression is maintained by the combined

sum of CDK2/4/6 activity, related to Figure 7
(A) RPE-hTERT CDK2F80G/F80G treated with 10 mM 3MB-PP1 for 1 h and fixed and stained with phospho-NBS1 antibody to validate the inhibition of CDK2 using

3MB-PP1. Probability density histogram of nuclear phospho-NBS1 signal is shown. Mean of two technical replicates plotted.

(legend continued on next page)
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(B and C) DHB sensor phosphorylation in the indicated RPE-hTERT cell lines with the indicated drugs. Inhibition of CDK1 using RO3306 leads to a much greater

drop in DHBphosphorylation in RPE-hTERTCDK2F80G/F80G cells as compared towild-type cells. Furthermore, in RPE-hTERTCDK2F80G/F80G cells, CDK1 is active

unusually early in the cell cycle, as revealed by a plateauing DHB signal and lack of cell-cycle progression when RO3306 is added 2–4 h after anaphase (C, left).

We conclude that the DHB sensor responds primarily to CDK2 activity in contexts where CDK2 is fully functional, but that CDK1 contributes to phosphorylation of

CDK2 substrates in the RPE-hTERT CDK2F80G/F80G genetic background where CDK2 is not fully functional, thereby muting the inhibition of DHB phosphorylation

attainable with 3MB-PP1 in Figure 7A.

(D and E) Density scatterplots portraying the effect of the indicated compound on normalized phospho-Rb (D) or phospho-NCL (E) in MCF10A after 20 min.

(F) Bar charts quantifying the fraction of S phase cells with high levels of the indicated biomarker after 20 min of indicated treatments from (D) and (E). Mean of 4

technical replicates plotted ± SD.

(G) Wells containing MCF10A or MCF7 cells were imaged daily for 7 days following the indicated treatments to assess proliferation by automated counting of

nuclei using H2B-mTurquoise. Unfettered proliferation led to contact inhibition in the DMSO control by day 3 (MCF10A) or day 4 (MCF7). Points indicate mean of

at least 3 technical replicates ± SD.

(H) MCF10A or MCF7 cells from (G) were subject to time-lapse imaging over 24 h from day 6 to 7 of the indicated treatment to track the number of mitoses. Fresh

control cells were seeded at low density 24 h before the imaging period. Error bars indicate mean number of mitoses observed ± SD of two movies. Note that

localized regions of contact inhibition caused a reduced rate of mitosis in MCF10A treated with 100 nM Palbociclib. Asterisks correspond to unpaired t-tests

between the indicated conditions.

(I) Growth inhibition and coefficient of drug interaction analysis (CDI) probing for cooperativity between Palbociclib and PF3600 in (G).

(J–K) Normalized body weight changes in treated mice. Sample sizes of mouse cohorts indicated on plots. Mean ± 95% CI.

(L) Representative CT scans of each cohort of mice from Figure 7I, upon tumor detection (top) and after four weeks of the indicated treatment (bottom). Red

arrows point to the tumor.
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