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SUMMARY
Tumor growth is driven by continued cellular growth and proliferation. Cyclin-dependent kinase 7’s (CDK7)
role in activating mitotic CDKs and global gene expression makes it therefore an attractive target for cancer
therapies. However, what makes cancer cells particularly sensitive to CDK7 inhibition (CDK7i) remains
unclear.
Here, we address this question. We show that CDK7i, by samuraciclib, induces a permanent cell-cycle exit,
known as senescence, without promoting DNA damage signaling or cell death. A chemogenetic genome-
wide CRISPR knockout screen identified that active mTOR (mammalian target of rapamycin) signaling pro-
motes samuraciclib-induced senescence. mTOR inhibition decreases samuraciclib sensitivity, and
increased mTOR-dependent growth signaling correlates with sensitivity in cancer cell lines. Reverting a
growth-promoting mutation in PIK3CA to wild type decreases sensitivity to CDK7i. Our work establishes
that enhanced growth alone promotes CDK7i sensitivity, providing an explanation for why some cancers
are more sensitive to CDK inhibition than normally growing cells.
INTRODUCTION

The main driver of cell-cycle progression is cyclin-dependent

kinase (CDK) activity and increasedCDK activity has beenwidely

reported in various cancers, making them attractive targets for

new treatments.1 Several studies have shown a marked sensi-

tivity of many cancer types to selective CDK7 inhibition.2 CDK7

is the main CDK activating kinase (CAK), which, by phosphory-

lating and fully activating the main cell-cycle-dependent CDKs,

CDK1, 2, 4, and 6, supports cell-cycle progression. In addition

to its role in CDK activation, CDK7 is also required for RNA poly-

merase II (RNA Pol II)-dependent transcription, through RNA Pol

II and CDK9 phosphorylation.3

Cancer cells are sensitive to CDK7 inhibitors at doses at which

healthy cells are insensitive, suggesting that treatments might be

well tolerated in a clinical setting.3 Inactivation of CDK7 results in

loss of activation of all mitotic CDKs and is therefore expected

not only to prevent cell-cycle entry and progression, but also
4078 Molecular Cell 83, 4078–4092, November 16, 2023 ª 2023 The
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to directly promote cell-cycle exit. This suggests that CDK7

inhibitors could trigger cell-cycle exit in cancers with either

mutations in proteins involved in cell-cycle exit (p16/ATM-p53-

p21) and/or cell-cycle entry pathways (Ras-Raf-Mek-Erk-c-

Myc-CyclinD/CyclinE-Rb-E2F), potentially benefiting a wide

range of patients. Additionally, with many cancers depending

on transcriptional drivers, CDK7 inhibitors could hit two birds

with one stone: the continued cell-cycle progression via CDK in-

hibition and the addiction to transcriptional drivers via RNA Pol II

inhibition.

Samuraciclib is a recently developed non-covalent, ATP-

competitive, selective CDK7 inhibitor. It has been shown to

inhibit proliferation of multiple cancer cell lines at lower concen-

trations than non-tumorigenic cell lines and to significantly inhibit

tumor growth in a mouse colon cancer xenograft model, with no

major side effects. Samuraciclib is currently in several phase I/II

clinical trials, sometimes under the name CT7001 or ICEC0942.4

Importantly, the US Food and Drug Administration (FDA) has
Author(s). Published by Elsevier Inc.
commons.org/licenses/by/4.0/).
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granted Fast Track designations to samuraciclib in combination

with fulvestrant for CDK4/6i-resistant Hormone Receptor+,

HER2� advanced breast cancer and samuraciclib in combina-

tion with chemotherapy for the treatment of locally advanced

or metastatic triple negative breast cancer.5 With samuraciclib

and other CDK7 inhibitors moving ever closer to the clinic, a

more fundamental understanding of what determines sensitivity

to CDK7 inhibition is required to optimize the efficacy of these

treatments and guide patient stratification.

In this study we investigate how CDK7 inhibition, via samura-

ciclib treatment, affects cell-cycle entry, progression, and exit

and the fundamental cellular processes that determine CDK7i

sensitivity. Our data show that samuraciclib acutely arrests cells

in a G1 state of the cell cycle without activating the DNA damage

response, which over time leads to senescence. Through a che-

mogenetic genome-wide CRISPR knockout (KO) screen, we

identified growth, through mTOR (mammalian target of rapamy-

cin) signaling, as an important determinant of samuraciclib-

induced senescence. Our data suggest that cancer-associated

mutations known to drive cellular growth could be indicative of

CDK7i sensitivity and therefore a potential marker to direct their

use in the clinic.

RESULTS

Samuraciclib inhibits cell proliferation and induces cell-
cycle arrest in G1
CDK7 is the major CAK, phosphorylating CDK1, 2, 4, and 6, the

main cell-cycle-dependent CDKs. CDK7 inhibition is therefore

expected to prevent cell-cycle entry and progression and pro-

mote cell-cycle exit. The selective CDK7 inhibitor samuraciclib

has been shown to be largely cytostatic, inhibiting cancer cell

proliferation and tumor growth.3 However, other less selective

CDK7 inhibitors, such as THZ1, have been reported to signifi-

cantly increase cell death, which has largely been attributed to

their effect on inhibition of transcription.3,6,7 To understand

how selective CDK7 inhibition, by samuraciclib, affects cell-cy-
Figure 1. Samuraciclib inhibits proliferation of RPE1 cells by inducing

(A) RPE1 cells were treated with vehicle control or 120 nM of samuraciclib for 48 h

plots of flow cytometry data from one representative experiment. DNA content is

(B) RPE1 cells were treated with vehicle control or the indicated concentrations

collection. Quantification of the percentage of EdU+ cells (representative show

significance is represented by * and was determined using an unpaired two-taile

(C) RPE1 cells were treated with vehicle control or 120 nM of samuraciclib for 48

plotted against cell count. Inset gates were drawn based on DNA content.

(D) RPE1 cells were treated with vehicle control or the indicated concentrations

(representative shown in C) showing the mean number of viable cells in each ph

(E) Schematic illustrating the experimental setup. RPE1 cells were labeled with

treated with vehicle control or 120 nM of samuraciclib. Cells were collected a

cytometry.

(F) Flow cytometry data from one representative experiment. DNA content is plotte

EdU+ cells.

(G) Quantifications from three independent experiments (representative shown in F

Error bars show SD.

(H) RPE1-FUCCI cells were treated with vehicle control or 120 nM of samuraciclib

shown for samuraciclib treatment and 50 for vehicle control.

(I) Quantification of data of >200 cells tracked to determine cell-cycle progressio

time point based on tracking of FUCCI reporter. G1, red; M.b., mitotic bypass,

catastrophe, where cells die after going through mitosis; and G1/S, yellow.
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cle progression, we used the non-transformed retinal pigment

epithelial cell line RPE1, which retain intact cell-cycle check-

points. The SRB (sulforhodamine B colorimetric) assay, which

measures cellular protein content,8 was used to assess cell num-

ber upon samuraciclib treatment and established a GI50 of

120 nM (Figure S1A). This was confirmed by an assay based

on cellular metabolic activity, the MTT (3-(4,5-dimethylthiazol-

2-yl)-2,5-diphenyl-2H-tetrazolium bromide) viability assay9 using

half, full, and double GI50 samuraciclib concentrations for 48 h

(Figure S1B). At 120 nM of samuraciclib, we observed both a

reduction in phosphorylation of the C-terminal domain of RNA

Pol II and of the T-loop of CDK1, which are both known to be car-

ried out by CDK7 (Figure S1C).

To confirm previous studies that show that selective CDK7 in-

hibition does not increase cell death3 to the extent reported for

the less selective CDK7 inhibitors THZ1,3,6,7 we measured

apoptosis by annexin V/propidium iodide (PI) staining (Fig-

ure S1D). Indeed, selective CDK7 inhibition by samuraciclib

only induces a non-significant increase in the percentage of

apoptotic cells, whereas THZ1 treatment causes apoptosis in

most cells (Figure S1E). This was confirmed by the apoptotic

marker cleaved caspase-3 in cells treated with THZ1, which is

absent in samuraciclib-treated cell cultures (Figure S1F). This

confirms previous observations showing that selective CDK7 in-

hibition is largely cytostatic rather than cytotoxic.

We next measured whether samuraciclib treatment inhibits

cellular proliferation by analyzing EdU incorporation by flow cy-

tometry. EdU is readily incorporated into DNA during S phase;

therefore, EdU-positive cells represent the actively replicating

cell population. We treated RPE1 cells for 48 h with samuraciclib

or DMSO (vehicle control), then pulse labeled them with EdU for

1 h and analyzed EdU incorporation by flow cytometry. Treat-

ment with samuraciclib leads to a striking decrease in the per-

centage of EdU-positive cells compared with control, with an

almost complete loss of S-phase cells at higher concentrations

(Figures 1A and 1B). Loss of the S-phase cell population, upon

samuraciclib treatment, was confirmed by DNA content analysis
cell-cycle arrest in G1

. Cells were then incubated with EdU for 1 h before collection. Pseudocolored

plotted against EdU incorporation. Inset gate drawn to include EdU+ cells.

of samuraciclib for 48 h. Cells were then incubated with EdU for 1 h before

n in A) within the population from three independent experiments. Statistical

d t test. Error bars show SD.

h. Flow cytometry data from one representative experiment. DNA content is

of samuraciclib for 48 h. Quantifications from three independent experiments

ase of the cell cycle.

EdU for 1 h. Unincorporated EdU was washed out of cells and the cells were

t the indicated time points after drug addition and then analyzed using flow

d against cell count. In red are all cells in the sample and overlaid in blue are the

) showing the percentage of EdU+ cells in the different phases of the cell cycle.

and imaged for 48 h. Representative tracks of 100 cells, at final time point, are

n during 48 h of samuraciclib treatment. State refers to cell-cycle state at final

where cells turn red without going through mitosis; G2, green; M.c., mitotic
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via PI staining and flow cytometry (Figures 1C, 1D, and S1G).

This analysis, which shows percentage of cells in the G1, S,

andG2 phases of the cell cycle, indicates that selective CDK7 in-

hibition predominantly arrests cells in theG1 phase of the cell cy-

cle, with a reduced G2 population.

Because CDK7 is required for the activity of all mitotic

CDKs,10,11 we wanted to establish if samuraciclib treatment

blocks cells at the G1-to-S transition or also slows down cell-cy-

cle progression via a G2 arrest. To assess the G2-M and G1-S

transitions during samuraciclib treatment, we decided to follow

cell-cycle progression of the S-phase population upon samura-

ciclib treatment. The S-phase population of RPE1 cells was

pulse labeled with EdU for 1 h prior to drug treatment. Unincor-

porated EdU was washed away before samuraciclib or vehicle

was added, and EdU-positive cells, representing the S-phase

population when treatment started, were analyzed at the indi-

cated time points by flow cytometry (see schematic in Figure 1E)

for up to 24 h. This allowed the analysis of the progression of the

S-phase cell population, labeled at time point 0, through the cell

cycle during samuraciclib treatment (Figures 1F and 1G). In con-

trol cells, we observed that the population of cells labeled in S

phase completed an entire cell cycle, reentering S phase at

24 h. However, although samuraciclib-treated cells progressed

normally through theG2 andMphases, they collectively arrested

with a G1 DNA content (Figure 1G). Although CDK7 is required to

establish the active state of all mitotic CDKs, the G1-specific

arrest is the likely result of CDK7 also being required for main-

taining CDK4 and CDK6 activity, as is not the case for CDK1

and CDK2.12

These results were confirmed by western blot analysis of pro-

tein markers associated with a G1 specific arrest (Figure S1H).

We observed a decrease in levels of phosphorylated Rb, which

coincided with an increase in levels of the CDK inhibitor

p21CIP1, both well-known markers of cell-cycle arrest in G113

(Figure S1H). This suggests that samuraciclib-treated cells can

progress through the cell cycle but are unable to enter a new

cell cycle. Importantly, the levels of the DNA damage markers,

CDK4/6 inhibitor p16INK4a, (Figure S1I) and the ataxia telangiec-

tasia mutated (ATM) targets, Chk2 phosphorylated at Thr68 (Fig-

ure S1J) and gH2AX (Figures S1J–S1M) do not increase, sug-

gesting that samuraciclib treatment does not activate the DNA

damage response, as supported by previous observations.3

These data indicate that samuraciclib treatment is unlikely to

induce DNA damage or depends on the DNA damage response

to cause the G1 arrest.

To complement our snapshot analysis, we carried out live-cell

imaging using RPE1-FUCCI cells, which allows monitoring the

progression of single cells through the cell cycle14 in control con-

ditions and during a samuraciclib-induced arrest (Figures 1H and

1I). These data show that in control conditions, within the 48-h

time frame, most of the cells progress through the cell cycle at

least twice (Figure 1H). However, consistent with our observa-

tions, during a 48-h samuraciclib treatment, the vast majority

of cells end up in a G1 state (Figure 1H). Only a limited number

of samuraciclib-treated cells enter a new cell cycle within the

48-h time frame, which we define as going from S-G2-M

(green),to M/G1 (blank), to G1 (red) and then entering a new

cell cycle (from red, to yellow, to green). After 48 h of samuraci-
clib treatment, the FUCCI reporter red cells include a proportion

of G2 cells that underwent mitotic bypass where G2, green cells,

skip the M/G1, blank stage, and enter a G1, red state. However,

none to very few cells undergo mitotic catastrophe (Figure 1I).

This is in line with our observations that samuraciclib treatment

does not cause cell death nor activates the DNA damage

response. Overall, these data establish that samuraciclib mainly

inhibits cell proliferation via inducing a G1 arrest, which is inde-

pendent of DNA damage signaling and cell death.

Samuraciclib induces a permanent cell-cycle exit via
senescence
We next investigated whether samuraciclib induces a cell-cycle

arrest or an irreversible cell-cycle exit. For this purpose, we

tested if cells could proliferate after samuraciclib treatment.

RPE1 cells were treated with samuraciclib for 2 days, after which

the drug, which is not covalently bound, was washed out and

cells were allowed to grow for an additional 2 or 5 days in culture

(see schematic in Figure S2A). Cell proliferation was assayed by

measuring EdU incorporation via flow cytometry (Figure S2B).

Strikingly, the inhibition of cell proliferation observed upon

2 days of samuraciclib treatment persists for up to 5 days after

the drug wash-out (Figure 2A). This suggests that the inhibition

of cell proliferation induced by samuraciclib is the result of a per-

manent cell-cycle exit.

An irreversible exit from the cell cycle is the hallmark of a se-

nescent state.15 To further assess if samuraciclib induces a se-

nescent state, we investigated additional markers of senes-

cence. A widely used marker of senescence is an increase in

senescence-associated (SA) b-galactosidase activity.16,17

Treatment with samuraciclib for 4 days results in a clear increase

in the number of cells showing a blue staining in their cytoplasm,

indicative of SA b-galactosidase activity, compared with control

cells (Figure 2B). A more quantitative assessment of SA b-galac-

tosidase activity, using flow cytometry (Figure 2C), indicates a

significant increase in SA b-galactosidase activity over time in

samuraciclib-treated cells compared with control cells (Fig-

ure 2D). In addition, we observe a striking increase in median

cell volume, measured by Coulter counter, in samuraciclib-

treated compared with control cells (Figures 2E and 2F), which

is another phenotypic characteristic of senescent cells.15 Finally,

in addition to an increase in p21CIP1 levels (Figure S1H), we also

observe a decrease in Lamin B1 levels (Figure 2G), both indica-

tors of a senescent state.18,19 Together, these data indicate that

selective inhibition of CDK7 induces a senescent phenotype.

Sensitivity to samuraciclib depends on active mTOR
signaling
To gain insight into themechanisms via which CDK7 inhibition in-

duces senescence, we carried out a genome-wide CRISPR KO

chemogenetic screen. The screen was performed in NALM-6

cells, a B cell precursor leukemia cell line, which grow in suspen-

sion making them particularly suited for this approach. In addi-

tion, their lower sensitivity to samuraciclib allows identification

of both positive and negative interactors. A pooled custom

extended-KO (EKO) library of 278,754 different single-guide

RNAs (sgRNAs), which targeted 19,084 RefSeq genes, 20,852

unique alternative exons, and 3,872 hypothetical genes, was
Molecular Cell 83, 4078–4092, November 16, 2023 4081
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Figure 2. CDK7i induces a senescent phenotype in RPE1 cells

(A) RPE1 cells were treated with vehicle control or 120 nM of samuraciclib for 48 h. After 48 h some cells were labeled with EdU for 1 h and then harvested. Other

cells were washed thoroughly with PBS and given fresh culture media to remove samuraciclib from the cells. These cells were then allowed to grow in culture for

another 2 or 5 days, before undergoing EdU labeling and harvesting. Quantification of the percentage of EdU+ cells within the population from three independent

experiments. Error bars show SD.

(B) Representative images of detection of SA b-gal activity in RPE1 cells with the chromogenic b-gal substrate, X-gal in untreated cells and cells treated with

vehicle control or 120 nM of samuraciclib for 4 days. Scale bar represents 155 mm.

(C) Flow cytometry data from one representative experiment, detecting SA b-gal activity with the fluorescent b-gal substrate, 5-dodecanoylaminofluorescein

di-b-D-galactopyranoside (C12FDG) in untreated cells and cells treated with 120 nMof samuraciclib for 4 days. C12FDG fluorescence is plotted against cell count.

(D) Quantification of themean C12FDG fluorescence within populations of cells that were untreated or treatedwith vehicle control or 120 nMof samuraciclib for up

to 4 days from three independent experiments (representative shown in C). Statistical significance is represented by * andwas determined using an unpaired two-

tailed t test. Error bars show SD.

(E) Coulter counter data from one representative experiment, with RPE1 cells treated with vehicle control or 120 nM samuraciclib for 48 h. Percentage of cell

population is plotted against various bins containing cells with different volumes in mm3.

(F) Coulter counter data quantification of themedian cell volumewithin the population from three independent experiments. Statistical significance is represented

by * and was determined using an unpaired two-tailed t test. Error bars show SD.

(G) Western blot analysis from one experiment of whole-cell extract collected from RPE1 cells at the indicated time points after treatment with vehicle control or

120 nM of samuraciclib. GAPDH: loading control.
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Figure 3. A genome-wide CRISPR knockout screen indicates that

mTOR signaling is central to CDK7i-induced senescence

(A) Heatmap representation of the most enriched GO terms among the top 20

positive interactors of samuraciclib, as determined using the GOrilla tool21,22

and processing by REVIGO.23 They are color coded according to the scale on

the right, which represents the log (false discovery rate [FDR] q-value). The GO

terms closer to the dark blue end of the scale have the most statistically sig-

nificant FDR q-value, and the GO terms closer to the light blue end of the scale

have the least statistically significant FDR q-value. Positive mTOR GO terms

are highlighted by green boxes.

(B) Heatmap representation of the most enriched GO terms among the top 20

negative interactors of samuraciclib, as determined using the GOrilla tool21,22

and processing by REVIGO.23 Color-coding on the right represents the log

(FDR q-value). The GO terms closer to the dark blue end of the scale have the

most statistically significant FDR q-value and the GO terms closer to the light

blue end of the scale have the least statistically significant FDR q-value.

Negative mTOR GO terms are highlighted by red box.

(C) Simplified schematic of the mTOR signaling pathway. The boxes and listed

genes indicate some of the components of the signaling pathway that were

among the top 100 positive interactors of samuraciclib (green boxes) and the
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used.20 We confirmed that samuraciclib is also able to reduce

proliferation and cell-cycle progression in this cell line

(Figures S3A–S3D).

Positive interactors (relative enrichment of sgRNAs) represent

genes required for samuraciclib sensitivity and the induction of a

senescent state, and their inactivation are possible resistance

mechanisms (Figure 3A). Negative interactors (relative depletion

of sgRNAs) represent proteins and processes involved in pre-

venting samuraciclib-induced senescence, whose inactivation

would increase samuraciclib sensitivity and potentially improve

the outcome of individual patients (Figure 3B). The robust ana-

lytics and normalization for knockout screens (RANKS) tool20

was used to identify genes that may have positive or negative in-

teractions with samuraciclib based on the relative abundance of

each sgRNA in samuraciclib-treated cells compared with a con-

trol cell population. We carried out gene ontology (GO) enrich-

ment analysis on the genes that were identified as the top 20

positive and negative interactors with samuraciclib (Figures 3A

and 3B). For positive interactors, ‘‘TOR signaling’’ and ‘‘positive

regulation of TOR signaling’’ were among the most enriched GO

terms (Figure 3A). Strikingly, for negative interactors, ‘‘negative

regulation of TOR signaling’’ was among the most enriched GO

terms (Figure 3B). In addition, the absence of DNA damage

response, apoptosis, and cell-cycle regulator signatures, which

we consistently find in our anti-cancer drug chemogenetic

screens, is striking and confirms the absence of the DNA dam-

age markers (Figures S1J–S1M) after samuraciclib treatment.

The overall lack of cell-cycle regulators suggests that CDK7 in-

hibitors can trigger cell-cycle exit independent of the canonical

cell-cycle exit (p16/ATM-p53) and/or cell-cycle entry pathways

(Ras-Raf-Mek-Erk-c-Myc-CyclinD/CyclinE-Rb-E2F). This is

distinctly different from inhibitors that selectively target CDK4/

61 and suggests that CDK7 inhibition could potentially benefit

a wider range of patients. Overall, our genome-wide CRISPR

KO chemogenetic screen indicates that active mTOR signaling

is important for sensitivity to selective CDK7 inhibition

(Figure 3C).

Samuraciclib-induced senescence depends on mTOR
signaling
Our screen data suggest that active mTOR signaling is important

for the induction of samuraciclib-induced senescence. By exten-

sion, a reduction of mTOR signaling would decrease the sensi-

tivity of cells to samuraciclib treatment. To test this, we used

Torin1, an ATP-competitive mTOR inhibitor, to inhibit the

mTOR signaling pathway. Phosphorylation of S6 kinase at thre-

onine residue 389 and phosphorylation of the 40S ribosomal

subunit protein S6 at serine residues 235 and 236 are generally

used to establish mTOR inhibition.24,25 Using these markers,

we show that in our system Torin1 treatment, either alone or

combined with samuraciclib, effectively inhibits mTOR signaling

(Figure S4A). We also confirm that samuraciclib treatment alone

or in combination with Torin1 results in a loss of phosphorylation
top 100 negative interactors of samuraciclib (red boxes), as identified by the

genome-wide CRISPR knockout chemogenetic screen. Gene names of all GO

term included mTOR hits are listed below.

Molecular Cell 83, 4078–4092, November 16, 2023 4083



A

D E

F G

IH

C

B

Figure 4. CDK7i-induced senescence is dependent upon active growth signaling in RPE1 cells

(A) RPE1 cells were treated with vehicle control, 25 nM of Torin1 alone, 120 nMof samuraciclib alone, or 120 nMof samuraciclib and 25 nMof Torin1 for 48 h. Cells

were then incubated with EdU for 1 h before collection. Pseudocolored plots of flow cytometry data from one representative experiment. DNA content is plotted

against EdU incorporation. Inset gate drawn to include EdU+ cells.

(B) Quantification of the percentage of EdU+ cells within the population from three independent experiments (representative shown in A). Statistical significance is

represented by * and was determined using an unpaired two-tailed t test. Error bars show SD.

(C) Coulter counter data from one representative experiment, with RPE1 cells treated with vehicle control, 25 nM of Torin1 alone, 120 nM of samuraciclib alone, or

120 nM of samuraciclib and 25 nM of Torin1 for 48 h. Percentage of cell population is plotted against various bins containing cells with different volumes in mm3.

(legend continued on next page)
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of CDK1 (pThr161) and RNA Pol II (pSer5), demonstrating inhibi-

tion of CDK7 activity (Figure S4A). Interestingly, combined treat-

ment results in a marked reduction of samuraciclib-induced

p21CIP1 accumulation and an apparent increase in Rb phosphor-

ylation (pSer807-811) indicative of a rescue in proliferation (Fig-

ure S4A). To investigate this further, we assessed the effect of

combined treatment on cellular proliferation by measuring EdU

incorporation (Figure 4A). Combining 48-h samuraciclib and

Torin1 treatments significantly increased the percentage of

proliferating cells compared with samuraciclib alone, whereas

Torin1 alone shows no effect compared with control (Figure 4B).

Correspondingly, combined treatment of samuraciclib and

Torin1 leads to a decrease in the percentage of cells in G1

compared with samuraciclib treatment alone (Figures S4C and

S4D). These data suggest that active mTOR signaling is required

for the G1 cell-cycle arrest induced by samuraciclib treatment.

To establish if active mTOR signaling is important for the sa-

muraciclib-induced senescent phenotype, we assessed the

effect of combined treatment of samuraciclib and Torin1 on a se-

lection of the phenotypic characteristics of senescence previ-

ously observed upon samuraciclib treatment alone. Combining

samuraciclib and Torin1 decreased SA b-galactosidase activity

compared with samuraciclib treatment alone (Figures S4E and

S4F) and led to a significant decrease in cell volume, compared

with samuraciclib alone (Figures 4C and 4D). In addition, com-

bined samuraciclib and Torin1 treatment also prevents an in-

crease in p21CIP1 levels and a decrease in Lamin B1 levels

(Figures S4A and S4B). Altogether these data suggest that inhi-

bition of mTOR activity impairs the ability of samuraciclib to

induce a senescent phenotype in RPE1 cells.

mTOR-dependent cellular growth promotes increased
cell size and samuraciclib-induced senescence
ThemTOR signaling pathway is known to be a major regulator of

cell growth.26 It has been reported that continued growth, driven

by signaling pathways, such as mTOR, during cell-cycle arrest

can convert a reversible arrest to irreversible senescence.27–29

We tested if mTOR-dependent continued cellular growth, and

consequent increased cell size, is an important factor for samur-

aciclib-induced senescence. We first assessed if an increase in

cell size, as a proxy for cellular growth, upon samuraciclib treat-

ment correlates with SA b-galactosidase activity, a marker of

senescence. We measured SA b-galactosidase activity using

flow cytometry as in Figure S4E and plotted it against forward
(D) Quantification of the median cell volume within the population from three ind

represented by * and was determined using an unpaired two-tailed t test. Error b

(E) Quantification of the percentage of large cells that are C12FDG+ from three i

determined using an unpaired two-tailed t test. Error bars show SD.

(F) RPE1 cells were treated with vehicle control, 25 nM of Torin1 alone, 120 nM of

Pseudocolored plots of flow cytometry data from one experiment. C12FDG fluores

to distinguish between small, C12FDG� cells, small, C12FDG+ cells, large, C12FD

(G) Quantification of data shown in (F) indicating the percentage of small, C12FDG

(H) Data from (F) binned by cell size based on forward scatter (FSC) and divided in

bars show SD.

(I) RPE1-FUCCI cells were treated with vehicle control or 120 nM of samuracic

muraciclib from the cells, and fresh media was added, after which live-cell imagin

point (0 h). 105 cells were tracked after samuraciclib wash-out to determine cells t

represented by * and was determined using an unpaired two-tailed t test. Error b
scatter (FSC), which can be used as a proxy of cell size.30 We

selected large cells based on FSC and compared SA b-galacto-

sidase activity of this population between control and samuraci-

clib treatment at various time points (Figures S4G and S4H). We

observed that there was an increase in the percentage of RPE1

cells that were large and had increased SA b-galactosidase ac-

tivity with samuraciclib treatment compared with control (Fig-

ure 4E). To test if this increase in cell size and SA b-galactosidase

activity required mTOR signaling, we treated the cells with both

samuraciclib and Torin1 (Figures 4F and 4G). Inhibition of mTOR

signaling decreased the percentage of large cells with increased

SA b-galactosidase activity compared with samuraciclib alone,

suggesting that increased SA b-galactosidase activity relies, in

part, upon active mTOR signaling. A more detailed analysis of

binned cell populations based on FSC clearly shows the positive

correlation between cell size and SA b-galactosidase activity, a

proxy for senescence (Figure 4H). Altogether these data suggest

that an mTOR-dependent increase in cell size correlates with the

ability of samuraciclib to induce senescence and therefore sensi-

tivity to CDK7 inhibition.

To further investigate the relationship between cell size and a

permanent samuraciclib-induced cell-cycle arrest, we carried

out live-cell imaging, using RPE1-FUCCI cells (Figure 4I). We

determined nuclear size, as a proxy for cell size, of FUCCI red

cells in proliferating culture (DMSO) and samuraciclib arrest

(72-h treatment = arrest at 0 h) culture. This shows that cells

significantly increase in size during the arrest.We thenmonitored

which cells enter the cell cycle within a 72-h time frame after

wash-out. These data indicate that smaller cells are more likely

to return to a proliferative state after samuraciclib wash-out

than bigger cells. This suggests that cell size, which depends

on growth rate, is an important indicator of a permanent arrest,

i.e., samuraciclib sensitivity.

Samuraciclib sensitivity positively correlates with
mTOR-dependent growth signaling in breast cancer
cell lines
Our data show that a samuraciclib-induced senescent state de-

pends on mTOR activity in non-transformed RPE1 cells. These

data indicate that mTOR-dependent cellular growth plays an

important role in samuraciclib sensitivity, likely by driving an in-

crease in cell size to induce senescence during a G1 arrest.

With increased growth signaling being a common feature of can-

cer cells, this could explain the increased sensitivity to CDK7
ependent experiments (representative shown in E). Statistical significance is

ars show SD.

ndependent experiments. Statistical significance is represented by * and was

samuraciclib alone, or 120 nM of samuraciclib and 25 nM of Torin1 for 4 days.

cence is plotted against forward scatter, ameasure of cell size. Quadrant drawn

G� cells and large, C12FDG+ cells.

� cells, small, C12FDG+ cells, large, C12FDG� cells and large, C12FDG+ cells.

to ten bins. Mean C12FDG fluorescence is measured for each cell size bin. Error

lib for 72 h. After 72 h, cells were washed with PBS five times to remove sa-

g was started for 72 h. Nuclear area was measured for red cells at the first time

hat remain arrested and cells that enter the cell cycle. Statistical significance is

ars show SD.
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Figure 5. CDK7i sensitivity positively correlates with mTOR-dependent growth signaling in breast cancer cell lines

(A) Western blot analysis from one representative experiment of whole-cell extract collected from MCF7, T47D, and BT549 cells. Vinculin: loading control.

(B) MCF7, T47D, and BT549 cells were treated with vehicle control or 180 nM of samuraciclib for 4 days. Cells were then incubated with EdU for 1 h before

collection. Pseudocolored plots of flow cytometry data from one representative experiment. DNA content is plotted against EdU incorporation. Inset gate drawn

to include EdU+ cells.

(C) MCF7, T47D, and BT549 cells were treated with vehicle control or the indicated concentrations of samuraciclib for 4 days. Cells were then incubated with EdU

for 1 h before collection. Quantification of the percentage of EdU+ cells (representative shown in B) within the population from three independent experiments.

Statistical significance is represented by * and was determined using an unpaired two-tailed t test. Error bars show SD.

(legend continued on next page)
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inhibition observed in many cancers. To test this, we investi-

gated if samuraciclib sensitivity correlates with mTOR-depen-

dent growth signaling in breast cancer cells, previously shown

to be sensitive to samuraciclib.3 Three cell lines were selected

with different growth-inducing mutations upstream of mTOR,

MCF7 (PIK3CA: E545K), T47D (PIK3CA: H1047R), and BT549

(PTEN-deficient).31,32 mTOR pathway activity was assessed by

establishing Thr389 phosphorylation of the mTOR target

70-kDa ribosomal protein S6 kinase (pThr389-p70S6K), known

to regulate cell growth by inducing protein synthesis compo-

nents (Figure 5A). Our data indicate that pThr389-p70S6K is

highest in MCF7 cells with markedly lower levels in T47D and

BT549 cells. T47D cells, in turn, show slight but consistently

higher levels than BT549 cells (Figures 5A, S5A, and S5B).

Next, we tested their sensitivity to samuraciclib by assessing

cellular proliferation by measuring EdU incorporation

(Figures 5B and 5C). This shows a marked decrease in prolifer-

ating cells in MCF7 cells upon samuraciclib treatment, with a

smaller effect on cell proliferation in T47D cells and no effect

upon cell proliferation in BT549. The effect of samuraciclib

upon cellular proliferation correlates with the level of mTOR-

dependent growth signaling in these cell lines. Furthermore,

the correlation between sensitivity and growth signaling is in

line with the samuraciclib-induced increase in cell size observed

in these cell lines (Figures 5D and 5E). These data indicate that

samuraciclib sensitivity positively correlates with mTOR-depen-

dent cellular growth signaling and an increase in cell size during

treatment.

Samuraciclib sensitivity correlates with induction of
senescence in MCF7 cells
The high levels of mTOR signaling observed in MCF7 cells corre-

lates with high sensitivity to samuraciclib and a more pro-

nounced increase in cell size during treatment compared with

the other breast cancer cell lines. Senescence bypass is thought

to be an important step in tumorigenesis and a number of genes

encoding proteins integral to senescence induction are

commonly mutated in cancer.33 We therefore wanted to confirm

that the samuraciclib-induced cell-cycle arrest in MCF7 cells

was because of senescence induction, as in non-transformed

RPE1 cells. Treatment with samuraciclib led to a clear decrease

in phosphorylated Rb and Lamin B1 levels and an increase in

p21CIP1 levels and SA b-galactosidase activity in MCF7 cells

compared with control (Figures S5C–S5F). Altogether, these

data indicate that inhibition of CDK7 induces a senescent pheno-

type in tumor-derived MCF7 cells.

Growth-stimulating mutation in MCF7 cells promotes
samuraciclib sensitivity
Our data indicate that cellular growth may be one of the key

drivers that determine CDK7i sensitivity. Based on this, cancer-

associated mutations that drive cellular growth independently of
(D) MCF7, T47D, and BT549 cells were treated with vehicle control or 180 nM o

population from three independent experiments (representative shown in E). Sta

two-tailed t test. Error bars show SD.

(E) Coulter counter data from one representative experiment, with MCF7, T47D, a

Percentage of cell population is plotted against various bins containing cells with
proliferative signals could be at the basis of the increased sensi-

tivity of cancer cells to CDK7i, such as samuraciclib. MCF7 cells

harbor a mutation in PIK3CA (E545K), the gene encoding the cat-

alytic subunit of phosphatidylinositol 3-kinase (PI3K). This muta-

tion has been shown to hyperactivate the PI3K/Akt/mTOR

pathway, driving cell growth.34 ThePIK3CA gene has been shown

to be mutated in 20%–50% of all breast cancers, and the E545K

mutation occurs at one of three ‘‘hotspots’’ frequently mutated in

breast cancer.35

To examine the interaction between samuraciclib and this clin-

ically relevant growth-promoting mutation, we utilized a pair of

isogenic MCF7 cell lines, one with the E545K PIK3CA mutation

(PIK3CAmut) and one where the PIK3CA gene has been reverted

back to the wild-type sequence (PIK3CAwt).36 We confirm that

there is increased activation of the PI3K/Akt/mTOR pathway in

the PIK3CAmut cells compared with the PIK3CAwt (Figures 6A

and 6B), in line with previous data, indicating that the E545Kmu-

tation induces hyperactivation of this signaling pathway. We also

established the sensitivity of the parental MCF7 PIK3CAmut cell

line of this isogenic pair (Figures S6A and S6B).

To compare the sensitivity of the PIK3CAmut and PIK3CAwt

cells, we treated themwith samuraciclib for 30 days with various

drug concentrations, and cell numbers were assessed using an

IncuCyte (Figure 6C). These data show a marked decrease in

sensitivity of the PIK3CAwt cells, when compared with the

PIK3CAmut cells. The number of PIK3CAmut cells was very low

throughout the 30 days for all concentrations, indicating that sa-

muraciclib strongly inhibited the proliferation of these cells

(Figures 6D and S6C). Samuraciclib also inhibited the prolifera-

tion of PIK3CAwt cells, when compared with untreated control

cells, but these cells were less sensitive to samuraciclib treat-

ment than the PIK3CAmut cells and continued to proliferate,

particularly at lower concentrations (Figures 6D and S6C).

The difference in sensitivity correlates with a significantly

larger median cell volume increase of PIK3CAmut cells compared

with thePIK3CAwt cells at lower drug concentrations (Figures 6E,

S6D, and S6E), indicating that increased cellular growth corre-

lates with increased cell size and sensitivity to samuraciclib.

These data suggest that cancer-associated mutations that pro-

mote cellular growth may be at the basis of cancer cell sensitivity

to CDK7 inhibition.
DISCUSSION

In this study, we investigated the mechanism by which CDK7 in-

hibition arrests cellular proliferation to establish the key funda-

mental cellular processes that determine sensitivity to CDK7

inhibitors. Insight into this will guide the use of CDK inhibitors

and promote the future clinical use of CDK7, and other mitotic

CDK, inhibitors. Samuraciclib was used in our study because

of its high selectivity to inhibit CDK7 and its non-covalent
f samuraciclib for 4 days. Quantification of the median cell volume within the

tistical significance is represented by * and was determined using an unpaired

nd BT549 cells treated with vehicle control or 180 nM samuraciclib for 4 days.

different volumes in mm3.
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Figure 6. Growth-stimulating mutation in MCF7 cells promotes samuraciclib sensitivity

(A) Western blot analysis from one representative experiment of whole-cell extract collected from PIK3CAmut and PIK3CAwt MCF7 cells. Vinculin: loading control.

(B) Quantification of levels of p70 S6 kinase phosphorylated at residue Thr389 normalized to Vinculin as detected by western blots of whole-cell extracts from

PIK3CAmut and PIK3CAwt MCF7 cells from four independent experiments. Statistical significance is represented by * and was determined using an unpaired two-

tailed t test. Error bars show SD.

(C)PIK3CAmut andPIK3CAwtMCF7 cells were treatedwith vehicle control or the indicated concentration of samuraciclib for 30 days. Cell numbers were assessed

by IncuCyte every 3 days. Cell growth is plotted until day 30 or until cells reached confluency. Quantification of average cell numbers after 18 days of treatment

from three independent experiment. Statistical significance is represented by * and was determined using an FDR corrected unpaired t test.

(D) PIK3CAmut and PIK3CAwt MCF7 cells were treated with vehicle control or 50 nM of samuraciclib for 30 days. Cell numbers were assessed by IncuCyte every

3 days. Cell growth is plotted until day 30 or until cells reached confluency. Cell growth curves from a single representative experiment.

(E) Coulter counter data from one representative experiment, with PIK3CAmut and PIK3CAwt MCF7 cells treated with vehicle control or 50 nM of samuraciclib for

4 days. Percentage of cell population is plotted against various bins containing cells with different volumes in mm3.
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Figure 7. A model for how active growth signaling promotes senescence and cancer cell sensitivity to CDK7 inhibition

Schematic illustration of how an increase in cell size beyond a particular cell volume can cause uncoupling of protein synthesis with cell size resulting in a

decrease in cytoplasm density, termed cytoplasmic dilution, which is thought to be the basis of irreversible cell-cycle arrest. As indicated by our data, active

cellular growth, and the resulting increase in cell size (green arrow) during mitotic CDK inhibition (red T-junction), are important drivers of the senescent state. In

the context of cancer biology and its treatment, oncogenic signals that stimulate cellular growth increase sensitivity to CDK inhibitors.
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binding, which allowed investigation of release and recovery

from CDK7 inhibition.

Our data indicate that CDK7 inhibition induces cell-cycle exit

through senescence in the G1 phase of the cell cycle. Our

genome-wide CRISPR KO chemogenetic screen indicates

active cellular growth as a key fundamental cellular process

that determines CDK7i sensitivity. Because growth-promoting

mutations are present in many cancers, our data suggest that

increased cellular growth is likely at the basis of why cancer

cells are more sensitive to CDK7 inhibition than normally

growing cells. These findings are in line with a recent study

investigating CDK4/6 inhibition sensitivity.37 In addition, our

screen identified additional pathways, affecting CDK7i sensi-

tivity, involved in energy generation, phosphorylation, and

RNA processes. Although many of these processes can be

linked to cell growth, their role in CDK7i sensitivity warrant

further investigation.

Strikingly, inhibiting mTOR signaling greatly impairs the action

of samuraciclib, limiting cell size by reducing cellular growth, al-

lowing cells to maintain, or return to, a proliferative state. This

suggests that CDK7i and CDK4/6 inhibitors37 should not be

used in combination with growth inhibiting anti-cancer drugs

because this would prevent a permanent cell-cycle exit. It also

indicates that, counterintuitively, drugs that promote cellular

growth when combined with anti-proliferating drugs could

greatly induce permanent cell-cycle exit. In terms of patient
stratification, it reveals that CDK7 inhibitors may be more effec-

tive in tumors with highly active growth signaling. These include

cancers with mutations in the PI3K/Akt/mTOR signaling

pathway, which is thought to be one of the most commonly dis-

rupted pathways in cancer.38

Overall, our data show that larger cells tend to be more se-

nescent than smaller cells and that reducing cell size, by inhib-

iting mTOR signaling, decreases the percentage of senescent

cells. This supports a model where increasing cell size beyond

a ‘‘point of no return’’ might represent a key driver for prevent-

ing proliferation and inducing a permanent cell-cycle exit (Fig-

ure 7). This is in line with work in yeast, which shows that an

increase in cell volume beyond a particular point causes ‘‘cyto-

plasmic dilution’’ and permanent cell-cycle exit,30 and also in

hematopoietic stem cells in vivo, which shows that cellular

enlargement during aging leads to cellular dysfunction.39

Importantly, a recent study in mammalian cells shows that

increasing cell size itself results in proteome changes that grad-

ually approach those found in senescent cells.40 This supports

the hypothesis that cellular growth signaling, driving an in-

crease in cell size per se, promotes senescence.41 Interest-

ingly, this work and two other recent studies, show that an in-

crease in cell size in cells arrested in the cell cycle by a CDK4/6

inhibitor compromises a cells’ ability to re-enter the cell cy-

cle.42,43 Together this indicates that increased growth signaling

is an important determinant for the increased sensitivity of
Molecular Cell 83, 4078–4092, November 16, 2023 4089
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cancer cells to CDK inhibitors that inhibit cellular proliferation

through senescence induction (Figure 7). Testing this in in vivo

models will increase the chances of successful CDK7i approval

and guide CDK4/6i clinical use. More fundamentally, it will

establish the potentially central role of cellular growth, in both

cancer and healthy cells, in driving a permanent exit from the

cell cycle.
Limitations of the study
Our work presents a strong case for the concept that active

cellular growth is an important determinate of the response of

cancer cells to CDK7 inhibitor-induced senescence. However,

whether an increase in cell size is sufficient to cause a perma-

nent arrest needs further analysis. Our data show a strong cor-

relation between cell size and a permanent arrest, but there is

no binary distinction, i.e., a clear threshold. This might indicate

that cellular growth signaling drives a permanent arrest partially

independent of cell size, but other options are possible. For

example, higher stress levels (genotoxic, proteotoxic, osmotic,

etc.) of individual cells might prevent some small cells from re-

entering the cell cycle. Alternatively, or in addition, some large

cells might stay longer in a G1 state, rather than exiting the cell

cycle, which could allow them to reenter the cell cycle. Future

work should focus on testing these options and other possibil-

ities to establish the role of cell size in a permanent cell-cy-

cle exit.

Although the current work is a mode of action study aimed at

disease positioning (stratification) a better mechanistic under-

standing should be established in more clinically relevant envi-

ronment, such as organoids or spheroids. In addition, the clinical

relevance of our finding should be established using patient-

derived xenograft models and on samples from clinical trials,

which is particularly timely, considering the recent FDA fast

tracking of the CDK7 inhibitor samuraciclib.
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Phosphatase inhibitor cocktail 2 Sigma Aldrich Cat#P5726

Phosphatase inhibitor cocktail 3 Sigma Aldrich Cat#P0044

Protease inhibitor cocktail Sigma Aldrich Cat#P8340

MOPS SDS Running Buffer (20X) Invitrogen Cat#NP0001

Immobilon Block-CH Merck Millipore Cat#WBAVDCH01
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TG NextSeq� 500/550 High Output Kit v2 (75 cycles) Illumina Cat#TG-160-2005
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Deposited data

Genome-wide CRISPR knockout chemogenetic

screen data

This paper GEO: GSE244434

Experimental models: Cell lines

hTERT-RPE1 ATCC CRL-4000

hTERT-RPE1-FUCCI Laboratory of Buzz Baum N/A

pre-B lymphoblastic human cell line: NALM-6 Laboratory of Stephen Elledge N/A

pre-B lymphoblastic human NALM-6 Cas9 clone #20 Bertomeu et al.20 N/A
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transduced with the EKO library

Bertomeu et al.20 N/A
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BT549 ATCC HTB-122

MCF7 PIK3CAmut Laboratory of Josh Lauring,
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N/A

MCF7 PIK3CAwt Laboratory of Josh Lauring,

Beaver et al.36
N/A

MCF7 PIK3CAmut expressing nuclear EGFP Laboratory of Simak Ali N/A

MCF7 PIK3CAwt expressing nuclear EGFP Laboratory of Simak Ali N/A
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Outer 1: AGCGCTAGCTAATGCCAACTT Bertomeu et al.20 N/A
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Bertomeu et al.20 N/A

Recombinant DNA

pTRIP-SFFV-EGFP-NLS Raab et al.44 Addgene: #86677

pLX-sgRNA Wang et al.45 Addgene: #50662

pCW-Cas9 Wang et al.45 Addgene: #50661

psPAX2 Laboratory of Didier Trono Addgene: #12260
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pCMV-VSV-G Stewart et al.46 Addgene: #8454

EKO (Extended knock-out) plasmidic library in

pLX-sgRNA

Bertomeu et al.20 N/A

Software and algorithms

FlowJo BD Biosciences RRID:SCR_008520 https://www.flowjo.com/solutions/flowjo

FIJI ImageJ

RRID:SCR_002285

https://imagej.nih.gov/ij/index.html

GraphPad Prism GraphPad Software Inc

RRID:SCR_002798

https://www.graphpad.com/scientific-

software/prism/

GOrilla: Gene Ontology Enrichment Analysis and

Visualization Tool

GOrilla RRID:SCR_006848 http://cbl-gorilla.cs.technion.ac.il/
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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, Robertus

A.M. de Bruin (r.debruin@ucl.ac.uk).

Materials availability
Material generated in this study can be made available upon request from the lead contact.

Data and code availability
d Genome-wide CRISPR knockout chemogenetic screen data have been deposited on GEO and are publicly available as of the

date of publication. Accession number is listed in the key resources table. All other raw data will be shared by the lead contact

upon request.

d This paper does not report original code.

d Any additional information required to reanalyse the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell lines used were immortalized hTERT human Retinal Pigment Epithelial 1 (RPE1) (ATCC CRL-4000), hTERT-RPE1-FUCCI cells

(a gift from Buzz Baum, MRC LMB, Cambridge, UK), NALM-6 cells (a gift from Stephen Elledge, Harvard Medical School, Boston,

MA, USA), MCF7 cells (ATCC HTB-22), T47D (HTB-133) and BT549 (HTB-122) cells. The pair of isogenic MCF7 cell lines, with

and without PIK3CA mutation, were published previously and created by somatic gene targeting to correct the native E545K muta-

tion in PIK3CA as previously described.36

Retinal Pigment Epithelial 1 cells were cultured in DMEM/F12 media supplemented with 10% fetal bovine serum (Sigma Aldrich),

1% penicillin/streptomycin (Gibco) and 3% sodium bicarbonate (Gibco). NALM-6, T47D and BT549 cells were cultured in RPMI me-

dia supplemented with 10% fetal bovine serum (Sigma Aldrich) and 1% penicillin/streptomycin (Gibco). MCF7 cells were cultured in

DMEM media supplemented with 10% fetal bovine serum (Sigma Aldrich) and 1% penicillin/streptomycin (Gibco). All cells were

cultured at 37�C with 5% CO2.

The pair of isogenic MCF7 cell lines, with and without PIK3CA mutation, were made to stably express nuclear EGFP, by lentiviral

transduction of pTRIP-SFFV-EGFP-NLS (Addgene, #86677) packaged in HEK293T cells, to allow for accurate quantification of cell

number via IncuCyte Zoom.

METHOD DETAILS

Drug treatments
Cells were treatedwith samuraciclib at the specified final concentrations, with etoposide (SigmaAldrich, E1383) (0.5 mg/ml), with camp-

tothecin (Sigma Aldrich, 208925) (2 mM) with Bafilomycin A1 (Sigma Aldrich, B1793) 1 hour prior to 5-dodecanoylaminofluorescein

di-b-D-galactopyranoside (C12FDG) addition (100 nM), with Torin1 (Merck Millipore, 475991) (25 nM) and with THZ1 (Apex Bio,

A882) (50 nM). DMSO (Sigma Aldrich, D2438) was the vehicle control in each experiment and the highest concentration used was

0.0012% of total volume.
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Cell proliferation and viability
To determine the GI50 concentration of samuraciclib, cell number in response to drug treatment was assessed using the sulforhod-

amine B (SRB) assay.47 Cells were left to adhere for 48 hours at 37�Cand 5%CO2. After 48 hours, serial dilutions of samuraciclib were

added to the well, with final concentrations of the compounds ranging from 20 mM to 0.076 nM. DMSO was added as a control at a

final concentration of 0.001%. On the same day a control seeding plate was fixed to allow quantification of cell growth. The cells were

incubated with the range of compound dilutions for 48 hours. After 48 hours, cells were fixed with 40% Trichloroacetic acid (Sigma

Aldrich, T0699) and then incubated with SRB sodium salt (Sigma Aldrich, S9012) (0.4% in 1% acetic acid) for 1 hour at room tem-

perature. After air drying, 10 mM Tris base was added to the cells and absorbance was measured at 492 nm on a VersaMax Tunable

Microplate Reader (Molecular Devices). The data was then analysed to determine the percentage growth compared to the seeding

plate fixed prior to addition of compound dilutions.

To assess cell viability, the MTT assay was carried out using the MTT Cell Growth Assay Kit (Millipore, CT02) following manufac-

turer’s instructions. Cells were incubated with the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide) solution for

2-4 hours at 37�C, before the precipitate that formed was dissolved using 0.04 N HCl in isopropanol. Absorbance was measured

at 570 nm on a VersaMax Tunable Microplate Reader (Molecular Devices).

To determine the response of the pair of isogenic MCF7 cell lines, with and without PIK3CAmutation, expressing nuclear EGFP to

drug treatment for 30 days, plates were imaged using an IncuCyte Zoom every 3 days and nuclear EGFP was used to assess cell

numbers. Culture medium and drugs were replenished every 3 days.

Flow cytometry
For analysis of Annexin V/propidium iodide (PI), cells were collected by trypsinisation, and Annexin V stainingwas carried out using an

Annexin V-iFluor 647 Apoptosis Detection Kit (Abcam, ab219919), following manufacturer’s instructions. Cells were trypsinised and

washed with PBS. They were then incubated in Assay buffer containing the Annexin-V iFluor 647 conjugate for 30 minutes at room

temperature. After this, PI (Sigma Aldrich, P4864-10ML) was added to each sample at a final concentration of 10 mg/ml and the cells

were then analysed by flow cytometry.

For analysis of EdU/DAPI, EdU was added to the cell culture media at the final concentration of 10 mMand cells were incubated for

1 hour at 37�C with 5% CO2. Cells were trypsinised and resuspended in PBS and then fixed in 4% Formaldehyde (Sigma Aldrich,

252549) for 15 minutes at room temperature. EdU detection was then performed using Click-iT EdU Alexa Fluor 647 Flow Cytometry

Assay Kit (Thermo Fisher, C10424) following manufacturer’s instructions. Prior to EdU detection, cells were counted and diluted to

the same number in each sample. Cells were washed in 1 mg/ml BSA in PBS and resuspended in saponin-based permeabilization

and wash reagent at room temperature for 15 minutes. Cells were then resuspended in Analysis buffer and incubated at room tem-

perature for 30 minutes. After this, cells were incubated in 0.5 mg/ml DAPI (Sigma Aldrich, D9564) for at least 15 minutes at room tem-

perature and then analysed.

For analysis of DNA content by PI staining, cells were trypsinised and fixed in 70% ethanol at -20�C overnight. After centrifugation,

the cell pellet was washed with PBS. Cells were then incubated in 350 ml PBS with 100 mg/ml RNaseA (Sigma Aldrich, R4875) and

50 mg/ml PI overnight at 4�C.
For analysis of SA b-gal activity, flow cytometry was carried out as previously described in Debacq-Chainiaux et al.16 andCahu and

Sola17. Prior to cell collection, the cell’s media was changed, and cells were incubated with Bafilomycin A1 at a final concentration of

100 nM for 1 hour at 37�C. After this, the cells were incubated with C12FDG (Invitrogen, D2893) at a final concentration of 33 mM for

2 hours at 37�C. The cells were then trypsinised and centrifuged at 300 xg for 5 minutes at 4�C. The cell pellets were resuspended in

500 ml of ice-cold PBS and analysed by flow cytometry.

For all experiments using the flow cytometer, samples were measured on a BD LSRII flow cytometer using DIVA software (BD) and

analysed using FlowJo software.

Western blot
Cell extracts were prepared in RIPA buffer (Tris pH 7.5 20 mM, NaCl 150 mM, EDTA 1 mM, EGTA 1 mM, NP-40 1%, NaDoc 1%),

phosphatase inhibitor cocktail 2 and 3 (Sigma Aldrich P5726 and P0044) 1:1000, and protease inhibitor cocktail (Sigma Aldrich

P8340) 1:1000. Proteins were separated on NuPAGE Novex 4-12% Bis-Tris protein gels (Invitrogen, NP0322) in MOPS running

buffer (Invitrogen, NP0001) and transferred onto nitrocellulose membrane (Sigma, GE10600001) by wet transfer in transfer buffer

(25 mM Tris base, 250 mM glycine, 10% ethanol). Membranes were blocked in 5% milk dissolved in PBS/0.2% Tween or in Im-

mobilon Block-CH reagent (Merck Millipore, WBAVDCH01) for 1 hour at room temperature. Membranes were then incubated in

primary antibodies overnight at 4�C. Following PBS/0.2% Tween washes, membranes were incubated in secondary HRP anti-

bodies for 1-2 hours at room temperature. HRP was visualised using Immobilon Crescendo Western HRP substrate (Merck Milli-

pore, WBLUR0100).

Primary antibodies used were anti Caspase 3 (Cell Signaling Technology 9662 rabbit 1:1000), anti Phospho-CDK1 (Thr161) (Cell

Signaling Technology 9114 rabbit 1:100), anti Phospho-Histone H2A.X (gH2AX) (Ser139) (Cell Signaling Technology 9718 rabbit

1:250), anti Phospho-Chk2 (Thr68) (Cell Signaling Technology 2661 rabbit 1:500), anti p16INK4a (Abcam ab108349 rabbit 1:2000),

anti p21CIP1 (Cell Signaling Technology 2947 rabbit 1:2000), anti-Lamin B1 (Abcam ab16048, rabbit, 1:5000), anti Phospho-Rb

(Ser807/811) (Cell Signaling Technology 8516 rabbit 1:1000), anti Rb (Cell Signaling Technology 9309, mouse 1:500), anti
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Phospho-RNA polymerase II CTD repeat YSPTSPS (Ser5) (Abcam ab5131 rabbit 1:5000), anti Phospho-p70 S6 kinase (Thr389) (Cell

Signaling Technology 9234 rabbit 1:1000), anti p70 S6 kinase (Cell Signaling Technology 2708 rabbit 1:1000), anti Phospho-S6 ribo-

somal protein (Ser235/236) (Cell Signaling Technology 2211 rabbit 1:1000). GAPDH (Genetex GTX627408mouse 1:10000), a-tubulin

(Cell Signaling Technology 3873 mouse 1:20,000) and vinculin (Abcam ab129002 rabbit 1:20,000) were used as loading controls.

Secondary antibodies used were goat anti-mouse IgG HRP conjugate (Thermo Fisher Scientific PA1-74421 1:4000) and goat anti

rabbit IgG HRP conjugate (Thermo Fisher Scientific 31460 1:4000).

Immunofluorescence
Cells were plated on coverslips precoated with fibronectin (Sigma Aldrich, F1141). Cells were fixed in 4% Formaldehyde (Sigma

Aldrich, 252549) for 20 minutes at room temperature and then permeabilised with 0.2% Triton X-100 (Sigma Aldrich, T8787) in

1x PBS for 5 minutes at room temperature. Cells were blocked in 1% BSA 0.2% Tween in PBS for 1 hour at room temperature

and incubated in primary antibody, anti Phospho-Histone H2A.X (gH2AX) (Ser139) (Cell Signaling Technology 9718 rabbit 1:1000),

overnight at 4�C. Coverslips were incubated the following day in secondary antibody (Alexa Fluor 647 goat anti-rabbit, Invitrogen

A21244, 1:2000) for 2 hours at room temperature. Coverslips were stained with Hoechst (Invitrogen, H3570), 1:10000 in 1x PBS

and mounted on slides with Fluoroshield (Sigma Aldrich, F6182). Images were acquired with Leica SPE2 confocal microscope using

a 40x objective lens and processed with Fiji. 100 cells were analysed per sample.

Detection of senescence-associated b-galactosidase activity
For detection of SA b-gal activity, cells were stained using a Senescence b-galactosidase staining kit (Cell Signaling Technology,

9860) following manufacturer’s instructions. Cells were fixed with 1X fixative solution for 15 minutes at room temperature. After

washing with PBS, cells were incubated in 1.5 ml of b-galactosidase staining solution overnight at 37�C in the absence of supple-

mented CO2. All images were acquired with a Leica DM IRB microscope using a 10x objective lens.

Quantification of cell volume
For analysis of cell volume, cells were trypsinised and resuspended in culture media. They were then diluted 1:10 in Coulter Isoton II

diluent (Beckman Coulter, 8546719) and cell volumes determined using a particle sizing and counting analyser (Multisizer 4 Coulter

counter, Beckman Coulter) with Multisizer 4 software.

Live-cell imaging and analysis
hTERT-RPE1-FUCCI cells were used for live-cell imaging. For samuraciclib treatment experiment, hTERT-RPE1-FUCCI cells were

plated in a 6-well plate one day prior to the start of the experiment. The following day cells were treated with vehicle control

(DMSO) or samuraciclib and imaging was started for 48 hours. For samuraciclib wash-out/release experiment, hTERT-RPE1-FUCCI

cells were treated with vehicle control (DMSO) or samuraciclib for 72 hours. Cells were then washed five times with PBS and fresh

media was added after which imaging was started for 72 hours.

Live-cell imaging was performed on a Nikon Ti inverted microscope stand with a Nikon DS-Qi2 high sensitivity scientific CMOS

camera using a 20x objective lens. Fluorescence filter sets were Nikon GFP HQ and Texas Red cubes. Fluorescence light source

was a CooILED pE-300. The Nikon DS-Qi2 camera acquisition was binned 3x to enhance sensitivity. Phase contrast and fluores-

cence images were taken every 10 minutes. Cells were maintained at 37�C with 5% CO2.

Time-lapsemovieswere analysedmanually by single cell tracking and determining the time of colour changes between red, yellow,

green and loss of colour of FUCCI cells. Manual analysis could have resulted in slight differences in colour switch timings. Only cells

that were in the field of view throughout the entire movie were included in the analysis and the daughter cells inherited the mother’s

track history. Therefore, a mother cell that divided once was presented as two single cell cycle FUCCI profile tracks and was counted

as two cell cycle states. For the wash-out/release experiment, red cells were marked at the first timepoint and tracked. Cell cycle

entry after samuraciclib wash-out was determined by yellow colour switch. Nuclear area was calculated in Fiji after nuclear segmen-

tation using Bernsen local thresholding.

Genome-wide CRISPR knock-out chemogenetic screen
sgRNAs pooled library generation

The pooled library of 278, 754 different sgRNAs called EKO (extended-knockout) was inserted within the pLX-sgRNA plasmid (Addg-

ene #50662) and lentivirus was generated in HEK-293T cells as previously described.20 A doxycycline-inducible Cas9 clonal cell line

of NALM-6 (using plasmid pCW-Cas9, Addgene #50661) was generated, infected with the pooled lentivirus libraries and underwent

blasticidin selection as previously described.

Proliferation assay

To determine the IC30 concentration of samuraciclib in NALM-6 cells, a Beckman Coulter BioMek FX robot was used to mix NALM-6

cells with 11 different concentrations of the drugs (1:3 dilutions) and they were then loaded into 384-well plates, keeping solvent con-

centration constant (0.1%) across all wells (IRIC’s HTS platform, Montréal, Canada). Plates were kept for 3 days in a high humidity

chamber installed in a 37�C 5% CO2 incubator. 50 ml of CellTiter-Glo reagent (Promega) was then added, plates were shaken for

2 minutes, and luminescence read on a BioTek Synergy/Neo microplate reader.
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Chemogenetic screen

A NALM-6 doxycycline-inducible Cas9 clone previously infected and blasticidin-selected following lentiviral infection with EKO lenti-

virus (MOI of 0.3 and a representation of at least 500 cells per sgRNA) was thawed (representation of at least 250 cells per sgRNA) and

treatedwith 2 mg/ml doxycycline to induce Cas9 expression 7 days before samuraciclib was added. Prior to drug addition, aminimum

of 70million cells were collected as samples that had had doxycycline added but had not been treatedwith drugs. The remaining cells

were diluted to 400 000 cells per mL. 28 million cells (100 cells per sgRNA) were treated with 350 nM samuraciclib (the IC30 concen-

tration) and 70 million cells were treated with 0.1% DMSO. A minimum of 70 million cells were left untreated as control. Cell concen-

tration was monitored every 2 days by diluting 1ml of the cells 1:10 in Isoton II diluent and using a Beckman Coulter Z2 particle count

and size analyser. The cells were diluted accordingly to prevent cells from arresting and compounds or DMSO added to maintain

initial concentration. After 8 days, the different populations of cells were pelleted, washed with PBS and frozen.

Next Generation Sequencing
Genomic DNA extractions were done using the Gentra Puregene Cell kit (Qiagen). sgRNA sequences were amplified by PCR using

462 mg of genomic DNA (corresponding to 70 million cells), 575 mL 10X reaction buffer, 115 ml 10 mM dNTPs, 23 ml 100 mM primer

Outer 1, 23 ml 100 mM primer Outer 2, 115 ml DMSO and 145 units of GenScript Green Taq DNA polymerase in a total volume of

5.75 mL or 185 mg (28 million cells; same PCR recipe in 2.5X smaller volumes) as templates. Whenever DNA quantities requirements

were not met, everything was used and a corresponding fewmore cycles performed. Multiple 100 ml reactions were set up in 96-well

formats on a BioRad T100 thermal cycler and the steps were as follows: 95�C5minutes, 25 cycles of 35 seconds at 94�C, 35 seconds
at 52�C and 36 seconds at 72�C, final step of 10minutes at 72�C after the last cycle. Completed 100 ml reactionmixes were combined

into one tube and vortexed and 1.5 mL aliquots were concentrated to 100 ml by ethanol-precipitation.

A second PCR reaction was performed to add Illumina sequencing adapters and 6 bp indexing primers, using 10 ml of 1:20 dilution

of unpurified PCR1 product, 10 ml 5X buffer Kapa, 5 ml 2,5 mM dNTPs, 1 ml of PAGE-purified equimolar premix 100 mM TruSeq Uni-

versal Adapter 0, 1 ml of 100 mM PAGE-purified TruSeq Adapter with appropriate index, 1 ml DMSO and 5 units Kapa HiFi HotStart

DNA polymerase and volumes brought to 50 ml total volume. The steps of the PCR reaction were as follows: 5 minutes at 95�C,
5 cycles of 15 seconds at 95�C, 30 seconds at 50�C and 30 seconds at 72�C, 5 cycles of 15 seconds at 95�C, 30 seconds at

56�C and 30 seconds at 72�C, followed by 5 minutes final step at 72�C after the last cycle. A 238-239 bp amplicon was purified using

a 1:1 ratio of Spry beads (AxyPrepMag FragmentSelect-I, Axygen) and 45 bpwas read on an Illumina NextSeq 500with the 23 first bp

read in dark cycles (IRIC’s genomic platform, Montréal, Canada). Sequencing coverage was close to 20 samples per lane.

QUANTIFICATION AND STATISTICAL ANALYSIS

GraphPad Prism was used to carry out statistical analysis. Statistical details for each analysis can be found in the figure legends and

figures. Statistical tests used and the number of independent experiments are indicated in figure legends.

Key for statistical analysis used throughout: ns=P > 0.05, *=P < 0.05, **=P < 0.01, ***=P < 0.001, ****=P < 0.0001.

For the chemogenetic screen, reads were aligned using Bowtie2.2.548 in the forward direction only (-norc option) with otherwise

default parameters and total read counts per sgRNA tabulated. Read counts from the different time-points of the control screens

were summed, including untreated, 0.1% DMSO-treated and 0.1% ethanol-treated samples, to generate a single reference sgRNA

distribution. Gene scores were calculated using the RANKS tool,20 with a minimal read threshold of 200 and otherwise default set-

tings. Statistical analysis of Gene Ontology (GO) enrichment was carried out using GOrilla, a web-based GO analysis tool.21,22 The

REVIGOweb server was used to produce a representative sub-set of GO terms.23 The FDR q-value is the corrected p-value using the

Benjamini and Hochberg method.21,22,49

The enrichment value is defined as enrichment = (b/n) / (B/N) where:

d N=the total number of genes

d B=the total number of genes associated with a specific GO term

d n=the number of genes in the target set

d b=the number of genes in the intersection21,22
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