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Abstract

Entry into mitosis is mediated by the switch-like activation of CDK/Cyclin B.

This needs to be tightly regulated to ensure that mitosis occurs at the right time

in the cell cycle after completion of DNA replication. Mathematical models of

this feedback system predict that mitotic entry is bistable, meaning that cells can

only exist in either an Interphase or mitotic state, but not arrest in intermediate

stages. A positive feedback in the Cdk1 activation loop that results in the removal

of inhibitory phosphorylation sites on Cdk1, T14 and Y15, has been proposed to

generate different thresholds for transitions between Interphase and M phase.

Recent work on mitotic control also suggests that the major Cdk1 counteract-

ing phosphatase, PP2A-B55, needs to be inhibited as cells progress into mitosis.

This requires Gwl kinase generating an additional feedback loop. In vitro experi-

ments suggest that the regulation of PP2A-B55 By Gwl also constitutes a bistable

switch. How Cdk1 activation and PP2A inactivation are interlinked in the G2/M

switch and how either pathway contributes to bistability remains to be explored

in vivo.

We have addressed these questions by combining quantitative cell biology as-

says and mathematical modelling that includes both kinase and phosphatase reg-

ulation using quantitative assays in human cell lines to estimate numerical param-

eters for the model. Our results show that the mitotic switch displays hysteresis

and bistability and that phosphatase inhibition and kinase activation are each

sufficient to maintain it; only abrogation of both mechanisms eliminates a stable
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barrier between interphase and mitosis. Loss of bistability has as consequences for

mitotic progression and cell proliferation, as they fail to stabilize the metaphase

state and are also unable to initiate progression through mitosis toward cell di-

vision and G1. Our model predicted a third stable steady state that represents

a prophase arrest in between mitosis and interphase. We verified experimentally

this prediction of the model which supports the predictive value of it.

Further work explored the contribution of other phosphatases to the G2/M

switch system and a synergistic effect between Gwl kinase and inhibition of Cdk4.

Overall, this work presents a comprehensive quantitative model for the mammalian

mitotic entry switch and sheds new light on its regulation.
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PP1 arrest (entry, top two panels) or treated with 2 µM 1NM-PP1

90 min after mitotic arrest in MG132 (exit, bottom two panels).

Time in minutes after release into MG132 (top panels) or 1NM-

PP1 re-addition (bottom panels) is shown. Cells were treated with

sirDNA for DNA staining (overnight), images were taken in DIC

(to look at the boundaries of the cell) and immunoourescence (DNA

condensation, CY5 channel). Scale bars indicate 10 µm. . . . . . . 94
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3.6 Mitotic entry and exit assay. Galleries of nuclei from HeLa cdk1as

cells, imaged 4 hr after entry and exit treatments (1NM-PP1 con-

centrations in µM as indicated above the panels). Cells were fixed

and treated with Hoechst for DNA staining, images were taken in

DAPI channel. For each panel, one hundred nuclei were randomly

chosen by Olympus SCANR software, from around 1000-5000 cells

in each well using a 96 well plate. Interphase nuclei appear rounded

and enlarged; mitotic nuclei are rod-shaped and condensed. The

red lines indicate the borders upon which 1NM-PP1 is becoming

active for either entry or exit. . . . . . . . . . . . . . . . . . . . . . 96

3.7 Mitotic entry and exit assay. A) Quantifications of entry and exit

experiments in HeLa cdk1as cells. Mitotic cells vs non-mitotic cell

quantification was made for each panel and in each condition. The

values are means of three biological repeats (N = 100 per repeat),

and error bars indicate standard error (SE). B) Temporal dynamics

of mitotic entry at increasing 1NM-PP1 concentrations from live-cell

imaging analysis, corresponding to one experiment per condition.

C) Levels of mitotic cyclins in G2- and M-arrested cells analyzed by

immunoblotting with indicated antibodies. Each panel shows four

steps of a serial 1:1 dilution of extracts. Actin was used as a control

(Western Blot made by Dr Helfrid Hochegger). Fig. B was made

by Stephy Joseph . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97
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3.8 The Matlab code. The percentage of mitotic cells was quantified

over time using an automated detection algorithm in MatLab cre-

ated by Fengwei Yang and Dr Anotida Madzvamuse from the Math-

ematics department at the University of Sussex. This code was able

to detect the rounding up of the cells per frame and quantify the to-

tal number of cells by the DNA staining. It is based on estimating

the total number of cells in the field of view based on segmenta-

tion of DNA stained nuclei using a standard Otsu algorithm (Otsu

(1979)); mitotic cells were detected by the change in intensity in the

phase contract channel during cell rounding. To identify the result-

ing bright halo circles in the segmentation, the algorithm employed

was based on a circular Hough Transform that filtered the identified

objects by circularity and size (Atherton and Kerbyson (1993). . . 98

3.9 Contribution of Cdk1 and PP2A-B55 feedbacks to hysteresis. Per-

centage of cells entering into (red) and staying in (blue) mitosis at

different Cdk1 inhibitor concentrations, quantifications of entry and

exit experiments in HeLa cdk1as cells. Mitotic cells vs non-mitotic

cell quantification was made for each panel and in each condition,

treated and quantified as in (Fig. 3.6 ). A) Control, B) Wee1 in-

hibited, C) Gwl depleted, and both D) Wee1 inhibited and Gwl

depleted cells, each of them with means of 3 or 4 biological repeats

(N = 100 per repeat) and errors bars indicating SE. . . . . . . . . 100
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3.10 Mitotic entry time courses. Dynamics of mitotic entry at increasing

1NM-PP1 concentrations (0, 0.1, 0.2, and 0.4 µM) from live-cell

imaging analysis in cells subjected to indicated treatment. Cells

were plated into a 4 imaging chamber, synchronized in G2 by ad-

dition of 1NM-PP1 for 20 hours and later released from the block,

re-adding different concentrations of 1NM-PP1 before filming. Cells

were treated with Gwl and Scr siRNA 48 hours before filming. Wee1

inhibitor was added just after the G2 release. Cells were also treated

with sirDNA for 20 h as a mean to verify DNA condensation. A)

Control. B) Wee1 inhibition. C) Gwl depletion. D)Wee1 inhibi-

tion/Gwl depletion. Graphs represent the mean of three indepen-

dent experiments and error bars indicate standard error (SE). All

with means of 3 biological repeats (4 frames per repeat), and N=300

to 400 cells per frame . . . . . . . . . . . . . . . . . . . . . . . . . 102
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3.11 Left: Phase diagram plotting substrate phosphorylation vs inhibitor

concentration showing the three stable states predicted by our math-

ematical model. Cells will progress from G2 (blue steady state

curve) to mitosis (red steady state curve) at inhibitor concentra-

tion theta entry. Under these conditions the intermediate steady

state (orange steady state curve) is not reached. Only if the in-

hibitor concentration rises again while the cell is between G2 and

mitotic steady states will the system end up in the intermediate

steady state. Right: A, B, C and D show how the system can reach

this intermediate stable steady state by inhibiting Cdk1 activity

(gray circle) while cells go into mitosis but before NEBD. When

Cdk1 is inhibited, Cyclin B accumulates (A), when the inhibitor is

washed out, it increases its activity and the phosphorylation sta-

tus of the system (B). If the Cdk1 inhibitor is added at the right

time, the system will be able to reach the intermediate state (C, D)

(Modelling and graphs made by Dr Scott Rata, from the Prof Bela

Novak group). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105
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3.12 Strategy and confirmation of Cyclin B-mVenus tag on HeLa cdk1as

cell line. A) Gene targeting method for Cyclin B1, including left and

right arm of the C-terminus of Cyclin B (around 1000 base pairs,

each), a GFP tag, introduced into a pAAV-CMV vector. B) Western

Blot analysis of Cyclin B-mVenus tag cells and Wild Type (WT),

using asynchronous whole cell extracts at a concentration of 100,000

cells per 10 µL of lysis buffer, using GFP and Cyclin B antibodies to

verify the presence of the tag, comparing sizes of endogenous Cyclin

B and the tagged one. C) Time-lapse screenshots of Cyclin B-

mVenus tag translocation into nucleus, from G2-M phase (labeled).

Cyclin B-mVenus tagged, DNA and DIC are shown in green, red

and gray, respectively. Bar indicates 10 µm, and time is shown in

hours . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107

3.13 Modified version of hysteresis assay: Explanation of the synchro-

nization protocol to obtain cells arrested in prophase. After G2

release, the cells will be advancing to the mitotic state were adding

the Cdk inhibitor at the correct time without yet having reached it,

will make them stop at that intermediate state. . . . . . . . . . . . 108
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3.14 Testing predictions of the model: A) Representative images of Cy-

clin B1-GFP-tagged HeLa cdk1as cells washed from 1NM-PP1 ar-

rest and retreated with 1 µM of 1NM-PP1 25 min after release.

Time after re-addition of 1NM-PP1 is indicated in minutes; scale

bars correspond to 20 µM. Left panels show cells moving back to G2

(chromosome decondensed and Cyclin B is exported and cells flat-

ten); middle panels show cells moving to mitotic arrest(chromosome

condensation, NEBD, and cell rounding); right panels show cells

that remain in prophase (chromosomes partially condensed, Cyclin

B remains nuclear, and cells remain rounded up). B) Quantification

of the amount of cells for each of the phenotypes, in cells treated as

described in (A) 4 hr after 1NM-PP1 addition. N => 20 in three

independent experiments, error bars indicate SE). C) Measurements

of cytoplasmic versus nuclear Cyclin B1 ratio in single cells, using

cells that were going back to G2 and cells that remained in the

prophase-like state , using live cell imaging, following GFP-Cyclin

B tagged cells. Measurement was made with ImageJ, N => 20. . . 110
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3.15 Testing predictions of the model: A) Representative images of cells

fixed 4 hr after 1NM-PP1 readdition and stained by immunofluores-

cence with indicated antibodies (for pSubstrate the antibody used

recognizes phospho-serine in a (K/H)S[*]P motif, which is prefer-

entially phosphorylated by CDKs. The antibody does not cross-

react with phospho-threonine or phospho-tyrosine containing pep-

tides/proteins). Scale bar, 10 µM. B) Quantification of CDK sub-

strate phosphorylation, Cdk1 Y15 phosphorylation, and nuclear sur-

face of cells in the G2/M and prophase steady states (data are from

three independent experiments; N > 40 per experimental repeat;

error bars indicate SD; p values were assessed using an independent

two-sample t-test (significant[***] p < 0.001 or not significant [*]

p < 0.05 values are indicated). . . . . . . . . . . . . . . . . . . . . . 111

3.16 Loss of bistability has consequences for mitotic progression and cell

proliferation. A) Representative images of HeLa cdk1as cells pro-

gressing through mitosis after combined Gwl depletion and Wee1

inhibition. Cells were treated with Gwl siRNA (Smartpools) for 48

hours, sirDNA for 20 hrs and Wee1 was added just before the start

of the microscopy imaging. Time intervals are indicated in hr:min;

scale bars indicate 10 µm. B) Quantification of mitotic phenotypes

from live-cell imaging in HeLa cdk1as cells. (This experiment was

performed and analysed by Dr Helfrid Hochegger) . . . . . . . . . 113
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3.17 A) Cell cycle profiles of MDA-MB-231 cells following DOX inducible

Gwl knockout and Wee1 inhibition (MK1775, MK in the figure) us-

ing Edu (replicating population) and PI (DNA content) staining for

FACS analysis. B) Average values for Edu positive and negative S

phase populations of MDA MB 231 cells after Gwl depletion and or

Wee1 inhibition. Values are from three independent experiments; N

= 10,000 per experiment; error bars indicate SD. C) Proliferation

assays following increasing time of Wee1 inhibition in MDA-MB-

231 cells following Ctrl and Gwl gRNA/Cas9 induction. Cells were

counted based on Hoechst staining and nuclear segmentation 6 days

after Wee1 inhibitor pulse treatment (figure given by Dr Helfrid

Hochegger). Values are from three independent experiments; N>

500 per experiment; error bars indicate SD. p values were assessed

using an independent two-sample t-test (significant[***] p < 0.001

or not significant [*] p < 0.05 values are indicated). D) Colony

formation assays in MDA-MB-231 cells following Ctr and Gwl gR-

NA/Cas9 induction and 24-hr incubation with Wee1 inhibitor at

the indicated concentrations. 5,000 cells were plated into each 6-

well plate, stained and imaged 2 weeks after Wee1 inhibitor pulse

treatment. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115
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3.18 A) Representative images of time-lapse experiment with PCNA-

mRuby tagged Cyclin A2 depleted cells. The imaging sequence was

started at the time of Doxycycline addition (to initiate OSTiR1

production), and degron activity was triggered three hours later

by the addition of IAA and Asv, or PBS (shown as a black line).

Time is shown as hh:min. B) Single-cell analysis of N > 40 cells

per condition treated as described in (A), to quantify the amount

of cells capable to got into mitosis. Only cells that were in S phase,

found by the appearance of PCNA loci, were taken into account

from an asynchronous population. . . . . . . . . . . . . . . . . . . 117

4.1 Western blots showing SiRNA against B55 α and δ (10, 20 and

30 nM) and PP2AC (20 nM). SiRNA (SMARTpool, Dharmacon)

for B55α and δ were transfected into Hela cdk1as. 2 mL of media

with a concentration of 1x105 per mL were placed in a 6 well plate.

B55 smart pools of were added in concentrations of 10, 20 and 30

nM (each), with 2.5µl of lipofectamine (Lipofectamine RNAiMAX,

Thermo Fisher Scientific) in MEM media, with no antibiotics or

serum. GAPDH siRNA was used as positive control for transfec-

tion in a concentration of 20nM. They were left at RT for 15-20 min

and then added into the media with cells dropwise. Cells were col-

lected 72 hours after transfection and prepared for western blotting,

using a rabbit αB55 PAN antibody (Santa Cruz), rabbit GAPDH

(Abcam) and α Tubulin (Abcam), using asynchronous whole cell

extracts at a concentration of 100,000 cells per 10 µL of lysis buffer. 124
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4.2 Hela cdk1as cells assay. A) Representative images of a control Hela

cdk1as release experiment (as performed in Chapter 3), showing

DIC (gray), Tubulin (Green) and DNA staining (Red), showing the

amount of mitotic vs non-mitotic cells. B) Quantification of 3 differ-

ent release experiments, each experiment using 4 frames, N= 100 to

200 cells per frame. A) Representative images of Hela cdk1as con-

trol siRNA release experiment showing DIC (gray), Tubulin (Green)

and DNA staining (Red). B) Quantification of 1 release experiment,

using 4 frames, N= 100 to 200 cells per frame. . . . . . . . . . . . 125

4.3 Western blots showing SiRNA against B55 α and δ, UT and GAPDH.

SiRNA (SMARTpool, Dharmacon) for B55α and δ, and GAPDH

(Qiagen) were transfected into Hela cdk1as. 2 mL of media with a

concentration of 1x105 per mL were placed in a 6 well plate. B55

smart pools of were added in concentrations 10 nM and 20nM (each)

and GAPDH in 40nM, with 2.5µl of transfection reagent (Lipofec-

tamine (left), Dharmafect, Dharmacon (right)) in MEM media, with

no antibiotics or serum. Untransfected cells (UT) were used as pos-

itive control for transfection. SiRNA transfected cells were left at

RT for 15-20 min and then added into the media with cells drop-

wise. Cells were left in the same media for 24 h and full media was

changed afterwards. Cells were collected 72 hours after transfec-

tion and prepared for WB, using asynchronous whole cell extracts

at a concentration of 100,000 cells per 10 µL of lysis buffer, the

mentioned primary antibodies and left in secondary antibodies for

1 h. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127
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4.4 Quantification of Entry release experiment as seen in Chapter 3,

with B55α and δ smartpools (A, 2 repeats) and Control siRNA (B,

3 repeats). Each biological repeats using 4 frames per repeat, and

N=300 to 400 cells per frame, using Hoechst as the DNA staining.

Bars indicate SE . . . . . . . . . . . . . . . . . . . . . . . . . . . . 128

4.5 Flag-Ensa everexpression. WB of picked clones -/+ 24 h Dox in-

duction. A final concentration of 2µg/mL Dox was used to induce

Flag-Ensa overexpression. Asynchronous whole cell extracts at a

concentration of 100,000 cells per 10 µL of lysis buffer were used,

with the mentioned antibodies left for 2 hours and secondary for 1

hour. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129

4.6 The auxin-dependent degradation. Schematic illustration of AID

degradation. Proteins are recognized by an AID and addition of

auxin triggers recruitment of the SCF-TIR1 ubiquitin E3 ligase.

Ubiquitylation of the protein occurs at the target protein leading to

proteasomal degradation (adapted from Nishimura et al. (2009b)). 132

4.7 Small molecule-assisted shutoff (SMASh) technique, The protein

of interest (POI) is fused to NS3/4 through an NS3 cleavage site.

NS3 is cleaved from the POI and degraded, while the native POI is

stable. Upon addition of the NS3 inhibitor asunaprevir (or others),

NS3 cleavage is inhibited and the entire fusion protein is degraded.

(Taken from Chung et al. (2015)) . . . . . . . . . . . . . . . . . . . 133
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4.8 Rosa 26 MCS plasmid creation. A) Rosa26 arms were obtained

by PCR and later integrated by Gibson assembly into BlueScript

plasmid. Picture showing miniprep of picked up clones, cut enzy-

matically with mentioned cutting enzyme and then separated by

electrophoresis (left) and virtual cutter showing the predicted size

after enzymatic cut (right). B) Tet-On system and MCS where

PCR from plasmids and then Gibson assembly was used to put

them together. Picture showing miniprep of picked up clones, cut

enzymatically with a cutting enzyme and then separated by elec-

trophoresis (left) and virtual cutter showing the predicted size af-

ter enzymatic cut (right). C) Information regarding the plasmid,

containing a Tet-On doxycycline induction system with a lentiviral

promoter (hPGK), coupled to an SV40 promoter that will provide

the cells with Zeocin resistance, between the Left and Right arms

of the Rosa26 locus (Rosa L and R arms) . . . . . . . . . . . . . . 135

4.9 Westernblot (WB) of OsTIR1 clones in the presence/absence of

Dox. Induction was for 24 h. A final concentration of 2µg/mL

Dox was used to induce OsTIR1 expression. Asynchronous whole

cell extracts at a concentration of 100,000 cells per 10 µL of lysis

buffer were used, with the mentioned antibodies left for 2 hours and

secondary for 1 hour. . . . . . . . . . . . . . . . . . . . . . . . . . . 136

4.10 NIPP1 cell line. Clones 21 and 25 of the NIPP1 Rosa26 locus plas-

mid. A) WB of the +/- Dox induction using NIPP1 antibody. B)

24 hours of DOX induction for the 21 and 25 clones. A final concen-

tration of 2µg/mL Dox was used to induce NIPP1 overexpression.

Asynchronous whole cell extracts at a concentration of 100,000 cells

per 10 µL of lysis buffer were used, with the mentioned antibodies

left for 2 hours and secondary for 1 hour. Bar indicates 200µm . . 139
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4.11 Screening of U2OS cdk1as control, GFP and NIPP1 entry and exit

assays. GFP and NIPP1 were Dox induced for 24 h, using a fi-

nal concentration of 2µg/mL Dox. Control, GFP and NIPP1 were

plated at the same time, and the assay was performed in the same

96 well plate and at the same time as mentioned in Chapter 3. Er-

ror bars are from one experiment, from the population. Graph and

error bars were made using Spotfire. . . . . . . . . . . . . . . . . . 140

4.12 NIPP1-NLS. Representative figure of NIPP1-NLS plasmid trans-

fected cells, and clone selected, top without Dox; bottom, with the

addition of Dox. A final concentration of 2µg/mL Dox was used to

induce NIPP1-NLS expression. Asynchronous whole cell extracts at

a concentration of 100,000 cells per 10 µL of lysis buffer were used,

with the mentioned antibodies left for 2 hours and secondary for 1

hour. Bar indicates 200µm. . . . . . . . . . . . . . . . . . . . . . . 142

4.13 shRNA of Arpp19/Ensa. Picture of selected clones -/+ 24 h DOX

induction: A) Representative images of DIC and GFP signals after

5 days of infection using lentivirus of Ensa and Arpp19 shRNA. B)

FACS plot of a GFP positive, SCR (control GFP only) and two

clones (11 and 17, GFP-shRNA). C) Western blot of cell lysates

using Ensa antibody to verify protein decrease and Actin as a con-

trol, showing untransfected (UT), Scr and Arpp19/Ensa shRNA

selected clones. Asynchronous whole cell extracts at a concentra-

tion of 100,000 cells per 10 µL of lysis buffer were used after 5 days,

with the mentioned antibodies left for 2 hours and secondary for 1

hour. Bar indicates 200µm. . . . . . . . . . . . . . . . . . . . . . . 143
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5.1 Representative DNA content histogram of Hoechst stained cells.

Measurement of nuclear DNA content by immunoflourscence was

used to assign cells to a particular phase of the cell cycle (DNA Sum)

using Spotfire software. The intensity corresponding to the centre

of the G1 peak was determined and then fed back into Harmony

software. This histogram shows the pattern from a single well of a

96 well plate, from an asynchronous population, N= 5000 to 6000

cells. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 158

5.2 Python plots of DNA content versus log EdU content in single cells.

DNA content was obtained by staining the cells with Hoechst, EdU

content using Click-iT technology to find the S phase cells, and

pRb phosphorylation using pRb (S780) phosphorylation antibody

for the phosphorylation amount related to the intensity of each cell

(IF intensity). Plots shows major cell cycle phases in asynchronous

HS578T cells was made in Phython. N=3000, this plot corresponds

to one experiment. . . . . . . . . . . . . . . . . . . . . . . . . . . . 159

5.3 Investigating pRb phosphorylation status after Gwl depletion and

Cdk4 inhibition in HS578T cells, using single cell analysis. Cells

were treated with/without DOX for 72 hours, at a concentration of

2 µg/mL. In the last 24 hours before fixing cells, Lee011 (Cdk4 in-

hibitor) was added at the mentioned concentration. A) Representa-

tive plot of treated and fixed cells (2000-3000 cells where randomly

selected from the combination of 3 repetitions), where red shows

high pRb phosphorylation and blue, low pRb phosphorylation. B)

Quantification of Edu positive cells (N= 5000 to 10 000 cells in to-

tal), 3-5 repetitions, using Spotfire analysis software and plot was

created in Python, bars indicate SD. . . . . . . . . . . . . . . . . . 160
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5.4 Investigating pRb phosphorylation status after Gwl depletion and

Cdk4 inhibition in MDA-MB-231 cells, using single cell analysis.

Cells were treated with/without DOX for 72 hours, at a concen-

tration of 2 µg/mL. In the last 24 hours before fixing cells, Lee011

(Cdk4 inhibitor) was added at the mentioned concentration. A)

Representative plot of treated and fixed cells (2000-3000 cells where

randomly selected from the combination of 3 repetitions), where red

shows high pRb phosphorylation and blue, low pRb phosphoryla-

tion. B) Quantification of Edu positive cells (N= 5000 to 10 000

cells in total per repetition), 3-5 repetitions, using Spotfire analysis

software and plot was created in Python, bars indicate SD. . . . . 161

5.5 Investigating pRb phosphorylation status after Gwl depletion and

Cdk4 inhibition in HS578T cells, using single cell analysis. Cells

were treated with/without DOX for 72 hours, at a concentration of

2 µg/mL. In the last 24 hours before fixing cells, Lee011 (Cdk4 in-

hibitor) was added at the mentioned concentration. A) Violin plot

and B) Histogram plot showing the distribution of pRb phosphory-

lation (IF intensity) among the single cell analysis in the same 3-5

repeats used for Fig. 5.3 analysis (N= 5000 to 10 000 cells in total

per repetition). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 162

5.6 Investigating pRb phosphorylation status after Gwl depletion and

Cdk4 inhibition in MDA-MB-231 cells, using single cell analysis.

Cells were treated with/without DOX for 72 hours, at a concen-

tration of 2 µg/mL. In the last 24 hours before fixing cells, Lee011

(Cdk4 inhibitor) was added at the mentioned concentration. A)

Violin plot and B) Histogram plots showing the distribution of Rb

phosphorylation (IF intensity) among the single cell analysis in the

same 3-5 repeats used for Fig. 5.4 analysis (N= 5000 to 10 000 cells

in total per repetition). . . . . . . . . . . . . . . . . . . . . . . . . 163
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5.7 Investigating pRb phosphorylation status after Gwl depletion and

Cdk4 inhibition in MDA-MB-436 cells, using single cell analysis.

Cells were treated with/without DOX for 72 hours, at a concen-

tration of 2 µg/mL. In the last 24 hours before fixing cells, Lee011

(Cdk4 inhibitor) was added at the mentioned concentration. A)

Representative plot of treated and fixed cells (2000-3000 cells where

randomly selected from the combination of 3 repetitions), where red

shows high pRb phosphorylation and blue, low pRb phosphoryla-

tion. B) Box plot showing the distribution of Rb phosphorylation

(IF intensity) among the single cell analysis in A (N= 5000 to 10

000 cells in total per repetition). . . . . . . . . . . . . . . . . . . . 165

5.8 Investigating pRb phosphorylation status after Gwl depletion and

Cdk4 inhibition in MDA-MB-231 CRISPR/Cas9 cell line, using sin-

gle cell analysis. Cells were treated with/without DOX for 72 hours

at a concentration of 2 µg/mL. In the last 24 hours before fixing

cells, Lee011 (Cdk4 inhibitor) was added at the mentioned concen-

tration. A) Representative plot of treated and fixed cells (2000-3000

cells where randomly selected from the combination of 3 repeti-

tions), where red shows high pRb phosphorylation and blue, low

pRb phosphorylation. B) Quantification of Edu positive cells (N=

5000 to 10 000 cells in total per repetition), 3-5 repetitions, us-

ing Spotfire analysis software and plot was created in Python, bars

indicate SD. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 166
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5.9 Investigating pRb phosphorylation status after Gwl siRNA deple-

tion and Cdk4 inhibition in MDA-MB-231 WT cells, using single

cell analysis. Cells were treated with Ctrl/Gwl siRNA and 72 hours

later, at a concentration of 40 nM. In the last 24 hours before fixing

cells, Lee011 (Cdk4 inhibitor) was added at the mentioned concen-

tration. A) Representative plot of treated and fixed cells (N=2000-

3000 cells per condition, and each condition shows the randomly

selected single cells from the 3 repetitions combined), where red

shows high pRb phosphorylation and blue, low pRb phosphoryla-

tion (IF intensity). B) Quantification of Edu positive cells (N= 5000

to 10 000 cells in total per repetition), 3-5 repetitions, using Spotfire

analysis software and plot was created in Python, bars indicate SD. 167

5.10 MCF10A inducible Gwl shRNA system. A, B. 96 well plate imaging

of the Gwl and Scr single cell clones (respectively) 3 weeks after

FACS sorting. Three clones were selected, that had the highest GFP

signal. Western Blot showing 3 different clones for Scr and Gwl,

showing the levels of Gwl depletion after 72 hours with/without

DOX at a concentration of 1µg/ml, using asynchronous whole cell

extracts at a concentration of 100,000 cells per 10 µL of lysis buffer,

with indicated primary antibodies antibodies left for 2 hours and

secondary for 1 hour. . . . . . . . . . . . . . . . . . . . . . . . . . . 169
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5.11 RPE inducible Gwl shRNA system. A, B. 96 well plate imaging

of the Scr and Gwl clones (respectively) 3 weeks after FACS sort-

ing. Three clones were selected, that had the highest GFP signal.

Western Blot showing 3 different clones for Scr and Gwl, showing

the levels of Gwl depletion after 72 hours with/without DOX at a

concentration of 1µg/ml, using asynchronous whole cell extracts at

a concentration of 100,000 cells per 10 µL of lysis buffer, with indi-

cated primary antibodies antibodies left for 2 hours and secondary

for 1 hour. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 170

5.12 Investigating pRb phosphorylation status after Gwl depletion and

Cdk4 inhibition in RPE cells, using single cell analysis. Cells were

treated with/without DOX for 72 hours, at a concentration of 1

µg/mL. In the last 24 hours before fixing cells, Lee011 (Cdk4 in-

hibitor) was added at the mentioned concentration. A) Representa-

tive plot of treated and fixed cells (2000-3000 cells where randomly

selected from the combination of 3 repetitions), where red shows

high pRb phosphorylation and blue, low pRb phosphorylation. B)

Quantification of Edu positive cells (N= 5000 to 10 000 cells in total

per repetition), 3-5 repetitions, using Spotfire analysis software and

plot was created in Python, bars indicate SD. . . . . . . . . . . . . 172
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5.13 Investigating pRb phosphorylation status after Gwl depletion and

Cdk4 inhibition in MCF10a cells, using single cell analysis. Cells

were treated with/without DOX for 72 hours, at a concentration of

1 µg/mL. In the last 24 hours before fixing cells, Lee011 (Cdk4 in-

hibitor) was added at the mentioned concentration. A) Representa-

tive plot of treated and fixed cells (2000-3000 cells where randomly

selected from the combination of 3 repetitions), where red shows

high pRb phosphorylation and blue, low pRb phosphorylation. B)

Quantification of Edu positive cells (N= 5000 to 10 000 cells in total

per repetition), 3-5 repetitions, using Spotfire analysis software and

plot was created in Python, bars indicate SD. . . . . . . . . . . . . 173

5.14 Investigating pRb phosphorylation status after Gwl depletion and

Cdk4 inhibition in RPE cells, using single cell analysis. Cells were

treated with/without DOX for 72 hours, at a concentration of 1

µg/mL. In the last 24 hours before fixing cells, Lee011 was added
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Chapter 1

Introduction

The eukaryotic cell cycle is the series of events that regulate cell growth, duplication

of chromosomes and centrosomes, and the precise segregation of these components

among to daughter cells during cell division. The cell cycle is divided into different

phases: G1 (Gap phase 1), S (Synthesis phase), G2 (Gap phase 2), and M (Mitosis)

(Nurse (1997)). Most eukaryotic cells grow during G1, duplicate Deoxyribonucleic

acid (DNA), and centrosomes in S-phase (DNA replication), repair DNA damage

and replication gaps in G2, and then finally divide in M phase (Morgan (2007)).

Cells re-enter G1 after exiting mitosis and cytokinesis or from a quiescent state

(also known as G0 phase) which is different from the replicative cell cycle. Cells

can shuttle between G0 and the replicative cycle as a response to a variety of

extracellular mitogenic signals (O’Farrell (2011); Lui and Baron (2011); Terzi et al.

(2016)). These events allow all cellular components to be duplicated and properly

segregated, resulting in the generation of multiple, often billions, of clonal cells

while maintaining size homeostasis and maintaining a stable genome (ARELLANO

(1997); Harashima et al. (2013); Morgan (2007); Lindqvist et al. (2009); Tuck et al.

(2013); Yanishevsky and Stein (1981)) (Fig. 1.1).

Transitions between cell cycle phases are driven by the temporal activation and

inactivation of different cyclin-dependent kinase (CDK)/cyclin complexes and their
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Chap. 1 Fig. 1.1: Cell cycle overview. The cell cycle is a series of events that results

in two cells forming from one parent cell. It is divided into different phases: G1, S,

G2, and M (adapted from BBSRC Bicycle Project: Bistability of cell cycle transitions,

http://cellcycle.org.uk)
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counteracting phosphatases (Fig. 1.2). Eukaryotic CDK’s belong to the serine-

threonine kinase family. These enzymes transfer a phosphoryl group from the

γ-phosphate of adenosine triphosphate (ATP) to a serine or threonine residue in

their substrates. Depending on the structural environment of the phosphorylated

residues, this post-translational modification can cause various changes in protein

activity, localization, affinity, and stability. This phosphorylation is an immensely

useful tool to transduce a diverse range of signals in the cell and orchestrate change

in cellular activities (Cohen (2002); Dephoure et al. (2008); Pines (1994a, 2011)).

Phosphorylation and dephosphorylation, with conformational change correspond-

ing to catalytically active and inactive forms, are chemical switches that allow the

cell to transmit signals from the plasma membrane to the nucleus and to control

gene expression in a highly regulated manner (Bailey et al. (2014); Wang and Cole

(2014)).

Monomeric CDKs require binding of regulatory subunits named cyclins in order

to be activated (Nigg (1995); Wang and Cole (2014); Pines (1994b)) (Fig. 1.3). The

activity of these complexes depends on cyclin levels and the phosphorylation status

of the CDK. Thus, each cell cycle transition is triggered by the phosphorylation, or

dephosphorylation of specific sets of CDK-Cyclin substrates (Nurse (1990); Cohen

(2002); Dephoure et al. (2008)).

In higher eukaryotic cells entry into M-phase is a dynamic process with sub-

stantial changes in cell shape, chromatin, and chromosomal structure that involve

the phosphorylation of more than 1000 proteins by Cdk1/Cyclin A and B and other

kinases (Mochida et al. (2016); Hegarat et al. (2016); Sharma et al. (2014)). Exit

from M-phase is triggered by induced proteolysis of Cyclin B and dephosphoryla-

tion of the mitotic Cdk1 substrates by various phosphatases. This is followed by

a window without Cdk-Cyclin activity in early G1. The first wave of Cdk-Cyclin

activity consists of Cdk4/6 in combination with D-type cyclins. These trigger the

first wave of the early G1 transcription program leading to the accumulation of

Cyclin E-Cdk2. This, in turn triggers DNA replication in S-phase while Cyclin A

9



Chap. 1 Fig. 1.2: Cell cycle events are orchestrated by a large array of proteins that

interact and function together to ensure the cell cycle is precisely controlled (taken from

BBSRC Bicycle Project: Bistability of cell cycle transitions, http://cellcycle.org.uk).
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Table 1. CDK-containing complexes included in the Protein Data Bank (PDB).

CDK partners

CDK1 cyclin B, Cks1, Cks2

CDK2 cyclin A/B/E, KAP, Cks1, p27KIP1, Spy-1

CDK4/6 cyclin D (structurally CDK4–cyclin D), viral cyclin (CDK6), 
p16INK4A (CDK6), p19INK4D (CDK6), HSP90–Cdc37 (CDK4), 
p18INK4C–cyclin K (CDK6)

CDK5 p25

CDK8 cyclin C

CDK9 cyclin T, Tat, AFF4, TAR

CDK12 cyclin K

CDK13 cyclin K

Chap.1 Fig. 1.3: CDK complexes found by proteomic studies (taken from (Wood and

Endicott (2018)).
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rise. Cyclin A can interact with both Cdk1 and Cdk2 and is thought to be im-

portant for the completion of S-phase and the initiation of mitosis, in combination

with Cdk1-Cyclin B that is synthesised in S and G2 phase.

1.1 The qualitative vs quantitative model

of cell cycle control

While in yeast a single CDK regulates cell cycle progression, in animal cells Cdk1

(Cdc2), Cdk2, Cdk4, and Cdk6 are required to regulate the cell cycle. There is

homology among eukaryotic CDKs in mammalian and yeast and ATP maintains

a similar binding mode in all kinases (Echalier et al. (2010); ARELLANO (1997);

Morgan (2007)) (Fig. 1.5). Work in fission yeast showed that the progression

from S to M phase can be made in the presence of a single CDK-Cyclin complex

(Nurse and Bissett (1981); Gutiérrez-Escribano and Nurse (2015); Richardson et al.

(1992); Coudreuse and Nurse (2010); Swaffer et al. (2016)), which indicates that

there is a simple quantitative threshold model as a basic principle of cell cycle

control (Stern and Nurse (1996); Uhlmann et al. (2011); Coudreuse and Nurse

(2010); Hochegger et al. (2008)). This model suggests that three different thresh-

olds for CDK: Cyclin activity is sufficient to organise the cell cycle (Fig. 1.6).

Firstly, the cell cycle has to begin with a period of no CDK-Cyclin activity. This

is required to allow the licensing of replication origins early in G1 phase (Donovan

et al. (1997); Rowles et al. (1999); Seki and Diffley (2000); Evrin et al. (2009);

Remus et al. (2009); Gambus et al. (2011)). Then, a low level of Cdk-Cyclin ac-

tivity triggers the firing of replication origins and initiates S-phase (Moyer et al.

(2006); Aparicio et al. (2009)). This also requires an additional kinase Cdc7 that is

allosterically regulated by Dbf4 Zinc Finger, in a manner analogous to Cyclins and

CDKs (Francis et al. (2009); Sheu and Stillman (2010); Hughes et al. (2012); Jiang

et al. (1999); Jares et al. (2004); Furukohri et al. (2003); Oshiro et al. (1999)).

12



A

B C

Chap.1 Fig. 1.4: HeLa cells expressing Green Fluorescent Protein (GFP)-tubulin (green)

and histone H2B-Red Fluorescent Protein (RFP) (red) progression through mitosis: A)

Mitotic entry, Cdk1 dephosphorylation, nuclear accumulation of Cyclin B. B) Full Cdk1,

Anaphase promoting complex/Cyclosome (APC/C) activation and phosphatase inactiva-

tion, NEBD. C) Mitotic exit, Cyclin B degradation and phosphatase reactivation (Adapted

from Hegarat et al. (2016)).
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The threshold to start S-phase is low presumably because there are only a

limited number of substrates that require phosphorylation. In budding yeast there

are only two essential Cdk dependent phosphorylation events on Sld2 and Sld3

to trigger origin firing and S-phase (Tanaka et al. (2007); Zegerman and Diffley

(2007)). Homologues of these proteins, namely Treslin and RecQL4 (Sangrithi

et al. (2005); Kumagai et al. (2010); Sanchez-Pulido et al. (2010); Boos et al.

(2011); Zegerman (2015); Parker et al. (2017); Sasi et al. (2014)) have been identi-

fied in mammals, but it remains to be seen if there are additional CDK substrates

that are important for DNA replication in higher eukaryotes. The third threshold

for CDK-Cyclin activity is much higher and marks the transition from interphase

to mitosis. At this point several thousand proteins are phosphorylated at multiple

sites by Cdk-Cyclins (Dephoure et al. (2008); Sharma et al. (2014)) to orchestrate

the complex cellular rearrangements that are required to achieve chromosome seg-

regation and cell division (Barr and Gruneberg (2007); Alvarez-Fernández and

Malumbres (2014)). Cyclin proteolysis triggers mitotic exit and resets the cell

cycle back to G1 phase.

In higher eukaryotes cyclins and CDKs diversified, and apparently, evolved spe-

cific functions, direct the substrate specificity, localisation, and regulation (Kõivomägi

et al. (2011); Hochegger et al. (2008); Hagting et al. (1998, 1999); Bentley et al.

(2007); Gavet and Pines (2010b); Santos et al. (2012); O’Farrell (2001)). Never-

theless, genetic experiments in mice suggested that a high level of redundancy has

been maintained among mammalian CDK-Cyclin complexes. For instance, Cdk2

knock out mice are viable and do not show any apparent somatic phenotypes

except for sterility (Malumbres and Barbacid (2005)). This suggests that Cdk1

and Cdk2 are largely redundant and that Cdk1 can compensate for the S-phase

functions of Cdk2. Santamaŕıa et al. (2007) even generated mouse embryonic fi-

broblasts lacking Cdk2, 4, and 6, which were able to maintain a robust cell cycle.

This suggests that the quantitative model may also apply to mammalian cells

and that the core cell cycle engine can be regulated by Cdk1, similar to yeast.
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A B

C

Chap.1 Fig. 1.5: CDK fold. A) Cdk2 monomeric structure, composed of a smaller N-

terminal lobe, with an antiparallel β-sheet linked by a flexible hinge sequence to a larger

C-terminal lobe with α-helices in majority (light blue). The features that are highlighted

are the glycine-rich loop (sequence GXGXXG) in cyan, αC-helix in purple, hinge in yellow

and activation loop residues in red. The location of the T160 is marked. B) Overlay of

Cdk1/2/6/7 and Cdk16 structures that shows that the monomeric CDK fold is conserved.

C) Different conformations can be adopted by the glycine-rich loops and are highlighted

(taken from Wood and Endicott (2018))
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Chap. 1 Fig. 1.6: S phase and Mitosis are led and ordered by the action of different

CDK-Cyclin complexes. In fission yeast it has been shown that different CDK substrates

are phosphorylated and temporally ordered during the cell cycle by a single cyclin-CDK,

meaning that changes in the total level of CDK kinase activity and not only substrate

specificity creates this order. Early substrates become net phosphorylated first as CDK

activity rises to a low level and then higher CDK activity levels phosphorylate late sub-

strates at the end of the cell cycle (Adapted from Swaffer et al. (2016)).
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It is noteworthy that Cdk2 cannot compensate for Cdk1, although these two ki-

nases are highly similar (Satyanarayana et al. (2008)). The reason for this specific

requirement for Cdk1 remains unclear. Likewise, mouse developmental studies

with knock out strains for various CDKs and Cyclins suggested a complex picture

of tissue-specific requirements for individual CDK-Cyclin complexes (Malumbres

et al. (2004b); Kozar et al. (2004); Berthet et al. (2006)).

Overall, there are likely to be qualitative differences between different CDK-

Cyclins that have evolved to perform particular functions and phosphorylate spe-

cific substrates. However, the minimal cell cycle engine probably works in an

evolutionary conserved fashion and can run with a single CDK-Cyclin complex

according to the basic quantitative threshold model.

1.2 Regulatory principles of CDK ac-

tivity

Given that the rise and fall of CDK activity is the core engine of the cell cycle,

these fluctuating signals are controlled at many different levels. Transcription of

cyclins is tightly controlled by transcription factors such as E2Fs and forkhead

box proteins (e.g. FOXM1) and fluctuation in transcription activity is the under-

lying clockwork that holds the cell cycle together (Breeden (2003); Bähler (2005);

Wittenberg and Reed (2005); Hendler et al. (2018)). Several additional layers of

control involving various post-translational modifications and proteolysis ensure

the tight regulation and ultra-sensitive response of CDK activities throughout the

cell cycle. This involves an activating phosphorylation of Cdk1 in its activation-

loop at Thr160 by the CDK activating kinase (CAK) Cdk7-Cyclin-H (Draetta

(1993); Fisher and Morgan (1994); Mäkelä et al. (1994)). Additionally, Cdk1 and

2 are also regulated by an inhibitory phosphorylation at Thr14 and Tyr15. This

is mediated by Wee1 and Myt1 kinases and removed by the CDK activating phos-

17



phatases of the Cdc25 family (Morgan (1997); Boutros et al. (2006); de Gooijer

et al. (2017); Krek and Nigg (1991); Norbury et al. (1991); Welburn et al. (2007);

Kumagai and Dunphy (1991); Dunphy and Kumagai (1991)). An overview of this

network can be seen in Fig. 1.7.

During mitotic exit, Cyclin A and B are ubiquitylated with the help of the

E3 ubiquitin ligase Anaphase promoting complex/Cyclosome (APC/C) (Michaelis

et al. (1997); Davey and Morgan (2016)). This causes the rapid degradation of

these cyclins and irreversible inactivation of Cdk1. A final layer of control consists

of the presence of CDK inhibitory proteins (CKIs), namely p21 and p27, that

tightly bind to and inactive CDKs. These proteins themselves are again regulated

by phosphorylation of proteolysis (Skaar et al. (2013); Limas and Cook (2019);

Goel et al. (2018)). This complex regulatory network that also involves various

feedback loops generates a robust and accurate control of the diverse peaks of

CDK activity throughout the cell cycle.

If the mechanisms to restrict kinase activity in the cell are bypassed, mutations

associated with malignancies (including cancer) can occur (ARELLANO (1997);

Wang and Cole (2014)). As Protein kinases have a frequency of 23 % in the

eukaryotic genomes, including human (Shokat and Velleca (2002); Lopez et al.

(2014)), its study is of a great importance, as nearly half the identified oncogenes

are protein kinases and can be putative targets for anti-cancer therapies (Bishop

et al. (2000); Mortenson et al. (2014); Liu et al. (1999)). While in yeast a single

CDK regulates cell cycle progression, in animal cells Cdk1 (Cdc2), Cdk2, Cdk4,

and Cdk6 are required to regulate the Cell Cycle.

1.3 G1 phase and the G1/S transition

G1-phase is generally the longest phase of the cell cycle. It is used to prepare

the DNA for replication at the time of S phase, for cell growth and to repair

DNA damage lesions. DNA replication is the basis of biological inheritance and
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Chap.1 Fig. 1.7: Cdk1 activity is regulated in various ways. It is regulated by a posi-

tive amplification loop in which the dual-specificity phosphatase Cdc25 dephosphorylates

and thereby activates Cdk1-Cyclin B kinase. Cdk1-Cyclin B phosphorylates and activates

Cdc25. Cdc25 is opposed by the Wee1 kinase that is inhibited by Cdk1-Cyclin B phos-

phorylation. Thus, PP2A dephosphorylates Cdc25-P and Wee1-P to oppose Cdk1-Cyclin

B. Greatwall (Gwl) stabilizes the mitotic state by phosphorylating ENSA/Arpp, which

inhibits PP2A-B55, enabling multiple mitotic substrates of Cdk1-Cyclin B to retain their

phosphate groups. (Taken from Glover (2012)).
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multiple protein factors are required to initiate this physical process of genome

duplication, which is conserved across Archaea, Bacteria, and Eukarya (Kawakami

and Katayama (2010); Méndez and Stillman (2003)). To be duplicated, a DNA

double helix must be opened at defined sites, and to initiate replication, specific

sites known as DNA replication origins (ORIs) are needed (Li and Stillman (2012);

Liachko et al. (2014); Peng et al. (2015); Prioleau and MacAlpine (2016); Ganier

et al. (2019)). An efficient eukaryotic replication will need many active origins per

chromosome. Both G1 and S phase progression is under the control of master cell

cycle protein kinases and ubiquitin ligases that dictate the activity and abundance

of DNA replication factors (Limas and Cook (2019)). Origin licencing during G1

phase prepares cells for S phase by loading inactive replicative helicases onto DNA

(Limas and Cook (2019); Remus et al. (2009)).

Enough origins are licensed in G1 to ensure an entire genome replication dur-

ing S phase without many problems. The definition of an origin depends on the

organism; while some origins are partly defined by conserved DNA sequences, as

in the yeast S. cerevisiae (Li and Stillman (2012); Liachko et al. (2014); Peng et al.

(2015); Prioleau and MacAlpine (2016)); in other eukaryotes the locations are not

as easily predicted from DNA sequences. However, they have been mapped suc-

cessfully and it has been found that replication origins that are highly active in

vertebrates, shown some common features as open chromatin, GC-rich sequences,

G4 quadruplex structures, or proximity to active genes (Prioleau and MacAlpine

(2016); Ganier et al. (2019)). Origin licensing needs regulation of the chromatin

and certain histone modifications. One, in particular, monomethylation of histone

H4 Lysine 20 (H4K20me1) catalysed by SETD8/PR-Set7, a monomethyltrans-

ferase, promotes origin licencing (Brustel et al. (2017); Smith and Aladjem (2014);

Tardat et al. (2010)). With H4K20me1 as a substrate, tri-methylation of histone

H4K20 late firing origins are activated during S phase (Brustel et al. (2017)).

Replication origins in heterochromatin are active, despite lower accessibility mak-

ing licensing and origin activation more difficult.
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Some proteins like ORCA (Giri et al. (2015)) and Shelterin (Ogawa et al.

(2018)) are important for licensing heterochromatin or telomeres, but are not re-

quired at origins in other genomic regions. The origin recognition complex (ORC),

a DNA binding complex of six subunits Orc1-6, is an ATP-dependent machine that

draws upon other key proteins to form pre-replicative complexes (pre-RCs) at ori-

gins of DNA replication, enabling the initiation of DNA replication in S phase

(Li and Stillman (2012); Bell (2002)) (Fig. 1.8). Pre-replicative complexes (pre-

RCs), are proteins that form at origin sites to load the MCM replicative helicase

(Mini-chromosome Maintenance Complex, six subunits MCM2-7); they are solidly

controlled to safeguard that genome replication only happens once. Pre-RCs are

inhibited by CDK-dependent or independent pathways during different cell cycle

phases that do not allow Mcm2-7 loading; making sure that this can only occur in

a small timeframe during low CDK, high APC/C period, from late mitosis through

early G1 phase (Arias and Walter (2007); Randell et al. (2006); Diffley (2004); Bell

and Dutta (2002); Blow and Hodgson (2002); Fragkos et al. (2015)). ORC works

with Cdc6 (Cell Division Cycle 6) and Cdt1 (CDC10-dependent transcript 1), two

helicase loading factors, to load at least two hexamers of the MCM2-7 (Gambus

et al. (2011); Remus and Diffley (2009); Randell et al. (2006); Méndez and Stillman

(2003)). Once MCM complexes are loaded, loading factors are no longer required

to stay on DNA, as MCM complexes are bound to DNA in a stable form (Bowers

et al. (2004); Remus and Diffley (2009)). Different to how it works in bacteria, the

eukaryotic helicase is loaded in an inactive form and they are activated or \fired” in

S phase (Bowers et al. (2004)). Helicase loading happens in G1 phase when Cyclin

Dependent Kinase (CDK) activity is low, while helicase activation requires high

CDK activity so the activation occurs in S phase (Kang et al. (2018)). In yeast,

ORC, Cdc6 and Mcm2-7 complexes are all phosphorylated by CDK in S phase

(Nguyen et al. (2001)). ORC phosphorylation inhibits helicase loading process

(Frigola et al. (2013))

Another protein, Geminin, fluctuates during the cell cycle, promoting tran-
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Geminin

Chap. 1 Fig. 1.8: Licensing and firing of DNA replication origins. Before a cell can duplicate 

its genome during S-phase, DNA must be licensed for replication, requiring the assembly of 

protein complexes on chromatin: the origin recognition complex (ORC), the loading factors 

Cdc6 and Cdt1, and the six MCM proteins. Activation of proteins at the G1/S transition 

results in the engagement of the replication machinery and the initiation of DNA 

replication. Recruiting of these initiation factors (Cdc45 and GINS, called pre-IC) and 

double-hexamer dissolution activate the helicase that drives fork progression as a single-

stranded DNA-bound Cdc45/MCM2-7/GINS (CMG) complex Upon origin firing MCM 

proteins also initiate the release of ORC proteins from somatic cell chromatin after 

assembly of pre-replication complexes, thus preventing re-initiation of DNA replication 

during S-phase. Re-initiation is also prevented by inhibition of Cdt1 by Geminin and by 

CDK-dependent phosphorylation, nuclear exclusion, and degradation of Cdc6. (adapted 

from Parker et al. (2017)).
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scription of the Geminin gene by S phase transcription factors E2Fs (Markey et al.

(2004); Yoshida and Inoue (2004)); it is absent during G1 phase and accumulates

during S, G2 and M phases, and is recognized and targeted for degradation by

the APC/C (McGarry and Kirschner (1998); Pines (2011)). When depleted in

some somatic cancer cells it triggers unscheduled DNA replication, as a result of

interruption of its interaction with Cdt1 (Melixetian et al. (2004); Hosogane et al.

(2017); Wohlschlegel et al. (2000)). The effect of loss of Geminin in mouse embry-

onic stem cells (ESCs) has remained unclear. Among the pre-RCs, Cdt1 is a key

regulator of origin licensing in mammals (Fragkos et al. (2015)), and it is removed

by two main mechanisms: one, by CDK phosphorylation in S and G2 phases, later

targeted by the Cul1- Skp2 ubiquitin ligase complex and degraded by the protea-

some (Li et al. (2003); Sugimoto et al. (2004); Nishitani et al. (2006)) or by the

Cul4- Ddb1 ubiquitin ligase complex that targets Cdt1 through its interaction with

proliferating cell nuclear antigen (PCNA) during S phase or in response to DNA

damage (Nishitani et al. (2006); Hu et al. (2004); Senga et al. (2006)). Second,

Cdt1 is set apart from pre-RCs by Geminin during S and G2 phases (Wohlschlegel

et al. (2000)). This complex is a heterohexamer, with the coiled-coil domain of

Geminin binding to Cdt1 with high affinity (Benjamin et al. (2004); Okorokov

et al. (2004)) thus unable to recruit MCM proteins to replication origins (Lee

et al. (2004); De Marco et al. (2009)).

In G1 phase, CDKs are kept inactive by both the APC/C and cyclin-dependent

kinase inhibitors (CKIs) (Pines (2011)); G1 cyclins, like D or E, are generally not

APC/C substrates. APC/C in G1 is controlled by a WD-40 repeat protein called

Cdh1. It becomes inactive after a second form of APC/C regulator, Cdc20, be-

comes active in a CDK dependent manner during mitosis. APC/C-Cdh1 not only

contributes to cyclin proteolysis, but also targets Cdc20 for proteolysis, complet-

ing the inactivation of APC/C-Cdc20(Cappell et al. (2016); Floyd et al. (2008);

Pines (2011)). Conversely, Cdh1 is inhibited by direct CDK phosphorylation (Dif-

fley (2004); Arias and Walter (2007)). G1–CDK activation at a point known as
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‘START’ in yeast or the ‘restriction point’ in mammalian cells, is required to inac-

tivate APC/C-Cdh1 and to ubiquitin and target CKIs for degradation by a second

E3 ubiquitin ligase called SCF (Skp, Cullin, F-box). All of these processes pro-

mote activation of the S phase CDKs. Mitotic CDKs are activated at a later time,

inhibiting G1 cyclin transcription (Diffley (2004); Arias and Walter (2007)).

As how it occurs in fission yeast, mammalian G1/S transcription activation

initiates negative feedback loops that repress transcription outside G1 (Garćıa-

Blanco and Moreno (2019); Arias and Walter (2007)). Origin firing occurs after

the APC/C is inactivated and CDKs reaccumulate, meaning that pre-RCs cannot

assemble at origins during S, G2, or M phases. The pre-RC assembly reaction,

known as licensing, is promoted in G1 by a combination of transcriptional acti-

vation of the genes that encode licensing proteins and their post-transcriptional

control. Pre-RC complexes, helicase loading factors, and the MCM are produced

by genes controlled by the E2F transcription factor family (Grant et al. (2013);

Leone et al. (1998)).

Production of Cyclin D, which binds and activates Cdk4 and Cdk6 kinases, is

triggered by mitogen stimulation in G1. Cdk4/6-Cyclin D complexes mono phos-

phorylates the retinoblastoma protein (pRb), which de-repress E2F (Narasimha

et al. (2014)). It has been found that pRb has 14 principal sites for mono phos-

phorylation, leading to different profiles of E2F dependent transcription (Sanidas

et al. (2019)). Cyclin E activates Cdk2 by binding it and then hyper phosphory-

lates Rb, inactivating it in a positive feedback loop; this results in cells synthesizing

considerably more licensing proteins in late G1 in comparison to early Cyclin E

protein is encoded in CCNE, one of the E2F activated genes, which is sharply

activated in late G1 and required to promote licensing (Narasimha et al. (2014);

Mailand and Diffley (2005)) (Fig. 1.9 B). Two primary CDK2 inhibitor proteins,

p21 and p27, are abundant in G1 and must be degraded in late G1 for full CDK2

activation. The p27 CDK inhibitor is ubiquitylated by the SCFSKP2 E3 ubiquitin

ligase after p27 has been phosphorylated by CDK2.
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The p21 CDK2 inhibitor is also an SCFSKP2 substrate, and SCF targeting

causes p21 levels to fall beginning in late G1 (Skaar et al. (2013); Limas and Cook

(2019)) (Fig. 1.9 C). Thus, Cdk2 stimulates its activation by triggering the de-

struction of one of its inhibitors. Cdc6, is an APC/C-Cdh E3 ubiquitin ligase

substrate and it remains low during G1 and is degraded by the proteasome. It

is active from mitosis through G1 and in late G1 can no longer be degraded as

APC/C-Cdh1 is no longer able to ubiquitylate it, once Cdc6 has been phospho-

rylated by Cdk2-Cyclin E (Mailand and Diffley (2005)). Cdc6 accumulates before

the licensing inhibitors Geminin and Cyclin A, which are also APC/C substrates

(Petersen et al. (2000)). Inactivating phosphorylation must be reversed by phos-

phatases in G1, or maybe the substrate proteins are degraded and resynthesized.

A recent study support this as phosphatases as activators of licensing, Riff1-PP1

phosphatase has been shown to protect the largest ORC subunit from premature

phosphorylation and degradation during G1 phase (Hiraga et al. (2017)).

Cdk2 activation once the G1/S transition is committed needs many factors, in

particular, that the APC/C be active in G1 but inactive during S phase. APC/C

targets multiple proteins that are involved directly or indirectly in origin firing

and activation, like CDC6, DBF4 subunit of the DDK kinase (DBF4-dependent

kinase), the SKP2 component of the SCF-SKP2 ubiquitin ligase, and Geminin

(Cappell et al. (2016); Yuan et al. (2014); Choudhury et al. (2016)). As CDK2 ac-

tivity rises, it phosphorylates CDH1 turning it into a poor APC/C substrate, thus

initializing its inactivation. In turn, CDH1 is degraded in S phase by SCF-Cyclin F

dependent ubiquitination (Choudhury et al. (2016)). Afterward, production of the

APC/C inhibitor EMI1 is stimulated by E2F transcription and rises through G1/S

transition, which creates a dual negative feedback switch where EMI1 is both a

substrate and an inhibitor of APC/C-Cdh1 (Grant and Cook (2017); Kernan et al.

(2018); Cappell et al. (2016); Hsu et al. (2002); Cappell et al. (2018)); its activity is

stabilized by ubiquitylation and phosphorylation events near the G1/S transition.

Stress can return cells to quiescence after Cdk2 activation and E2F induction, but
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not after the inactivation of APC/C-Cdh1 (Cappell et al. (2016)). Once APC/C

inactivation is completed, replication, and thus S phase begins.

In conclusion, before the end of G1 phase cells assimilate mitogen and stress

signalling to decide if they will or not renter the cell cycle (Arora et al. (2017);

Barr et al. (2017); Cappell et al. (2016); Yang et al. (2017)). Before S phase starts

and cells can replicate their DNA, they have to activate CDKs, induce the E2F

transcription program, and inactivate the APC/C-Cdh1 (Cappell et al. (2016))

(Fig. 1.10).

Once the cell has commenced origin firing and passed the G1/S transition it is

irreversibly committed to genome duplication and finally, cell division (Barr et al.

(2016); Cappell et al. (2016); Grant et al. (2018); Spencer et al. (2013)). The

full kinetics of origin licensing during G1 relative to E2F-dependent transcription,

CDK activity, and APC/C inactivation and how genetic perturbations associated

with oncogenic shift impact licensing kinetics and the subsequent consequences of

such disturbances in S phase are not fully well known in vertebrate normal cells.

Also, the particular relationships among epigenetic regulators, licensing locations,

and ensuing origin firing by CDK and DDK yet remain unclear.

1.4 S phase progression

The size of eukaryotic genomes is a challenge as timely and efficient DNA repli-

cation is needed. To fulfil this challenge, cells prepare many origins in G1 and

many origins are activated in S phase. For S phase to be initiated, replication

origins are “fired” (activated) through protein phosphorylation events that occur

in a sequential way (Limas and Cook (2019); Rivera-Mulia and Gilbert (2016))

(Fig. 1.11).

Initiation of DNA replication, requires a large number of components that

need to be precisely assembled before the first nucleotide can be incorporated (Fig.

1.12). This initiator proteins can recognize specific sequences or structural motifs
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G0/early G1 Early G1 - Late G1 Late G1- S

Chap.1 Fig. 1.9: G1 phase. A) With no mitogenic stimulus, Cdk4/6 and Cdk2 are in-

active and are bound by INK4 family members (p16(INK4a), p15(INK4b), p18(INK4c),

and p19(INK4d)), establishing binary complexes that lack kinase activity. P21 and P27,

CIP/KIP proteins, inhibit Cdk2 complexes. Suppressed Cdk4/6 and Cdk2 leads to the

retinoblastoma protein (pRb) hypo phosphorylation, and repressed expression of E2F tar-

get genes. The E2F transactivation domain and the recruitment of histone modifiers are

blocked by pRb, further silencing E2F target gene expression. B) Mitogenic stimuli in-

crease the levels of D type cyclins and enhancing cyclin D gene expression and protein

stability; later they bind to Cdk4/6 forming complexes stabilized by p21 or p27. Cdk4/6-

Cyclin D complexes then enter the nucleus and phosphorylate pRb(p), at least partially

derepressing expression of E2F target genes, including the E type cyclins. Partial phos-

phorylation of pRb promotes progression through G1. C) pRb is hyperphosphorylated by

active Cdk2, as E type cyclins level expression rises in late G1. Hyperphosphorylated pRb

is then released from E2F, allowing further transcription of E2F target genes necessary

for the cell to proceed into S phase (taken from Goel et al. (2018))
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Chap.1 Fig. 1.10: G1-S transcriptional mechanisms. During G1 cells commit to enter a

new cell cycle by activating CDK-Cyclin dependent transcription. A) The transcriptional

repressors pRB, p107, and p130 (known as pocket proteins) repress expression during

early G1 by being bound to E2F transcription factors in mammalian cells; they either

prevent E2F proteins (like E2F1, E2F2, and E2F3) from activating transcription factors

or act as corepressors for E2F proteins (like E2F4). Phosphorylation of pocket proteins

by CDK4/6-Cyclin D releases them from the E2F transcription factors thus inducing the

transcription of G1–S target genes, which includes the gene encoding cyclin E. CDK2-

Cyclin E phosphorylates pocket proteins even further, providing a positive feedback loop.

B) G1 Cdk2-Cyclin E together with S phase Cdk2-Cyclin A targets the S phase cyclin-

specific inhibitor p27 for degradation. This event increases Cdk2 activity and as a result,

activator E2F1, E2F2, and E2F3 transcription factors are phosphorylated and released

from gene promoters, inactivating transcription (adapted from Bertoli et al. (2013)).
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Chap.1 Fig. 1.11: Replication origins are licensed during G1 phase by the loading of the

MCM complex and activated during S phase. Firing of the origins is controlled by multiple

pathways (taken from http://nieduszynski.org/wp/research/#origin).
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in the DNA, unwind the double helix, protect the exposed ssDNA, and recruit

the enzymatic activities required for DNA synthesis, such as helicases, primases

and polymerases (Méndez and Stillman (2003); Bell and Dutta (2002)). When

DNA is unwound by the replicative helicase, replication forks initiate. To activate

the helicase, Cdk2 with contributions from DDK is required; later, the replicative

helicases assemble from the MCM complexes pre-loaded during origin licensing

in G1, to which the CDC45 protein and GINS complex are added during origin

firing. This huddle is called CMG (CDC45-MCM-GINS) helicase (Araki (2016);

Sasi et al. (2014)). GINS and CDC45 are recruited to MCM through TopBP1 and

CDK-phosphorylated Treslin (homologous to Sld3 in budding yeast), a TopBP1-

binding initiation protein. Vertebrate DDK might function similarly to budding

yeast, by phosphorylating residues on the MCM2-7 helicase and activating the

helicase by recruiting Sld3 to mediate CDC45 loading (Zegerman (2015); Parker

et al. (2017); Sasi et al. (2014)), and would be required for S phase completion

(Sasi et al. (2014)).

Once entry into S phase is started, coordination of origin firing and repli-

cation progression ensure complete, timely, and precise chromosome replication.

Extraordinary precision and accuracy while copying DNA in S phase is essential

for genome stability and cell viability (Aguilera and Garćıa-Muse (2013)). During

this time, the progression of the DNA replication machinery is tackled by limita-

tions in nucleotide supply and physical barriers in the DNA template, like DNA

lesions that occur naturally and secondary structures that are difficult to replicate

(Hanzlikova and Caldecott (2019)). This precision is needed to avoid extremely

damaging consequences and genome instability, including increased frequencies

of base-pair mutations, duplication or deletion of chromosomal loci, chromosome

number and structure variation, and changes in microsatellites (tandem nucleotide

repeats scattered throughout the genome) (Aguilera and Garćıa-Muse (2013)).

Coordination of events and replication timing (RT) program ensures the tem-

poral order of origin firing (early versus late) and is influenced by origin licensing
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parameters that were established in the preceding G1 phase, meaning that not all 

origins are fired at the same time but rather fired at different times as S phase move 

forward (Rivera-Mulia and Gilbert (2016)). Origin firing involves helicase activa-

tion in S phase and establishing bidirectional replication forks, but once origins 

have fired no new licensing is permitted, as consequences of any new origin licens-

ing in S phase can lead to genome instability, because re-replication creates extra 

copies of loci. However, too few licensed origins can also lead to genome instability 

related to incomplete replication (Riera et al. (2014); Siddiqui et al. (2013)). 

     In human cells and budding yeast, more MCM and origin recognition complex 

(ORC) is loaded at early firing origins compared to late replicating origins has been 

de-tected (Miotto et al. (2016); Das et al. (2015)), but this differential loading does 

not mean that it is translated to more origin licensing as no differences in MCM 

loading were detected in late replicating heterochromatin against early replicating 

euchromatin in human cells (Sugimoto et al. (2018)), so these loading differences 

are not fully responsible for replication timing programs. Another reason for these 

differences is related to heterochromatin loci, which can be a bigger challenge for 

origin firing and are generally replicated later in S phase, as they restrict access 

to firing factors while euchromatic regions are more accessible, thus more likely 

that its origins are activated before origins in heterochromatin (Rivera-Mulia and 

Gilbert (2016)).

When the helicase becomes active, the bifurcation of two opposing replication 

forks from the origin starts. To finally and fully activate the replisome, PCNA, 

Replication protein A (RPA), and replication factor C (RFC), among other pro-

teins are recruited. These proteins are the products of E2F-regulated genes, and 

thus their availability in S phase requires their prior accumulation in G1 as part 

of the preparation process (Grant et al. (2013)). The largest drop in levels of the 

Cdk2 inhibitor p21 occurs early in S phase and is dependent on the CRL4CDT2 E3 

ubiquitin ligase. PCNA interaction with the p21 substrate activates CRL4CDT2, 

an E3 ubiquitin ligase, in a process termed replication-coupled destruction (Cole-
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man et al. (2015); Havens and Walter (2011); Hayashi et al. (2018); Mazian et al.

(2019)). The dynamics of CDK inhibitor degradation is a combination of the rate 

of ubiquitylation and proteins that oppose ubiquitylation (deubiquitinases), like 

USP11 for p21 control (Deng et al. (2018))or USP37 for p27 control (Das et al.

(2013)), might have an important contribution in degradation at G1/S, but it is 

yet not fully known how those dynamics work (Starostina and Kipreos (2012)).

Early S phase in vertebrate cells is directed as both Cdt1 and MCM load-

ing protein, and the SETD8 histone monomethytransferase are destroyed; both of 

them are targeted by CRL4-CDT2 as soon as origins fired and active replication 

forks containing PCNA are present (Arias and Walter (2006)). Overproduction of 

CDT1 (Karakaidos et al. (2004)) or deficient degradation of SETD8 can induce 

re-replication (Centore et al. (2010)). In S phase Geminin is stable as is no longer 

targeted by the APC/C, and it binds firmly into CDT1 blocking its interaction with 

MCM and inhibiting licensing (Caillat and Perrakis (2012)). 

It is particu-larly important for G2 phase, as it reaccumulates for its mitotic 

function and for the next G1 phase (Benjamin et al. (2004)), avoiding even minimal 

licensing as it could trigger re-firing and re-replication at sites that had been 

replicated already (Wohlschlegel et al. (2000); Klotz-Noack et al. (2012)). Proteins 

like ORCA, an ORC-associated protein, bind different origins at different times 

during G1 and might distinguish origin timing that could help to delay or accelerate 

origins, and are preloaded in G1 or act exclusively in S phase (Wang et al. (2017)). 

Besides, topologically associated domains (TADs), three-dimensional chromosome 

confor-mations consisting of self-interacting regions of the genome, have been 

suggested to influence RT and discrete /textitcis -regulatory elements orchestrate 

the archi-tecture and shape of the chromatin to ensure properly timed replication 

(Sima et al. (2019)).

CDK and DDK activity are both needed for origin firing and the activation 

of these protein kinases in S phase is essential for genome duplication. DDK 

activity relies on the accumulation of the DBF4 subunit, a product of an E2F-
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regulated gene, which binds to the CDC7 catalytic subunit to form active DDK 

(Grant et al. (2013)). For Cdk2, complete activation requires multiple molecular 

events. Cyclin E protein must first pile up during late G1 as a product of an 

E2F-dependent activation of the CCNE gene, because it is an essential activator 

of Cdk2. Next, Cdk2 must be phosphorylated at the activating T160 by the CDK-

activating kinase (CAK) and also phosphorylation at Wee1-dependent inhibitory 

sites T14 and Y15 must be undone (Merrick and Fisher (2010)). 

      The replisome or replication machine, a protein complex that consists of about 

150 proteins and is built around a few key organizing centers. One of them is a 

replicative helicase, which is the protein complex that can unwind double-stranded 

DNA and create the templates for DNA synthesis (Gambus et al. (2006)). It is 

assembled at replication origins that were licensed in G1 (Araki (2016); Parker et al. 

(2017); Sasi et al. (2014)). Origin firing also depends on RECQL4, the MCM10 

protein, and DNA polymerase (Polη) (Grant et al. (2013)). The two replisome 

assembled at the origin of replication proceed bi directionally from the origin 

following firing. There are various mechanisms to block helicase loading in S phase. 

In yeast, ORC, Cdc6 and Mcm2-7 complexes are all phosphorylated by CDK in S 

phase (Nguyen et al. (2001); Kang et al. (2018))

As S phase progress, Cdk2 is activated first by Cyclin E and later by Cyclin A to 

fire origins (Koepp et al. (2001); Strohmaier et al. (2001)). Cyclin A accumulates 

late in G1 by E2F dependent transcription and due to the inactivation of the 

APC/C. Cdk2 activity rises by the increase in cyclin concentration and by the 

destruction of p21 and p27 CDK inhibitors. During mid to late S phase Cyclin E 

gets phosphorylated, it is targeted by the ubiquitin E3 ligase SCF-Fbw7 and later 

degraded (Koepp et al. (2001); Strohmaier et al. (2001)); Cyclin A in the other 

hand has a high level and becomes the partner of Cdk2, which initiates origin 

firing and ensures full replication (Katsuno et al. (2009); Nakanishi et al. (2010)). 

Cdk2-Cyclin A inactivates specific licensing proteins, like CDT1 (Li et al. (2003); 

Liu et al. (2004)), CDC6 (Yim et al. (2013)), and ORC1, the largest subunit of
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ORC (Yim et al. (2013); Méndez et al. (2002)), that appear to be poor substrates

for Cdk2-Cyclin A and thus not inactivated by the latter in late G1; specificity

between the two cyclins substrates helps preserving licensing activity through the

end of G1 and as Cyclin A accumulates, licensing is inhibited during S and G2

phases.

Progression of S phase is controlled by a checkpoint that responds to DNA

damage, slow/stalled replication, any type of replication stress. DNA damage can

activate the ataxia telangiectasia and Rad3-related protein (ATR) and protein

kinase ataxia-telangiectasia mutated (ATM) pathways, which at the end phospho-

rylate Chk1 and Chk2 kinases respectively. Activation of the checkpoint results

in S and M phase CDK inhibition, slowing or stopping the pace of new origin fir-

ing, blocking mitotic entry (Labib and De Piccoli (2011); Iyer and Rhind (2017);

Sørensen and Syljůasen (2012)). Also, when turning off the origin firing kinases

Cdk2 and DDK, the checkpoint suppresses almost all origin firing which stops the

replication of damaged DNA, protects replication forks, and helps to stimulate

DNA repair (Sancar et al. (2004); Bartek et al. (2004); Iyer and Rhind (2017);

Daigh et al. (2018)). ATR also controls the pace of origin firing in normal situa-

tions (Daigh et al. (2018); Eykelenboom et al. (2013)) and the ATR-Chk1 pathway

suppresses the origin firing of bundles that have not initiated, but allowing the ac-

tive ones. However, this checkpoint does not suppress all origin firing, but it is still

not known how it ”knows” which ones to suppress (Cayrou et al. (2011); Lebofsky

et al. (2006)).

1.5 S-phase completion

Before mitosis starts, DNA replication should be completed. The ATR-Chk1 path-

way regulates origin firing during S phase and also prevents premature mitosis

(Eykelenboom et al. (2013); Lemmens et al. (2018)). This pathway is activated

during replication and blocks mitosis and the transcriptional program that stim-
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Chap.1 Fig. 1.12: S phase overview. As S phase starts, DNA needs to be unwound and for

that CDC45 and other proteins are recruited around MCM, dependent on kinase activity.

Later, proteins are assembled on single-stranded DNA (ssDNA) where active MCM plays

a role as a replicative DNA helicase and it is simultaneously removed from chromatin.

Reloading of dissociated MCM (re-licensing) is suppressed by multiple mechanisms after S

phase. One of those mechanisms is by CDKs that phosphorylate Orc1 and Cdt1, making

them a target for SCFSkp2-mediated proteolysis. Second, Chromatin unbound Cdc6,

dependent on phosphorylation for nuclear export, also contributes to inhibition of re-

licencing. Third, Cdt1 is also forced to replication coupled proteolytic regulation by the

Cul4-DDB1Cdt2 ubiquitin ligase and PCNA. Fourth, MCM rebinding is also prevented

by Geminin, which sequesters Cdt1 (taken from Fujita (2006).
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ulates the accumulation of mitotic proteins, which serves as an S-G2 checkpoint

(Saldivar et al. (2018)). Cdk1-Cyclin A is also important for late S phase origin

firing (Katsuno et al. (2009)) and it also has a special role in controlling late S

phase events, making high Cdk1-Cyclin A activity a marker of G2 phase. Cdk1-

Cyclin A is an APC/C substrate, it accumulates into high levels at late S phase

and is able to activate Cdk2 and Cdk1. If Cdk1-Cyclin A is activated during early

S phase, aberrant replication occurs as a result of deregulated origin firing; inhibit-

ing Cdk1 and 2 increases the time that cells spent in S phase, as inefficient late

origin firing at the end of S phase occurs (Katsuno et al. (2009)). At the end of S

phase all of the MCM that was loaded in G1 phase must be unloaded, presumably

removed by replication forks that travel those sites (H̊aland et al. (2015)). CMG

complexes are removed during replisome disassembly, that at the moment is not

fully understood, by two proposed mechanisms: one, associating with an alter-

nate MCM2 subunit, MDM-BP, which might unload MCM2-7 from DNA during

S phase (Sakwe et al. (2007); Nishiyama et al. (2011)) or two, the MCM7 subunit

is removed from the complex by polyubiquitylation, by a non-degradative mech-

anism that promotes complete replisome disassembly (Dewar et al. (2017); Deng

et al. (2019); Priego Moreno et al. (2019); Lengronne and Pasero (2014); Bailey

et al. (2015); Ramadan et al. (2017)).

1.6 The G2/M transition

Unlike prokaryotes, eukaryotic DNA synthesis and segregation of the replicated

sister-chromatids has to be strictly separated in time. This is the key function of

cell cycle control in eukaryotes. Most mammalian cells introduce a prolonged gap

phase, G2, in between S and M-phase, and the precise timing of the beginning

and end of this G2 phase is critical. Entry into mitosis is mediated by signalling

cascades and feedback loops which results in a switch-like activation of Cdk1-Cyclin

A and B. G2 phase is thus the time between completion of replication and M-
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phase when Cdk1 activity remains low despite rising levels of the mitotic Cyclins.

At a certain threshold of Cyclin A and Cyclin B levels, Cdk1 is activated and

mitotic substrate phosphorylation proceeds to trigger M phase (Tuck et al. (2013);

Morgan (2007)). A low level of CDK activity is fundamental for the transcription,

inhibition, and degradation of many proteins participating in the mitotic entry

network, ensuring that the initial Cdk1-Cyclin B activation does not occur before

S phase. Cdk1 together with cyclin A and B form the maturation promoting factor

(MPF) required for the entry into mitosis (Ma and Poon (2011); Tuck et al. (2013))

(Fig. 1.13).

Before mitotic entry, cells are guarded by several checkpoint control pathways

that can delay or stop further cell cycle progression depending on completion

of DNA replication, DNA damage response, metabolism, etc. (Lindqvist et al.

(2009)), before the cell becomes committed to divide. The initiation of a G2

specific transcription wave is constitutively prevented while replication proceeds by

ATR-Chk1 checkpoint kinases, avoiding a premature mitosis. Once DNA synthesis

is completed, this S/G2 checkpoint is satisfied and Cdk1 phosphorylates G2 specific

transcription factors including FOXM1 and B-MYB resulting in the synthesis of

proteins involved in the G2/M transition including Cyclin B (Bertoli et al. (2013);

Saldivar et al. (2018)). Once they are committed to progress through mitosis a

single Mad/Bub-based checkpoint (also called the spindle assembly checkpoint,

SAC) can delay chromatid separation and exit from mitosis, in the presence of

unattached kinetochores. If cells cannot satisfy the mitotic checkpoint, due to

unstable attachment of kinetochores, they are delayed in mitosis for many hours

(Kops (2008); Brito et al. (2008); Rieder et al. (1994, 1986)).

In normal cells, the duration of this delay depends on the organism and ranges

from ∼ 4 h in rodents to ∼ 22 h in humans (Rieder (2011)). Entry into M phase

works like a switch that is turned at a specific time. When cells enter mitosis,

changes that affect every cellular compartment take place in a brief window of

approximately 10-20 minutes. Those changes are driven by the phosphorylation
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Chap.1 Fig. 1.13: Ckd1 activation is bistable. At the core of the oscillator is a negative 

feedback loop; cyclins accumulate and produce active mitotic Cdk1-Cyclin B; Cdk1 then 

activates the APC/C; which then promotes Cyclin degradation and resets Cdk1 to its 

inactive, interphase state. Cdk1 regulation also involves positive feedbacks, with active 

Cdk1-Cyclin B stimulating its activator Cdc25 and inactivating its inhibitors Wee1 and 

Myt1. This positive feedback loops function as a bistable trigger for mitosis (given by Dr 

Helfrid Hochegger.)

38



of more than 1000 proteins by Cdk1 and its mitotic cyclin partners Cyclin A

and B, as well as by other mitotic kinases such as Plk1, Aurora A and B and

NIMA related kinases (NEK) (Dephoure et al. (2008); Kettenbach et al. (2011)).

Cdk1 acts both in complex with Cyclin A (predominantly nuclear) and B at the

beginning of mitosis, but once the mitotic state is fully established Cyclin A is

degraded prematurely by the 26S proteasome, triggered by the APC/C (Geley

et al. (2001); den Elzen and Pines (2001); Yamano (2019)); however this interplay

is not fully understood.

1.7 Checkpoint Control and Genome

Stability

As mentioned above, during cell division genomes are passed on in an exact man-

ner to the next generation. In order to avoid mistakes and loss of genetic informa-

tion during cell division, mitosis should not start until cells completely replicate

their DNA (Morgan (2007); Rao and Johnson (1970); Johnson and Rao (1970)).

Low-frequency changes can occur during DNA repair, chromosome duplication,

transmission, or recombination and are a source of intrinsic genetic variation (like

antigen receptor and immunoglobulin gene diversification in T and B cells), which

is called genome instability. But once the frequency of this genome instabil-

ity is enhanced by exposure to environmental or endogenous genotoxic insults

such as ionizing or ultraviolet radiation (IR or UV), various chemicals and drugs,

and reactive cellular metabolites or due to cellular pathologies, they can result

in hyper-recombination, genome rearrangements, chromosome fragmentation and

loss, which are mainly mediated by double-strand breaks or single-strand gaps

(Zhou and Elledge (2000); Nyberg et al. (2002); Hoeijmakers (2007)).

Genome instability may result from failures at different steps of the DNA cycle,

from replication to segregation, which is an important reason why understanding
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it and its dynamics is crucial for the role it has in cancer, genetic diseases, and

aging. Cells have developed different mechanisms to preserve the genome from

DNA damage and to minimize errors during DNA synthesis, ensuring that late

events do not complete before early events. In eukaryotes, this are called cell cycle

checkpoints, defined as molecular signalling cascades that coordinate DNA synthe-

sis and repair with cell division by constantly monitoring the condition and quality

of chromosomal DNA and delaying cell cycle progression in response to replication

stress or any types of DNA damage (Hartwell and Weinert (1989); Elledge (1996);

Bartek et al. (2004); Zhou and Elledge (2000); Shiloh (2003); Abraham (2001);

Paulovich et al. (1997)).

These checkpoints are partially overlapping and redundant, and operate in

different cell cycle phases, and to some extent, in quiescent or terminally differ-

entiated cells. Proliferating cells that go through G1 or G2 phases respond to

genotoxic stress and activate checkpoints that create shorter or lasting arrests be-

fore re-entry into S phase or mitosis; if cells experience these problems during

DNA replication, they delay progression through S phase momentarily and if the

damage is not repaired they will exit S phase or later arrest when reaching the G2

checkpoint (Nyberg et al. (2002); Lukas et al. (2001)). Finally, accurate alignment

of the sisterchromatids in the mitotic spindle is monitored by the spindle assembly

checkpoint (SAC). In summary the major cell cycle checkpoints are: the G1/S

or restriction checkpoint, the G2/M or DNA replication checkpoint, and the SAC

(Wenzel and Singh (2018)). G1 and G2 checkpoints are predominatly triggered by

DNA damage and effect an abrupt cell cycle arrest, that will last until DNA dam-

age is repaired. In contrast, the intra S-phase checkpoint is triggered by replication

fork stalling and leads to a slower S phase progression (Chao et al. (2017)).

The Intra-S and G2/M checkpoint is initiated by the activation of ATM and

ATR kinases that are the first protein kinases that act in checkpoint activation

in response to double strand breaks (DSBs); they regulate the selection and tim-

ing of replication in a damage-dependent and independent manner by regulating
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many effectors by phosphorylation, which leads to the downstream effector kinases

CHK1 and CHK2, and prevent aberrant replication and recombination interme-

diates (Shechter et al. (2004); Ciccia and Elledge (2010); Cimprich and Cortez

(2008); Bakkenist and Kastan (2003); Zou and Elledge (2003)). Defects in this

checkpoint in response to IR can result in cell incompetence to reduce the rate

of DNA replication when irradiated (radioresistant DNA synthesis, RDS), and it

was first reported in cells from patients with ataxia- telangiectasia (A-T), a severe

disease caused by mutations in ATM (Shiloh (2003); Shiloh and Kastan (2001)).

Loss of checkpoint activity results in cell death, wrong distribution of chromo-

somes or other organelles, or increased susceptibility to environmental perturba-

tions such as DNA damaging agents, and genomic instability, that can help in the

evolution of healthy, normal cells into cancer cells (Elledge (1996); Hartwell and

Weinert (1989); Nojima (1997)).

Genome instability can result in mutations, mostly caused by failures dur-

ing DNA replication and DNA damage response (DDR); erroneous or error-prone

DNA synthesis, defective nucleotide or base excision repair (NER/BER), or mis-

match repair (MMR) (Nojima (1997)); chromosome number variations, caused by

failures in the chromosome segregation apparatus or the mitotic checkpoint, also

termed chromosome instability (CIN) and other types, including gross chromoso-

mal rearrangements (GCRs), copy number variants (CNVs), hyper-recombination,

and loss of heterozygosity (LOH) (Aguilera and Gómez-González (2008); Aguilera

and Garćıa-Muse (2013). Most of the alterations are initiated by single-stranded

DNA (ssDNA) gaps or double-strand breaks (DSBs) generated as by-products of

replication stress and events mediated by homologous recombination (HR), like

break-induced replication (BIR), and nonhomologous end-joining (NHEJ) mecha-

nisms. This instability events can also be associated with mutations and chromo-

some loss. In parallel to increased replication stress cancer cells often downregulate

checkpoint control factors, for example by mutating checkpoint genes such a p53.

41



1.8 Regulation of Cdk1 during mitotic

entry

Accumulation of Cyclin B activates Cdk1 driving cells into mitosis (Cundell et al.

(2013)). Cdk1 needs to be phosphorylated on T161 in the T loop by Cdk-activating

kinases (CAK) for full activity and to form an active complex with Cyclin B

(Draetta (1993); Fisher and Morgan (1994); Mäkelä et al. (1994)). Cyclin B levels

in the G2/M phase are regulated by transcription and degradation cycles, and

accumulation of Cyclin B activates Cdk1 driving cells into mitosis (Lindqvist et al.

(2009); Fung and Poon (2005)). However, Cyclin binding is not sufficient for

CDK activation and other control mechanisms play a major role by establishing

regulatory feedback loops. Shortly before nuclear envelope breakdown, Cyclin B

translocate to the nucleus from the cytoplasm (Hagting et al. (1998, 1999); Bentley

et al. (2007); Gavet and Pines (2010b)). Beyond these effects, Cdk1 is regulated by

multiple mechanisms that include inhibitory phosphorylation of conserved residues

within the active site (Solomon and Kaldis (1998)). Phosphorylation of residues

Tyr15 and the adjacent threonine residue, Thr14, on the catalytic site of Cdk1

(ATP binding Domain), inhibit the Cdk1-Cyclin B complex during interphase

(Krek and Nigg (1991); Norbury et al. (1991); Morgan (1997)).

In several organisms Wee1 phosphorylates Tyr15 in the nucleus, while Myt1

can phosphorylate both Tyr15 and Thr14 residing in the cytoplasm (Mueller et al.

(1995); Booher et al. (1997); Schmidt et al. (2017); Parker and Piwnica-Worms

(1992); Heald et al. (1993); Liu et al. (1997); Kornbluth et al. (1994); McGowan and

Russell (1993)). Its activity is opposed by Cdc25 tyrosine phosphatases (Cdc25A,

B and C) that catalyse the dephosphorylation which activates Cdk1-Cyclin B

complex and triggers mitosis (Morgan (1997); Welburn et al. (2007); Kumagai

and Dunphy (1991); Dunphy and Kumagai (1991)). During mitotic entry, Cdk2

activity helps to disassociate the 14-3-3 protein from Cdc25C, thus exposing the in-
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hibitory phosphorylation on Ser287, Ser216 in humans, for PP1-mediated removal

(Margolis et al. (2003)). This activates Cdc25C which increments Cdk1-Cyclin B

activity. Once active, Cdk1-Cyclin B complex can phosphorylate Wee1 and Myt1

to promote their inactivation and can activate Cdc25 phosphatases, thus amplify

Cdk1 activation (Hoffmann et al. (1993); Izumi and Maller (1993); Kumagai and

Dunphy (1991); Margolis et al. (2006b)).

Apart from Cdk1, Cdc25 and Wee1 are regulated by the activity of other

kinases and phosphatases creating additional positive and negative feedback loops

(Lindqvist et al. (2009); Tuck et al. (2013)) (Fig. 1.14). Inactivation of Cdk1

by small molecule inhibitors or chemical genetics causes a prolonged G2 arrest in

mammalian and DT40 cells with high levels of Y15 phosphorylation (Vassilev et al.

(2006); Hochegger et al. (2007)). This suggests that indeed Cdk1 is the master

regulator that triggers its activation via Cdc25 activation and Wee1 inactivation.

This network is, however more complex, because Wee1 and Cdc25 are regulated

by various other mechanisms. These include switches in localisation, activating

and inhibitory phosphorylation by various kinases (Chk1, CK1, Cdk1 and Cdk2,

Plk1) and dephosphorylation by PP1, PP2A-B55, PP2A-B56 and Cdc14; binding

to 14-3-3 proteins (regulators of intracellular signalling pathways), proteolysis and

proline isomerization are the major control elements for both Wee1 and Cdc25

regulation (de Gooijer et al. (2017); Perry and Kornbluth (2007); Schmidt et al.

(2017); Heald et al. (1993)).

The mitotic kinases Aurora A and B, and Plk1 are also activated to support mi-

totic entry by phosphorylating Wee1 and Cdc25 as well as mitotic entry substrates

(Dephoure et al. (2008); Kettenbach et al. (2011)). Both Cdc25 and Wee1 are hypo

phosphorylated in interphase, correlating to their low and high activity versions,

respectively. The N-terminal regions of both proteins contain a regulatory domain

with a high density of Ser/Thr/Pro motifs that are phosphorylated to control their

activities at different times during the cell cycle. Once active, Cdk1-Cyclin A and

B complexes phosphorylate proteins that play roles in nuclear envelope breakdown,
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chromosome condensation, remodelling of the actin and microtubule cytoskeletons;

the bipolar mitotic spindle structure is formed and the chromosomes become cap-

tured (Foley and Kapoor (2013)). Gavet and Pines (2010a) have measured the

level of Cdk1 activity using a Cdk1 specific fluorescent resonance energy transfer

(FRET) probe and correlated early events of mitosis (cell rounding, centrosome

separation) with low FRET signal, while Nuclear envelope breakdown (NEBD)

only occurred after the FRET signal reached its peak, in around 30 minutes. This

finding supports the model where mitotic entry is coordinated by various thresh-

olds for Cdk1 activity with early prophase substrates being more susceptible to

phosphorylation than substrates at NEBD and in prometaphase. This threshold

mechanism is further complicated by differing substrate specificities for the earlier

Cdk1-Cyclin A and later Cdk1-Cyclin B complexes.

1.9 Checkpoint control of Wee1/Cdc25

G2/M transition is becoming an area of renewed interest as a target in cancer ther-

apy. Since entry into M-phase is known to temporarily silence the DNA damage

response (DDR) (Heijink et al. (2013); Orthwein et al. (2014)) cells need to recover

from DNA damage before mitosis. The G2 checkpoint is tightly controlled by the

Cdk1-Cyclin B complex, (Smits and Medema (2001)), with Y15 as a vital site

involved in response to ionizing radiation (IR). Cdk1 Y15 is phosphorylated after

radiation-induced G2/M arrest by the Wee1 and Myt kinases (Rhind et al. (1997);

Kharbanda et al. (1994); O’Connell et al. (1997)) which will later be dephosphory-

lated by Cdc25 dual-specificity phosphatases (Lundgren et al. (1991); Parker et al.

(1992)). Under checkpoint conditions, Chk1 and Chk2 (checkpoint kinases) phos-

phorylate Cdc25 enhancing binding to 14-3-3 proteins, dampening Cdc25 catalytic

activity and favouring its cytoplasmic sequestration (Furnari et al. (1997); Dalal

et al. (1999); Graves et al. (2001); Yang et al. (1999); Kumagai et al. (1998)).

Also, Chk1 phosphorylates PP2A-B56 δ, promoting PP2A holoenzyme formation,
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Chap.1 Fig. 1.14: Overview of current model of mitotic entry network. Gwl is activated

in late G2 phase and phosphorylates its targets, ENSA and Arpp19 (for simplicity, just

ENSA is shown on this schematic), which in turn bind to and inhibit the PP2A-B55

phosphatase. This prevents PP2A-B55 from prematurely dephosphorylating substrates of

Cdk1. This allows mitotic phosphorylations to accumulate and drive cells through mitosis.

It is possible that PP1 phosphatase, as well as PP2A-B55, can inactivate Gwl (taken from

Hégarat et al. (2014a))
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holding Cdc25 inactive by maintaining it 14-3-3 bound (which also happens under

replication) (Margolis et al. (2006a)). Wee1 protein stability is also controlled by

DNA-responsive checkpoints. It is also phosphorylated by Chk1, creating a bind-

ing site to 14-3-3 proteins, therefore acting as a positive regulator (Wang et al.

(2000); Lee et al. (2001); Rothblum-Oviatt et al. (2001)) and seems to be also reg-

ulated by proteolytic degradation (Watanabe et al. (1995); Michael and Newport

(1998); Tang et al. (1993)).

In addition, Plk1 is needed for mitotic entry after a G2 DNA-damage check-

point (Kumagai and Dunphy (1996); Karäıskou et al. (1999); Roshak et al. (2000))

and even full inhibition of Plk1 delays mitotic entry even without any DNA damage

events. Plk1 promotes the nuclear import of Cdc25C by hyper phosphorylating the

Cdc25C N-terminal region on multiple sites (Toyoshima-Morimoto et al. (2002);

Lobjois et al. (2009)) and possibly directly stimulating the phosphatase catalytic

activity (Kumagai and Dunphy (1996); Roshak et al. (2000)). Moreover, Aurora

A is also hyperphosphorylating Cdc25B thus further contributing to Cdk1 acti-

vation. Plk1 is present both at the centrosomes and at the kinetochores; it is

phosphorylated in T210 by Aurora A and its cofactor Bora in G2, which activates

it (Macurek et al. (2008)). With this additional feedback loop, Cdk1-Cyclin B

can stimulate is own activation through the stimulation of Plk1 activation. In

Xenopus egg extracts Wee1 regulation is different from Cdc25, where phosphory-

lation is maintained but not upregulated by checkpoints (Stanford and Ruderman

(2005)), while in mammalian cells, Chk1 and Chk2 (a checkpoint kinase), phos-

phorylates Cdc25C after DNA damage (Stanford and Ruderman (2005)). Wee1

stability and Cdc25 inhibition are integral to maintain an interphase state when

DNA-responsive checkpoints are activated.

Active Chk1 and Chk2 kinases phosphorylate Cdc25, leading to subcellular

sequestration, degradation, and inhibition of this protein; in normal cells Cdc25

would activate Cdk1-Cyclin B at the G2/M boundary (Kastan and Bartek (2004)).

Upon this arrest, H3-S10 phosphorylation is also inhibited as the transition is
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blocked (Xu et al. (2002); Smits and Medema (2001); Yan et al. (2007)). Another

way that Cdc25 phosphatases are regulated is that they exhibit a clear preference

for substrates, attributed to differences in the C-terminal tail of each Cdc5 phos-

phatase. Cdc25A and Cdc25B phosphatases prefer phosphorylated Cdk2 (on T14

and Y15) in complex with Cyclin A (Cdk2/pT14pY15/Cyclin A) even when other

proteins show the same sequence (Rudolph (2007)). Cdc25C, on the other hand

is significantly less active towards Cdk2/pT14pY15/Cyclin A, but highly efficient

in dephosphorylating Cdk1/pT14pY15/Cyclin B (Wilborn et al. (2001)).

Other mitotic kinases have also been shown to operate as active regulators of

Cdc25. Aurora A phosphorylates Cdc25B on Ser353 during prophase at the cen-

trosomes, correlating with the re-localization of Cyclin B to the nucleus and Cdk1

activation during mitotic entry (Dutertre et al. (2004)). Upon activation of the

G2/M checkpoint by DNA damage, Aurora-A is not activated and consequently

Cdc25B is not phosphorylated (Marumoto et al. (2002); Cazales et al. (2005)).

Aurora A is also indirectly implicated in promoting timely activation of Cdc25C,

through Plk1 (Seki et al. (2008)). Aurora A and Plk1 control of Cdc25 phos-

phatases are critical events that help to ensure a robust Cdk1-Cyclin B activation

and mitotic commitment.

1.10 Phosphatase control during mi-

totic entry

Another element of the autoregulatory loop leading to mitosis is the Cdk1-Cyclin

B dependent inhibition of the phosphatase PP2A-B55, which counteracts the re-

sponse of Cdk1-Cyclin B on Wee1/Myt1 and Cdc25 (Mochida et al. (2009)). There

are two roles of this pathway during mitotic entry. First, PP2A-B55 is one of the

major Cdk1 antagonizing phosphatases and targets many mitotic Cdk1 substrates

(Cundell et al. (2016)). Keeping its activity off helps to stabilize phosphoryla-
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tion sites and creates a buffer for fluctuations in kinase activity. The second role

is that PP2A-B55 is directly involved in the Cdk1 activation feedback loops by

targeting Wee1 and Cdc25 (Vigneron et al. (2009); Lorca et al. (2010); Mochida

et al. (2009)), however, we do not know how all the layers are regulated by PP2A-

B55. The precise impact of this phosphatase activity on Wee1/Myt1 and the three

Cdc25 paralogues in human cells remains largely unknown.

The major regulatory pathway leading to PP2A-B55 inactivation depends on

Greatwall (Gwl, also called Microtubule associates Serine Threonine kinase-like,

or MASTL according to the name of the human gene encoding for Gwl (Burgess

et al. (2010)). This kinase belongs to the ACG family of serine/threonine protein

kinases (Yu et al. (2006a, 2004)), which in turn phosphorylates the two closely

related small proteins α endosulfine (ENSA) and ARPP19. Gwl phosphorylates

these small unstructured proteins at S67. This phosphorylation-site has a strong

affinity for the catalytic pocket of the phosphatase PP2A-B55, but is a poor sub-

strate for dephosphorylation. Thus, phosphorylated ENSA/ARPP19 act as PP2A-

B55 inhibitors by unfair competition mechanisms, out-competing the substrates

of this phosphatase (Williams et al. (2014)). Gwl is activated by Cdk1 during

mitotic entry and inactivated upon cyclin degradation in anaphase. This shifts

ENSA/ARPP towards dephosphorylation causing a slow release of the inhibitor

and reactivation of the phosphatase (Cundell et al. (2013)). Cdk1 can also phos-

phorylate Arpp19 on a different conserved site, which also inhibits PP2A-B55

activity. The regulation of Arpp19 by these two kinases results in different levels

of PP2A-B55 inhibition (Okumura et al. (2014)). Depletion of Gwl in Xenopus egg

extracts prevents mitotic entry(Zhao et al. (2008); Castilho et al. (2009); Vigneron

et al. (2009); Lorca et al. (2010); Mochida et al. (2009)), suggesting that PP2A-

B55 inactivation is as important as Cdk1 activation for mitotic entry (Glover

(2012)). However, Gwl (Burgess et al. (2010); Álvarez Fernández et al. (2013))

and B55 depletion (Cundell et al. (2013, 2016)) in mammalian cells have relatively

minor mitotic entry phenotypes which challenges the proposed prominent roles
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of PP2A-B55 as the major Cdk1 antagonising phosphatase. The phosphatase in-

hibitor okadaic acid (OA) has long been known to accelerate mitotic entry, even

when Cdk1 is inhibited (Gowdy et al. (1998)), which means that activation of

Cdk1 against high phosphatase activity results in ineffective cycles of phospho-

rylation and dephosphorylation that might prevent the establishment of a stable

mitotic state. More work will be required to understand which phosphatase/s are

responsible for preventing premature mitosis.

PP1 and PP2A-B56, another phosphatase, play a critical role to provide lo-

calised phosphatase activity at the kinetochore to regulate microtubule attach-

ment, SAC signalling and sister chromatid separation (Saurin (2018); Vallardi

et al. (2017); Meadows (2013)). PP2A-B56 has been implicated in mitotic en-

try downstream of Chk1 by dephosphorylating T130 in Cdc25C, a residue that is

phosphorylated by interphase CDKs to promote phosphatase activation (Margolis

et al. (2006a)), while Bod1 (Ensa/ARPP19 like) appears to play a role in tuning

its activity at the kinetochore(Porter et al. (2013, 2007)). PP1 is phosphorylated

by Cdk1 at an inhibitory site in the catalytic subunit at the conserved residue

T320, (Saurin (2018); Kwon et al. (1997); Dohadwala et al. (1994)), suggesting a

feedback loop between kinase activation and PP1 inactivation. A study in fission

yeast, Grallert et al. (2015), reported that PP1 interacts directly with PP2A-

B55-56 by a conserved docking motif, resulting in PP2A-B55 activation. This in

turn dephosphorylates a PP1 docking site in PP2A-B56 allowing the activation of

this phosphatase. A study in Xenopus egg extracts suggested that PP1 antago-

nizes Cdk1 activation and the phosphorylation events that lead to mitotic entry,

by a PKA dependent phosphorylation site, which is analogous to the interaction

between Ensa/Arpp and PP2A-B55 (Kwon et al. (1997); Wu et al. (2009)). Like-

wise, PP1 is important for the inactivation of Gwl during the exit of mitosis, by

dephosphorylating a C-terminal residue in the kinase that is essential for its ac-

tivity (Heim et al. (2015); Ren et al. (2017); Ma et al. (2016)). So, PP1 indirectly

causes PP2A-B55 activation by inactivating Gwl.
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In the budding yeast S. cerevisiae, the phosphatase Cdc14 is activated early

in anaphase (Queralt et al. (2006)) and is essential to promote events required for

successful chromosome segregation like stabilization and elongation of the mitotic

spindle. During mitosis it is needed to counteract CDK activity by dephosphoryla-

tion of Cdh1 and upregulation of the stoichiometric CDK inhibitor Sic1 (Visintin

et al. (1998); Stegmeier and Amon (2004); Sullivan and Uhlmann (2003)). It

promotes sequential events by dephosphorylating its respective substrates with

ordered timing, indicating that Cdc14 to CDK balance is an important param-

eter (Bouchoux and Uhlmann (2011)). However, the role of homologues of this

phosphatase or the cellular functions of the homologue pathways in humans is not

completely known, but an involvement in mitotic exit and cytokinesis, mostly in

the regulation of centrosome function is known (Kaiser et al. (2002)). Higher

organisms evolved to have more than one phosphatase and several ways to

control them. Phosphoproteome screens and kinetic modelling have shown that

PP2A-B55 dephosphorylate substrates not only by their regulatory subunits, but

also by dephosphorylating basic substrates more rapidly than substrates that are

more acid (Cundell et al. (2016); Pereira and Schiebel (2016)); PP1 controls

dephosphorylation by a multitude of mechanisms (Moura and Conde (2019)). Re-

activation of the Cdk1 counteracting phosphatases is a trigger for mitotic exit,

employing PP1 and PP2A/B55 and possibly other minor phosphatases like Fcp1,

for this critical transition (Hegarat et al. (2016); Visconti et al. (2012)). During

mitosis exit, Fcp1 dephosphorylation of Ensa reduces Gwl kinase activity promot-

ing PP2A-B55 activation, downstream Cdk1 inactivation which generates a switch

that helps driving mitosis progression (Della Monica et al. (2015); Hégarat et al.

(2014b)).
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1.11 Kinase inactivation and phosphatase

reactivation during mitotic exit

During mitotic exit Cdk1 is irreversibly inactivated by the APC/C, a multisubunit

E3 ubiquitin ligase known as cyclosome, localized in the mitotic spindle and centro-

somes (Michaelis et al. (1997)). The APC/C catalyses the ubiquitinating of Cyclin

B triggering its destruction by the 26S proteasome as soon as the SAC is satisfied.

The APC/C also is required for cleavage of cohesion to allow the separation of

sister chromatids during anaphase. This occurs by targeting Securin, leading to

the activation of Separase and cleavage of SCC1 (Hagting et al. (2002); Cohen-Fix

et al. (1996); van Leuken et al. (2009); Morgan (2007)). The activity of APC/C

depends on two coactivator proteins, called Cdc20 and Cdh1 (14 (1997)); Cdc20

is required for the degradation of Cyclin B and Securin in early anaphase. Cdh1

is negatively regulated by Cdk1-Cyclin B multiple phosphorylation and becomes

active later in anaphase/telophase, after the destruction of Cyclin B triggered by

Cdc20 (Floyd et al. (2008); Cappell et al. (2016); Floyd et al. (2008); Pines (2011)).

The SAC causes the sequestration of Cdc20 in an inhibitory complex, called the

mitotic checkpoint complex, MCC. Once the last kinetochore is attached and all

sister chromatids are correctly aligned in the metaphase spindle, the MCC disas-

sembles freeing up Cdc20 and causing APC/C activation, Cyclin B degradation

and decreasing Cdk1 activity (Musacchio (2015); Primorac and Musacchio (2013);

Chang and Barford (2014)).

Kinase inactivation has to be accompanied by phosphatase reactivation to

rapidly dephosphorylate the mitotic Cdk1 phospho-sites (Hegarat et al. (2016);

Visconti et al. (2012); Qian et al. (2013)). This has to proceed in an orderly and

in a timely fashion to synchronise mitotic exit and cytokinesis events with CDK

substrate dephosphorylation. In budding yeast the major Cdk1 counteracting

phosphatase that acts during mitotic exit is Cdc14 (Queralt and Uhlmann (2008);
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Stegmeier and Amon (2004)). A biochemical experiment suggests that the tim-

ing of mitotic exit dephosphorylation depends on the differential catalytic activity

of Cdc14. These early, rapidly dephosphorylated substrates show a faster cat-

alytic rate for Cdc14 in vitro than slower late substrates (Bouchoux and Uhlmann

(2011)). This role for Cdc14 does not appear to be conserved in fission yeast and

higher eukaryotes (Grallert et al. (2015); Trautmann and McCollum (2002)).

The major mitotic exit phosphates in vertebrates have been proposed to be PP1

and PP2A-B55 (Wu et al. (2009); Mochida et al. (2009); Schmitz et al. (2010)).

PP1 is reactivated directly as Cdk1 activity decreases because it dephosphorylates

itself at the inhibitory T320 residue (Wu et al. (2009)). PP1 then dephosphorylates

Gwl at a C-terminal autophosphorylation site (Heim et al. (2015)) causing reacti-

vation of PP2A-B55 this occurs slowly due to the unfair competition mechanism

preventing rapid ENSA/ARPP19 dephosphorylation. This delay in PP2A-B55

reactivation is thought to be critical to delay the activation of cytokinesis until

the sister chromatids are fully separated (Cundell et al. (2013)). While PP2A-B55

certainly is a major antagonist of Cdk1, along with PP1, it is unlikely that they are

the only active phosphatases in mitotic exit, so other phosphatases such as PP6,

PP4, Fcp1, and potentially Cdc14 paralogues are probably contributing in mitotic

exit control in mammalian cells. However, more work is necessary to determine

the overall contribution and regulation of these phosphatases to mitotic exit.

Overall the balance of kinase and phosphatase activity of Cdk1 and PP1/PP2A-

B55 is an important yet poorly understood area of cell signalling. Inverse regu-

lation of kinase and phosphatase may be critical to buffer against fluctuation in

kinase activity and stabilise the phosphorylated and non-phosphorylated states.

Conversely, rapid cycles of phosphorylation and dephosphorylation may also be

desirable to allow fast and ultra-sensitive responses of a given signalling pathway

(Gelens et al. (2018)).
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1.12 Greatwall/PP2A-B55 and Can-

cer

Gwl has a critical for mitosis in animal cells (Castro and Lorca (2018)) and its

depletion can create problems to establish or enter mitosis, causing condensation

defects that can lead to the introduction of gene deletions in different cell lines

(Yu et al. (2004, 2006a); Álvarez Fernández et al. (2013); Diril et al. (2016)).

Gwl phosphorylates the small protein ENSA and ARPP19 at S67; phosphory-

lation of both of them abolish PP2A-B55 activity via an unfair competition mech-

anism (Zhao et al. (2008); Williams et al. (2014)). Cdk1 can also phosphorylate

Arpp19 on a different conserved site, which also inhibits PP2A-B55 activity. The

regulation of ARPP19 by these two kinases results in different levels of PP2A-B55

inhibition (Okumura et al. (2014)). Suppression of the PP2A protein phosphatase

families is required for entry into mitosis (Cyert and Thorner (1989)) and dephos-

phorylation of mitotic substrates by serine/threonine proteases like PP2A-B55 is

needed for mitotic exit (Potapova et al. (2011); Xing et al. (2008)) and in or-

der for mitotic exit to happen, Gwl must be inactivated shifting balance towards

dephosphorylation and reactivation of the phosphatase (Cundell et al. (2013)).

Therefore, PP2A–B55δ activity is the inverse of Cdk1-Cyclin B, being high in in-

terphase and low in mitosis (Barr et al. (2011)). The Gwl/PP2A-B55 pathway

and the Wee1/Myt1/Cdc25 switch are interconnected and have many layers of

regulation and impact that we do not fully understand. More information about

the role of PP2A-B55 and Gwl is available in Chapters 4 and 5.

Deregulation of the Gwl/PP2A-B55 pathway is found in many types of tu-

mours, with a high Gwl expression associated with poor prognosis in triple nega-

tive breast cancer (TNBC), making then really sensitive to Gwl depletion (Álvarez

Fernández et al. (2018)); the PP2A regulator B55-α, which works as tumour sup-

pressor is deleted in 15% of prostate cancer (Cheng et al. (2011)) and cancer cells
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seem too need high levels of Gwl to down-regulate its phosphatase activity (Marzec

and Burgess (2018)).

1.13 Analysing cell cycle transition by

mathematical modelling and dy-

namical systems theory

Mathematical modelling allows to build-up a quantitative picture of transitions

between phases of the cell cycle. One approach is to use non-linear ordinary dif-

ferential equations to give expressions for the change of rate of the concentration

of regulatory proteins of interest with respect to time. In this way, the dynam-

ics of a biochemical reactions can be described numerically. A typical equation

corresponding to one protein of interest takes the form:

dX = kskdX + ka(XTotX)kiX(1.1)dt

where X is the concentration of the protein of interest and ks, kd, ka, and

ki are rate constants for synthesis, degradation, activation, and inactivation re-

spectively and XTot is the total concentration of X. By combining equations for

all of the proteins of interest in a particular model, it can characterise complex

signal transduction pathways. With a particular set of initial conditions for the

variables, and given values for the parameters, the system is solved numerically

and the values of the variables can be plotted against time. In addition to plotting

the variables against time, it is possible to plot their steady state values (end-

points), as a parameter in the model that is changed. This is called a bifurcation

diagram, or a signal-response diagram. In this way, the end result of a biochemical

reaction in response to a gradual change of a critical parameter can be assessed,

such as the concentration of Cyclin B. These end-point assays can then be checked
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experimentally for specific parameter values. All of the mathematical modelling

was made by Dr. Scott Rata and Prof. Bela Novak from the University of Oxford.

There are distinct differences in the signal response curve that characterise a

given system. The simplest single response is graded hyperbolic response as shown

in Figure (Fig. 1.15 A). As the signal increases so does the response until it reaches

a plateau. It is possible to get this response when simple mass-action kinetics are

used with a single modification to the molecule concerned and an unregulated

reverse reaction. Figure Fig. 1.15 B shows a sigmoidal signal response curve. As

the signal increases, the steady-state response also increases, but in a much more

sensitive manner than in Fig. 1.15 A. When a signal threshold is reached the

output changes from ‘low’ to ‘high’. This could represent a cell cycle transition

between two distinct states or phases. There is a drawback with the sigmoidal

signal-response that would afflict it, even if it were a ‘perfect’ step change, and

that is the sensitivity to noise. Noise in the signal could cause the system to

fluctuate below and above the threshold signal level; applied to mitotic entry,

this would mean repeated fluctuations between G2 phase and mitosis. A bistable

signal-response curve overcomes the problem of reversibility and maintains a clear

distinction between states, as shown in Fig. 1.15 C.

The term bistability was borrowed from the theoretical analysis of engineered

switch systems (Ingolia (2005); Novak and Tyson (1993); Pomerening et al. (2003))

and means that a system can only exist in two stable steady states. Starting at

the low signal, low response stable steady state, increasing the signal causes the

response to increase only slightly until an ‘activation’ threshold signal is reached.

At this point, the stable steady state corresponding to low response ceases to exist

and the system moves to the upper stable steady state. When the qualitative

nature of the steady-state changes in this way it is termed a bifurcation point.

Once the system has reached the upper steady state, lowering the signal will lower

the response only slightly until the ‘inactivation’ threshold is reached. At this

point, the upper steady state ceases to exist and the system will move towards
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A B C D

Chap. 1 Fig. 1.15: Signal-response diagram showing a steady-state signal for a given

response. A) A simple hyperbole represents a graded response, which plateaus as the signal

is increased. There is no clear threshold between low and high responses. B) Ultrasensitive

signal-response. The steady-state response is sigmoidal, with a clear signal threshold at

which the response goes from low to high. Starting at high signal and high response and

lowering the signal causes the response to go from high to low at the same threshold. C)

Bistable signal-response. This is fundamentally different from the other signal response

diagrams. There are two stable steady-state response regimes, corresponding to low and

high responses. The transition between low and high response occurs at a particular

activation threshold of the signal. Transitioning from high response to low response occurs

at a lower inactivation threshold of the signal. For signal values between the inactivation

and activation thresholds, there exist two stable state response values; the state of the

system depends on its history. The stable steady states are separated by an unstable

steady state, which can be thought of as a maintain ridge between two valleys D). If a ball

is dropped on the mountain it will end-up in either of the valleys (stable steady states),

which one depending on which side of the ridge (unstable steady-state) it started. Taken

from Hutter et al. (2017).
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the lower steady-state. The inactivation threshold is lower than the activation

threshold, and this is what provides the bistable signal-response with robustness

and makes state transitions resistant to change. The robust nature of the bistable

switch makes it ideal for transitions between cell cycle phases. At signal levels

between the inactivation and activation thresholds, there are two possible stable

steady states; the one that the system will settle in depends on its history. The

two stable steady states are separated by an unstable steady state (dashed line in

Fig. 1.15 C); if the system starts above the dashed line, it will continue to the

upper steady state, or if it starts below the dashed line, it will settle in the lower

steady-state. The unstable steady state can be thought of as a mountain ridge

(Fig. 1.15 D), where the unstable steady state is the peak and the stable steady

states are the valleys. If a ball is dropped from above the mountain, it will end up

in either of the valleys depending on which side of the ridge it was dropped.

1.14 Feedback control and bistability

of the Cdk1 switch

Based on the positive feedback loops between Cdk1 and Cdc25 and the double

negative feedback between Cdk1 and Wee1, Novak and Tyson (1993), established

a mathematical model for the G2/M switch. The model also included APC/C

activity and an intermediary activator of the APC/C. It also includes an input

from un-replicated DNA via a phosphatase that prevents Wee1 inactivation and

Cdc25 activation. This model demonstrated that within a physiological range of

parameters this feedback system behaves in a bistable fashion (Fig. 1.13). Only

after a fixed threshold of Cyclin B, the Cdk1 activation switch will rapidly flip from

interphase to mitosis, but will not linger in between the two states at intermediate

Cdk1 activity levels. This pioneering model made several predictions that were

verified by experimental work in Xenopus egg extracts over the past two decades
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(Pomerening et al. (2003, 2008)).

An important consequence of bistability is hysteresis, which is the resistance to

change between stable states (Solomon (2003); Ferrell (2002)). Due to hysteresis,

the threshold level of Cdk1-Cyclin B required for its activation is higher than the

one required for inactivation of the complex (Fig. 1.16). Active Cdk1-Cyclin B

can remain active despite fluctuations in Cyclin B levels and the cell is likely to

enter mitosis and remain there until the spindle assembly checkpoint is satisfied,

therefore allowing Cyclin B degradation, keeping it from slipping back and forth

to mitosis . 10 years after the publication of the Novak/Tyson model two papers

independently verified hysteresis in the G2/M switch using Cyclin B titrations in

Xenopus egg extracts (Pomerening et al. (2003); Sha et al. (2003)). These studies

confirmed that a 2-3-fold higher level of Cyclin B is required to trigger mitosis

than to maintain the mitotic state, as predicted by the model. Another prediction

of the bistability model is that decreasing levels of Cyclin B will cause an increase

in the lag phase before Cdk1 activation at levels close to the entry threshold. This

was also confirmed in the same papers. A third prediction implies that there is

a spread of Cdk1 activation in space in the form of a trigger wave. This was

confirmed using a spread of Xenopus egg extracts in Teflon tubes (Chang and

Ferrell (2013)).

Given the developments in the past decade concerning PP2A-B55 regulation,

the Novak/Tyson model needs to be updated to incorporate this important control

element of the G2/M switch. To this end Mochida et al. (2016) performed an in

vitro analysis of PP2A-B55 regulation involving recombinant Cdk2-Cyclin A and

Gwl/ENSA. These experiments demonstrated that, indeed, PP2A-B55 regulation

forms an additional bistable switch. How this is integrated in the wider G2/M

switch and Cdk1 activation remains undetermined, and is what I set out to work on

this thesis. Moreover, the experimental evidence that supports the Novak/Tyson

model stems from in vitro work, either in frog egg extracts or with recombinant

proteins. It remains unclear to what extent these results are valid in intact somatic
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cells.
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Chap.1 Fig. 1.16: Relationship between Cdk1-Cyclin B activity. Theoretically the ma-

jority of Cdk1-Cyclin B complexes are either active, inactive, or approaching one of these

states due to Cdk1-Cyclin B dependent feedback loops and these transitions are triggered

by concentration thresholds, where the inactivation threshold is lower than the activa-

tion threshold. This feedback loops provide a resistance to change between the stable

states (making them relatively insensitive to mitotic component fluctuations), showing

that bistability and hysteresis governs this activity (adapted from Lindqvist et al. (2005)).
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Chapter 2

Materials and Methods

2.1 Antibodies

The names, sources and the dilutions of the primary antibodies used are listed in

Table 2.1. Primary antibodies stored at -20°C.

2.2 Sequences

The names and target sequences succesfully used are listed in Table 2.2.

2.3 siRNA oligonucleotides

The names and sources of the siRNA oligonucleotides used are listed in Table 2.3.

Stored at -20°C protected from light.

2.4 Plasmids

Vector maps of the plasmids used for this thesis are in Fig 2.4, 2.5, 2.6 and, 2.4.
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2.5 Western Blotting

For cell lysate preparation, cells were trypsinized and washed once in PBS, they

were counted using a hemocytometer and then resuspended in 1x SDS-PAGE

sample buffer (12.5 mM Tris-HCl pH 6.8, 1.4% (w/v) SDS, 4% sucrose (w/v),

0.002% (w/v) bromophenyl blue, 0.4 mM β-mercaptoethanol) in a concentration

of 1 x 104 cells per every 10 µl of the final solution. Cells were boiled for 5 minutes

at 99°C and then sonicated.

10 µl of the sample was run in a 15% acrylamide gel and then transferred into a

PVDF blotting membrane (Amersham Hybond, GE Healthcare Life Science) using

a transfer blotting system machine (Trans-Blot Turbo transfer machine, Bio Rad).

The membrane was later incubated during 30 minutes with 3% milk in PBS/NP40,

and later probed with primary antibodies overnight. The membrane was washed

three times in PBS/NP40 for 5 minutes and then probed with secondary antibodies

(1:2000) for two hours. The membrane was later soaked in a homemade luminol

solution (luminol (0.1 M Tris-phosphate [pH 8.6]; 0.5 mg/mL Luminol Sodium Salt

(Sigma)), an enhancer solution (1.1 mg/mL p-Coumaric acid dissolved in DMSO

(both from Sigma) and Hydrogen peroxide (Fluka), using the following quantities:

luminol 1 mL, enhancer 10 µL, hydrogen peroxide 3.1 µL) for 3 minutes; blot

was exposed to X-ray film (Amersham Hyperfilm ECL, GE Healthcare), later

exposing the membrane to X-ray film (Amersham) and developed in a Xograph

film developer. X-ray film exposure times varied.
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2.6 shRNA Ensa/Arpp

Packaging shRNA-Encoding Lentivirus

The shRNA oligos were phosphorylated and annealed, using 100 µM of top and

bottom strands, T4 ligation buffer (to add ATP), T4 PNK, in a thermocycler (Bio

Rad, T100) with the following parameters: 37 °C for 30 min; 95 °C for 5 min;

ramp down to 25 °C at 5 °C/min -1. Annealed oligos were later transfected into

competent E. Coli cells (DHα), 1 µl of the reaction was transfected into DH5 α

cells, incubated for 30 minutes, heat shock at 42 °C for 30 seconds, and placed on

ice during 2 minutes. 250 µl of LB media was added and cells were incubated at 37

°C for one hour. 50 µl were plated into ampicillin selection plates. Colonies were

picked up, and mini prep. Plasmids for ArppshRNA1 and EnsashRNA2 did not

give a correct sequence, so only ArppshRNA2 and EnsashRNA1 were used. The

plasmid obtained from positive clones of annealed EnsashRNA1 and ArppshRNA2

oligos were transiently transfected into HeLa cdk1as cells to analyze knockdown

efficiency. HeLa cdk1as cells were seeded in a concentration of 4x105 and left in

incubator. At the following day, 1 µg of each plasmid was added into 100 µL of

DMEM media and in another vial, 2.5 µL of lipofectamine (Lipofectamine 2000,

Thermofisher); media containing plasmid was added into lipofectamine media and

was left at RT for 5 minutes. Media was added into the cells dropwise. After 24

hours, cells were trypsinized and collected in a concentration of 105 cells per 10

µL 4 EBC buffer and 5X SB buffer. The knockdown was confirmed (around 50%

for the two attempts) by Western Blot.

Once a correctly ligated clone was confirmed, Plasmid pENTR-THT III was

cut with HindIII and BglII restriction enzymes, it was dephosphorylated using

Calf intestinal alkaline phosphatase (CIP) (NEB) for two hours and was gel pu-

rified. shRNA oligos were ligated into dephosphorylated pENTR-THT III back-

bone. DHα cells were transformed and selected using gentamycin. Arpp shRNA2
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gave 2 colonies, and EnsashRNA1 gave 1 colony; colonies were grown, miniprep

(QIAprep spin miniprep kit, QIAGEN) and then sent for sequencing and to find

positive clones.

Once the ligated, correct and useful plasmids were found, an LR recombination

reaction was made using the pGLTR-x-GFP plasmid as the vector. At room

temperature, the entry clone, the destination vector, TE buffer and LR clonase

were mixed and incubated at 25 °C for 1 hour. Proteinase K was added to terminate

the reaction and incubated at 37 °C for 10 minutes. 1 µl of the LR reaction was

transfected into DH5 α cells, incubated for 30 minutes, heat shock at 42 °C for

30 seconds, and placed on ice during 2 minutes. 250 µl of LB media was added

and cells were incubated at 37 °C for one hour. 50 µl were plated into ampicillin

selection plates. Colonies were picked up, made a mini prep and cut with enzymes

XhoI and EcoRI, gave correct sizes and were sent for sequencing, giving a positive

result.

HEK293T cells were plated into 10 cm dish in Dulbeccos Modified Eagle

Medium (DMEM) and 3% FCS and grown overnight. Positive clones from the

LR reaction were transfected using lipofectamine 4.5 ug of packaging plasmids

VSV-G and psPAX, 3 µg of the LR reaction plasmid was diluted into 1.5 mL of

DMEM media and mixed gently. In another vial, 36 µL of lipofectamine were

diluted into 1.5 ml of DMEM medium. They were left at RT for 5 minutes, and

then mixed and left for 20 mins. In the meantime, HEK293T cells were trypsinized

and resuspended in antibiotic-free media, to give a total of 4 to 6 x106 cells, in 8

ml (including the transfection mix); the transfection mix was added into a 10 cm

plate and later the cells were added. It was mixed gently and then put into an

incubator to allow them to grow. The antibiotic-free media was changed after 24

hours into full media, to prevent cell death. Transfection was monitored by looking

at GFP levels under the microscope. The lentivirus was harvested after 5 days, the

supernatant was collected and centrifugated at 3000 rpm for 5 min to remove cell

debris and was stored at 4 °C. The supernatant was used to infect HeLa Cdk1as
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cells (same transfection and harvest was made for an shRNA Scramble (Scr) GFP

viral titre, a gift from Dr Tony Ocasio). Viral titre of 1:2, 1:3 and 1:5 were used

to find the best infection that would give a good GFP signal and would not kill

cells, with or without 5 µg/mL of polybrene. Infection was verified by GFP levels

after 5 days. The best infection was selected according to GFP levels and it was

left to grow for 2 days. The cells were trypsinized and grown in 96 well plates in

limiting dilution. Clones that grew where then selected by a positive GFP signal.

They were picked up after 3 weeks and left to grow into 12 and later 6 well plates.

GFP levels of each clone were counted using a FACS (BC Accuri C6 cytometer)

against GFP positive cells as positive control, and untransfected cells as negative

control. Plot was made using FCS express software. Clones (Scr and Arpp/Ensa)

were selected based on their GFP levels. 1x105 cells were plated and 24 hours

later, Doxycycline was added (or not) at a concentration of 2 µg/mL; 5 days after,

they were collected for Western blotting to analyze protein knockdown.

2.7 shRNA Gwl

RPE, MCF10a and HS5 cells were plated in 6 well plates and were transfected

using a lentivirus titre (obtained as in the previous section, using HEK293T cells)

but using a construct consisting of an shRNA expression system plasmid published

in Sigl et al. (2014) with GFP-Scr and GFP-Gwl shRNA (the latter made by Dr

Clare Vesely), in a titre of 1:4. Infection was verified by GFP levels after 5 days.

The cells were trypsinized and selected by GFP levels using FACS sorting. Single

cells were plated in a 96 well plate and left to grow until they covered at least half

well. The 96 well plate was later imaged using an Operetta microscope to find

clones with the higher GFP signal. The clones were trypsinized and later plated

at a concentration of 1 x 104 cells and 24 hours later, Doxycycline was added (or

not) at a concentration of 1 µg/mL; 3 days after, they were collected for Western

blotting to analyze protein knockdown.
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2.8 B55, PP2AC SiRNA

SiRNA (SMARTpool, Dharmacon) for B55α and δ or PP2AC were transfected into

HeLa cdk1as. 2 mL of media with a concentration of 1x105 per mL were placed in

a 6 well plate. B55 smart pools of were added in concentrations of 10, 20 and 30

nM (each), with 2.5µl of lipofectamine (Lipofectamine RNAiMAX, Thermo Fisher

Scientific) in MEM media, with no antibiotics or serum. GAPDH siRNA was used

as a positive control for transfection in a concentration of 20nM. They were left

at RT for 15-20 min and then added into the media with cells dropwise. Cells

were collected after 72 hours and prepared for Western Blotting, using a αB55

PAN antibody or PP2AC (Santa Cruz), rabbit GAPDH (Abcam) and αTubulin

(Abcam).

2.9 Bistability assays

On the first day, a solution of 1 x 105 cells/ml of HeLa cdk1as cells is prepared and

70µl of the cell culture solution are added into a 96-well imaging plate for 24 hours.

At the next day, 2µM 1NMPP1 is added for 20 hours to arrest them in G2 phase.

At the next day, for the exit assay media is removed from the wells and 100µl of

previously warmed media is added, this step is performed 5 times, changing the

tips the first 3 times. After the last wash, 50µ of media containing 25µM of MG132

is added to each well, the plates are incubated for 1.5 hours to allow cells to go

into mitosis. After the specified time, 50 µl of a solution that contains 25µM of

MG132, and 1.6 µM of 1NMPP1 is added to the first row of wells, then a serial

dilution is performed in the previous wells, all to have concentrations from 0-8µM

of 1NMPP1. For the entry experiment, the same process is done, except that the

different concentration of 1NMPP1 will be added right after the 5 washes.
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2.9.1 Greatwall depletion and Wee1 inhibi-

tion for bistability assays

Greatwall siRNA was reversely transfected into HeLa cdk1as cells, in a concen-

tration of 60nM using Dharmafect transfection reagent, following manufacturers

protocol leaving it rest for 8 hours. After 8 hours, media was changed and the

cells were left for 40 more hours before performing a bistability assay.

MK1775 was used at a concentration of 0.25µM to inhibit Wee1 and was added

at the last wash along with 1NMPP1 for the bistability assay.

2.9.2 Bistability assay Timepoints

In order to obtain the timepoint graphs for Ctrl, Gwl siRNA and Wee1 inhibition

cells were treated with sirDNA, a fluorogenic, cell permeable and highly specific

probe for DNA in living cells (Spirochrome) overnight along with 1NM-PP1, using

the same protocol as the one used for bistability assays, but it was performed in an

8 well plate (Ibidi) suitable for live-cell microscopy. Timepoints were taken every

15 minutes for 4 hours in an Olympus IX73, Inverted microscope with automatic

XYZ stage, large field COMS camera, autofocusing, background rejection and live

experiment support. To count cells in each time point, a code in MatLab was used.

2.10 Gwl and CDK4 assays

Control and Gwl shRNA cells were plated in 6 well plates and Doxycycline was

added (or not) and after three days, cells were plated in a CellCarrier-96 Ultra Mi-

croplates, tissue culture treated, with different concentrations per well of Lee011.

24 hours after plating and drug treatment, EdU was added for 1 hour. After the

hour, cells were fixed and treated for immunofluorescence.

67



2.11 Cell Cloning

2.11.1 Rosa 26 arms and tet on system cas-

sette

For the CRISPR cloning, the following oligos were designed and ordered. For the

gRNA: CACCGgacctgctacaggcactcgt and AAACacgagtgcctgtagcaggtcC. Primers

for the left and right arms of homology regions for the Rosa26 locus that were be

cloned into PBS vector.

Right and left arms of a Rosa26 locus were integrated into a PBS vector using

Gibson assembly. Vector was opened by enzyme cut using EcoR1. Vector and

inserts were gel-purified (QIAquick Gel extraction kit, QIAGEN). Transformation

was done following the manufacturers protocol. Positive clones were found by

enzyme cut with Not1 and later sequenced. Out of twelve colonies, only one was

positive.

In parallel, gRNA oligos from Rosa locus (5’ GACCTGCTACAGGCACTCGT

3’) were annealed, by mixing into PCR tubes 1µl of the top and bottom gRNA

oligos, 1 µl of T4 DNA ligase buffer, 1 µl of T4 PNK and 6 µl of ddH2O. It was

placed in the thermocycler using the following parameters: 37 °C 30 min, 95 °C 5

min, 95 °C, 10 s and going down 1 °C per cycle 70 X and 25 °C afterwards. The

reaction was used diluted (1:50) and undiluted, adding 2µl of the reaction, 1 µl of

the Cas9 plasmid, 2 µl 10X FastDigest (Thermo Fisher), 1 µl of DTT, 1 µl of ATP,

Bpil (FastDigest, Thermo Fisher), 0.5 µl T7 DNA ligase and 11.5 µl of ddH2O.

Samples were incubated in the thermocycler with the following parameters: 5 min

37 ℃, 5 min 21 °C, and then left at 12 °C. 11 µl of this ligation reaction was

placed in a PCR tube, 1.5 µl of PlasmidSafe buffer (Epicentre), 1.5 µl of ATP

and 1 µl of PlasmidSafe exonuclease (Epicentre) and incubated for 1 hour on a

thermocycler with the following parameters: 30 min at 37 °C, 30 min at 70 °C and
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left at 12 °C. 5 µl of the last reaction was transformed into DH5α competent cells

and left in plates overnight. Colonies were picked, miniprep (QIAprep miniprep

kit, QIAGEN) and sent for sequencing.

The FRT plasmid that contains an FRT site that serves as both the recognition

and cleavage site for the FlP recombinase, was inserted between the two arms of

Rosa26 with a normal ligation, using plasmid for the FLP-in system. The plasmid

containing the Tet-On expression system was synthesized and provided by Dr Tony

Oliver. 6 µg of the plasmid containing the Rosa26 locus arms was incubated with

1 µl of EcoR1 (NEB), 1 µl of Cutsmart buffer (NEB) and water up to 40 µl, during

2 hours. 2 µl of CIP (NEB) was added and incubated for another 2 hours. Cut

vector was gel purified and later incubated with the FRT plasmid in a 1:2 reaction

using T4 ligase, and left at 16 °C overnight. 2 µl of this reaction was transformed

into DH5α cells and plated with Ampicillin as the selection. Colonies were picked,

mini-prep and later cut using HindIII to find positive clones. XhoI was used in

the clones that appeared to be positive as a confirmation.

Positive plasmid and gRNA were transfected in U2OS cdk1as cells using Lipo-

fectamine 2000 (Thermo Fisher), by following manufacturers protocol and placed

into selective media (Zeocin, Invivogen) at the next day.

2.11.2 Cyclin B1 tagging

A plasmid containing the homologous Cyclin B1 arms at the C terminal (provided

by Nadia Hegarat), was digested with 1 µl of EcoR1 (NEB), 1 µl of Cutsmart

buffer (NEB) and water up to 40 µl, during two hours. Inserts of Venus and

mKate tags, and Neomicyn were obtained by PCR from two different vectors.

Vector and inserts were gel-purified (QIAquick Gel extraction kit, QIAGEN) and

inserted into the opened vector of the Cyclin B arms by Gibson assembly. Positive

clones were found by enzyme cut with EcoRI and following sequencing.

Following sequence and confirmation of the plasmid, it was transfected along
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with the gRNA inserted in a Cas9 with puromycin resistance plasmid, left for two

days and transferred into media containing 1.5 µg/mL of G418. Colonies were

picked up after three weeks and positive clones found by western blot and verified

in the microscope.

2.11.3 NIPP1 cloning

GFP-NIPPI sequence was introduced into the Age1 site of the Rosa26 MCS vector

by Gibson assembly, the plasmid was kindly given by the team behind the publi-

cation of Winkler et al. (2015) and it was obtained by PCR. This approach was

not good as no colonies were obtained, even after optimizing different parameters

(vector: insert ratio, time of incubation, etc.). At the end, the MCS site was

changed to ECORI and new primers were ordered, and colonies were found to be

positive (by enzyme cut using BglII and following sequencing).

2.11.4 ENSA cloning

Full cDNA of flag ENSA was cloned into the Age1 site of the Rosa26 Locus MCS

plasmid, by Gibson assembly. Flag ensa insert was obtained by PCR. Age1 site

needed to change as no colonies were obtained. EcoRI was chosen as a new site.

Colonies were first cut with BglII but there seemed no positive colonies. The

colonies were found by enzyme cut with EcoRV and following sequencing.

2.11.5 NIPP1 NLS

Jagiello et al. (2000), found that the active transport of NIPP1 to the nucleus is

mediated by two nuclear localization signals (NLS), that partially overlap with the

binding sites of PP1. Mutating these sequences to alanine decreases the amount

of NIPP1 going into the nucleus, as it can cross the nuclear membrane passively.

The construct for the GFP-NIPP1 plasmid was used as a template where the NLS
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sequences were mutated and then it was fully synthesized by a company. The

full plasmid was later introduced into the Rosa arms tet on system by Gibson

assembly.

2.11.6 OsTiR1

Rosa26 MCS plasmid containing the OsTIR1 protein was transfected into U2OS

cdk1as cells and levels were checked by WB (OsTIR1 was added to my Rosa26

MCS plasmid by Dr Nadia Hegarat).

2.12 Transfection and cell culture

HeLa as and U2OS cdk1as cells were grown in Dulbecco’s Modified Eagle Medium

(DMEM) (Life technologies) medium, with 10% calf serum, and 1% of glutamine

and pen strep. The medium was renewed every 2-3 days with or without selec-

tive media. HS578T and MM231 cells were grown in DMEM medium, with 10%

tetracycline free calf serum (PAN biotech), and 1% of glutamine and pen strep.

The immortalised breast epithelial cell line MCF10a was cultured in DMEM/F12

(Life Technologies) supplemented with 10% Tetracycline-free FBS (PAN Biotech),

20ng/mL EGF (Peprotech), 0.5mg/mL Hydrocortisone (Sigma), 100ng/mL Cholera

Toxin (Sigma) and 10 µg/mL Insulin (Sigma).

All plasmids were transfected into U2OS cdk1as cells using lipofectamine 2000

(Thermofisher) following manufacturers’ instruction in 6 well plates, using a final

concentration of 2µM. After two days, the cells were trypsinized and plated into

10 cm dished at different dilutions and in selective media (200 µM Zeocin).

For Neon transfection, HeLa cdk1as were transfected with 20nM each of B55α/δ

/ Ctrl siRNA using Neon transfection system (Invitrogen), with the following set-

tings: 10µL needle, 1350V, 20ms and 2 pulses. Cells were later left 48 hours in

media with no antibiotics and prepared for WB.
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2.13 Cell fixation and Immunostain-

ing

Cells were grown in 6 well plates and treated/not treated with 0.5, 1 and 2µM

1NMPP1 for 20 hours. Cells were fixed with 10% formaldehyde for 10 minutes.

They were permeabilized with 0.1% NP-40 in PBS for 20 minutes, then washed

and left in PBS to be probed with antibodies. Cells were incubated and blocked

with 3% BSA in PBS for 30 minutes at room temperature. Later, they were

processed for immunofluorescence using mentioned antibodies for one hour. They

were washed three times in PBS and then incubated with secondary antibodies at a

concentration of 1:2000, for 1 hour. Cells were washed three times in PBS and were

mounted using ProLong Gold mounting solution containing DAPI (Invitrogen), for

cells that were fixed in slides and coverslips or Hoechst for 96 well plates and later

washed 2x with PBS. For cells that needed only Hoechst treatment, they were fixed

in a 96 well plate, where Hoechst was added and left for 10 mins, later washed 2x

with PBS.

For the Gwl/CDK4 analysis, after treatment, cells were fixed for 10 min in 3.7%

formaldehyde, rinsed 2 times in PBS. Cells were permeabilized in PBS-0.1% NP40

for 10 min, then blocked in 3% BSA for 10 min and probed with pRB polyclonal

rabbit antibody (Cell Signalling) for 40 min. Wells were rinsed 2x in PBS and

probed with Alexa Fluor secondary antibody (1:2000) for 30 min. After antibody

staining, cells were probed with Click-iT EdU Imaging Kit with Alexa Fluor 647

azide as per instructions. Wells were then washed 2x and DAPI was added at

a concentration of 0.3 µg/mL for 10 minutes. Following washing with PBS 2x,

cells were imaged. For image acquisition, I used an Operetta CLS High-Content

Analysis System, with a 20x and 40x water lens.
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2.14 Data analysis

Images obtained after immunostaining for the Gwl/CDK4assays, were analysed

using Harmony software with PhenoLOGIC (PerkinElmer) using the analysis se-

quence published in Massey (2015) (up to number 11) as the starting building

blocks for cell cycle analysis, separation of single cells, adjusting parameters for

the different cell lines used. From the single cell results, DNA content histograms

to find the G1 peak value were created using TIBCO Spotfire Software; the G1

peak value (DAPI intensity) was used to normalize the DNA content in the Har-

mony software.

For the S phase population graphs, S phase population was selected using

TIBCO Spotfire Software, raw data from the analysis was taken from the Harmony

software. Once the S phase population was selected, a new column was created.

Graphs were obtained using Python.

Plots of DNA content versus log EdU content and pRB content (IF intensity)

were created using python, with the following code:

2.14.1 Python codes

Cell cycle and Rb phosphorylation levels plot

import NumPy as np

import pandas as pd

import matp lo t l i b as mpl

mpl . rcParams [ ’ pdf . f ont type ’ ] = 42

import matp lo t l i b . pyplot as p l t

import seaborn as sns

sns . set ( s t y l e=” t i c k s ” , c o l o r c o d e s=True )
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# Import data

df1 = pd . r ead c sv ( ’ ’ , low memory=False )

df2 = pd . r ead c sv ( ’ ’ , low memory=False ) . . .

# concat data

r e s u l t = pd . concat ( [ df1 , df2 . . . ] , a x i s =0, j o i n=’ outer ’ ,

j o i n a x e s=None , i g n o r e i n d e x=False , keys=None , l e v e l s=None ,

names=None , v e r i f y i n t e g r i t y=False ,

copy=False )

# Simply fy the d f

df = r e s u l t . l o c [ : , [ ’ ’ , ’ ’ , ’ ’ , ’ ’ , ’ ’ ] ]

c o l s = [ ’Row ’ , ’Column ’ , ’DNA’ , ’Edu ’ , ’pRB ’ ]

df . columns = c o l s

rowcount = df . groupby ( ’Row ’ ) . count ( )

print ( rowcount )

print ( df . columns )

# I n s p e c t data per row and column

print ( df . groupby ( [ ’Row ’ , ’Column ’ ] ) .min ( ) )

print ( df . groupby ( [ ’Row ’ , ’Column ’ ] ) .max( ) )

print ( df . groupby ( [ ’Row ’ , ’Column ’ ] ) . count ( ) )

74



df [ ’ pRBperc ’ ] = ( ( df [ ’pRB ’ ] ∗ 100) / 65000)

# F i l t e r data by Row and Column

i x c t r = df [ ’Row ’ ] . i s i n ( [ ] ) & df [ ’Column ’ ] . i s i n ( [ ] )

i x c t r minusdox = i x c t r & df [ ’Row ’ ] . i s i n ( [ ] )

i x c t r p l u s d o x = i x c t r & df [ ’Row ’ ] . i s i n ( [ ] )

i x gw l = df [ ’Row ’ ] . i s i n ( [ ] ) & df [ ’Column ’ ] . i s i n ( [ ] )

ix gwl minusdox = ix gwl & df [ ’Row ’ ] . i s i n ( [ ] )

i x gw l p lu sdox = ix gw l & df [ ’Row ’ ] . i s i n ( [ ] )

df . l o c [ ix ctr minusdox , ’ cond ’ ] = ’ Ctr l −Dox ’

df . l o c [ i x c t r p l u s d o x , ’ cond ’ ] = ’ Ctr l +Dox ’

df . l o c [ ix gwl minusdox , ’ cond ’ ] = ’Gwl −Dox ’

df . l o c [ ix gwl p lusdox , ’ cond ’ ] = ’Gwl +Dox ’

Histograms of DNA content versus pRB content were created using python,

with the following code:

import numpy as np

import pandas as pd

import matp lo t l i b as mpl

mpl . rcParams [ ’ pdf . f ont type ’ ] = 42

import matp lo t l i b . pyplot as p l t

import seaborn as sns

sns . set ( s t y l e=” t i c k s ” , c o l o r c o d e s=True )
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# Import data

df1 = pd . r ead c sv ( ’ ’ , low memory=False )

df2 = pd . r ead c sv ( ’ ’ , low memory=False ) . . .

# concat data

r e s u l t = pd . concat ( [ df1 , df2 . . . ] , a x i s =0, j o i n=’ outer ’ ,

j o i n a x e s=None , i g n o r e i n d e x=False , keys=None , l e v e l s=None ,

names=None , v e r i f y i n t e g r i t y=False , copy=False )

# Simply fy the d f

df = r e s u l t . l o c [ : , [ ’ ’ , ’ ’ , ’ ’ , ’ ’ , ’ ’ ] ]

c o l s = [ ’Row ’ , ’Column ’ , ’DNA’ , ’Edu ’ , ’pRB ’ ]

df . columns = c o l s

rowcount = df . groupby ( ’Row ’ ) . count ( )

print ( rowcount )

print ( df . columns )

# I n s p e c t data per row and column

print ( df . groupby ( [ ’Row ’ , ’Column ’ ] ) .min ( ) )

print ( df . groupby ( [ ’Row ’ , ’Column ’ ] ) .max( ) )

print ( df . groupby ( [ ’Row ’ , ’Column ’ ] ) . count ( ) )

df [ ’ pRBperc ’ ] = ( ( df [ ’pRB ’ ] ∗ 100) / 65000)
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# F i l t e r data by Row and Column

i x c t r = df [ ’Row ’ ] . i s i n ( [ ] ) & df [ ’Column ’ ] . i s i n ( [ ] )

i x c t r minusdox = i x c t r & df [ ’Row ’ ] . i s i n ( [ ] )

i x c t r p l u s d o x = i x c t r & df [ ’Row ’ ] . i s i n ( [ ] )

i x gw l = df [ ’Row ’ ] . i s i n ( [ ] ) & df [ ’Column ’ ] . i s i n ( [ ] )

ix gwl minusdox = ix gwl & df [ ’Row ’ ] . i s i n ( [ ] )

i x gw l p lu sdox = ix gw l & df [ ’Row ’ ] . i s i n ( [ ] )

df . l o c [ ix ctr minusdox , ’ cond ’ ] = ’ Ctr l −Dox ’

df . l o c [ i x c t r p l u s d o x , ’ cond ’ ] = ’ Ctr l +Dox ’

df . l o c [ ix gwl minusdox , ’ cond ’ ] = ’Gwl −Dox ’

df . l o c [ ix gwl p lusdox , ’ cond ’ ] = ’Gwl +Dox ’

#S e l e c t i n g his togram o p t i o n s

g = sns . FacetGrid ( df . sample (n=n ) , c o l=”Column” , row=”cond” )

g = g .map( sns . d i s t p l o t , ’pRB ’ , b ins=None , c o l o r=”b” )

g . set ( xl im=(n , n ) )

p l t . s a v e f i g ( ’ ’ , bbox inches=’ t i g h t ’ )

p l t . show ( )

For EdU, percentage (%) of cells at each condition, single-cell analysis was done

in Spotfire, EdU population was selected and then added into the file, creating a

new column, that states if the cells were or not EdU positive. The obtained file

was used and transferred to Python, and the code used to obtain the percentage

is the following:

from f u t u r e import d i v i s i o n

import pandas as pd
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import numpy as np

import matp lo t l i b as mpl

pd . s e t o p t i o n ( ’ d i s p l a y . max rows ’ , 500)

pd . s e t o p t i o n ( ’ d i s p l a y . max columns ’ , 500)

pd . s e t o p t i o n ( ’ d i s p l a y . width ’ , 1000)

mpl . rcParams [ ’ pdf . f ont type ’ ] = 42

import matp lo t l i b . pyplot as p l t

import seaborn as sns

# Import data

# df = pd . r e a d c s v ( ’ ’ , low memory=False )

df = pd . DataFrame ( )

d f = pd . r ead c sv ( ’ ’ , low memory=False )

d f . l o c [ : , ’ rep ’ ] = n

# Row count

rowcount = df . groupby ( ’Row ’ ) . count ( )

# F i l t e r data by Row and Column

i x c t r = df [ ’Row ’ ] . i s i n ( [ ] ) & df [ ’Column ’ ] . i s i n ( [ ] )

i x c t r minusdox = i x c t r & df [ ’Row ’ ] . i s i n ( [ 1 , 2 ] )

i x c t r p l u s d o x = i x c t r & df [ ’Row ’ ] . i s i n ( [ 3 , 4 ] )

i x gw l = df [ ’Row ’ ] . i s i n ( [ ] ) & df [ ’Column ’ ] . i s i n ( [ ] )

ix gwl minusdox = ix gwl & df [ ’Row ’ ] . i s i n ( [ 5 , 6 ] )

i x gw l p lu sdox = ix gw l & df [ ’Row ’ ] . i s i n ( [ 7 , 8 ] )

78



df . l o c [ ix ctr minusdox , ’ cond ’ ] = ’Gwl −Dox ’

df . l o c [ i x c t r p l u s d o x , ’ cond ’ ] = ’Gwl +Dox ’

df . l o c [ ix gwl minusdox , ’ cond ’ ] = ’ Ctr l −Dox ’

df . l o c [ ix gwl p lusdox , ’ cond ’ ] = ’ Ctr l +Dox ’

print ( df . columns )

# Def

def edu pe r c fn ( s ) :

t o t a l = len ( s )

pos = len ( s [ s == ’ Yes ’ ] )

return f loat ( pos ) / f loat ( t o t a l ) ∗ 100

# Finding %

eduperc = df . groupby ( [ ’ cond ’ , ’ rep ’ , ’Column ’ ] ) [ ’ edu%’ ] . agg ( edu pe r c fn )

r e p e n f i l a s = eduperc . unstack ( [ ’ cond ’ , ’Column ’ ] )

mean std = r e p e n f i l a s . agg ( [ ’mean ’ , ’ s td ’ ] )

mean std = mean std . p ivot ( index =[ ’ cond ’ , ’Column ’ ] , columns=[ ’mean ’ , ’ s td ’ ] )

print ( r e p e n f i l a s )

print ( mean std )

r e p e n f i l a s . t o c s v ( ’ . . . csv ’ )

mean std . t o c s v ( ’ . . . . csv ’ )

To obtain violin/box plots, using the same file that was mentioned before, the

Python code used was:
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import numpy as np

import pandas as pd

import matp lo t l i b as mpl

mpl . rcParams [ ’ pdf . f ont type ’ ] = 42

import matp lo t l i b . pyplot as p l t

import seaborn as sns

sns . set ( s t y l e=” t i c k s ” , c o l o r c o d e s=True )

# Import data

df1 = pd . r ead c sv ( ’ ’ , low memory=False )

df2 = pd . r ead c sv ( ’ ’ , low memory=False ) . .

# concat data

r e s u l t = pd . concat ( [ df1 , df2 . . . ] , a x i s =0, j o i n=’ outer ’ ,

j o i n a x e s=None , i g n o r e i n d e x=False , keys=None , l e v e l s=None ,

names=None , v e r i f y i n t e g r i t y=False , copy=False )

# Simply fy the d f

df = r e s u l t . l o c [ : , [ ’ ’ , ’ ’ , ’ ’ , ’ ’ , ’ ’ ] ]

c o l s = [ ’ ’ , ’ ’ , ’ ’ , ’ ’ , ’ ’ ]

d f . columns = c o l s

rowcount = df . groupby ( ’Row ’ ) . count ( )
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print ( rowcount )

print ( df . columns )

# I n s p e c t data per row and column

print ( df . groupby ( [ ’Row ’ , ’Column ’ ] ) .min ( ) )

print ( df . groupby ( [ ’Row ’ , ’Column ’ ] ) .max( ) )

print ( df . groupby ( [ ’Row ’ , ’Column ’ ] ) . count ( ) )

df [ ’ pRBperc ’ ] = ( ( df [ ’pRB ’ ] ∗ 100) / 65000)

# F i l t e r data by Row and Column

i x c t r = df [ ’Row ’ ] . i s i n ( [ ] ) & df [ ’Column ’ ] . i s i n ( [ ] )

i x c t r minusdox = i x c t r & df [ ’Row ’ ] . i s i n ( [ ] )

i x c t r p l u s d o x = i x c t r & df [ ’Row ’ ] . i s i n ( [ ] )

i x gw l = df [ ’Row ’ ] . i s i n ( [ ] ) & df [ ’Column ’ ] . i s i n ( [ ] )

ix gwl minusdox = ix gwl & df [ ’Row ’ ] . i s i n ( [ ] )

i x gw l p lu sdox = ix gw l & df [ ’Row ’ ] . i s i n ( [ ] )

df . l o c [ ix ctr minusdox , ’ cond ’ ] = ’ Ctr l −Dox ’

df . l o c [ i x c t r p l u s d o x , ’ cond ’ ] = ’ Ctr l +Dox ’

df . l o c [ ix gwl minusdox , ’ cond ’ ] = ’Gwl −Dox ’

df . l o c [ ix gwl p lusdox , ’ cond ’ ] = ’Gwl +Dox ’

# Def in ing p l o t

g = sns . v i o l i n p l o t (or boxplot ) . sample (n = . . . ) ( x=”” , y=”” , hue=”” , data=df , s i z e =6)

g . set ( yl im=(n , n ) )

g = sns . FacetGrid ( df , hue=”cond” )
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g = g . map dataframe ( p lo t fn , ”pRB” , ”Column” )

g . set ( xl im =(0.25 , 3 ) )

p l t . s a v e f i g ( ’ . . . ’ , bbox inches=’ t i g h t ’ )

p l t . show ( )
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Antibodies

 LIST
Antigen Source/catalogue number Species Dilution

Greatwall kinase Sigma (HPA054273) Rabbit 1:500 (IB)

-Endosulfine
(ENSA)

Abcam (ab125873) Rabbit 1:1000 (IB)

GAPDH GeneTex (GTX627408) Mouse 1:10000 (IB)

a-Tubulin Abcam (ab7291) Mouse 1:10,000 (IB)

PP2A-B55 Santa Cruz (sc-18330) Goat 1:1000 (IB)

PP2A-C Santa Cruz (sc-376673) Mouse 1:1000 (IB)

Actin Abcam (ab141) Mouse 1:10000 (IB)

CDK1 Abcam (ab18) Mouse 1:1000 )IB)

C-Myc Abcam (ab32) Mouse 1:1000 (IB)

H3 Milipore (Q16695) Mouse 1:10000 (IB)

Phospho-Rb 
(Ser780) 

Abcam (ab131264) Rabbit 1:500 (IF)

Cyclin B Thermofisher (MA5-14327) Mouse 1:1000 (IB)

Y15 Santa Cruz (sc-7989) Mouse 1:500 (IF)

Phospho CDK 
substrate [(K/H) 

Cell Signaling (AB 9477) Rabbit 1:1000 (IF)

Lamin B Santa Cruz (sc-6216) Goat 1:1000 (IF)

Alexa 594 a-rabbit Invitrogen Donkey 1:10000 (IF)

Alexa 488 a-mouse Invitrogen Donkey 1:10000 (IF)

Alexa 647 a-goat Invitrogen Donkey 1:10000 (IF)

HRP Dako Rabbit 1:20000 (IB)

HRP Dako Mouse 1:20000 (IB)

HRP Dako Goat 1:20000 (IB)

Chap.2 Fig. 2.1: Table of antibodies used for this thesis
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Sequences

 LIST
Name Sequence

EnsashRNA1 GATCCCCAGAGAGCTGAAGAGGCAAAttcaagagaTTTGCCTCT
TCAGCTCTCTTTTTTGGAAA

EnsashRNA2
GATCCCCGCTAAAGGCCAAATACCCAttcaagagaTGGGTATTT
GGCCTTTAGCTTTTTGGAAA

ARPPshRNA1 GATCCCCCAAGCTGGCTGGCTGATTAttcaagagaTAATCAGCC
AGCCAGCTTGTTTTTGGAAA

ARPPshRNA2 GATCCCCGCACAAGAGTTCCTACACAttcaagagaTGTGTAGGA
ACTCTTGTGCTTTTTGGAAA

Rosa Arms gRNA CGgacctgctacaggcactcgt 

Rosa arms Left cgataagcttgatatcgGCCTAGAGAAGAGGCTGTGCTTCGG, 
ccgctcctcccGAATTCG- GCTTGTCTCGCCCTTCAGgcggtg: 

Cyclin B gRNA CATCGAAGCATGCTAAGATC 

Chap.2 Fig. 2.2: Table of target sequences used for this thesis

SiRNA

 LIST
Target Source/catalogue number

PP2AC Qiagen

Greatwall (Chapter 
3)

Qiagen, MASTL 06

PP2A-B55 on target plus Smartpools, 
Dharmacon

Greatwall (Chapter 
5)

on target plus Smartpools, 
Dharmacon

Ensa on target plus Smartpools, 
Dharmacon

Control All Stars negative control, 
1027280

Chap.2 Fig. 2.3: Table of siRNAs oligonucleotides used for this thesis
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Chap.2 Fig. 2.4: Vector map of the plasmid used for the ENSA/ARPP19 and Scr (control)

shRNA lentivirus. It contains a GFP tag, Ampicillin resistance promoter and sequence, a

tet based regulator, the Lentiviral transfer plasmid encoding the insert of interest and a

Kozak sequence for a correct initiation codon.
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Chap.2 Fig. 2.5: Vector map of the plasmid containing left and right arm of the C-terminal

of Cyclin B (around 1000 base pairs, per arm), an mVenus tag and a linker to couple it to

Cyclin B, the Ribosomal ”skipping” sequence and antibiotic resistance gene, introduced

into a pAAV-CMV vector
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Chap. 2 Fig. 2.6: Vector map of the plasmid containing the SMash-AID

B55α degron tag. left and right arms of the C terminal of B55, a linker (5-

CGCCTCAGCGGCATCAGCTGCAGGAGCTGGAGGTGCATCTGGCTCAGCGGCAGG-

3), the mAID and SMASh degron, and a P2A skipping sequence-neomycin fragment,

introduced into a pBlueScript plasmid.
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Chap. 2 Fig. 2.7: Vector map of the plasmid containing the main features used to in-

troduce the cDNA of NIPP1, GFP, NIPP1-NLS, ENSA and OsTIR1. It contains a

bleomycin/zeocin resistance marker and they were introduced between the left and right

arm of the Rosa26 locus targetting sequence (around 1000 base pairs each), with a tet

based regulator introduced into a pBlueScript plasmid.
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Chapter 3

Bistability and hysteresis in the

G2/M transition

In this chapter I sought to confirm if the mitotic entry in mammalian cells is reg-

ulated by a bistable switch, and to what extent Cdk1 activation and PP2A-B55

inactivation contribute to this switch system. As described above, the bistabil-

ity of the interphase-mitosis transition was predicted by a mathematical model

based on the feedback between Cdk1 and Wee1/Cdc25. Bistability and hystere-

sis was confirmed by experimental data in frog egg extracts (Novak and Tyson

(1993); Pomerening et al. (2003)). Moreover, the activity of the major Cdk1-

counteracting phosphatase, PP2A-B55, was also found to be bistable due to Gwl

kinase-dependent regulation in vitro (Mochida et al. (2016)). The interplay of the

regulation of Cdk1 and PP2A-B55 in vivo remained unexplored until this thesis.

In this chapter, I will describe our work to determine, if the mammalian entry

switch system is bistable and how Cdk1 and PP2A-B55 regulation contribute to

bistability. This work was a close collaboration with Scott Rata and Bela Novak

(University of Oxford), who performed the mathematical modelling that accom-

panied my experimental work.
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3.1 Theoretical consideration for this

study

The most important prediction of the bistability model for mitosis is a hysteric

response to Cdk1-Cyclin B activity. If a cell is in interphase it will require a cer-

tain threshold of Cdk1-Cyclin B to overcome the interphase-mitosis threshold and

trigger mitotic entry. Conversely, if a cell is already in mitosis it can afford to

reduce levels of Cdk1-Cyclin B to a lower threshold before the mitosis-interphase

transitions are initiated during mitotic exit. Cyclin B-Cdk1 dependent inhibi-

tion of the phosphatase PP2A-B55 counteracts the response of Cyclin B-Cdk1 on

Wee1/Myt1 and Cdc25 (Mochida et al. (2009)) which is tightly regulated by Gwl

kinase, adding another element to the autoregulatory loop (Fig. 3.1) (Mochida

et al. (2009)).

There are two roles of this pathway during mitotic entry. First, PP2A-B55

is one of the major Cdk1 antagonizing phosphatases and targets many mitotic

Cdk1 substrates (Cundell et al. (2016)). Keeping its activity low helps to stabilize

phosphorylation sites and creates a buffer for fluctuations in kinase activity. The

second role is that PP2A-B55 is directly involved in the Cdk1 activation feedback

loops by targeting Wee1 and Cdc25 (Vigneron et al. (2009); Lorca et al. (2010);

Mochida et al. (2009)) where dephosphorylation of Cdc25 keeps it in a low activity

state (Wera and Hemmings (1995)). Cdk1 can also inhibit PP2A-B55 activity by

phosphorylating ARPP19 on a different conserved site. The regulation of ARPP19

by Gwl and Cdk1 result in different levels of PP2A-B55 inhibition (Okumura et al.

(2014)) with suppression of the PP2A protein phosphatase families required for

entry into mitosis (Cyert and Thorner (1989)) and dephosphorylation of mitotic

substrates by serine/threonine proteases like PP2A-B55 needed for mitotic exit

(Potapova et al. (2011); Xing et al. (2008)). Therefore, PP2A-B55δ activity is

the inverse of Cdk1-Cyclin B, being high in interphase and low in mitosis (Barr
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et al. (2011)). However, it is still not known how all the layers are regulated by

PP2A-B55 and the precise impact of this phosphatase activity on Wee1/Myt1 and

the three Cdc25 paralogues in human cells.

This complex control for a somewhat straightforward activation of simple ki-

nase is likely to have evolved to ensure robustness of the interphase/mitosis sep-

aration (Kitano (2004); Stelling et al. (2004)). This means that even though

that the environmental variability and noise in the system, mitosis is triggered

at the right time, relying on an ultra-sensitive switch that is highly resistant to

noise, because once it is triggered there is no way back, and also and it is go-

ing one way, dependent on the positive feedback loops that generate the bistable

switch system (Araujo et al. (2016)). Linking Cdk1 activation and phosphatase

inactivation thus provides a network architecture that ensures a robust transition

between interphase and mitosis with maximum theoretical efficiency (Cardelli and

Csikász-Nagy (2012)). Given that Cdk1 controls PP2A-B55 activity via Gwl, and

PP2A-B55 negatively regulates Cdk1 via Wee1 and Cdc25. Thus, one can expect

that the two feedback systems are connected to increase the robust separation

between interphase and M-phase.

Bistability and hysteresis was previously confirmed experimentally in Xenopus

egg extracts based on titration of Cyclin B in cycloheximide treated egg extracts

that did not re-resynthesize cyclins after mitotic exit. However, a similar ex-

periment in intact cells can only be performed by genetic means of depletion and

expression which is very difficult to achieve. Similar experiments can be performed

using Cdk1 inhibition rather than Cyclin B titration. In this case, hysteresis would

mean that less inhibitor is required to block mitotic entry and more to trigger mi-

totic exit. A dose-response experiment would give a precise distribution of mitotic

vs interphase cells in the population and this parameter can be estimated experi-

mentally and in parallel derived from modelling.

The prediction based on the bistability model on Xenopus egg extracts will

state that Cdk1 inhibitor would shift the S-shaped substrate phosphorylation curve

91



C

P
su

bs
tra

te

total CycB

CycB

Cdk1

B55
PP2A

P substrate

substrate

+

M-phase

interphase

+

en
try

ex
it

Chap. 3 Fig. 3.1: Schematic signal-response (SR) diagram for Cdk1 auto-activation.

PP2A-B55 feedback regulation and mitotic substrate phosphorylation by interlinked ki-

nase–phosphatase switches. A key feature of mitotic bistability is hysteresis, where mitotic

entry requires a larger Cyclin B level than that required to block the reverse transition

at mitotic exit. Given that Cdk1 influences PP2A-B55 activity via Gwl, and PP2A-B55

negatively regulates Cdk1 via Wee1 and Cdc25, it can be guessed that the two feedback

systems might reinforce each other, thereby increasing the robust separation of interphase

and M phase states (taken from Rata et al. (2018).
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to the right (Fig. 3.2 A) and if the mitotic switch is bistable, showing hysteresis, the

threshold concentration of Cdk1 inhibitor required to block mitotic entry should

be smaller than the one needed to induce mitotic exit at a given Cyclin B level. It

was reasonable to believe that this mitotic transition could able to be assessed by

exposing cells to increasing concentrations of a Cdk1 inhibitor (Fig. 3.2 B). Thus,

measuring concentrations required to prevent entry into mitosis and to trigger

mitotic exit should allow us to determine this threshold.

3.2 Assaying hysteresis in HeLa and

U2OS cdk1as cells

In order to investigate bistability in mammalian cells, I used a chemical genetics

approach to achieve highly specific and reversible inhibition of Cdk1. I took ad-

vantage of HeLa and U2OS cell lines that express a version of Cdk1, carrying a

mutation in the conserved bulky residue of the ATP/binding pocket of protein ki-

nases (the HeLa cdk1as cell line was established by Dr Kumiko Samejima and Prof.

Bill Earnshaw, University of Edinburgh; the U2OS cdk1as cells were established

by Dr Tom Stiff in our lab). This mutations (F80G in the case of Cdk1) sensi-

tize kinases to bulky ATP analogues (Shokat and Velleca (2002)), called analogue-

sensitive kinase alleles (ASKAs). This bulky ATP analogue complements the shape

of the mutant ATP pocket and can specifically modulate and inhibit the kinase

activity. The cells I used express the Xenopus Leavis homologue of Cdk1 carry-

ing the F80G mutation (from now on called cdk1as), while the endogenous Cdk1

gene was knocked out by clustered regularly interspaced short palindromic repeats

(CRISPR/Cas9) genome editing. For an unknown reason, the textitXenopus leavis

version tolerates the F80G mutation while this mutation causes significant loss of

kinase activity in the human homologue of Cdk1.

The resulting cdk1as HeLa and U2OS cells are sensitive to the bulky ATP ana-
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Chap.3 Fig. 3.2: Model of the hysteresis assay based on Cdk1 inhibition. A) The Cdk1

inhibitor shifts the SR curve to the right in a concentration-dependent manner: more

inhibitor is required to induce mitotic exit (right curve) than to block mitotic entry (middle

curve). B) Summary: Cdk1 inhibitor blocks mitotic entry and promotes mitotic exit (taken

from Rata et al. (2018).
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logue 1NM-PP1 (4-Amino-1-tert-butyl-3-(1-naphthylmethyl)pyrazolo /3,4-d /pyrim-

idine) (Fig. 3.3 A and B) and are arrested in late G2 phase upon inhibitor treat-

ment (Fig.3.3 C). Removal of the drug results in a highly synchronous release into

mitosis that can be used for cell biological and biochemical analysis of the mitotic

entry network (Fig.3.3 D). As Cdk1 activity has to reach a certain threshold for

mitotic entry, a gradient of 1NM-PP1 concentrations can be added to the media

after washing the drug for a more precise distinction of early or delayed entry/exit.

The main quantitative assay for the Interphase-M phase bistability that was

used in this research was developed by PhD student Stephy Joseph in our lab and

it consists in adding 2µM of 1NM-PP1 (it differs between cell lines) for 20 h to

obtain a G2 arrested population. The drug is then washed and the cells are placed

into fresh media containing different increasing concentrations of 1NM-PP1 and

the proteasome inhibitor MG132 (Guo and Peng (2013)) (Fig. 3.4). To analyse

mitotic exit, cells are first released in 1NM-PP1 free medium containing MG132

and then treated with increasing doses of 1NM-PP1 to trigger mitotic exit. This

followed previous experiments showing that in the absence of Cyclin B1 proteolysis,

mitotic exit can be induced by chemical Cdk1 inhibitors (Potapova et al. (2011)).

Once established I used this assay to address the following questions:

• Is the G2/M switch in mammalian cells bistable?

• If yes, what determines bistability?

• What are the functions of the individual components of the system?

• Can a predictive and robust mathematical model be built?
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Chap.3 Fig. 3.3: Overview of mitotic entry experiments. A) Structure of 1NM-PP1 in-

hibitor and the gatekeeper residue F80 in Cdk1. B) Western Blot comparing wild type 

(WT) Cdk1 detection vs cdk1as in HeLa and U2OS cell lines, showing that the WT Cdk1 

is no longer present and the cells express only the slightly bigger cdk1as protein. Asyn-

chronous cells were collected, resuspended and lysed at a final concentration of 100,000 

cells per 10 µL of lysis buffer, with the mentioned antibodies left for 2 hours and sec-

ondary for 1 hour. C) FACS profile of cdk1as cells, N= 10 000, with asynchronous cells 

vs cells treated with 1NM-PP1 for 20 h, showing arrest of all cells in G2 in the latter. D) 

Immunofluorescence treated cells (Blue DNA, Green Tubulin, Red Actin) that show the 

example of a release experiment showing cells are synchronous in G2, being released into 

mitosis for 1 hour and going into G1 again after 2 hours of being released. Fig. A was 

provided by Dr. Tony Ocasio and Fig. D by Dr. Helfrid Hochegger.
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1NMPP1
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90min Release
into MG132

Add back
1NMPP1

Exit

Chap. 3 Fig. 3.4: Mitotic entry and exit assay. Experimental protocol consisting of a

G2 phase arrest/ M phase arrest, followed by the addition of different concentrations of

1NM-PP1 to measure the threshold of the drug at constant Cyclin B levels in cdk1as cells.
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3.3 The G2/M transition is bistable

in HeLa and U2OS cdk1as cells

Our first aim in this project was to confirm hysteresis in the Cdk1 activity thresh-

olds in HeLa and U2OS cdk1as cells. To this end, I performed the release and

1NM-PP1 titration experiments as described in Fig. 3.4 and estimated the num-

ber of mitotic and interphase cells in endpoint measurements. I also analysed

mitotic entry by live-cell imaging to obtain information on the timing of events.

To qualify a cell as being in mitosis, I took into consideration nuclear envelope

breakdown, rounding up of cells and DNA condensation. Fig. 3.5 shows time-

lapse pictures of an M-entry/M-exit live imaging assay. For the video, see go to

Supplementary information Video S1 on Rata et al. (2018).

A higher concentration of 1NM-PP1 will mean a lower Cdk1 activity. Based on

the bistability model on Xenopus egg extracts, the threshold to enter into mitosis

should be higher than the one to maintain mitosis. MG132 was used to avoid

Cyclin B degradation, without affecting its subcellular localisation (Toyoshima-

Morimoto et al. (2001)), so the assay measured the Cdk1 threshold directly rather

than the threshold to induce Cyclin B degradation.

After performing the bistability assays, an endpoint of 4 hours was used to fix

and stain cells. I counted the percentage of cells in mitosis and interphase using the

morphology of Hoechst-stained DNA to make the difference. For this purpose, two

different approaches were used. In one, cells were counted manually in each of the

3 repeats (using around 200 cells per condition, not shown) and in another, one

hundred nuclei were randomly chosen by a high-throughput software (Olympus

SCANR software). In both cases, hysteresis for the G2/M transition in HeLa and

U2OS cdk1as cells was confirmed (Fig. 3.6, Fig. 3.6 A and S1 for U2OS cell line).

Interestingly the difference between entry and exit thresholds was very similar in

the mammalian experiment and the Xenopus Cyclin B titration results. Both
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Exit: min after 1NMPP1 addition to MG132 arrested cells
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Chap.3 Fig. 3.5: Mitotic entry and exit assay. Representative still images from time-

lapse videos of HeLa cdk1as cells released (washed) from 20-hr 1NM-PP1 arrest (entry,

top two panels) or treated with 2 µM 1NM-PP1 90 min after mitotic arrest in MG132

(exit, bottom two panels). Time in minutes after release into MG132 (top panels) or

1NM-PP1 re-addition (bottom panels) is shown. Cells were treated with sirDNA for DNA

staining (overnight), images were taken in DIC (to look at the boundaries of the cell) and

immunoourescence (DNA condensation, CY5 channel). Scale bars indicate 10 µm.
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suggest a 2-3 fold difference. This suggests that hysteresis is a highly conserved

feature of the G2/M transition in vertebrates.

Another prediction of bistability is decreasing levels of Cdk1 activity causes

an increasing delay in mitotic entry (Pomerening et al. (2003); Sha et al. (2003)).

In order to analyse this, cells were followed entering mitosis by live-cell imaging

and the percentage of mitotic cells was quantified over time using an automated

detection algorithm (more information in Fig. 3.8). After quantification, it was

found that the rate of entry into mitosis declined with increasing inhibitor con-

centrations (Fig. 3.7 B for HeLa and U2OS in S2), with the mitotic population

reaching saturation 2 or 3 hr following 1NM-PP1 addition for each condition. One

potential problem with this assay is that I was comparing cells during entry with

cells that have been released into mitosis for an additional two hours in the exit

assays. Within these two hours of mitotic arrest Cyclin B could have further accu-

mulated and the presence of a larger amount of Cdk1-Cyclin B levels could explain

the larger dose of 1NM-PP1 required for Exit. However, this does not appear to

be the case, because immunoblotting of Cyclin B in G2 and mitotic cells showed

that levels of this protein are similar in the two experimental conditions (Fig. 3.7

C).

3.4 The contribution of Cdk1 activa-

tion and PP2A-B55 inactivation

Our success in measuring hysteresis and mitotic delay in human cell lines based

on 1NM-PP1 iteration and inhibition of cdk1as mutants encouraged us to further

assess how the different components of the feedback loops help to the bistability

and hysteresis of the system. As discussed above our main aim was to investigate

how the Gwl/PP2A-B55 signalling cascade fits in this switch system and to build

a mathematical model that incorporates this regulatory module.
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Chap.3 Fig. 3.6: Mitotic entry and exit assay. Galleries of nuclei from HeLa cdk1as cells,

imaged 4 hr after entry and exit treatments (1NM-PP1 concentrations in µM as indicated

above the panels). Cells were fixed and treated with Hoechst for DNA staining, images

were taken in DAPI channel. For each panel, one hundred nuclei were randomly chosen

by Olympus SCANR software, from around 1000-5000 cells in each well using a 96 well

plate. Interphase nuclei appear rounded and enlarged; mitotic nuclei are rod-shaped and

condensed. The red lines indicate the borders upon which 1NM-PP1 is becoming active

for either entry or exit.
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Chap. 3 Fig. 3.7: Mitotic entry and exit assay. A) Quantifications of entry and exit

experiments in HeLa cdk1as cells. Mitotic cells vs non-mitotic cell quantification was

made for each panel and in each condition. The values are means of three biological

repeats (N = 100 per repeat), and error bars indicate standard error (SE). B) Temporal

dynamics of mitotic entry at increasing 1NM-PP1 concentrations from live-cell imaging

analysis, corresponding to one experiment per condition. C) Levels of mitotic cyclins in

G2- and M-arrested cells analyzed by immunoblotting with indicated antibodies. Each

panel shows four steps of a serial 1:1 dilution of extracts. Actin was used as a control

(Western Blot made by Dr Helfrid Hochegger). Fig. B was made by Stephy Joseph
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Chap.3 Fig. 3.8: The Matlab code. The percentage of mitotic cells was quantified over

time using an automated detection algorithm in MatLab created by Fengwei Yang and

Dr Anotida Madzvamuse from the Mathematics department at the University of Sussex.

This code was able to detect the rounding up of the cells per frame and quantify the

total number of cells by the DNA staining. It is based on estimating the total number of

cells in the field of view based on segmentation of DNA stained nuclei using a standard

Otsu algorithm (Otsu (1979)); mitotic cells were detected by the change in intensity in the

phase contract channel during cell rounding. To identify the resulting bright halo circles

in the segmentation, the algorithm employed was based on a circular Hough Transform

that filtered the identified objects by circularity and size (Atherton and Kerbyson (1993).
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With the experimental data obtained and based on the hysteresis assays shown

in Fig. 3.6, our collaborators in Oxford from the group of Prof Bela Novak,

were able to have the basis of a mathematical model that is at least capable

of qualitatively recapitulating the experimental findings. The model was designed

to test the contribution of phosphatase and kinase regulation to bistability and to

perform parameter fitting to satisfy all experimental conditions. To quantitatively

model the mitotic entry and mitotic exit transitions, they used mass action kinetics

to convert the influence diagram of the bistability assays into a set of non-linear

ordinary differential equations that they could then solve numerically, describing

the feedback regulation of Cdk1 and PP2A-B55.

Next, to assess the effect that perturbations of the feedback loops have in bista-

bility, the kinase Wee1 was inhibited using MK1775, a selective small molecule

inhibitor, in order to keep Cdk1 active, Gwl was depleted by siRNA to maintain

PP2A-B55 active (Supplementary (Supp) Fig. S3 shows confirmation of deple-

tion) and a combination of both was used. This experimental setup assessed an

‘artificial’ mitotic entry and mitotic exit, with the explicit purpose of probing the

regulation of Cdk1-Cyclin B and PP2A-B55.

These experiments showed that Wee1 inhibition only had a mild effect on hys-

teresis, shifting the mitotic entry curve toward increased 1NM-PP1 doses (mid-

point around 300 nM), and did not significantly affect the mitotic exit curve (Fig.

3.9 B). Hysteresis is still present when the regulation of Cdk1-CycB is removed, but

it is reduced. Gwl depletion had a more pronounced effect, shifting both entry and

exit curves toward lower 1NM-PP1 (Fig. 3.9 C) (midpoints around 67 nM and 92

nM, respectively, Sup. Fig. S5 for a higher resolution of 1NM-PP1 concentrations

for this condition); the effect of Gwl depletion on the entry threshold was partially

reverted by Wee1 inhibition, and a complete collapse of hysteresis in these condi-

tions was observed (The half maximal inhibitory concentration (IC50s) for entry

and exit at 147 nM and 150 nM, respectively) (Fig. 3.9 D ). These data suggest

that both PP2A-B55 and Cdk1 autoregulation contribute to bistability, which is
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only lost if both feedback systems become compromised. If the regulation of Cdk1

did not contribute to the bistability of the system, hysteresis with Gwl depletion

would not be expected, and if the regulation of PP2A-B55 did not contribute to

the overall bistability, hysteresis with Wee1 inhibition was not expected. In Supp.

Fig. S4 A and B, the plotting of the predicted steady-state phosphorylation level

of the generic Cdk1/PP2A-B55 substrate against 1NM-PP1 concentration and a

simulated version of the model using variance among the population of cells can

be found, with a good resemblance to the experimental data.

To obtain time-course data, I performed the same bistability experiment un-

der all conditions and followed cells entering mitosis by live-cell imaging, follow-

ing the same treatments already mentioned. DNA was stained using SirDNA

(Spirochrome) overnight, and pictures of the cells were taken every 15 minutes

during 4 hours. After performing the bistability assays under all conditions (Wee1

inhibition, Gwl depletion and combination) the number of mitotic cells in each

time point was quantified using Matlab. I confirmed that the rate of entry into

mitosis declined with increasing inhibitor concentrations in all conditions and sat-

uration was reached between 3 to 4 h (Fig. 3.10). It was noted that cells appeared

less sensitive to 1NM-PP1 when imaged on the fluorescence microscope, suggesting

that 1NM-PP1 might be affected by light exposure, that the microscope conditions

or in the buffered medium used for these imaging experiments have an effect. This

made a direct comparison between endpoints and live-cell assays difficult, but I

kept proceeding with both strategies to confirm thresholds and saturation.

This results confirm our initial assumption that Cdk1 activation and PP2A-B55

inactivation form an interlinked feedback system and that both contribute to G2/M

bistability. When Wee1 is inhibited, the 1NM-PP1 threshold of mitotic entry is

increased, but not exit. This requires PP2A-B55 inhibition of Cdk1 activity, which

together with Cdk1-dependent Gwl activation makes this kinase-phosphatase feed-

backs system mutually inhibitory, as proposed in (Fig. 3.1); bistable PP2A-B55

activity would be the reason for hysteresis in this case. With Gwl depletion, bista-
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Chap.3 Fig. 3.9: Contribution of Cdk1 and PP2A-B55 feedbacks to hysteresis. Percentage

of cells entering into (red) and staying in (blue) mitosis at different Cdk1 inhibitor con-

centrations, quantifications of entry and exit experiments in HeLa cdk1as cells. Mitotic

cells vs non-mitotic cell quantification was made for each panel and in each condition,

treated and quantified as in (Fig. 3.6 ). A) Control, B) Wee1 inhibited, C) Gwl depleted,

and both D) Wee1 inhibited and Gwl depleted cells, each of them with means of 3 or 4

biological repeats (N = 100 per repeat) and errors bars indicating SE.
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Chap. 3 Fig. 3.10: Mitotic entry time courses. Dynamics of mitotic entry at increas-

ing 1NM-PP1 concentrations (0, 0.1, 0.2, and 0.4 µM) from live-cell imaging analysis in

cells subjected to indicated treatment. Cells were plated into a 4 imaging chamber, syn-

chronized in G2 by addition of 1NM-PP1 for 20 hours and later released from the block,

re-adding different concentrations of 1NM-PP1 before filming. Cells were treated with

Gwl and Scr siRNA 48 hours before filming. Wee1 inhibitor was added just after the

G2 release. Cells were also treated with sirDNA for 20 h as a mean to verify DNA con-

densation. A) Control. B) Wee1 inhibition. C) Gwl depletion. D)Wee1 inhibition/Gwl

depletion. Graphs represent the mean of three independent experiments and error bars

indicate standard error (SE). All with means of 3 biological repeats (4 frames per repeat),

and N=300 to 400 cells per frame
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bility and entry/exit thresholds were reduced. In this situation, PP2A-B55 would

be constitutively active and will keep dephosphorylating the regulators of Cdk1

and the generic Cdk1/PP2A-B55 substrate; hysteresis is kept by the bistability of

Cdk1 activity. Combination of both disruptions abrogates hysteresis.

3.5 The G2/M switch is tristable and

includes a hidden steady-state in

prophase

Mathematical modelling of cellular signalling cascades is useful to understand the

logic of regulatory loops and to gain a basic understanding of the most important

features of the system. A functional model should also be useful to make new

predictions and suggest novel experiments that can then be used to generate new

insights and improve the model in a cycle of hypothesis formation and hypothesis

testing.

When the model for the G2/M switch that was described above was solved to

satisfy the experimental conditions including Wee1 inhibition and Gwl depletion

a new feature became apparent that was necessary to capture all experimental

parameters. This small parameter space required a third stable steady state in

between interphase and mitosis in the control condition. This steady-state did

not appear in previous models but emerged as a feature of our model after fit-

ting to all experimental conditions. The state is not observable during normal

mitotic progression; therefore, using the model, an experiment to test its existence

was devised. The model suggests that cells can be captured in this hypothetical

intermediate stable state if Cdk1 activity is partially reduced during the G2/M

transition.

In a ‘normal’ mitosis, Cyclin B accumulates in G2, when substrate phospho-
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rylation is low, until a certain threshold, where the system goes from the low to

a high substrate phosphorylation state. The cell then returns to the low mitotic

substrate phosphorylation state at mitotic exit with a lower Cyclin B level, by-

passing the intermediate state. Even though the Cdk1 activity thresholds for the

(in)activation of PP2A-B55 and Cdk1 are different, a cell normally goes through

both of these thresholds during the state transition. This is due to the interlinked

nature of the regulation of Cdk1 and PP2A-B55. The parameters of the math-

ematical model are based on the four experimental conditions for both mitotic

entry and mitotic exit. There are parameter regimes where the system does not

exhibit an intermediate stable steady state, but it emerges based on the thresholds

set when the PP2A-B55/Cdk1 regulatory loops are tested (Fig. 3.11 A, B, C).

This intermediate steady-state might not be observable in a normal mitotic

entry and mitotic exit, but there are experimental strategies to test its existence.

In figure Fig. 3.11 right in the substrate phosphorylation against total Cyclin B,

the plot is shifted rightwards with 1NM-PP1 in the G2 block. The curve moves

to the left when 1NM-PP1 is washed out (Fig. 3.11 B) (at this point MG132 is

added, constraining the system to move on a vertical line in this plot). The system

will be advancing to the mitotic state, without yet having reached it. Addition of

Cdk1 inhibitor shifts the curves to the right (Fig. 3.11 C); if done at the correct

time, the cell could end up in the intermediate steady state. The phenotype of

this would have an intermediate substrate phosphorylation levels, and a cell would

appear to ‘rest’ in a state that does not correspond to G2, but not a fully mitotic

state, either

The observation of this intermediate state will depend on different factors.

Addition of a small amount of cdk1 inhibitor will not allow for the intermediate

state to be reached, the curves will not shift rightward enough. Too much inhibitor

will bypass the intermediate state and the interphase steady-state will be reached.

The larger range of values for which the intermediate state exists, the more likely

it is to be observed with this approach. A second factor is the rate at which the
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Chap.3 Fig. 3.11: Left: Phase diagram plotting substrate phosphorylation vs inhibitor

concentration showing the three stable states predicted by our mathematical model. Cells

will progress from G2 (blue steady state curve) to mitosis (red steady state curve) at

inhibitor concentration theta entry. Under these conditions the intermediate steady state

(orange steady state curve) is not reached. Only if the inhibitor concentration rises again

while the cell is between G2 and mitotic steady states will the system end up in the

intermediate steady state. Right: A, B, C and D show how the system can reach this

intermediate stable steady state by inhibiting Cdk1 activity (gray circle) while cells go

into mitosis but before NEBD. When Cdk1 is inhibited, Cyclin B accumulates (A), when

the inhibitor is washed out, it increases its activity and the phosphorylation status of the

system (B). If the Cdk1 inhibitor is added at the right time, the system will be able to

reach the intermediate state (C, D) (Modelling and graphs made by Dr Scott Rata, from

the Prof Bela Novak group).
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system undergoes a transition from G2 to mitosis. If the system moves from the

lower state to the upper state in a matter of seconds, it is unlikely that the addition

of inhibitor can be timed to capture the intermediate state. Timing, therefore, is

also extremely important.

3.6 Verifying the existence of a stable

steady state in prophase

In order to test the prediction, cells with a marker for mitotic entry were needed. It

was decided to endogenously tag Cyclin B and fused it with mVenus, as a prophase

marker, as Cyclin B moves into the nucleus just at the start of mitosis and asso-

ciates with condensed chromosomes and the mitotic spindle before NEBD (Pines

and Hunter (1992)), (Fig. 3.12). This cell line was generated using CRISPR, the

arms and gRNA for the C-terminal section of the endogenous Cyclin B was cre-

ated by Dr. Nadia Hegarat (Hégarat et al. (2020)) and I introduced the m-Venus,

the Ribosomal ”skipping” sequence and antibiotic resistance gene, described in

Materials and Methods section. The full plasmid can be seen in Figure 2.5, page.

A modified version of the mitotic entry experiments was used to capture cells in

an intermediate steady state. Cells were blocked in G2 with 1NM-PP1 and sirDNA

was added at the same time, which was then washed out after 20 hours and then

media containing MG132 was added. After around 20-25 minutes from the release,

when Cyclin B appeared to transfer into the nucleus just before NEBD, increasing

concentrations of 1NM-PP1 were added back (three different concentrations, 0.25,

0.5 and 1 µM). Cells were followed by live-cell imaging during the whole time, with

pictures taken every 5 minutes (Fig. 3.13).

Cells responded in three different ways to this treatment, with a fraction of

responses appearing at each 1NM-PP1 level. Prophase cells with nuclear Cyclin B

that lost sufficient amounts of Cdk1 activity are expected to re-export Cyclin B to
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Chap.3 Fig. 3.12: Strategy and confirmation of Cyclin B-mVenus tag on HeLa cdk1as

cell line. A) Gene targeting method for Cyclin B1, including left and right arm of the

C-terminus of Cyclin B (around 1000 base pairs, each), a GFP tag, introduced into a

pAAV-CMV vector. B) Western Blot analysis of Cyclin B-mVenus tag cells and Wild

Type (WT), using asynchronous whole cell extracts at a concentration of 100,000 cells per

10 µL of lysis buffer, using GFP and Cyclin B antibodies to verify the presence of the tag,

comparing sizes of endogenous Cyclin B and the tagged one. C) Time-lapse screenshots

of Cyclin B-mVenus tag translocation into nucleus, from G2-M phase (labeled). Cyclin

B-mVenus tagged, DNA and DIC are shown in green, red and gray, respectively. Bar

indicates 10 µm, and time is shown in hours
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protocol to obtain cells arrested in prophase. After G2 release, the cells will be advancing

to the mitotic state were adding the Cdk inhibitor at the correct time without yet having

reached it, will make them stop at that intermediate state.
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the cytoplasm, and to go back to a G2 like state (Fig. 3.14 A, left) (Potapova et al.

(2011)) insufficient Cdk1 inhibition would allow the cells to continue to M phase

marked by NEBD (Fig. 3.14 A, middle). The third response was the one expected

from the model: a fraction of cells were able to keep Cyclin B in the nucleus, with

condensed chromosomes, no NEBD and in an apparent prophase state (Fig. 3.14

A, right). The phenotype lasted for at least 4 hours and it was found in the three

concentrations of Cdk1 inhibitor used (Fig. 3.14 B). For a video, go to Rata et al.

(2018) and look for Video S2.

The nuclear-cytoplasmic ratio of Cyclin B in cells with intact nuclei was quan-

tified using ImageJ in live cell imaging of Cyclin B GFP tagged cells. There was a

clear separation in a “back to G2 (i.e. loss of nuclear Cyclin B)” versus “prophase

(i.e. Cyclin B remains nuclear)” population (Fig. 3.14 C). The prophase popula-

tion was only observed when Cdk1 inhibitor was added back following release from

the G2 arrest and increased with increasing inhibitor dose to about 10% at 1 µM

1NM-PP1 (Fig. 3.14 B). This prophase steady-state was further characterized by

immunofluorescence, probing for Cyclin B, lamin B, Cdk1 substrate phosphory-

lation, and Cdk1 Y15 phosphorylation (Fig. 3.15). In cell populations that were

released from 1NM-PP1 and retreated with 1 µM 1NM-PP1, I readily identify a

population of prophase cells 4 hr after release from the G2 arrest, and I did not

observe similar prophase cells 4 hr after release without re-addition of 1NM-PP1.

These cells were characterized by nuclear Cyclin B, partially condensed DNA, yet

intact nuclear envelope as judged by lamin B staining (Fig. 3.15 A).

Another of the predictions found in the mathematical model is that the sub-

strate phosphorylation of this prophase state would be somewhere between inter-

phase and mitosis. To corroborate this, I made an immunofluorescence quantifica-

tion using a Cdk1 substrate phosphorylation and a Y15 phosphorylation antibod-

ies. To obtain the corrected signal, I used a flatfield correction plugin in micro-

manager. Prophase, mitotic and interphase cells were found manually. Compared

with G2 and M phase cells, prophase cells showed intermediate levels of Cdk1
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Chap.3 Fig. 3.14: Testing predictions of the model: A) Representative images of Cyclin

B1-GFP-tagged HeLa cdk1as cells washed from 1NM-PP1 arrest and retreated with 1

µM of 1NM-PP1 25 min after release. Time after re-addition of 1NM-PP1 is indicated

in minutes; scale bars correspond to 20 µM. Left panels show cells moving back to G2

(chromosome decondensed and Cyclin B is exported and cells flatten); middle panels show

cells moving to mitotic arrest(chromosome condensation, NEBD, and cell rounding); right

panels show cells that remain in prophase (chromosomes partially condensed, Cyclin B

remains nuclear, and cells remain rounded up). B) Quantification of the amount of cells

for each of the phenotypes, in cells treated as described in (A) 4 hr after 1NM-PP1 addition.

N => 20 in three independent experiments, error bars indicate SE). C) Measurements of

cytoplasmic versus nuclear Cyclin B1 ratio in single cells, using cells that were going back

to G2 and cells that remained in the prophase-like state , using live cell imaging, following

GFP-Cyclin B tagged cells. Measurement was made with ImageJ, N => 20.
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activity (Fig. 3.15 B, top) and Y15 dephosphorylation (Fig. 3.15 B, middle), as

predicted by the model, and also displayed a decreased nuclear area, suggesting

an intermediate state of chromosome compaction (Fig. 3.15 B, bottom).

3.7 The consequences of loss of bista-

bility for mitosis

We next aimed to investigate whether loss of bistability has consequences for mi-

totic progression and cell proliferation. We analyzed the effects of loss of combined

Gwl and Wee1 inhibition on mitotic progression in asynchronously dividing HeLa

cdk1as cells. A large fraction of cells lacking both Gwl and Wee1 activity readily

entered mitosis but subsequently failed to stabilize the metaphase state, reverting

to an interphase state without any visible attempt at chromosome segregation and

cytokinesis (Fig. 3.16) (this experiment was performed and analysed by Dr Helfrid

Hochegger). This response was unique to the combined loss of the Gwl-Wee1 con-

dition and not observed in the controls which all exited mitosis with chromosome

segregation and cleavage furrow formation (for video, go to Rata et al. (2018) for

Video S3).

This exit was also in marked difference to spindle assembly checkpoint slippage,

in which Gwl depleted cells left the mitotic state after attempting chromosome

segregation and cytokinesis (Brito and Rieder (2006); Diril et al. (2016)) (for video,

go to Rata et al. (2018) for Video S4). This result suggests that loss of bistability

results in a failure to stabilize the metaphase state and also in a failure to initiate

progression through mitosis toward cell division and G1. This result might not

be the same for non-cancerous cell lines, as same experiments were done in RPE

cells and did not have the same result, which might mean that cancer cells have

re-engineered its regulatory circuits according to its particular needs (preliminary

data not shown).
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Chap.3 Fig. 3.15: Testing predictions of the model: A) Representative images of cells

fixed 4 hr after 1NM-PP1 readdition and stained by immunofluorescence with indicated

antibodies (for pSubstrate the antibody used recognizes phospho-serine in a (K/H)S[*]P

motif, which is preferentially phosphorylated by CDKs. The antibody does not cross-react

with phospho-threonine or phospho-tyrosine containing peptides/proteins). Scale bar, 10

µM. B) Quantification of CDK substrate phosphorylation, Cdk1 Y15 phosphorylation,

and nuclear surface of cells in the G2/M and prophase steady states (data are from three

independent experiments; N > 40 per experimental repeat; error bars indicate SD; p values

were assessed using an independent two-sample t-test (significant[***] p < 0.001 or not

significant [*] p < 0.05 values are indicated).
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Chap.3 Fig. 3.16: Loss of bistability has consequences for mitotic progression and cell

proliferation. A) Representative images of HeLa cdk1as cells progressing through mitosis

after combined Gwl depletion and Wee1 inhibition. Cells were treated with Gwl siRNA

(Smartpools) for 48 hours, sirDNA for 20 hrs and Wee1 was added just before the start

of the microscopy imaging. Time intervals are indicated in hr:min; scale bars indicate 10

µm. B) Quantification of mitotic phenotypes from live-cell imaging in HeLa cdk1as cells.

(This experiment was performed and analysed by Dr Helfrid Hochegger)
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3.8 Combined Greatwall depletion and

Wee1 inhibition synergise to pre-

vent proliferation of TNBC cells

Mitotic Cyclin B-Cdk1 activation and inactivation of phosphatases PP2A-B55 by

Gwl kinase (Gwl) via ENSA/ARPP19 plays a critical role in mitotic entry in Xeno-

pus egg extracts (Castilho et al. (2009); Mochida et al. (2010); Gharbi-Ayachi et al.

(2010)), but in human and mouse it is not necessary as they can enter mitosis with-

out Gwl (Burgess et al. (2010); Álvarez Fernández et al. (2013)). However, they

have problems with cell division and sister chromatid segregation. To investigate

the effects of Gwl/Wee1 double inactivation in a therapeutic setting, cell cycle

progression to verify if this synergistic effect inhibits cell proliferation was ana-

lyzed. A Triple Negative Breast Cancer (TNBC) cell line MDA MB 231, with a

Gwl doxycycline-inducible Cas9/gRNA depletion (Álvarez Fernández et al. (2018)

was used. Cells depleted of Gwl showed a significant reduction in the replicating S

phase population 24 hr after treatment with 0.25 and 0.5 µM of the Wee1 inhibitor

MK1775 when Gwl was co-depleted (Fig. 3.17) (this experiment was performed

by Dr Helfrid Hochegger and analyzed by me). This synergy appeared after a 24

hr pulse along with treatment of the with the Wee1 inhibitor, as cell count was

reduced 6 days after treatment (Fig. 3.17 B and C). Longer treatments did not

have this same phenotype, as the toxicity of Wee1 inhibition became dominant

(Fig. 3.17 B) (this experiment was performed by Dr Helfrid Hochegger).
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Chap.3 Fig. 3.17: A) Cell cycle profiles of MDA-MB-231 cells following DOX inducible

Gwl knockout and Wee1 inhibition (MK1775, MK in the figure) using Edu (replicating

population) and PI (DNA content) staining for FACS analysis. B) Average values for

Edu positive and negative S phase populations of MDA MB 231 cells after Gwl deple-

tion and or Wee1 inhibition. Values are from three independent experiments; N = 10,000

per experiment; error bars indicate SD. C) Proliferation assays following increasing time

of Wee1 inhibition in MDA-MB-231 cells following Ctrl and Gwl gRNA/Cas9 induction.

Cells were counted based on Hoechst staining and nuclear segmentation 6 days after Wee1

inhibitor pulse treatment (figure given by Dr Helfrid Hochegger). Values are from three

independent experiments; N> 500 per experiment; error bars indicate SD. p values were

assessed using an independent two-sample t-test (significant[***] p < 0.001 or not signifi-

cant [*] p < 0.05 values are indicated). D) Colony formation assays in MDA-MB-231 cells

following Ctr and Gwl gRNA/Cas9 induction and 24-hr incubation with Wee1 inhibitor

at the indicated concentrations. 5,000 cells were plated into each 6-well plate, stained and

imaged 2 weeks after Wee1 inhibitor pulse treatment.
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3.9 Cyclin A2 is essential to trigger

mitotic entry in G2 phase

Cyclin A2 was implicated in triggering M-phase via Cdk1 activation even without

Cyclin B (Fung et al. (2007); Gong et al. (2007); Gong and Ferrell (2010)), but

it was not completely differentiated between knock-on effects of DNA replication

problems and the G2 specific functions of Cyclin A2. Cdk1 acts both in complex

with Cyclin A (predominantly nuclear and partners both the S phase kinase Cdk2)

and B at the beginning of mitosis, but once the mitotic state is fully established

Cyclin A is degraded prematurely by the 26S proteasome, triggered by the APC/C,

a large multimeric ubiquitin ligase (Geley et al. (2001); den Elzen and Pines (2001);

Yamano (2019)). So, it appeared that human cells can enter mitosis in the absence

of Cyclin B or Greatwall, but it is unclear how kinase activation and phosphatase

inactivation pathways compensate for each other or how Cyclin A is involved in

this regulatory network.

In order to investigate how Cyclin A was involved, a new degron tag system

(Lemmens et al. (2018)) (more information regarding this induced degradation

system in Chapter 5), with a specific depletion of Cyclin A (CyclinA2 dd cell line)

(Hégarat et al. (2020)) was created to analyse its functions in a non-transformed,

h-TERT immortalised human epithelial cell line, RPE-1. After the creation of this

cell line, a PCNA-mRuby fusion (Zerjatke et al. (2017)) was added to identify cells

that were in G2 phase specifically. For this assay, cells were plated for live cell

imaging and treated with 2 µg/ml of doxycycline (DOX) for 2 h before imaging,

and 3 µM of Asunaprevir (Asv) and 500 µM of Indole-3-acetic acid (IAA) were

added at the beginning of the imaging to induce Cyclin A degradation. This assay

revealed that the induced degradation of Cyclin A in G2 phase blocked progression

into mitosis (Fig. 3.18), as only one cell continued through mitosis, compared to

control (N > 40). This experiment suggests that cells losing Cyclin A in G2 phase
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cannot activate Cdk1 and cannot enter mitosis, while Cyclin B is not needed to

enter mitosis but it is completely needed to activate Cdk1 for proteins that are

crucial to fulfill cell division (Hégarat et al. (2020)).
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Chap.3 Fig. 3.18: A) Representative images of time-lapse experiment with PCNA-mRuby

tagged Cyclin A2 depleted cells. The imaging sequence was started at the time of Doxy-

cycline addition (to initiate OSTiR1 production), and degron activity was triggered three

hours later by the addition of IAA and Asv, or PBS (shown as a black line). Time is shown

as hh:min. B) Single-cell analysis of N > 40 cells per condition treated as described in (A),

to quantify the amount of cells capable to got into mitosis. Only cells that were in S phase,

found by the appearance of PCNA loci, were taken into account from an asynchronous

population.
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3.10 Discussion

In mammalian cells, the G2/M switch is more complex than just a simple feedback

system between Cdk1, Wee1/Cdc25, and the Cdk1 counteracting phosphatases,

with irreversibility built into the system at various points to prevents cells from

going in and out between G2 and M phases. So as a bistable switch work together

to separate interphase and M phase robustly, this could be a key element also

existent in other cellular switch systems, like that of the Cyclin B translocation

reaction itself (Santos et al. (2012)). Inhibition of PP2A-B55 orchestrated by Gwl

has been proposed to increase the levels of activating phosphorylation events on

Cdc25 phosphatases and inhibitory phosphorylation events on Wee1 and MyT1

(Wurzenberger and Gerlich (2011); Zhao et al. (2008)). Wee1-Cdc25 (Perry and

Kornbluth (2007)) and the Gwl/PP2A-B55 regulatory pathways might be different

between cancer and non-cancerous cell lines as DNA-responsive checkpoints help

to secure that mitosis does not occur prematurely in the presence of incompletely

replicated or damaged DNA. PP2A-B55 phosphatase complex has also been found

to act in a multi-phosphatase relay pathway that orders the events of mitosis

(Grallert et al. (2015)) placing Wee1 and Cdc25 within a larger phosphatase sys-

tem that orders the events of cell division, with the three paralogues of Cdc25

contributing for mitotic entry (Moura and Conde (2019)).

Unlike Cdc25 family of phosphatases that have evolutionarily conserved func-

tions in controlling key transitions between cell cycle phases, the relevance of

Cdc14 for mitotic exit in metazoans remains poorly understood, seemingly pri-

mary regulating centrosome function (Visintin et al. (1998); Mailand et al. (2002))

while mitotic exit in animal cells relies primarily on regulatory networks orches-

trated by PP1, PP2A and Fcp1 phosphatases (Wurzenberger and Gerlich (2011);

Della Monica et al. (2015)) and PP2A-B56 γ /PP1 is required for the protection

of centromeric cohesion during mitosis, accurate chromosome segregation (Tang

et al. (2006); Xu et al. (2009)) and efficient SAC (Shrestha et al. (2017)) silencing.
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One reason might be that Cdc14 has a clear preference for substrates of proline-

directed kinases (Kaiser et al. (2002); Trautmann et al. (2001); Visintin et al.

(1998)), while early anaphase events seem to be predominantly driven by pThr

dephosphorylation and pSer-bearing substrates are dephosphorylated with slower

dynamics, thus contributing for sequential execution of the mitotic exit program

(Hein et al. (2017)). In the complex interplay of the three phosphatases, PP2A-

B55, PP1, and Fcp1 regulating Gwl kinase at different residues, is not known how

this interplay is regulated and which phosphatase ultimately kicks off the mitotic

exit cascade.

The timing of Cdk1 activation also depends on cellular surveillance mechanisms

that detect cell size, DNA damage, nutrient availability, and more. For example,

in budding and fission yeast, Greatwall has a kinase-based pathway linking nitro-

gen availability and with PP2A activity (Chica et al. (2016)) and with Target of

Rapamycin (TOR) kinase (Pérez-Hidalgo and Moreno (2017)) that might regulate

cell size at division. With this, one might think it also applies for higher eukary-

otes including humans, and it means that other pathways may be involved in the

crosstalk between cell growth and the cell cycle machinery.

There are critical questions still to be answered in the G2/M transition, con-

cerning the initiation of the feedback systems, functional understanding of some

of the redundant components in the system like the regulatory network under-

lying the activity of Cdc25 isoforms, the Wee1/Myt1 kinases, and the different

mitotic cyclins. Also, a comprehensive identification of the precise substrates that

are targeted by specific Ser/Thr phosphatase holoenzymes and information of the

upstream signalling inputs controlling the subcellular localization and activity of

the different holoenzymes.

It will be also important to establish how the entry and exit switches work

in at least some untransformed mammalian cells to generate a reference model

that incorporates the basic principles of the system. This needs to include the

phosphatase control as well as spatial and temporal order of events. It might be
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that there is no fixed way to start mitotic entry/exit, but it will be important to

dissect and simplify as many components possible in order to uncover the most

basic and essential elements of the mitotic control system. The complexity of

this regulatory system is stunning, but we are on the road to gain an integrated

understanding of its main components.
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Chapter 4

Analisyng phosphatase control

in the G2/M transition

It remains a puzzling observation that the PP2A (and PP1) inhibitor OA can

rapidly induce a state resembling mitosis under conditions where Cdk activity is

kept to a minimum by inhibitors. This experiment was first performed by Gowdy

PM, Anderson HJ, Roberge M. in 1998 (Gowdy et al. (1998)) using the pan CDK

inhibitor Roskovitine and our lab reproduced this finding with 1NM-PP1 in cdk1as

cells. According to our models, PP2A-B55 should be the main target for OA to

trigger mitosis by shifting the balance towards Cdk substrate phosphorylation.

However, siRNA depletion of the major B55 paralogues α and δ does not appear

to produce the same effects as OA (Schmitz et al. (2010); Cundell et al. (2013)).

The aim of this Chapter was, thus, to identify the phosphatases that are targeted

by OA to induce mitotic entry and to analyze how they are regulated. My work

planned to adapt the mitotic entry assay used in Chapter 3, but with the use

of U2OS cdk1as cells, to probe the contribution of PP2A, and PP1 (another OA

targeted phosphatase) in mitotic entry. Using this assay in combination with

siRNA depletion and inducible expression of phosphatase inhibitors was part of

the plan. As during the making of this thesis a new protein degradation method
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was created, we decided to use degron tags in the U2OS cdk1as cells to perform

a detailed genetic analysis of the mitotic entry phosphatase. In Chapter 3 it

was noticeable that regulating phosphatases that revert phosphorylations made

by CDKs are as important for cell cycle progression as regulating the kinases.

Identifying the major phosphatases that are involved in this pathway and revealing

more information regarding their regulation is a critical question in cell biology.

4.1 PP2A B55 function in mitotic en-

try

In chapter 3, it was mentioned that the phosphorylation of CDK substrates de-

pends on the balance between CDK activity and counteracting phosphatases (Domingo-

Sananes et al. (2011); Castro and Lorca (2018)). CDK substrates at mitosis must

reach maximal phosphorylation and for this to happen, the main phosphatase that

reverses these phosphorylations PP2A in complex with the regulatory subunit B55,

needs to be inhibited. PP2A-B55 activity is high in late M phase and interphase

and low at mitotic entry.

One might think that kinases and phosphatases always work in opposition

to switch each other on and off, but they can also work together to generate

rapid cycles of phosphorylation and dephosphorylation that can be critical for fast

signalling responses (Gelens et al. (2018)). In yeast, the efficiency of substrate

phosphorylation is related to the amino acid sequence and the phosphorylated

residue, therefore dephosphorylation also depends on this; serines are preferred by

CDK making them inefficiently dephosphorylated by the phosphatase PP2A-B55,

resulting in early phosphorylation and, in contrast, threonines are the preferred

sites of PP2A-B55 and are phosphorylated late (Bouchoux and Uhlmann (2011);

Cundell et al. (2016)). These findings support the model that the phosphatases

contribute to the cell-cycle ordering by imposing CDK thresholds and that there
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is a regulatory core based on the phosphoacceptor amino acid, which might apply

to signalling pathways not only for cell cycle control (Kamenz and Ferrell (2017);

Godfrey et al. (2017); Swaffer et al. (2016); McCloy et al. (2015)). ENSA has this

level of specificity encoded as B55 displays selectivity for phosphothreonine can

help explain the temporal sequence of events during exit from mitosis.

During mitotic exit, the PP2A-B55α/ENSA/Greatwall (BEG) pathway con-

trols protein regulator of cytokinesis 1 (PRC1), were PP2A-B55 inhibition by

ARPP19 and/or ENSA is related to Cdk1-Cyclin B activity and separase inhi-

bition is kept by Cyclin B concentration, creating two Cyclin B thresholds; one

allows separase activation and chromosome segregation and the second allows the

initiation of cytokinesis by allowing PP2A-B55 (Cundell et al. (2016); Wu et al.

(2009)). Also, PP1 reactivation and recruitment is required for the reactivation of

both PP2A-B55 and PP2A-B56 to coordinate mitotic progression (Grallert et al.

(2015)).

Three phosphatases, protein phosphatase 1 (PP1), PP2A-B55 and RNA poly-

merase II C-terminal domain phosphatase (Fcp1) are essential for Gwl inactivation

once they activate (Della Monica et al. (2015); Heim et al. (2015); Ma et al. (2016)).

PP1 is blocked in early mitosis by Cdk1-Cyclin B kinase, but as Cyclin B levels

drop later in mitosis PP1 auto-reactivates which seems to be the major factor

that prompts Gwl inactivation (Heim et al. (2015); Ma et al. (2016); Ren et al.

(2017)) and partial activation of PP2A-B55; once PP2A-B55 starts to be active it

dephosphorylates Gwl on both T194 and S875 residues, fully inactivating the ki-

nase. Depletion of B55 regulatory subunits can partially rescue cells from mitotic

collapse when Gwl is deficient (Álvarez Fernández et al. (2013)). Sequences of the

conserved PP1 docking motifs indicates that it regulates PP2A-B55 in a variety

of signalling situations (Grallert et al. (2015); Wu et al. (2009)). This network

of phosphatase regulation in mitotic exit is fairly well established. However, how

phosphatases control impacts on mitotic entry remains only poorly understood.

This is largely due to lack of good genetic tools to manipulate phosphatases in
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this cell cycle transition and to difficulties in mammalian G2/M synchronisation.

Our success in using human cdk1as cells to analyse the mitotic entry network

prompted us to further develop tools to analyse phosphatase function in mitosis.

4.2 Analysis of PP2A (catalytic and

B55) function in mitotic entry

To analyse PP2A we decided to start with the use of siRNA depletion of the

regulatory subunit B55 and the catalytic subunit PP2AC. The B55 group of PP2A

regulatory subunits comprises 4 different isoforms (α, β, γ and δ) that share high

levels of sequence similarity, but may exhibit distinct patterns of expression and

subcellular localization (Seshacharyulu et al. (2013)). Upregulation of B55α has

shown accelerated M phase exit and inhibition of M-phase entry (Schmitz et al.

(2010); Wang et al. (2018)).

I optimised transfection protocols for siRNA SMARTpools (Dharmacon) against

B55α and δ, and PP2AC into HeLa cdk1as cells. Fig. 4.1 shows that in both

cases we get significant depletion as judged by immunoblotting. This was made

to analyse mitotic entry and exit experiments following depletion as described in

Chapter 3. This would have helped us to determine the impact of PP2A-B55 on

the mitotic entry thresholds. Following these experiments, I was going to combine

phosphatase depletion with further perturbation of the entry network (e.g. Wee1

and Cdc25 inhibition) to determine the precise function of the phosphatase in the

Cdk1 activation feedback loop.

After depletion, the next step was to perform the mitotic entry assay. Unfor-

tunately, siRNA control cells released poorly from wash off of 1NM-PP1 (number

of mitotic cells after washing off 1NM-PP1), in contrast with untreated HeLa tex-

titcdk1as cells (Fig.4.2 and Supplementary (Sup.) info S6).

I tried to change the different parameters of the protocol to determine the rea-
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Chap.4 Fig. 4.1: Western blots showing SiRNA against B55 α and δ (10, 20 and 30 nM)

and PP2AC (20 nM). SiRNA (SMARTpool, Dharmacon) for B55α and δ were transfected

into Hela cdk1as. 2 mL of media with a concentration of 1x105 per mL were placed in

a 6 well plate. B55 smart pools of were added in concentrations of 10, 20 and 30 nM

(each), with 2.5µl of lipofectamine (Lipofectamine RNAiMAX, Thermo Fisher Scientific)

in MEM media, with no antibiotics or serum. GAPDH siRNA was used as positive control

for transfection in a concentration of 20nM. They were left at RT for 15-20 min and then

added into the media with cells dropwise. Cells were collected 72 hours after transfection

and prepared for western blotting, using a rabbit αB55 PAN antibody (Santa Cruz), rabbit

GAPDH (Abcam) and α Tubulin (Abcam), using asynchronous whole cell extracts at a

concentration of 100,000 cells per 10 µL of lysis buffer.
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Chap.4 Fig. 4.2: Hela cdk1as cells assay. A) Representative images of a control Hela cdk1as

release experiment (as performed in Chapter 3), showing DIC (gray), Tubulin (Green) and

DNA staining (Red), showing the amount of mitotic vs non-mitotic cells. B) Quantification

of 3 different release experiments, each experiment using 4 frames, N= 100 to 200 cells

per frame. A) Representative images of Hela cdk1as control siRNA release experiment

showing DIC (gray), Tubulin (Green) and DNA staining (Red). B) Quantification of 1

release experiment, using 4 frames, N= 100 to 200 cells per frame.

.
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son why it was not working using the same transfection agent. Unfortunately, for

B55 to be depleted, 48-72 hours in the same media were needed and this affected

the mitotic entry assay. Changing the media 24 hours after transfection did not

allow protein depletion (Sup. S7). I changed the method of siRNA transfection

to the NEON transfection system (Thermofisher), but the depletion was not good

(Sup. S8). We decided to try different transfection agents to find optimal con-

ditions for depletion and mitotic entry after 1NM-PP1 release. We were able to

find a new transfection reagent from Dharmacon, DharmaFECT, that allows pro-

tein depletion when changing to fresh media 24 hours after transfection using the

same transfection protocol (Fig.4.3). Following this optimisation, I performed an

entry assay with HeLa cdk1as and B55α/δ, depletion. As expected, the threshold

when B55 was depleted was shifted towards lower Cdk1 activity. We planned to

incorporate these results in the mathematical model based on ordinary differential

equations that describes the dynamics of the G2/M switch published in (Rata et al.

(2018)). However, due to lack of time, these experiments could not be finalised

within the scope of this thesis (Fig.4.4).

Given the problems with siRNA transfection I also developed an alternative

approach that we decided to use in order to further inhibit PP2A-B55 based on

inducible overexpression of Ensa (flag-Ensa), and for this purpose I established

an inducible system in the HeLa cdk1as cells, using a plasmid that locates into

Rosa26 locus and has a Tet-ON inducible expression system (full plasmid further

discussed, Fig.4.5)

4.3 B55α degron system

Fast depletion of a protein is important to detect the direct consequences of pro-

tein inactivation, as the phenotype can become obscured by secondary effects.

Conditional depletion can be achieved by fusing a destabilizing domain (degron)

that can be controlled by adding degron inducing drugs (Kanemaki et al. (2003)).
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Chap.4 Fig. 4.3: Western blots showing SiRNA against B55 α and δ, UT and GAPDH.

SiRNA (SMARTpool, Dharmacon) for B55α and δ, and GAPDH (Qiagen) were trans-

fected into Hela cdk1as. 2 mL of media with a concentration of 1x105 per mL were placed

in a 6 well plate. B55 smart pools of were added in concentrations 10 nM and 20nM (each)

and GAPDH in 40nM, with 2.5µl of transfection reagent (Lipofectamine (left), Dharma-

fect, Dharmacon (right)) in MEM media, with no antibiotics or serum. Untransfected cells

(UT) were used as positive control for transfection. SiRNA transfected cells were left at

RT for 15-20 min and then added into the media with cells dropwise. Cells were left in

the same media for 24 h and full media was changed afterwards. Cells were collected 72

hours after transfection and prepared for WB, using asynchronous whole cell extracts at a

concentration of 100,000 cells per 10 µL of lysis buffer, the mentioned primary antibodies

and left in secondary antibodies for 1 h.
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Chap.4 Fig. 4.4: Quantification of Entry release experiment as seen in Chapter 3, with

B55α and δ smartpools (A, 2 repeats) and Control siRNA (B, 3 repeats). Each biological

repeats using 4 frames per repeat, and N=300 to 400 cells per frame, using Hoechst as the

DNA staining. Bars indicate SE
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Chap.4 Fig. 4.5: Flag-Ensa everexpression. WB of picked clones -/+ 24 h Dox induction.

A final concentration of 2µg/mL Dox was used to induce Flag-Ensa overexpression. Asyn-

chronous whole cell extracts at a concentration of 100,000 cells per 10 µL of lysis buffer

were used, with the mentioned antibodies left for 2 hours and secondary for 1 hour.

136



To improve the analysis of the B55 phosphatase we decided for an approach of

conditional depletion, which can be achieved by fusing a degron tag that can be

conditionally controlled. As B55 has different subunits, we decided to use this

system for the α subunit, and then knock out the δ (and potentially β and γ)

subunits. We decided to use (CRISPR)/CRISPR-associated (Cas) system-based

gene-editing, tagging endogenous genes with donor vectors carrying synthetic short

homology arms, to perform this genetic perturbation (Mali et al. (2013); Cong et al.

(2013)). To induce degradation of a target protein, we decided to combine two

types of system: the auxin-inducible degron (AID) and the small molecule-assisted

shutoff (SMASh). This strategy was implemented and tested by Dr Nadia Hegarat

on Cdc6, Cyclin A and Cyclin B. In all these cases full depletion was achieved after

4 hours in RPE-1 cells (Lemmens et al. (2018); Hegarat et al. (2018)).

4.4 Auxin inducible degron

Plant cell signalling relies on phytohormones like auxin (AUX), that represents

a family of plant hormones that control gene expression during many aspects

of growth and development(Sugawara et al. (2009)). This family of hormones

bind to the F-box transport inhibitor response 1 (TIR1) protein and promote

the interaction of the E3 ubiquitin ligase SCF-TIR1 (a form of SCF complex

containing TIR1) and the auxin or IAA (AUX/IAA) transcription repressors (Tan

et al. (2007)). SCF-TIR1 recruits an E2 ubiquitin-conjugating enzyme that then

polyubiquitylates AUX/IAAs resulting in rapid degradation of the latter by the

proteasome. Orthologues of TIR1 and AUX/IAAs are only found in plant species

(Dharmasiri et al. (2005); Tan et al. (2007)).

The auxin-dependent degradation pathway from plants was first transplanted

into other eukaryotic species (Nishimura et al. (2009a)). This system can in-

duce rapid depletion of a protein of interest (within 30 min) in the presence of

auxin; it is reversible and tuneable. It has worked in budding yeast as well as

137



in cell lines derived from chicken, mouse, hamster, monkey and human ((Fig.4.6)

(Tanaka et al. (2015)). To construct the AID mutants, two components need to

be introduced into the cells. The first one is the auxin-responsive F-box protein,

TIR1, which forms a functional SCFTIR1 ubiquitin ligase with the endogenous

subunits conserved in all eukaryotic cells, with the TIR1 ortholog from rice Oryza

sativa (OsTIR1), which appear to work better than other orthologs(Nishimura

et al. (2009a)) and the second is the AID tag fused to the protein of interest at

the endogenous locus (Natsume et al. (2016)). A disadvantage of this method is

that the plant F-box protein does not optimally interact within the mammalian

Skp1/Cullin complex. Therefore, induced degradation can be inefficient, especially

for proteins with high synthesis rates (Hegarat et al. (2018)).

4.5 Small molecule-assisted shutoff

With this technique proteins are fused to a degron that removes itself due to a

self-cleaving protease in the absence of drug, resulting in the production of an

untagged protein. The hepatitis C virus (HCV) protease inhibitors can be used

to block degron removal, inducing rapid degradation of subsequently synthesized

copies of the protein. Small molecule assisted shutoff (SMASh) allows reversible

and dose-dependent shutoff of various proteins in multiple mammalian cell types

and yeast (Hannah and Zhou (2015); Chung et al. (2015)). The hepatitis C virus

(HCV) nonstructural protein 3 (NS3) protease enables control of protein tagging

with clinically tested drugs to effectively shut off protein expression, like Simepre-

vir, Danoprevir, Asunaprevir and Ciluprevir (Lin et al. (2008)). This technique

involves only a single genetic modification and does not rely on modulating protein-

protein interactions, does not require the permanent fusion of a large domain and

can be controlled in a dose-dependent and reversible manner. The HCV protease

inhibitors are used at nontoxic concentrations in vivo (Fig.4.7). A disadvantage

of this method is that it only affects the newly synthesised protein, while the loss
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Chap.4 Fig. 4.6: The auxin-dependent degradation. Schematic illustration of AID degra-

dation. Proteins are recognized by an AID and addition of auxin triggers recruitment

of the SCF-TIR1 ubiquitin E3 ligase. Ubiquitylation of the protein occurs at the target

protein leading to proteasomal degradation (adapted from Nishimura et al. (2009b)).
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of the old untagged protein depends on the natural half-life of each tagged gene

product.

4.6 B55α-degron cell line creation

A first step to generate our AID-SMASh degron cell lines, was to add the OsTIR1

component into the cells. We decided to establish an inducible expression system

in the human Rosa26 locus (hROSA26), because the constitutive presence of the

plant F-box protein can unwanted degradation of the tagged proteins even in the

absence of Auxin (Natsume et al. (2016)). The Rosa26 locus is particularly useful,

as can be targeted with high efficiency (Irion et al. (2007)) without perturbing

endogenous gene activity (Sadelain et al. (2012)). It has so far predominantly

been used in mice, but is also available in human cell lines.

Our targeting plasmid contained the left and right arms of the Rosa26 locus and

a multiple cloning site (MCS) located between a Tet-ON system and a resistance

gene sequence (Fig.4.8). This plasmid allowed us to add the desired integration

of OsTIR1 using Gibson assembly. The main plasmid containing the MCS site

and Tet-On system was made by me (Fig.4.9 and sup).; the addition of OsTIR1

was made by Dr Nadia Hegarat. I transfected this plasmid into U2OS cdk1as cells

using lipofectamine according to the manufacturer′s protocol. Cells where left to

grow and cells that resulted positive were found with WB using Myc antibody (as

the OsTIR1 protein is tagged with Myc, so the expected protein would be bigger,

and the expected band can be noticed) (Fig.4.9).

Once a clone was found, the next step was to add the AID-SMASh degron.

It was inserted between homology arms of the protein B55α. We decided to use

the C terminal of the protein, as is the one that has homology among all B55 α

sequences. Dr Nadia Hegarat created the AID-SMASh degron and kindly provided

the plasmid that we used to PCR. The Cas9 and gRNA were also created following

normal protocols. The B55δ gene was going to be targeted by CRISPR/Cas9 in
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Chap. 4 Fig. 4.7: Small molecule-assisted shutoff (SMASh) technique, The protein of

interest (POI) is fused to NS3/4 through an NS3 cleavage site. NS3 is cleaved from the

POI and degraded, while the native POI is stable. Upon addition of the NS3 inhibitor

asunaprevir (or others), NS3 cleavage is inhibited and the entire fusion protein is degraded.

(Taken from Chung et al. (2015))
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Chap. 4 Fig. 4.8: Rosa 26 MCS plasmid creation. A) Rosa26 arms were obtained by

PCR and later integrated by Gibson assembly into BlueScript plasmid. Picture showing

miniprep of picked up clones, cut enzymatically with mentioned cutting enzyme and then

separated by electrophoresis (left) and virtual cutter showing the predicted size after en-

zymatic cut (right). B) Tet-On system and MCS where PCR from plasmids and then

Gibson assembly was used to put them together. Picture showing miniprep of picked up

clones, cut enzymatically with a cutting enzyme and then separated by electrophoresis

(left) and virtual cutter showing the predicted size after enzymatic cut (right). C) Infor-

mation regarding the plasmid, containing a Tet-On doxycycline induction system with a

lentiviral promoter (hPGK), coupled to an SV40 promoter that will provide the cells with

Zeocin resistance, between the Left and Right arms of the Rosa26 locus (Rosa L and R

arms)
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kDa Clones

Chap.4 Fig. 4.9: Westernblot (WB) of OsTIR1 clones in the presence/absence of Dox.

Induction was for 24 h. A final concentration of 2µg/mL Dox was used to induce OsTIR1

expression. Asynchronous whole cell extracts at a concentration of 100,000 cells per 10

µL of lysis buffer were used, with the mentioned antibodies left for 2 hours and secondary

for 1 hour.
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this cell line once a positive clone was found.

Unfortunately, this technique did not work, as even when OsTIR1 and the

degron tags appeared to be integrated and we found positive clones, none of them

appeared to deplete B55 α even after 24 hours of depletion. One of the reasons

why this might have happened is that OsTIR1 did not appear to be expressed

as highly as with RPE cells (not shown); second, I only tried to do a C-terminus

tagging, but due to time constraints, I decided not to continue with this cell line

creation. In the meantime, an Msc student generated N-terminally degron-tagged

B55 α in RPE-1/OsTir1 cells that was degraded upon induction by the degron

inducing drug cocktail.

4.7 Analysis of PP1 function in mi-

totic entry

Winkler et al. (2015) created cell lines that inducible overexpress nuclear inhibitor

of PP1 (NIPP1; also known as PPP1R8) to study the function of this phosphatase

in mitosis. This is an elegant and specific approach to inhibit PP1 and we aimed to

use this system in the U2OS cdk1as cells to perform mitotic entry and exit assays

as described in Chapter 3. The aforementioned NIPP1 plasmid makes a random

integration, so we decided to establish an inducible expression system using the

Rosa26 locus. In this case, too, CRISPR gene targeting was used to generate a sta-

ble cell line. We started having two types of cell generation in mind. The first one

was to use the FLP-FRT recombination and the Tet-On systems. The FRT insert

expresses the Tet-On Tet-repressor protein from a lentiviral promoter (hPGK), the

FRT site and the FRT translation element, coupled to an SV40 promoter that will

provide the cells with Zeocin resistance. The plasmid was generated by Gibson

assembly (Thermo Fisher) and ligation using T4 ligase. When successful, this plas-

mid allows the rapid integration of various cDNAs into a defined genomic locus for
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DOX inducible expression. Using this strategy, over-expression of NIPP1, ENSA

and potentially other phosphatase inhibitors in G2 arrested U2OS cdk1as cells will

be made in order to determine their impact on the G2/M transition. However, we

failed to obtain integration in the Rosa-locus despite repeated attempts and even-

tually moved on to directly establish the inducible expression of NIPP1, similar to

the OsTIR expression system.

For this purpose, I generated a 2nd plasmid taking advantage of the MCS site

in the original Rosa26 Tet-on system that we set up as described above. This will

allow us to add the desired integrated sequence of the POI (Protein of Interest)

using Gibson assembly (Fig.4.8). This plasmid was sequenced and verified. Later,

it was transfected into U2OS cdk1as cells. Positive cells were identified by the

addition of DOX for 24 hours. Two clones were chosen and were used for a Western

Blot (WB) to confirm the presence of NIPP1 and NIPP1-GFP and GFP (Fig.4.10).

The positive clones, control (GFP only) and NIPP1, were used for the mitotic

entry assay and exit assay, and for that, I used the Operetta microscope (using a

96 well plate), the Harmony software and its machine learning setup to distinguish

between interphase and mitotic cells and Spotfire analysis to obtain the graphs,

but due to lack of time I only obtained one set of data and the screening was not

fully perfect GFP (Fig.4.11). However, it seems that even just the GFP control is

also changing the threshold, but further repetitions are needed.

4.8 Generating a NIPP1 inducible ex-

pression system with mutated NLS

A problem with the NIPP1 approach in interphase is that NIPP1 is sequestered

in the nucleus while PP1 may act in the cytoplasm. (Jagiello et al. (2000)), found

that the active transport of NIPP1 to the nucleus is mediated by two nuclear

localization signals (NLS), that partially overlap with the binding sites of PP1.
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Chap.4 Fig. 4.10: NIPP1 cell line. Clones 21 and 25 of the NIPP1 Rosa26 locus plasmid.

A) WB of the +/- Dox induction using NIPP1 antibody. B) 24 hours of DOX induction

for the 21 and 25 clones. A final concentration of 2µg/mL Dox was used to induce NIPP1

overexpression. Asynchronous whole cell extracts at a concentration of 100,000 cells per 10

µL of lysis buffer were used, with the mentioned antibodies left for 2 hours and secondary

for 1 hour. Bar indicates 200µm
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Chap.4 Fig. 4.11: Screening of U2OS cdk1as control, GFP and NIPP1 entry and exit

assays. GFP and NIPP1 were Dox induced for 24 h, using a final concentration of 2µg/mL

Dox. Control, GFP and NIPP1 were plated at the same time, and the assay was performed

in the same 96 well plate and at the same time as mentioned in Chapter 3. Error bars

are from one experiment, from the population. Graph and error bars were made using

Spotfire.
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Mutating the sequences to Alanine decreases the amount of NIPP1 going into

the nucleus, as it can cross the nuclear membrane passively. Dr Hochegger and

I hypothesised that the amount of NIPP1 translocated to the nucleus will be

decreased by mutating these sites so that it can act on PP1 both in the cytoplasm

and nucleus. The construct for the GFP-NIPP1 plasmid was used as a template

where the NLS sequences were mutated and then it was fully synthesized with

overhangs that allowed us to insert into the Rosa26 locus arms vector via Gibson

assembly.

This plasmid was obtained and transfected into U2OS cdk1as cells. Induction

with DOX was made into each clone to verify for green cells and most of the cells

were GFP positive (Fig.4.12 and S11). However, NIPP1-GFP was not found in the

cells (only GFP), leading us to believe that this plasmid was not working correctly

(Sup. S12). The sequence was correct, but when the plasmid was synthesised, the

codon usage was decided by the company that we sent the plasmid to. The codon

usage for this plasmid was not the best one, as we ran a rare codon calculation

using the Clarke T.F. and Clark P.L. (Clarke and Clark (2008)) calculator and it

showed that 43% of our synthesized plasmid contained these rare codons, which

could lead to a reduced local translation rate. This is how far the NIPP1 project

progressed in the course of this thesis. The next steps will include resynthesis of

the NIPP1 NLS mutant

4.9 shRNA of Arpp19/Ensa

I also followed up work by a graduate PhD student in the lab, Dr Nisha Peter,

to study the effects of continuous PP2A/B55 activity during mitotic entry. For

this purpose, I decided to use an inducible short hairpin RNA (shRNAs) that

target Ensa and ARP19 introduced in the cells through infection with viral vec-

tors (lentiviral transformation), for stable integration of shRNA and long-term

knockdown of a targeted gene. As lentiviral-mediated transduction provides a
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Chap.4 Fig. 4.12: NIPP1-NLS. Representative figure of NIPP1-NLS plasmid transfected

cells, and clone selected, top without Dox; bottom, with the addition of Dox. A final

concentration of 2µg/mL Dox was used to induce NIPP1-NLS expression. Asynchronous

whole cell extracts at a concentration of 100,000 cells per 10 µL of lysis buffer were used,

with the mentioned antibodies left for 2 hours and secondary for 1 hour. Bar indicates

200µm.
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convenient method of introducing shRNA into dividing or non-dividing cells and,

in general, is less toxic to the cells than adenoviral-mediated transduction (Moore

et al. (2010)) it was selected as the method to transfect the shRNA into our HeLa

as cells. Lentiviral transfection and clone selection information can be found in

Sup. S13 and Materials and Methods section. The selected clones for higher GFP

(Scr and E/A) signal found can be seen in Fig.4.13 A, B, using a GFP tagged

cell line as Control. After establishing this shRNA expressing cells they are able

to knock down Ensa/ARPP19, but only partially (Fig.4.13 C). I was aiming to

improve this system by FACS sorting to enrich the highest shRNA expressing cells

as they are GFP tagged but unfortunately the cells got contaminated after the

sorting so we could not progress further with this approach.

4.10 High throughput screen of phos-

phatases involved in mitotic en-

try

It is highly unlikely that we have identified the entire network of G2/M regula-

tors. Our quantitative analysis of Cdk1 thresholds for mitotic entry Rata et al.

(2018) provides a useful approach to carry out further screens to discover novel

proteins that participate in this switch system. Given the relevance of this field to

cancer therapy, one can expect that this could lead to the identification of novel

targets, especially kinases and phosphatases that are involved in this transition. In

collaboration with Dr Samantha Diaz and Dr Lisa Woodbine, we have optimised

the 1NM-PP1 release assay in a high throughput format and they had performed

an initial screen using a focussed siRNA library to target phosphatases (Supp.

Fig.S14).

This screen successfully identified PP2A and PP1 catalytic and scaffolding
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Chap.4 Fig. 4.13: shRNA of Arpp19/Ensa. Picture of selected clones -/+ 24 h DOX

induction: A) Representative images of DIC and GFP signals after 5 days of infection

using lentivirus of Ensa and Arpp19 shRNA. B) FACS plot of a GFP positive, SCR

(control GFP only) and two clones (11 and 17, GFP-shRNA). C) Western blot of cell

lysates using Ensa antibody to verify protein decrease and Actin as a control, showing

untransfected (UT), Scr and Arpp19/Ensa shRNA selected clones. Asynchronous whole

cell extracts at a concentration of 100,000 cells per 10 µL of lysis buffer were used after

5 days, with the mentioned antibodies left for 2 hours and secondary for 1 hour. Bar

indicates 200µm.
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subunits as inhibitors of the G2/M transition and Cdc25C as a major promotor

of Cdk1 activation, thus validating our approach. We have also identified approx-

imately 15 new phosphatases, or phosphatase regulators that significantly change

the Cdk1 threshold at the G2/M transition. The hits from this screen include

regulatory proteins of PP1 and PP2A, as well as other phosphatases that have so

far not been implicated in mitotic control. These data were obtained in the final

weeks during work on this thesis, and could not be followed up further due to time

constraints. However, the results of this screen are very encouraging suggesting

that several new phosphates could contribute to this network. the precise details

and validation of these hits will require further work beyond the scope of this

thesis.

4.10.1 Discussion

At the end of this chapter, it is noticeable that my attempts to create a stable cell

line with a double degron tag for B55 α were unsuccessful. Despite this, I was able

to create and clone successfully my Tet-On system using the Rosa 26 locus and

created a good effect to perform gene targeting in the U2OS cdk1as while adding

different POI’s in the main plasmid.

Also, due to time constraints, I was not able to fully make use of the cell lines

I created; however, while making this chapter I was able to learn many important

lessons about cell line creation. I was able to obtain cloning experience and also, I

learned from my mistakes. Also, as the FACS sorter has become more efficient, it

will be important to try and obtain the cell lines that I was not able to generate

making use of the facility.

In the last part of this Chapter, I showed a High throughput screen of phos-

phatases that shows really interesting data, as B56, not B55, is one of the targets

that is shown to increases the mitotic index when depleted. Our screen is in accor-

dance with previous data stating that just the depletion of B55 did not cause an
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induced entry into mitosis like the one created by OA. Perhaps, this guides us to

the idea that B55 might be more related to cell growth/nutrition pathway/replica-

tion (Pérez-Hidalgo and Moreno (2017); Wang et al. (2018)) and B56 more directly

involved in the ”mechanism” of the G/M transition. It could also be related to

the way phosphatases regulate their timing for phosphorylation (Pérez-Hidalgo

and Moreno (2017); Godfrey et al. (2017); Kamenz and Ferrell (2017)). However,

this was just preliminary data and it needs to be further analysed.

153



Chapter 5

Gwl and Cdk4

5.1 Cdk4 and pRb

In Chapter 3 I described our work on the bistable switch between interphase and

M-phase, based on positive feedback in the Cdk1 activation loop. In this regula-

tory system, Cdk1 activation by Wee1/Cdc25 feedback loops and PP2A-B55 in-

activation by Gwl independently contribute to the hysteretic switch system. Only

abrogation of both Cdk1 and PP2A-B55 inactivation abolish bistability, indicating

that hysteresis occurs because of mutual inhibition between the Cdk1 and PP2A-

B55 feedback loops. As part of this study, we also showed that loss of bistability

has negative consequences for cell proliferation. The effects of loss of combined

Gwl and Wee1 inhibition resulted in failure to stabilize the metaphase state and

to progress from mitosis to the next G1 phase. Also, the double inhibition of both

Gwl and Wee1 caused an additive effect on proliferation, significantly reducing it,

in breast cancer cells.

There is contradictory information regarding Gwl necessity in the normal non-

transformed cell cycle. MASTL, the human gene encoding for Gwl kinase, has been

proposed to be a key player in mitotic entry (Voets and Wolthuis (2010)) but other

studies claim that the MASTL mRNA was not found in a range of human tissues
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(Johnson et al. (2009) but is likely to be critical for cancer cells that are constantly

dividing. A previous PhD thesis from our lab (Eckert (2019)) investigated Gwl as

a target for cancer therapy. This work showed that the depletion of Gwl was not

harmful to non-cancerous cells, but affected cancerous cells potentially in a non-

mitotic pathway. As part of a siRNA screen, Dr Eckert found a novel synthetic

lethality between Gwl and Cdk4/6 in pRb positive triple negative breast cancer

(TNBC) cell lines. The TNBC cell lines she generated to characterise Gwl were

engineered to contain an inducible short hairpin RNA (shRNA) system to deplete

Gwl in a conditional manner (see below).

In these cells, Gwl depletion affected S and G2 phase population, which were

both decreased and cells survival decreased substantially compared to the non-

depleted ones. This finding correlated with a recent report on a potential role of

Gwl in S-phase, by controlling the degradation of Treslin in a Gwl/Ensa-dependent

pathway (Charrasse et al. (2017)). As the results suggested that pRb positive

TNBC cell lines displayed reduced proliferation rated due to a problem in S phase

and that a Gwl/Cdk4 depletion has additive effects on DNA replication, she vali-

dated this synergy experimentally using siRNA and small molecules in TNBC cell

lines MDA-MB-231, HS578T, MDA-MB-436 and the non-cancerous breast cell

line MCF10a. Lee011 and Pabociclib were used, showing similar results. When

Cdk4/6 was inhibited and Gwl was depleted, the S phase population decreased by

over 50% (Sup. Fig. S16).

Surprisingly, Dr Eckert found that this synergy was not dependent on the

known downstream targets of Gwl, ENSA/ARPP19, or reversed by co-depletion

of PP2A-B55. As a next step in this project, I aimed to investigate, if this synergy

affects pRb phosphorylation, the main substrates of Cdk4/6-Cyclin D. I decided to

develop a single-cell approach based on high throughput microscopy to address this

question. Below I will briefly introduce the Rb pathway and its relevance to cancer

in general and breast cancer in particular, before describing my experimental work

on the Gwl-Cdk4 synergy.
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5.2 The Retinoblastoma protein and

cancer

As already mentioned in the introduction, genomic instability can lead to can-

cer. A series of genetic changes transform normal cells into cancer cells, causing

them to escape proliferative regulation, invade surrounding tissues and become

malignant. These changes are caused by defective regulatory circuits that govern

normal cell proliferation and homeostasis (Hanahan and Weinberg (2000); Sherr

and McCormick (2002); Hahn and Weinberg (2002)). This process is multifaceted

and can take many different genetic routes, with more than 100 types of cancer

and subtypes within specific organs. This makes cellular transformation a com-

plex puzzle with many questions left to answer (Hanahan and Weinberg (2000);

Sherr and McCormick (2002)). To gain some systematic oversight of these pro-

cesses, Hanahan and Weinberg (Hanahan and Weinberg (2000, 2011)) suggested

to enclose the vast catalogue of cancer genotypes into six alterations, which are

commonly shared by all types of human tumours: self-sufficiency in growth signals,

insensitivity to growth-inhibitory (antigrowth) signals, evasion of programmed cell

death (apoptosis), limitless replicative potential, sustained angiogenesis, and tissue

invasion and metastasis.

Among the genes that are most commonly disrupted in cancer cells, including

the most aggressive ones, are two tumour suppressors, the retinoblastoma protein

(pRb) and the p53 transcription factor that regulate gene expression at the G1/S

transition of the cell cycle (Sherr and McCormick (2002); Paternot et al. (2010);

Hanahan and Weinberg (2000); Chin et al. (1998); Fynan and Reiss (1993)). Lack-

ing intact pRb and p53 checkpoints in human cells will eventually lead to telomere

dysfunction, then to chromosomal end-end joining and fusion- bridge-breakage cy-

cles that will start the aneuploidy observed in most carcinomas, which leads to

abnormal cell proliferation (Hanahan and Weinberg (2000); Sherr and DePinho
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(2000); Sherr and McCormick (2002); Wright and Shay (2000); O’Hagan et al.

(2002)). A defective Rb pathway function permits persistent cell proliferation by

missing a critical gatekeeper of cell cycle progression.

Many proteins form complexes with pRb and the binding activity of this pro-

tein is required for growth suppression. Binding to its target proteins occurs

by several different mechanisms (Knudsen and Wang (1996)). As already men-

tioned, pRb binding function is regulated by phosphorylation, which is cell cycle-

dependent and cyclin-CDK complexes regulate it (Wang et al. (1994)). pRb con-

tains 16 S/T-P motifs which are potential Cdk phosphorylation sites (T-5, S-230,

S-249, T-252, T-356, T-373, S-567, S-608, S-612, S-780, S-788, S-795, S-807, S-811,

T-821, T-826) (Knudsen and Wang (1996); Wang et al. (1994)), and robust phos-

phorylation of pRb at serines 780 and 807/811—residues are directly targeted by

Cdk4 and Cdk6, but not by Cdk2. This phosphorylation is involved in activation

of E2F through dissociation from pRb, as phosphorylated Ser780 cannot bind to

E2F (Kitagawa et al. (1996)).

During early G1 phase, D-type cyclins interact with Rb gene products and

in particular, they couple with the kinase Cdk4/6 and phosphorylate pRb and

other Rb family members (Dowdy et al. (1993)). This causes a release of the

E2F transcription factors and initiation of an early wave of cell cycle transcription

that results in the synthesis of Cyclin E. From middle to late G1 phase, cyclin

E forms complexes with Cdk2 that also targets pRb, thereby reinforcing the G1

transcription program and its expression (De Luca et al. (1997); Sanidas et al.

(2019); Bertoli et al. (2013); Cooper (2006); Cross et al. (2011); Harashima et al.

(2013)).

Disruption of the Rb pathway liberates E2Fs and thus allows cell proliferation,

rendering cells insensitive to antigrowth factors that normally operate along this

pathway to block advance through the G1 phase of the cell cycle (Hanahan and

Weinberg (2000); Moses et al. (1990); Giacinti and Giordano (2006); Weinberg

(1995); Macaluso et al. (2005); Qian et al. (1992)) or by remodelling chromatin
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structure (Luo et al. (1998); Zhang et al. (2000); Nielsen et al. (2001); Vandel

et al. (2001); Shao and Robbins (1995)). Losing TGFβ responsiveness through

downregulation of their TGF receptor (Markowitz et al. (1995); Fynan and Reiss

(1993)) or by inactivation due to Cyclin D/Cdk4 complexes inactivate pRb by

hyperphosphorylation, which in turn, is also deregulated in many tumours and is

crucial for various oncogenic transformation processes, and many cancer cells are

addicted to high Cdk4 activity (Zuo et al. (1996); Ortega et al. (2002); Kim and

Diehl (2009); Paternot et al. (2010); Malumbres and Barbacid (2009); Kozar et al.

(2004); Zou et al. (2002); Tetsu and McCormick (2003); Miliani de Marval et al.

(2004)). As every protein involved in Cdk4 activation leading to pRb inactivation

has been found to be oncogenic (Paternot et al. (2010); Sherr and McCormick

(2002); Ortega et al. (2002); Deshpande et al. (2005)), finding therapies aiming to

reactivate pRb has been promising. However, pRb loss cannot be treated directly

and restoration of pRb following mutations or deficiency is not viable (Shi et al.

(2018)).

Cdk4 and Cdk6 are activated by the three D-type cyclins that are high selectiv-

ity and specialize to phosphorylate and inactivate the central transcriptional cell

cycle controller pRb and related p107 and p130 proteins. This is function is not

essential, as the exogenous expression of the Cdk4 inhibitor p16 or neutralization

of cyclin D1 do not prevent cell cycle progression in cells where pRb is defective

(Bartek et al. (1996); Lukas et al. (1995b,a); Medema et al. (1995)); Conversely,

when the cyclin D/CDK inhibitor p16/INK4A is lost, there is an alteration of

the activity of cyclin/CDK complexes in G1 that can turn oncogenic and loss of

function of the inhibitor enhances cyclin D/CDK4 kinase activity, promoting hy-

perphosphorylation of pRb that is no longer able to regulate cell cycle checkpoints

(Hunter and Pines (1994)). Thus, pRb deletion of Cdk4/6 hyper-activation are

two alternative pathways to bypass this central tumour-suppressor function.

Accordingly, inactivation of the cyclin D, Cdk4/6, and INK4A genes in mice

can prevent oncogene-induced tumour development indicating that they were suit-
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able cancer-specific drug target; in contrast, inactivation of the individual genes in

mice, lead only to specific developmental defects when disrupted alone or in com-

bination, but established that their functions were nonessential for the cell cycle

(Malumbres and Barbacid (2009); Malumbres et al. (2004a); Kozar et al. (2004)).

5.3 Targeting CDK4/6 in breast can-

cer therapy

Due to their expected importance as a therapeutic target, several Cdk4/6 in-

hibitors were developed, proving significant efficacy in cancer treatment (VanArs-

dale et al. (2015); Asghar et al. (2015); Baughn et al. (2006)). However, not all

tumours respond favourably to these drugs and need a combined therapy for it to

work, and a requirement of pRb proficiency (Kovatcheva et al. (2015); Michaud

et al. (2010); Lukas et al. (1995b); Medema et al. (1995)). Depending on cell type,

some will undergo quiescence while some will undergo senescence when inhibiting

Cdk4/6 in Rb-positive cells. The reason for this differential response is still not

fully understood (Baughn et al. (2006); Kovatcheva et al. (2015)).

The first specific Cdk4/6 inhibitor to be developed was PD0332991 (to eventu-

ally become Pfizer’s Palbociclib). Palbociclib is an orally bioavailable, low nanomo-

lar reversible inhibitor of Cdk4/6 which induces G1 arrest, and a reduction of

phosphor-Ser780/Ser795 on the pRb protein (Fry et al. (2004); Toogood et al.

(2005)). It has been used in the treatment of breast, colon, and lung cancer cell

lines. Another Cdk4/6 inhibitor, LEE011, (Ribociclib) (Sunkyu et al. (2013);

Tripathy et al. (2017)), is also orally bioavailable and showed tumour growth in-

hibition in estrogen receptor-positive (ER+) breast cancer, liposarcoma, neurob-

lastoma, melanoma, and malignant rhabdoid tumour. Both inhibitors showed a

manageable tolerability profile and therapeutic potential for a variety of cancer

types and were both approved by the Food and Drug Association (FDA).
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Despite promising clinical outcomes, where Cdk4/6 is inhibited in addition to

Endocrine therapy (ET) essentially doubles the median progression-free survival,

overall survival is not significantly increased. Some patients that initially benefit

from treatment, later develop secondary resistance. In other cases, patients exhibit

resistance to CDK4/6 inhibitors and do not find any benefit from these agents,

often switching to chemotherapy within 6 months. intrinsic or acquired resistance

to CDK4/6 inhibitors has limited the success of these inhibitors (Schoninger and

Blain (2020); McCartney et al. (2019); Guarducci et al. (2017); Pandey et al.

(2019)).

Breast cancer is one of the most common malignancy among women. It is

a heterogeneous and complex disease, with different subtypes that have different

abilities to metastasize to distant organs, specific pathways with the preferred

metastatic sites, and different survival response after relapse (Lyden et al. (2011);

Gerratana et al. (2015); Kang et al. (2003); Mansel et al. (2007); Kennecke et al.

(2010)). There are standard prognostic and predictive factors for breast cancer

disease that can be defined by immunohistochemical (IHC) biomarkers or gene

expression profiles, which are human epidermal growth factor receptor 2 (HER2),

progesterone receptor (PR), estrogen receptor (ER), and proliferation (Ki-67) sta-

tus (Alanko et al. (1985); Kennecke et al. (2010); Chia et al. (2008)). Breast cancer

can spread to other sites of the body resulting in metastatic breast cancer (MBC)

(Kang et al. (2003)).

In many types of breast cancer, loss of function of the cyclin D/CDK inhibitor,

p16/INK4A, enhances cyclin D/Cdk4 kinase activity, promoting hyperphosphory-

lation of pRb that is no longer able to regulate cell cycle checkpoints (Hunter and

Pines (1994)). Interestingly it appears to be the selective expression of Cyclin

D1 and Cdk4 in breast epithelium that correlate with the development of certain

breast tumours where Cyclin D1 is overexpressed in over 50% of human mammary

carcinomas and a role of Cyclin D1 antagonists in the treatment of the disease has

been suggested (Yu et al. (2001); Gillett et al. (1996); Fantl et al. (1995); Sicinski
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et al. (1995); Dickson et al. (1995); Bartkova et al. (1994); McIntosh et al. (1995);

Barnes and Gillett (1998)).

As cyclin D1 activates the cyclin-dependent kinase Cdk4, it has a critical role

for cyclin D1 in breast cancer formation and its continuous kinase activity is needed

to initiate and to maintain breast tumour cell proliferation; genetic ablation of

Cdk4 and Cyclin D1 rendered mice resistant to breast tumours triggered by ErbB-

2 (Yu et al. (2001, 2006b); Bowe et al. (2002); Lee and Sicinski (2006)). Patients

with breast cancer that co-express Cyclin D1 with either epidermal growth factor

(EGFR) or pRb have a significantly poorer prognosis than those that only express

Cyclin D1, and it was also suggested to predict resistance to antihormonal therapy

(Burandt et al. (2016); McIntosh et al. (1995); Barnes and Gillett (1998))

In tumour cells, the phosphorylation of pRb by cyclin D-Cdk4 kinase takes

place to upregulate cyclin E levels (via E2Fs) and to activate cyclin E-CDK com-

plexes while in nontransformed cells the noncatalytic function of cyclin D-CDK

complexes might suffice to activate cyclin E-CDK activity through titration of in-

hibitors. However, some cyclin D1 null mice can develop mammary carcinomas

even when cyclin E levels were upregulated (Yu et al. (2001); Bowe et al. (2002)).

Tumour cells may also express a protein (or proteins) that represents a specific

target of cyclin D1-Cdk4 kinase (Yu et al. (2006b)).

Palbociclib is used to treat breast cancer as a monotherapy or in combination,

having a synergistic growth inhibitory activity with anti-estrogen agents in ER-

positive breast cancer (Finn et al. (2015)); the clinical data suggested that ER

positivity may be the most effective predictive marker for identification of breast

cancer patients for Cdk4/6 inhibitor-based treatment. Another two Cdk4/6 in-

hibitors including Ribociclib (LEE011) and Abemaciclib (LY2835219), like pal-

bociclib, they are orally-bioavailable and highly selective Cdk4/6-targeting agents

exhibit IC50) values in the low nanomolar range (Infante et al. (2014); Gelbert

et al. (2014)). Prognostic and predictive factors are well established in early-stage

breast cancer, but less is known about which metastatic sites will be affected
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(Kennecke et al. (2010)). Differences among the drugs, including pharmacokinetic

factors, target selectivity, and toxicities will influence when and where to use them

(Tripathy et al. (2017)).

5.4 Triple negative breast cancer (TNBC)

Triple negative breast cancer (TNBC) is a heterogeneous disease with aggressive

behaviour and poor prognosis. 10-20% of all cases of breast carcinoma are TNBC

and it is characterized by the low expression of PR, ER, and HER2) (Shi et al.

(2018); Bianchini et al. (2016)). Sequencing of patient samples has detected a dis-

tinctive mutational portrait of both the germline and somatic alterations in TNBC,

compared to other types of breast cancer. However, there is no clearly defined set

gene expression markers, in comparison with other breast cancer subtypes (Wilson

et al. (2019)). Several pathways with altered mutation and expression have been

described (e.g several Tyrosine kinase receptors, mutations in the BRCA1-related

pathway) but it has not been established whether these alterations are molecular

”drivers” (de Ruijter et al. (2011); Bianchini et al. (2016)). Also, genetic mu-

tations among women with TNBC differ significantly by ethnicity (Al-Mahmood

et al. (2018)).

Very few recurrent mutations, including TP53 and RB1 mutations, together

with a long tail of individually rare mutations occur in TNBC. pRb is frequently

lost in TNBC due to inactivating mutations of RB1 or loss of heterozygosity

(LOH) (Johnson et al. (2016); Santarpia et al. (2012); Shi et al. (2018); Hanahan

and Weinberg (2000)). The combined effects of genomic alterations drive TNBC

progression and the complexity and heterogeneity of TNBC make clinical interpre-

tation of the genomic alterations in TNBC difficult. Given the prognosis, a way

to find better treatment of TNBC is urgently needed (Santarpia et al. (2012); Shi

et al. (2018)).

Thus, TNBC remains a breast cancer type with relatively poor outcome, with
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a median survival of 19 months. The overexpression of EGFR protein specific

to TNBC (in comparison with other subtypes of breast cancers) usually increase

resistance of this type of cancer cells to conventional therapies (like endocrine

therapy or therapies targeted to HER2), which leaves it with limited options for

treatment, being chemotherapy the primary established systemic treatment for pa-

tients (Shi et al. (2018); Kobayashi et al. (2016); Al-Mahmood et al. (2018); McGee

(2010); Bianchini et al. (2016); Darb-Esfahani et al. (2009)). Also, unfortunately,

some tumours are not chemo-sensitive, which gives TNBC patients a worse out-

look (Schneider et al. (2008); Marmé and Schneeweiss (2015)). Despite optimal

systemic chemotherapy, resistance frequently and rapidly develop and almost all

women with metastatic TNBC will ultimately die of their disease (Bianchini et al.

(2016); Marmé and Schneeweiss (2015)). As there is limited therapeutic effect of

one pathway inhibition in TBNC, multi-gene mutational profiles in a single patient

may increase the opportunity for application of combining two or more targeted

agents with the tolerated toxicities (Gonzalez-Angulo et al. (2011); Hartman et al.

(2012); Hahnen et al. (2017); Shi et al. (2018); Conlin and Seidman (2007)). For

example, chemotherapy is considered indicated for TNBC with the addition of

trastuzumab in HER2 positive disease (Goldhirsch et al. (2011)).

Unlike other types of breast cancer, Cdk4/6 inhibition has not been viewed as

a good therapeutic target for TNBC, due to the common loss of the RB1 gene or

pRb function (Herschkowitz et al. (2008)). Moreover, even pRb positive TNBC

cells show resistance to mono-therapy inhibition of Cdk4/6 ((DeMichele et al.

(2015); Finn et al. (2009); Asghar et al. (2017)). There are some exceptions, like

in the luminal androgen receptor (LAR) subtype of TNBC (Asghar et al. (2017)).

Immortalized cell lines like MDA-MB-231 and HS578T display a significant resis-

tance to Cdk4/6 inhibition (Asghar et al. (2017)). However, as monotherapy is

not a common treatment of TBNC, finding new targets that could help to increase

the effectiveness of Cdk4/6 will be beneficial.
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5.5 Gwl, cancer and Cdk4/6

Gwl overexpression is found in a range of human cancers, including breast cancer

(Wang et al. (2014); Rogers et al. (2018); Vera et al. (2015); Dahlhaus et al. (2016);

Álvarez Fernández et al. (2018)). It can also encourage transforming behaviour

when overexpressed in immortalized non-transformed cells, and can increase in

vivo and in vitro tumour cell proliferation (Vera et al. (2015)). Accordingly, Gwl

protein expression levels vary dramatically across different breast cancer cell lines,

suggesting that it may have both prognostic and therapeutic value in human breast

(Álvarez Fernández et al. (2018)). It remains unclear how Gwl kinase deregulation

is linked to the proportion of oncogenesis. An attractive hypothesis proposes that

PP2A-B55 acts as a tumour suppressor and that Gwl could thus have oncogenic

functions by suppressing this tumour suppressor (Rogers et al. (2018)).

As described above, our lab performed a synthetic lethal screen to identify

genes whose depletion or inhibition synergies with Gwl shRNA mediated depletion.

A promising hit that emerged from this screen was Cdk4/6 and this was later

confirmed based on FACS analysis and proliferation assays by Dr Eckert. My

aim in this chapter was to apply a single-cell assay based on high throughput

microscopy to correlate the reduction of S-phase cells observed by co-inhibition

of Cdk4 and Gwl depletion with decrease in pRb phosphorylation. To this end, I

performed EdU staining assays and combined these with pRB immunofluorescence

using phosphorylation-specific pRb antibodies that detected phosphorylated S780,

as Cdk4/Cyclin D but not Cdk2-Cyclin E specifically phosphorylates that Serine

and pRb phosphorylated at S780 does not bind to E2F-1 (Kitagawa et al. (1996)),

it has also been used as the phosphorylation site in studies to verify the activity

of the Cdk4/6 inhibitor (Infante et al. (2016); ; Rader et al. (2013)). Confirming

the synergistic/ additive effect of Gwl depletion and Cdk4/6 inhibition in pRb

phosphorylation. The result of Gwl and Cdk4 interaction was puzzling, as Cdk4

is only active in G1/S phase, while Gwl is active during mitotic entry, at its peak,
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and it could mean an additional role for Gwl.

In order to confirm this relationship between Gwl and Cdk4, I needed to analyse

the effect of depletion of Gwl and inhibition of Cdk4/6. For this, I used the same

cell lines that Eckert (2019) used in her thesis, MDA-MB-231, HS578T shGwl.

Both of these cell lines had been tested and verified, and also Gwl depletion after

72 hours of DOX, at a concentration of 2 µg/mL, induction was confirmed.

As a synergy/additive effect between Cdk4/6 and Gwl would be clinically rele-

vant, I decided to verify if this effect was occurring at the level of pRb phosphory-

lation. The synthetic lethality observed before was shown using 0.5 µM of Lee011,

but I wanted to verify which was the lowest concentration where we could see the

effect of this double treatment in those cell lines.

The next step was to create an assay where the levels of pRb phosphorylation

could be quantified on a single-cell basis. Single-cell analysis has become a really

important tool to characterise and determine cell phenotypes and to characterise

the effect of small molecules and to understand more about the mechanism of

action leading to phenotypes with the use of high content imaging and fluorescence

microscopy (Persson et al. (2014); O’Brien (2014); Martin et al. (2014); Mouchet

and Simpson (2008); Gasparri et al. (2007)). At the time when I started exploring

this phenotype, the centre had acquired a Perkin Elmer Operetta high-content

imager that uses Harmony software.

As I also wanted to do a cell cycle analysis along with pRb phosphorylation

counting, in literature I found that using the Operetta and the Harmony software

was the best option to combine this analysis in a single assay. A previous paper

suggested that this was optimal to determine cell cycle distribution, as the Har-

mony software provides a machine learning algorithm that can separate single cells

from cell clumps (Massey (2015)). Also, as all cells used are adherent, using flow

cytometry (FC) would have required additional trypsinisation and I wanted to

disrupt the cells as little as possible, as the cell lines used were already perturbed

with the use of DOX (Ahler et al. (2013)).
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The analysis sequence used was based on the paper by (Massey (2015)); how-

ever, I did not use all the sequence and I changed it for my specific needs and cell

lines (more information in Materials and Methods). I decided to use 1000 cells in

each well, instead of the 10 000 the paper used, as I first needed to leave cells for

48 hours in DOX and an additional 24 hours for Lee011 treatment.

The assay was carried in 96 well plates, and after treating cells, they were fixed

and later treated for immunofluorescence. Hoechst was used as the DNA content

marker, as a measurement of nuclear DNA content and to later be used for the cell

cycle phase profile; an antibody marker for pRb S780 phosphorylation status and

they were pulsed with EdU for an hour before fixation, to analyze incorporation

and to use this as the S phase marker (Salic and Mitchison (2008)) (full information

of the method in Materials and Methods).

After getting the single-cell results, a histogram of DNA was generated using

additional SpotFire, an analytics platform, and the intensity corresponding to the

centre of the G1 peak was determined using this software. This software was also

used to generate data for S phase population, as it allows you to select/gate your

selected population and later add as a new column into to your file; a representative

example of this plots is displayed in Fig.5.1.

To further analyse this dataset and quantify the results I set up a script using

Python Pandas API (Van Rossum and Drake Jr (1995)) that is useful for the rapid

analysis of large data frames with few lines of code. Fig. 5.2 is a representation of

this analysis on HS578T, and it shows the cell cycle profile, plus a palette indicating

the level of pRb phosphorylation in each cell (in this example, blue means high and

red means low level). The number of cells randomly selected for each experiment

was between 3000 and 6000 cells, and each experiment was repeated independently

three times to obtain standard deviations and perform statistical analysis.

Having set up this assay I analysed the effects of Gwl depletion and/or Cdk4/6

inhibition. Fig. 5.3 A shows that either treatment caused a significant decrease

in the S-phase population and an increase in G1-cells, as it was already noted
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Chap.5 Fig. 5.1: Representative DNA content histogram of Hoechst stained cells. Mea-

surement of nuclear DNA content by immunoflourscence was used to assign cells to a

particular phase of the cell cycle (DNA Sum) using Spotfire software. The intensity cor-

responding to the centre of the G1 peak was determined and then fed back into Harmony

software. This histogram shows the pattern from a single well of a 96 well plate, from an

asynchronous population, N= 5000 to 6000 cells.
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Chap.5 Fig. 5.2: Python plots of DNA content versus log EdU content in single cells.

DNA content was obtained by staining the cells with Hoechst, EdU content using Click-iT

technology to find the S phase cells, and pRb phosphorylation using pRb (S780) phospho-

rylation antibody for the phosphorylation amount related to the intensity of each cell (IF

intensity). Plots shows major cell cycle phases in asynchronous HS578T cells was made

in Phython. N=3000, this plot corresponds to one experiment.
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by Eckert (2019) using FACS analysis. When Gwl depletion was combined with

Cdk4/6 inhibition the S phase population dropped further with increasing con-

centration of Lee011 (Fig. 5.3 B, Fig. 5.4) and this correlates with a significant

drop in pRb S780 phosphorylation. The G1 phase population appears also to be

increased, however, this was not quantified. This phenotype could be observed in

the two TNBC cell lines MDA-MB-231 and HS578T (Fig. 5.3, Fig. 5.4). To verify

this result, I also used histograms and violin plots to analyse the distribution of

the data (Fig. 5.5, Fig. 5.6).

This experiment was repeated in cell line MDA-MB-436 using only control

and the highest concentration of Lee011 used, and it shows no noticeable syner-

gistic/additive effect either for Gwl-Cdk4/6 alone or both treatments (Fig. 5.7).

This is expected since these cell lines are negative for pRb (Robinson et al. (2013);

Zacksenhaus and Liu (2017)). I also confirmed that this phenotype was un-

likely caused by non-specific effects of the shRNA. To this end I analysed in-

ducible CRISPR/Cas9-Gwl and CRISPR/Cas9-Scr MDA-MB-231 cells (Álvarez

Fernández et al. (2018)) that was kindly given to our lab by Marcos Malumbres

lab, to repeat the experiment, and the data is shown in (Fig. 5.8.

These data suggest that there is a synergistic effect with both shRNA and

CRISPR/Cas9 treatments. However, it is noteworthy that even in the Ctrl cell

lines an effect can be observed simply by the addition of DOX, suggesting that

this drug also affects the response to Cdk4/6 inhibition. To further verify that

the specificity of the observed phenotype, I used a pool of four siRNAs targeting

the Gwl ORF to deplete Gwl in MDA-MB-231 cell line without the addition of

DOX. I assayed the cells following depleting Gwl for 48 hours and adding Lee011

for the last 24 hours. Fig. 5.9 shows this causes a comparable reduction in S-

phase and Rb phosphorylation than shRNA Gwl depletion. Taken together, the

data of this TNBC cell lines indicate that Gwl and Cdk4 synergies to promote Rb

phosphorylation and S-phase progression in two Rb positive TNBC cells.
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Chap.5 Fig. 5.3: Investigating pRb phosphorylation status after Gwl depletion and Cdk4

inhibition in HS578T cells, using single cell analysis. Cells were treated with/without DOX

for 72 hours, at a concentration of 2 µg/mL. In the last 24 hours before fixing cells, Lee011

(Cdk4 inhibitor) was added at the mentioned concentration. A) Representative plot of

treated and fixed cells (2000-3000 cells where randomly selected from the combination of

3 repetitions), where red shows high pRb phosphorylation and blue, low pRb phospho-

rylation. B) Quantification of Edu positive cells (N= 5000 to 10 000 cells in total), 3-5

repetitions, using Spotfire analysis software plot was created in Python, bars indicate

SD.
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Chap.5 Fig. 5.4: Investigating pRb phosphorylation status after Gwl depletion and Cdk4

inhibition in MDA-MB-231 cells, using single cell analysis. Cells were treated with/with-

out DOX for 72 hours, at a concentration of 2 µg/mL. In the last 24 hours before fixing

cells, Lee011 (Cdk4 inhibitor) was added at the mentioned concentration. A) Represen-

tative plot of treated and fixed cells (2000-3000 cells where randomly selected from the

combination of 3 repetitions), where red shows high pRb phosphorylation and blue, low

pRb phosphorylation. B) Quantification of Edu positive cells (N= 5000 to 10 000 cells in

total per repetition), 3-5 repetitions, using Spotfire analysis software and plot was created

in Python, bars indicate SD.
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Chap.5 Fig. 5.5: Investigating pRb phosphorylation status after Gwl depletion and Cdk4

inhibition in HS578T cells, using single cell analysis. Cells were treated with/without

DOX for 72 hours, at a concentration of 2 µg/mL. In the last 24 hours before fixing cells,

Lee011 (Cdk4 inhibitor) was added at the mentioned concentration. A) Violin plot and

B) Histogram plot showing the distribution of pRb phosphorylation (IF intensity) among

the single cell analysis in the same 3-5 repeats used for Fig. 5.3 analysis (N= 5000 to 10

000 cells in total per repetition).

172



0.00000
0.00005
0.00010
0.00015
0.00020
0.00025

0.00000
0.00005
0.00010
0.00015
0.00020
0.00025

10 20 30 40
0.00000
0.00005
0.00010
0.00015
0.00020
0.00025

0.00000
0.00005
0.00010
0.00015
0.00020
0.00025

 0.0 uM 0.125 uM 0.250 uM 0.500 uM 1.0 uM

Lee011 []

C
trl -D

ox
C

trl +D
ox

G
w

l-D
ox

G
w

l +D
ox

x100010 20 30 40 10 20 30 40 10 20 30 40 10 20 30 40

Phospho Rb [IF intensity]

Fr
eq

ue
nc

y

20

30

40

50

60

70

80

90

Ph
os

ph
o 

R
b 

[IF
 In

te
ns

ity
 %

]

Ctrl -Dox Ctrl +Dox Gwl -Dox Gwl +Dox

0
0.125
0.25
0.5
1

Lee 011 [μM]

B

A

Chap.5 Fig. 5.6: Investigating pRb phosphorylation status after Gwl depletion and Cdk4

inhibition in MDA-MB-231 cells, using single cell analysis. Cells were treated with/without

DOX for 72 hours, at a concentration of 2 µg/mL. In the last 24 hours before fixing cells,

Lee011 (Cdk4 inhibitor) was added at the mentioned concentration. A) Violin plot and

B) Histogram plots showing the distribution of Rb phosphorylation (IF intensity) among

the single cell analysis in the same 3-5 repeats used for Fig. 5.4 analysis (N= 5000 to 10

000 cells in total per repetition).
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out DOX for 72 hours, at a concentration of 2 µg/mL. In the last 24 hours before fixing
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Chap.5 Fig. 5.8: Investigating pRb phosphorylation status after Gwl depletion and Cdk4

inhibition in MDA-MB-231 CRISPR/Cas9 cell line, using single cell analysis. Cells were

treated with/without DOX for 72 hours at a concentration of 2 µg/mL. In the last 24 hours

before fixing cells, Lee011 (Cdk4 inhibitor) was added at the mentioned concentration. A)

Representative plot of treated and fixed cells (2000-3000 cells where randomly selected

from the combination of 3 repetitions), where red shows high pRb phosphorylation and

blue, low pRb phosphorylation. B) Quantification of Edu positive cells (N= 5000 to 10

000 cells in total per repetition), 3-5 repetitions, using Spotfire analysis software and plot

was created in Python, bars indicate SD.
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5.6 Analysing synergistic/ additive ef-

fects of Gwl depletion and Cdk4/6

inhibition in pRb phosphorylation

in non-cancerous cell lines

To follow up the findings on pRb phosphorylation, two new different cell lines

were created for DOX inducible shRNA mediated Gwl depletion. For this pur-

pose, I used the non-cancerous cell lines MCF10A (breast immortalised fibrocystic

epithelia) and RPE (immortalized retinal pigmented epithelial cells). Conditional

depletion using the shRNA system that was already used by Eckert (2019), using

a DOX regulator trans-activator protein (Tet-On) DOX inducible system in which

the expression construct is integrated in the genome of for long term expression

and easy knockdown (published by Sigl et al. (2014)). In this lentiviral construct,

a Green Flourescent protein is coupled to the Tet-On version of the Tet repressor

protein via a T2A ribosome skip element (Donnelly et al. (2001)). The shRNA is

controlled by a tetracycline Response Element (TRE) and induces the depletion

of the target protein upon addition of DOX. This specific Gwl shRNA and Scr

shRNA construct was created by Eckert (2019) (Fig. S15).

Following lentivirus production in 293T cells, the RPE-1 and MCF10A cells

were infected, left for 3 days, tripsinized and sorted by Fluorescence-activated cell

sorting (FACS). Since the GFP level is directly coupled to Tet-repressor expres-

sion we could expect that the sorted cells with the highest level of GFP should

display the strongest knock-down effects. The single sorted cells were grown in a

96 well plate, and after they almost cover the full well, they were imaged using the

Operetta system, where only the best three clones with the highest GFP signal

were chosen, both for Gwl and Scr cell lines Fig. 5.10 A, B and Fig. 5.11 A, B.
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These cells were grown and the efficacy of the Gwl knockdown was tested by im-

munoblotting. Following this, we selected a single clone for each Gwl/Scr shRNA

to be used during the following experiments by immunoblotting. Fig. 5.10 C and

Fig. 5.11 C.

Once the cell lines were established, I performed the same single cells assays for

cell cycle distribution and pRb phosphorylation as described above. In contrast

to the TNBC cell lines used, RPE-1 cells did not appear to show a synergistic

reduction in S-phase and pRb phosphorylation (Fig. 5.12 and Fig. 5.14). In case

of the MCF10a cell line we observed a strong effects of DOX in both screens and

Gwl shRNA inducing cells (Fig. 5.13 and Fig. 5.15). This effect of DOX has been

previously observed (Ahler et al. (2013)) making this cell line a problematic tool for

this type of experiments. Thus our results indicate that in non-cancerous RPE-1

cell lines, Gwl depletion may not affect Cdk4/6 inhibition in a manner comparable

to the more Cdk4/6 resistant cancerous cell lines. This could suggest that Gwl

contributes to Cdk4/6 resistance. However, this result needs to be confirmed across

a larger panel of cell lines, and explored in more mechanistic detail.

5.7 Discussion

The observation by Eckert (2019) that Cdk4/6 and Gwl act synergistically is strik-

ing both from a perspective of the biology of this kinase and from a clinical point

of view. My work here suggests that in TNBC cells inhibition of Cdk4/6 and

depletion of Gwl affect both S-phase progression and pRb phosphorylation. The

question remains how Gwl could contribute to this pathway. Given that Gwl down-

regulates PP2A-B55, one could assume that this kinase promotes Cdk4/6 activity

via phosphatase regulation. However, Eckert food that the Gwl phenotypes in

combination with Cdk4/6 inhibition were not reversed by B55 depletion. This

needs to be further confirmed and could be due to incomplete siRNA mediated

depletion of the phosphatase.
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Chap.5 Fig. 5.10: MCF10A inducible Gwl shRNA system. A, B. 96 well plate imaging of

the Gwl and Scr single cell clones (respectively) 3 weeks after FACS sorting. Three clones

were selected, that had the highest GFP signal. Western Blot showing 3 different clones

for Scr and Gwl, showing the levels of Gwl depletion after 72 hours with/without DOX at

a concentration of 1µg/ml, using asynchronous whole cell extracts at a concentration of

100,000 cells per 10 µL of lysis buffer, with indicated primary antibodies antibodies left

for 2 hours and secondary for 1 hour.
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Chap.5 Fig. 5.11: RPE inducible Gwl shRNA system. A, B. 96 well plate imaging of the

Scr and Gwl clones (respectively) 3 weeks after FACS sorting. Three clones were selected,

that had the highest GFP signal. Western Blot showing 3 different clones for Scr and Gwl,

showing the levels of Gwl depletion after 72 hours with/without DOX at a concentration

of 1µg/ml, using asynchronous whole cell extracts at a concentration of 100,000 cells per

10 µL of lysis buffer, with indicated primary antibodies antibodies left for 2 hours and

secondary for 1 hour.
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Chap.5 Fig. 5.12: Investigating pRb phosphorylation status after Gwl depletion and Cdk4

inhibition in RPE cells, using single cell analysis. Cells were treated with/without DOX

for 72 hours, at a concentration of 1 µg/mL. In the last 24 hours before fixing cells, Lee011

(Cdk4 inhibitor) was added at the mentioned concentration. A) Representative plot of

treated and fixed cells (2000-3000 cells where randomly selected from the combination

of 3 repetitions), where red shows high pRb phosphorylation and blue, low pRb phos-

phorylation. B) Quantification of Edu positive cells (N= 5000 to 10 000 cells in total

per repetition), 3-5 repetitions, using Spotfire analysis software and plot was created in

Python, bars indicate SD.
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Chap. 5 Fig. 5.13: Investigating pRb phosphorylation status after Gwl depletion and

Cdk4 inhibition in MCF10a cells, using single cell analysis. Cells were treated with/with-

out DOX for 72 hours, at a concentration of 1 µg/mL. In the last 24 hours before fixing

cells, Lee011 (Cdk4 inhibitor) was added at the mentioned concentration. A) Represen-

tative plot of treated and fixed cells (2000-3000 cells where randomly selected from the

combination of 3 repetitions), where red shows high pRb phosphorylation and blue, low

pRb phosphorylation. B) Quantification of Edu positive cells (N= 5000 to 10 000 cells in

total per repetition), 3-5 repetitions, using Spotfire analysis software and plot was created

in Python, bars indicate SD.
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Chap.5 Fig. 5.14: Investigating pRb phosphorylation status after Gwl depletion and Cdk4 

inhibition in RPE cells, using single cell analysis. Cells were treated with/without DOX for 

72 hours, at a concentration of 1 µg/mL. In the last 24 hours before fixing cells, Lee011 was 

added at the mentioned concentration. A. Representative plot of treated and fixed cells 

(N=2000-3000 cells per condition, and each condition shows the randomly selected single 

cells from the 3 repetitions combined), where red shows high pRb phosphorylation and blue, 

low pRb phosphorylation (IF intensity). A) Box plot plot and B) Histogram plot showing 

the distribution of pRb phosphorylation among the single cell analysis in the

same 3 repeats used for Fig. 5.12 analysis (N=5000 to 10 000 cells in total per repetition).
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Chap.5 Fig. 5.15: Investigating pRb phosphorylation status after Gwl depletion and Cdk4 

inhibition in MCF10A cells, using single cell analysis. Cells were treated with/without 

DOX for 72 hours, at a concentration of 1 µg/mL. In the last 24 hours before fixing cells, 

Lee011 was added at the mentioned concentration. A) Box plot and B) Histogram plot 

showing the distribution of pRb phosphorylation among the single cell analysis in the same 

3 repeats used for Fig. 5.13 analysis (N= 5000      to 10 000 cells in total per repetition).
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Gwl could act in this pathway at different levels. Either via contributing to

Cdk4/6 activation via the Tyrosine phosphorylation if this kinase Fig. A 5.16,

however in this case, all cell lines should have this phenotype. Secondly, it could

promote pRb phosphorylation directly Fig. B 5.16. And thirdly, it could regulate

Cdk2 hyperactivation via Wee1/Cdc25A regulation in the cancer cells and promote

resistance to Cdk4/6 inhibition in this manner Fig. C 5.16. This is an attractive

hypothesis that could explain the lack of phenotype in the RPE-1 cells and could

be tested by analysing the status of Cdk2/Cyclin E activity in early G1 in the

cancer cells. Or, another option is that could also be that Gwl acts regulating

pRb phosphatases. It is also possible that this new function does not depend on

the Gwl kinase activity but involves a kinase independent mechanism.

It has to be said that at this stage we do not have convincing results that this

phenotype is caused by the Gwl kinase activity and it could relate to a kinase-

independent function. This will be further explored using the specific inhibitors

against Gwl kinase that were recently developed by our drug discovery department.

When pRb phosphorylation is inhibited, senescence occurs in response to al-

tered ribosome bio-genesis (Lessard et al. (2018); Del Toro et al. (2019)), so in-

hibition of Cdk4 in combination of Gwl can decrease cell proliferation via this

pathway. If pRb is not phosphorylated, the transcription factor E2F continues

being inhibited and commitment into S phase does not occur. Rb is shown to also

be required for an intra-S-phase response to DNA damage, playing a protective

role in response to genotoxic stress by inhibiting cell cycle progression in G1 and

S phase (Knudsen et al. (2000)).
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A B

C

Chap. 5 Fig. 5.16: Possible Gwl interactions tht could lead to the synergy found to

downregulate phosphorylation to pRb due to simultane-ous knockdown of Gwl kinase and

Cdk4/6 inhibition. A) Gwl activates Cdk4/6 by phosphorylation. B) Gwl could be directly

involved in RB phosphorylation. C) Cdk4 and Gwl support each other to maintain CDK2

activity, promoting resistance to single Cdk4/6 inhibition in cancer cell lines.
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Chapter 6

Final Discussion

Analysing the G2/M switch in human

cells

The work presented here analysed the balance of cell cycle kinase and phosphatase

regulation with a focus on Gwl, Cdk1 and the G2/M switch. In this work, I

have established an assay system to measure hysteresis in a population of human

cells, and confirmed the presence of a hysteretic response in G2 and M phase

cells. Previously this has only been shown in cell-free extracts from Xenopus eggs

(Pomerening et al. (2003); Sha et al. (2003)). The major finding of my work is

that the Wee1/Cdk1-Cyclin B and the Gwl/PP2A-B55 autoregulatory loops can,

on their own, confer bistability to mammalian cells. This was inferred previously in

vitro (Mochida et al. (2016, 2009)), but has, to our knowledge, not been confirmed

in cells. A bistable switch creates two distinct states, with different thresholds

for mitotic entry and mitotic exit without allowing the cell to come to rest in

intermediate transitional states, preventing cells from going back to the interphase

state in the noisy cellular environment. The process begins when the kinase activity

of M cyclin/CDK complex reaches a threshold high enough for the cell cycle to
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proceed. This is accomplished by activating a positive feedback loop that results

in the accumulation of unphosphorylated and active M cyclin/CDK complex, that

once active, increases its own activation.

This type of shift demonstrates the ability of a system to adjust its activity

to maintain its basic functions and maintain a consistent output, even when it is

exposed to noise in the cellular environment or from external perturbations. The

responses are usually not gradual but show switch-like behaviour, responding to

their upstream regulators in an ultra-sensitive manner, yet preserving the system’s

resilience and robustness.

Understanding how does the cell increase the robustness of this switch by

combining kinase and phosphatase regulation is a significant advance in the cell

cycle field that has many important implications. A robust system that works

together to separate, as in this case, Interphase and M phase, could be a main

feature also present in other cellular switch systems.

Bistability (or multistability) appears to be a feature in many biological sys-

tems (Gardner et al. (2000)), suggesting that it is employed to turn reversible

reactions into practically irreversible changes in cells by the use feedback loops

and some type of non-linearity within the feedback circuit (Ferrell (2002)). This

helps cells to switch between stable states, and stay in such states until external

incentive pushes the system to transition to the alternative stable state.

Two major questions remain to be addressed following this work. Firstly, we do

not understand what triggers the G2/M switch. Cyclin A-dependent Cdk1 activity

has been implicated as the ultimate trigger of the G2/M transition (Vigneron et al.

(2018), Gong et al. (2007), Gong and Ferrell (2010), Fung et al. (2007), Katsuno

et al. (2009), Deibler and Kirschner (2010)), and our labs recent work (Hégarat

et al. (2020)) has confirmed this. The question that still remains is what determines

the timing to start the trigger reaction, and what exactly these reactions are.

Clearly, there is a deep integration with signals from DNA replication and repair

as two recent papers have emphasised by their findings (Lemmens et al. (2018);
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Saldivar et al. (2018)).

Secondly, our current model suggests a binary transition from off to on for

Cdk1. However, this translates into a sequence of phosphorylation events with

early substrates in the nucleus, and later substrates that involve spindle formation

and alignment. How this timing is determined by changes in localisation, differen-

tial thresholds and multi-site phosphorylation remains to be accurately determined

and these parameters need to be fully incorporated into a more accurate model

for this transition.

The onset of diseases or cancer, can also be created by biological network shift-

ing abruptly or by fluctuations that hinder and limit the ability to control cellular

dynamics. Analysis that can quantify changes when parameters are changed can

indicate which are essential elements controlling the stability and progression of

the cell cycle. These results can be also verified through experiments, leading to

predictions and potential anti-cancer strategies.

Combining experimental measurements

and modelling to understand biological

signalling responses

The use of mathematical methods to combine the qualitative attributes of dynam-

ical systems provide a link between bifurcation diagrams used by mathematicians,

with signal/response curves quantified by cell biologists, and this thesis is a good

example for the success of this approach. Indeed, computational modelling and the

theory of nonlinear dynamical systems can help to not only to describe bistability,

but also to understand why it occurs (Ferrell et al. (2011)). Understanding the

basic cellular and biochemical processes can only be obtained by uncovering the

bottom line mechanisms of bistability. This requires an analysis of networks of
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biochemical reactions rather than single linear reactions. At this point numerical

simulation and modelling becomes essential.

In the studies of this thesis, the common presence of stochastic fluctuations

induced by extrinsic and intrinsic noises, is not considered. Thus, we do under-

stand the robust response of the switch itself, but not how triggering this switch

maintains robustness despite its reliance on positive feedback. Understanding how

the cells cope with preventing explosive reactions at the right tie in the presence

of considerable noise in gene expression and protein production is a critical ques-

tion in cell biology. However, tools to uncover these dynamics are still lacking. A

major challenge here is to bridge various timescales that vary in a vast range from

the atomic to the macromolecular level complicating dynamic modelling. Further

studies that consider that the cell cycle is far more complex, like the one described

by Li and Wang (2014), with the use of probability landscape to determine the

dynamics of the full cell cycle network can also help on the reconstruction of many

cellular processes, not only the cell cycle but also, disease progress.

Prediction of a stable steady state in

prophase

The mathematical model used in this thesis proved to be of predictive value as

demonstrated by the discovery and verification of a new steady-state in Prophase.

Although this steady state appears to be an integral feature of the dynamical

switch system, it has not to our knowledge been described previously, and its

physiological relevance remains to be addressed. However, a similar cell cycle

arrest has been reported in several other papers; Müllers et al. (2014); Feringa et al.

(2016); Hégarat et al. (2020)). The first two studies relate this to an Antephase

checkpoint, indicating that Cyclin B can stay in the nucleus for a longer time with

no NEB, when DNA damage occurs before mitotic entry. The third study from our
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lab showed that cells were able to reach this Prophase like state by simultaneous

depletion of proteins in the Gwl pathway and Cyclin B, where the cells entered

Prophase and did not go through NEBD and often remained in that state for a

prolonged period before turning back to Interphase.

These phenotypes were reported in RPE-1 cells, indicating that not only im-

mortalized cancer cells lines are producing this phenotype. Also, at this stage, it is

highly speculative that the arrest point described in these papers could be related

to the Prophase steady state that we observed. Why is an additional stable state

needed, or when is it used, if used at all, during a normal cell cycle is yet to be

determined.

Recently, it has been shown that the protein synthesis inhibitor cycloheximide

blocks G2 phase cells from entering mitosis, but only if it is added before the end

of the G2 phase (Lockhead et al. (2020)). This could relate to the Antephase

checkpoint silencing when the activity of Cyclin B-Cdk1 is at maximum levels. As

this appears to be related to the activation of p38 MAPK, it will be interesting

to verify how cells behave when treating them at different stages of the G2 phase,

while using different inhibitors and even while tampering Cdk1 activity. Using

different kinds of cell cycle markers will allow to determine the state of the cells

and to find out which ones can progress through the cell cycle and which ones

arrest in prophase, finding out if there is a gradient of activity or amount of

protein needed. There is still much to do to further characterise this state and

to explore its physiological relevance, which might be related and implicated into

understanding the transition into mitosis.
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The G2/M transition as a potential can-

cer target

The finding that cells are not able to proliferate normally when Wee1 was inhib-

ited and Gwl depleted, suggests that a combination of drugs targeting Wee1 and

Gwl might indicate an effective anticancer therapeutic approach, however, as Gwl

inhibitors are still in the work, this has not yet been systematically explored. This

synergy can be related the result of a complete loss of function or maybe, related

to a gradient of the interaction, where normal cells versus cancer cells need a differ-

ent amount of inhibition to be fully de-regulated. Titrating drugs and evaluating

the extent of inhibition will need to be used to further assess their viability as an

attractive target for future anticancer therapies.

The population becomes less robust as the separation between the stable states

(ie interphase/mitosis) is diminished, creating a higher chance for cell death, as

they become more vulnerable and unable to recover from perturbations. As Wee1

plays a role in delaying mitosis when DNA damage is present, and in cells going

through a normal DNA replication (via ATM/ATR), it is not surprising that it

has been used as a cancer target. The inhibition of Wee1 creates a shorter G2

phase in a dose-dependent manner suggesting that Cyclin synthesis appears to be

just a preparation for mitotic progression but it is not the trigger (Lockhead et al.

(2020)).

In the case of Gwl, this synergy might be related to its importance during

mitosis, or due to regulation of Treslin during S phase (Charrasse et al. (2017)),

as a result of phosphorylation of ENSA, or maybe both. As Gwl is commonly

overexpressed in certain cancers, like TNBC, it has also been posed as a potential

therapeutic anticancer target (Rogers et al. (2018); Eckert (2019); Vera et al.

(2015)). Moreover, loss of Gwl is associated with chromosome instability due to an

impairment of correct segregation and this has been implicated increasing genomic
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instability even in non-cancerous cells due to a distortion of the phosphoproteome

(Bisteau et al. (2020)). Thus, further work is required to fully explore the potential

of this kinase as a therapeutic target.

Kinase independent functions of Gwl, and its mitotic vs non-mitotic activity

will need to be taken into consideration once a Gwl inhibitor has been developed.

How the loss of kinases like Wee1 and Gwl, or both, can become a good therapeutic

approach will be related on how they regulate its targets and how their loss is re-

lated to increasing phosphatase activity, a premature reactivation of phosphatases,

through inducing binding inhibitors by phosphorylation/dephosphorylation, new

protein associations or even through DNA damage signalling activation, that works

differently for cancer cells to non-cancer cells. As both kinases have broad effects

in mitosis, targeting them could also affect normal cells inducing harmful effects in

patients and this could limit their clinical use. It is also reasonable to believe that

many other proteins related to the cell cycle can become candidates as biomarkers

for malignant tumours or targets for therapies, like Cdc25, as it is affected/regu-

lated by some of the pathways that also regulate Wee1.

Characterisation and identification if

phosphatases involved in the G2/M switch

My work on phosphatases in chapter 4 has mainly resulted in tool generation but

could be useful for future projects in the lab. The most exciting progress reported

in this chapter is the screen on phosphatases, based on the use of the Cdk1as cells.

This is an important proof of principle and has resulted in some promising new

leads that will be followed up in the future. For this purpose, the use of degron

tags for conditional depletions seems to be the best way to investigate how the

different phosphatases are regulating mitosis and the full roles of the substrates

and regulators.

193



The phospho-screen is leading to the idea that B55 might be more related

to cell growth/nutrition pathway/replication (Wang et al. (2018); Pérez-Hidalgo

and Moreno (2017)) and B56 more directly involved in the ”mechanism” of the

G2/M transition, relating it not only to the microtubule affinity by antagonising

NDC80 (Foley et al. (2011)). Just depletion of B55 did not cause an induced

entry into mitosis, unlike cells treated with OA, which is in accordance with our

phosphatase screen. Perhaps, this guides us to the idea it could also be related

to spatiotemporal control as the way this phosphatase regulates the timing for

phosphorylation (Godfrey et al. (2017); Pérez-Hidalgo and Moreno (2017); Kamenz

and Ferrell (2017)). It is important to note here, however, that inhibition of PP2A-

B55 by Gwl is still a critical component of the G2/M switch. This could mean

that uncontrolled activity of this phosphatase is detrimental, but loss of activity

can be compensated by other phosphatases such as B56, PP1 and others.

A recent finding shows that PP1 is an important Cdk1-counteracting Cdc20

phosphatase in mammalian cells, accelerating the metaphase-to-anaphase transi-

tion contributing to the timing of mitotic exit (Bancroft et al. (2020)), and also,

PP1 activity is counteracted by Aurora B, releasing it from Repo-Man, in order to

maintain chromosome phosphorylation (Xin et al. (2020)). Cdk1-Cyclin B1 phos-

phorylation of MPS1 is removed by PP2A-B55 during anaphase (Hayward et al.

(2019)), and also, it phosphorylates a threonine residue on PP2AC, disrupting its

holoenzyme formation with the regulatory subunit B55, promoting mitotic entry

(Nasa et al. (2020)) adding a new layer to its previously known indirect mech-

anism. Moreover, PP2A-B56 may promote Cdc20 phosphorylation during early

mitosis, creating a limited level of APC/C activity prior to anaphase, due to its

attachment to the APC/C (Fujimitsu and Yamano (2020)); B56 regulates MPS1

activity alongside Aurora B before NEBD (Kuijt et al. (2020)). Another way that

dephosphorylation can take place, is related to selective proteolysis of proteins,

like Cyclin B destruction is needed for the dephosphorylation of substrates needed

for mitotic exit (Holder et al. (2020)).
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Multisite phosphorylation, specific timing, space gradients, and even distance-

dependent feedback loops, create a full give and take between kinases and phos-

phatases where the full regulation is still unclear, but it is key for the cell cycle

transitions, including the control of mitotic signalling. Loss of this regulation,

going either way, can create a cascade of impaired signalling events that can lead

to the loss of full pathways, if no other proteins can make up for them. Consider-

ing that phosphorylation and dephosphorylation of Cdk1 substrates is a necessity

for mitotic entry and exit, timing and accurate responses from the previous input

is needed where even differences in the specific rate, time and location of each

substrate can impact the efficiency of their next targets. Understanding the char-

acteristics of each substrate will help us to understand exactly when that substrate

will change its response in a phosphatase-kinase equilibrium. We can also find fea-

sible approaches to boost tumour sensitivity by inhibiting certain phosphatases,

as it might make them more susceptible to cell death. A mass spectrometry-based

proteomics approach seems to be a good way to investigate how this phosphory-

lation and dephosphorylations occur.

Nonetheless, many unanswered questions remain and we still have a long way to

define how protein phosphorylation signals work in each part of this complex net-

work, and how phosphatases and the APC/C work together with mitotic kinases.

Also, it will be important to verify mitotic phenotypes following kinase/phos-

phatase inhibition and study the long-term effects of chromosomal instability as

a result of minor perturbations of these networks. This could be highly relevant

to cancer cells and oncogenesis. More work is needed to understand how these

phosphatases, their subunits and binding partners work in each step of mitosis to

make sure everything happens promptly.
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A novel function for Gwl in controlling

Rb phosphorylation

In Chapter 5, the finding that depletion of Gwl appears to be working along Cdk4/6

creating an S phase defect needs a more careful analysis, using different cell cycle

phases indicators that allow us to differentiate and follow cells at different phases

and find out the exact effects in each phase and the exact pathway leading to loss

of pRb phosphorylation.

Senescence due to altered ribosome bio-genesis when pRb phosphorylation is

inhibited occurs (Lessard et al. (2018); Del Toro et al. (2019)), so maybe the

inhibition of Cdk4 in combination of Gwl can decrease cell proliferation because of

this. This can be demonstrated with using, for example, a β-galactosidase assay

to measure senescence.

There are different mechanisms of how Gwl could be involved in this pathway.

Contributing to Cdk4/6 activation via the Tyrosine phosphorylation of this kinase,

by promoting pRb phosphorylation directly or by regulating Cdk2 hyperactivation

via Wee1/Cdc25A regulation, which in cancer cells might be a way to promote re-

sistance to Cdk4/6 inhibition. The latter being an attractive hypothesis explaining

the lack of phenotype in the non-cancerous cell lines used in this thesis, and the

reason why single treatments with Cdk4 tend to fail due to acquired resistance to

the drugs. This hypothesis could be tested by analysing the status of Cdk2/Cyclin

E activity in early G1 in the cancer cells following Gwl depletion. Another option

could be that Gwl acts by regulating pRb phosphatases, and a phosphorylation

screen could help to verify it.

At this stage it remains unclear if this mechanism does depend on Gwl kinase

activity or involves other, non-enzymatic functions of the protein. This will be

further explored using the specifc inhibitors against Gwl kinase that were recently

developed by our drug discovery department. A full mechanism of action will allow
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to find out which population of patients will benefit the most with the treatment

even if it is only by being a biomarker, either with Cdk4 or Wee1, as synergy was

found with both of them during this thesis research.

In budding yeast, the BEG pathway coordinates the nutritional environment

to the G1/S transition of the cell cycle, with TORC1 regulating the activity of

Gwl (Pérez-Hidalgo and Moreno (2017)), so maybe in human cells, there is cou-

pling between cell growth and cell cycle progression and this can be one of the

reasons on why we are looking at this phenotype. Recent work has shown that

Cdk4 and mTOR inhibition can work together to treat certain types of breast

cancer (Michaloglou et al. (2018)) and Gwl has been related to the regulation

of AKT/mTOR and p38 signalling (Vera et al. (2015); Álvarez Fernández et al.

(2018)). However, as this is only seen in a certain group of cancer cell lines, this

might not be the case, but it certainly needs to be addressed. It is more likely,

though, that as cancer cell lines have rewired their pathways to continue division

despite all odds. Thus, we need to use non-cancer cell lines in parallel to quantify

differences and use this information for future therapies.

Alternatively, a previously unknown kinase-independent role of Gwl might hold

the key to explain what I observed in these cancer cell lines. For example, a

recent study described Gwl kinase-independent functions in cell movement and

actomyosin contraction (Taskinen et al. (2020)). Gwl might be implicated in actin

remodelling, therefore possibly affecting cell rounding via myosin activation leading

to dephosphorylation of pRb, as seen in THP-1 leukemic cells (Kiss et al. (2008),

Kiss et al. (2019)). With new Gwl inhibitors specifically targeting this kinase, we

will be able to find out which defects are kinase-dependent and kinase-independent.

Overall the work described in this thesis gives new insights on how kinase and

phosphatase activities are integrated and therefore critical for different phases of

the cell cycle.
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Chapter 7

Supplementary
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Chap.7 Fig. S1: U2OS entry-exit assay. A)PI and FACS analysis of U2OS WT and cdk1as

after 20 h of treatment with 2µ 1NM-PP1. B) Bistability assay in U2OS cdk1as, means

and STDV of 3 biological repeats are shown, with N=100 per repeat.
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Chap.7 Fig. S2: U2OS entry assay. A) Temporal dynamics of mitotic entry of U2OS

cdk1as cells without the addition of 1NM-PP1, time is shown in minutes. B) Temporal

dynamics of mitotic entry of U2OS cdk1as cells after addition of 1NM-PP1. Quantification

was not made, but it is noticeable that cells start taking longer to start mitotic entry
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Chap. 7 Fig. S3: Gwl siRNA depletion. Western Blot analysis of siRNA depletion of

Gwl in the cells used for the assays. Gwl kinase expression levels were detected using the

anti-Gwl kinase antibody, and an anti-H3 antibody was used as a loading control. Gwl or

Control siRNA (MASTL 06 or AllStars negative control, Qiagen, respectively), was added

in a 6 well plate along freshly counted and resuspended solution of cells. 24 hours later

media was changed, cells were collected 24 hours later, resuspended and lysed at a final

concentration of 100,000 cells per 10 µL of lysis buffer.
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Chap.7 Fig. S4: New Model. A) Signal-response curves for mitotic sub-strate phosphory-

lation in single cells as a function of inhibitor concentration. Steady-state substrate phos-

phorylation is high (red), low (blue), or interme-diate (orange). Showing Control, Great-

wall depletion (siRNA), Wee1 inhibition and the double treatment (Gwl siRNA/Wee1i)

treatments, from left to right, from actual experiments. B) Simulated population response

of mitotic cells assuming log-normal CycB distribution among individual cells. Showing

Control, Greatwall depletion (siRNA), Wee1 inhibition and the double treatment (Gwl

siRNA/Wee1i) treatments, from left to right.
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Chap.7 Fig. S5: Higher resolution of the mitotic entry/exit assay and 1NM-PP1 concen-

trations after Gwl depletion
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  Ctrl siRNA
  Mg132

     B55 siRNA
     Mg132

siRNA left for 48 hours
DIC Tubulin DNA Tubulin and DNA merged

Chap.7 Fig. S6: Images from a Hela cdk1as release test from 48 hours Ctrl and B55 siRNA

depletion. It is quite noticeable that the cells where not releasing from the G2 arrest
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Chap.7 Fig. S7: Western blots showing SiRNA against B55 /alpha and /delta and control.

SiRNA (SMARTpool, Dharmacon) for B55α and δ were transfected into Hela cdk1as.2

mL of media with a concentration of 1x105 per mL were placed in a 6 well plate. B55

smart pools of were added in concentrations 10 nM (each), with 2.5µL of lipofectamine

(Lipofectamine RNAiMAX, Thermo Fisher Scientific) in MEM media, with no antibiotics

or serum. Untransfected cells (UT) were used as positive control for transfection. SiRNA

transfected cells were left at RT for 15-20 min and then added into the media with cells

dropwise. HeLa cdk1as were transfected with 20nM each of B55α− δ / Ctrl siRNA using

Neon transfection system (Invitrogen) and left in antibiotic free media. Cells were collected

after 72 hours and prepared for WB, using a rabbit α B55 PAN antibody (Santa Cruz)

and H3(Abcam)
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Chap.7 Fig. S8: Wb showing the attempt to deplete GADPH/B55 using the Neon System.

However, not even GAPDH was depleted (right) and B55 was still showing (left). Samples

were collected at the amount of hours shown. Last sample was wrong. Asynchronous whole

cell extracts at a concentration of 100,000 cells per 10 µL of lysis buffer were used, with

the mentioned antibodies left for 2 hours and secondary for 1 hour.

Chap.7 Fig. S9: Wb showing the Myc tag induction from the U2OS cdk1as taking OSTiR 1

transfected cell line, clone 7. 24 h DOX induction, at a concentration of 2 µg/mL. Samples

were taken at the amount of hours shown. Last sample was wrong. Asynchronous whole

cell extracts at a concentration of 100,000 cells per 10 µL of lysis buffer were used, with

the mentioned antibodies left for 2 hours and secondary for 1 hour.
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HindIII HindIII vector only

C

Chap. 7 Fig. S10: FLP-FRT plasmid. A) The FRT insert contains a Tet On doxycy-

cline induction system with a lentiviral promoter (hPGK), the FRT site and the FRT

translation element, coupled to an SV40 promoter that will provide the cells with Zeocin

resistance. The main plasmid with Left and Right arms of the Rosa26 locus (L and R

arms) was generated by Gibson assembly later ligated to the FRT containing plasmid

using T4 ligase. B) Image showing clones that grew and were later picked up and the

plasmid was obtained, later cut with the mentioned enzymes to find positive clones and

later separated by electrophoresis, down side virtual cutter showing the size of the enzy-

matic cuts expected for positive and vector only. C) Positive clones from B were selected

and cut again with another enzyme to verify them (left), virtual cutter showing the size

of the enzymatic cuts expected for positive clones (right).
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Chap.7 Fig. S11: Representative images from clones picked and plated into 6 well plates,

numbers are shown. DOX was added for 24 h before imaging, at a concentration of 2

µg/mL. GFP signal was used as a way to find posible positive clones.
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Chap. 7 Fig. S12: WB showing clones of the NIPP1 NLS mutated-GFP cell line, +/-

24 h DOX induction, at a concentration of 2 µg/mL. GFP shows the place where GFP

signal is found and NIPP1NLS-GFP the place where bands of the NIPP1-NLS-GFP are

supposed to be found. Asynchronous cells were collected, resuspended and lysed at a final

concentration of 100,000 cells per 10 µL of lysis buffer, with the mentioned antibodies left

for 2 hours and secondary for 1 hour.
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Chap.7 Fig. S13: shRNA lentivirus creation. A) WB of transiently transfected Ensa/Arpp

gRNAs to verify that there was some depletion. Cells were collected 24 hours after trans-

fection. Asynchronous whole cell extracts at a concentration of 100,000 cells per 10 µL of

lysis buffer were used, with the mentioned antibodies left for 2 hours and secondary for 1

hour. B) Image of minipreped clones that were enzymatically cut and then separated by

electrophoresis. C) Virtual cutter showing the predicted cuts of positive clones.
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Chap.7 Fig. S14: Identification of novel G2/M regulators in U2OS cdk1as cells. A) Screen

optimisation: The screen is based on the block release experiment we have previously

used to measure hysteresis curves for G2/M regulation (Rata et al. (2018)). We arrested

U2OS cdk1as cells for 20 hours in 2µM 1NM-PP1, removed 1NM-PP1 by 3 washes and

incubated the cells for four hours in MG132 containing medium to block cells in mitosis.

This resulted in mitotic entry and a mitotic index of 80%. Presence of 1NM-PP1 in the

release medium resulted in a reduction in mitotic cells, with 0.5µM 1NM-PP1 causing

twofold decrease. This was reverted by prior depletion of the catalytic subunit of PP2A,

PPP2ACA, and was reduced by depletion of Cdc25C. B) Based on this assay we screened

a library of siRNAs targeting 255 phosphatases and phosphatase regulators. The mean

values of two repeats of this screen are shown. Depletion of 18 Genes caused a more than

twofold increase in mitotic index despite the presence of 0.5µM 1NM-PP1 in both repeats.

Five genes showed a more than twofold decrease and this list included Cdc25C. C) Among

the 18 Genes identified, whose depletion increases the mitotic index, we found 12 members

off the PP1, and PP2A family including B56 α, β and δ.
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Fig. 3.4: A) Vector map of the plasmid containing the Gwl-shRNA and GFP 
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Chap.7 Fig. S15: A) Vector map of the plasmid containin the Gwl-shRNA and GFP re-

porter gene. The Green Fluorescent Protein (GFP) is coupled to a doxycycline-regulated

transactivator protein (Tet-on) via a T2A ribosome skipping element. B)-D) WB analysis

of the DOX-inducible shRNA system to deplete Gwl in MDA-MB-231 cells. A final con-

centration of 2µg/mL DOX was used to induce shRNA expression. B) Gwl levels after 3

days of shRNA induction. C) Gwl levels after 5 days. D) Gwl levels after 7 days (taken

from Eckert (2019)).
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Chap.7 Fig. S16: Simultaneous knockdown of Gwl kinase and Cdk4/6 inhibition causes

a dramatic loss in the S-phase cell population. MDA-MB-231 shGwl cells treated

with 2µM DOX, for 5 days. In the final 24 hours, some cells were also treated with

0.5µRibociclib/Lee011. A) Representative FACS plot. B) Means of N=4 experiments

normalised. Unpaired t-test used to compare individual conditions to the NT control

group. Taken from Eckert (2019)
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of the mcm2-7 helicase in late s phase. Genes & development, 25:165–175, January

2011. ISSN 1549-5477. doi: 10.1101/gad.614411.

H. Nojima. Cell cycle checkpoints, chromosome stability and the progression of

cancer. Human cell, 10:221–230, December 1997. ISSN 0914-7470.

C. Norbury, J. Blow, and P. Nurse. Regulatory phosphorylation of the p34cdc2

protein kinase in vertebrates. The EMBO journal, 10:3321–3329, November 1991.

ISSN 0261-4189.

B Novak and J J Tyson. Numerical analysis of a comprehensive model of m-phase

control in xenopus oocyte extracts and intact embryos. Journal of cell science,

106 ( Pt 4):1153–1168, December 1993. ISSN 0021-9533.

P. Nurse. Universal control mechanism regulating onset of m-phase. Nature, 344:

503–508, April 1990. ISSN 0028-0836. doi: 10.1038/344503a0.

P. Nurse. Regulation of the eukaryotic cell cycle. Eur J Cancer, 33(7):1002–4, 1997.

Paul Nurse and Yvonne Bissett. Gene required in g1 for commitment to cell cycle

and in g2 for control of mitosis in fission yeast. Nature, 292(5823):558–560, 1981.

Kara A. Nyberg, Rhett J. Michelson, Charles W. Putnam, and Ted A. Weinert.

Toward maintaining the genome: Dna damage and replication checkpoints. An-

266



nual review of genetics, 36:617–656, 2002. ISSN 0066-4197. doi: 10.1146/an-

nurev.genet.36.060402.113540.

Peter J. O’Brien. High-content analysis in toxicology: screening substances for human

toxicity potential, elucidating subcellular mechanisms and in vivo use as transla-

tional safety biomarkers. Basic & clinical pharmacology & toxicology, 115:4–17,

July 2014. ISSN 1742-7843. doi: 10.1111/bcpt.12227.

M. J. O’Connell, J. M. Raleigh, H. M. Verkade, and P. Nurse. Chk1 is a wee1 kinase

in the g2 dna damage checkpoint inhibiting cdc2 by y15 phosphorylation. The

EMBO journal, 16:545–554, February 1997. ISSN 0261-4189. doi: 10.1093/em-

boj/16.3.545.

P. H. O’Farrell. Triggering the all-or-nothing switch into mitosis. Trends in cell

biology, 11:512–519, December 2001. ISSN 0962-8924.

Patrick H. O’Farrell. Quiescence: early evolutionary origins and universality do

not imply uniformity. Philosophical transactions of the Royal Society of London.

Series B, Biological sciences, 366:3498–3507, December 2011. ISSN 1471-2970.

doi: 10.1098/rstb.2011.0079.

Shiho Ogawa, Sayuri Kido, Tetsuya Handa, Hidesato Ogawa, Haruhiko Asakawa,

Tatsuro S. Takahashi, Takuro Nakagawa, Yasushi Hiraoka, and Hisao Masukata.

Shelterin promotes tethering of late replication origins to telomeres for replication-

timing control. The EMBO journal, 37, August 2018. ISSN 1460-2075. doi:

10.15252/embj.201898997.

Rónán C. O’Hagan, Sandy Chang, Richard S. Maser, Ramya Mohan, Steven E.

Artandi, Lynda Chin, and Ronald A. DePinho. Telomere dysfunction provokes

regional amplification and deletion in cancer genomes. Cancer cell, 2:149–155,

August 2002. ISSN 1535-6108.

267



Andrei L. Okorokov, Elena V. Orlova, Sarah R. Kingsbury, Claire Bagneris, Ulrich

Gohlke, Gareth H. Williams, and Kai Stoeber. Molecular structure of human

geminin. Nature structural & molecular biology, 11:1021–1022, October 2004. ISSN

1545-9993. doi: 10.1038/nsmb835.

Eiichi Okumura, Atsushi Morita, Mizuho Wakai, Satoru Mochida, Masatoshi Hara,

and Takeo Kishimoto. Cyclin b-cdk1 inhibits protein phosphatase pp2a-b55 via a

greatwall kinase-independent mechanism. The Journal of cell biology, 204:881–889,

March 2014. ISSN 1540-8140. doi: 10.1083/jcb.201307160.

Sagrario Ortega, Marcos Malumbres, and Mariano Barbacid. Cyclin d-dependent

kinases, ink4 inhibitors and cancer. Biochimica et biophysica acta, 1602:73–87,

March 2002. ISSN 0006-3002. doi: 10.1016/s0304-419x(02)00037-9.
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Washburn, Elphège P. Nora, Katerina Kraft, Stefan Mundlos, Benoit G. Bruneau,

Mats Ljungman, Peter Fraser, Ferhat Ay, and David M. Gilbert. Identifying cis

elements for spatiotemporal control of mammalian dna replication. Cell, 176:816–

830.e18, February 2019. ISSN 1097-4172. doi: 10.1016/j.cell.2018.11.036.

Jeffrey R. Skaar, Julia K. Pagan, and Michele Pagano. Mechanisms and function of

substrate recruitment by f-box proteins. Nature reviews. Molecular cell biology,

14:369–381, June 2013. ISSN 1471-0080. doi: 10.1038/nrm3582.

Owen K. Smith and Mirit I. Aladjem. Chromatin structure and replication ori-

gins: determinants of chromosome replication and nuclear organization. Jour-

nal of molecular biology, 426:3330–3341, October 2014. ISSN 1089-8638. doi:

10.1016/j.jmb.2014.05.027.

V. A. Smits and R. H. Medema. Checking out the g(2)/m transition. Biochimica

et biophysica acta, 1519:1–12, May 2001. ISSN 0006-3002. doi: 10.1016/s0167-

4781(01)00204-4.

M. J. Solomon and P. Kaldis. Regulation of cdks by phosphorylation. Results and

problems in cell differentiation, 22:79–109, 1998. ISSN 0080-1844.

Mark J Solomon. Hysteresis meets the cell cycle. Proceedings of the National Academy

of Sciences of the United States of America, 100:771–772, February 2003. ISSN

0027-8424. doi: 10.1073/pnas.0430083100.

Sabrina L. Spencer, Steven D. Cappell, Feng-Chiao Tsai, K. Wesley Overton, Clif-

ford L. Wang, and Tobias Meyer. The proliferation-quiescence decision is controlled

by a bifurcation in cdk2 activity at mitotic exit. Cell, 155:369–383, October 2013.

ISSN 1097-4172. doi: 10.1016/j.cell.2013.08.062.

281



Jennifer S. Stanford and Joan V. Ruderman. Changes in regulatory phosphorylation

of cdc25c ser287 and wee1 ser549 during normal cell cycle progression and check-

point arrests. Molecular biology of the cell, 16:5749–5760, December 2005. ISSN

1059-1524. doi: 10.1091/mbc.e05-06-0541.

Natalia G. Starostina and Edward T. Kipreos. Multiple degradation pathways reg-

ulate versatile cip/kip cdk inhibitors. Trends in cell biology, 22:33–41, January

2012. ISSN 1879-3088. doi: 10.1016/j.tcb.2011.10.004.

Frank Stegmeier and Angelika Amon. Closing mitosis: the functions of the cdc14

phosphatase and its regulation. Annual review of genetics, 38:203–232, 2004. ISSN

0066-4197. doi: 10.1146/annurev.genet.38.072902.093051.

Jörg Stelling, Uwe Sauer, Zoltan Szallasi, Francis J. Doyle, and John Doyle. Robust-

ness of cellular functions. Cell, 118:675–685, September 2004. ISSN 0092-8674.

doi: 10.1016/j.cell.2004.09.008.

B Stern and P Nurse. A quantitative model for the cdc2 control of s phase and

mitosis in fission yeast. Trends in genetics : TIG, 12:345–350, September 1996.

ISSN 0168-9525.

H. Strohmaier, C. H. Spruck, P. Kaiser, K. A. Won, O. Sangfelt, and S. I. Reed.

Human f-box protein hcdc4 targets cyclin e for proteolysis and is mutated in a

breast cancer cell line. Nature, 413:316–322, September 2001. ISSN 0028-0836.

doi: 10.1038/35095076.

S. Sugawara, S. Hishiyama, Y. Jikumaru, A. Hanada, T. Nishimura, T. Koshiba,

Y. Zhao, Y. Kamiya, and H. Kasahara. Biochemical analyses of indole-3-

acetaldoxime-dependent auxin biosynthesis in arabidopsis. Proc Natl Acad Sci

U S A, 106(13):5430–5, 2009.

Nozomi Sugimoto, Yasutoshi Tatsumi, Tatsuya Tsurumi, Akio Matsukage, Tohru

Kiyono, Hideo Nishitani, and Masatoshi Fujita. Cdt1 phosphorylation by cyclin

282



a-dependent kinases negatively regulates its function without affecting geminin

binding. The Journal of biological chemistry, 279:19691–19697, May 2004. ISSN

0021-9258. doi: 10.1074/jbc.M313175200.

Nozomi Sugimoto, Kazumitsu Maehara, Kazumasa Yoshida, Yasuyuki Ohkawa, and

Masatoshi Fujita. Genome-wide analysis of the spatiotemporal regulation of firing

and dormant replication origins in human cells. Nucleic acids research, 46:6683–

6696, July 2018. ISSN 1362-4962. doi: 10.1093/nar/gky476.

Matt Sullivan and Frank Uhlmann. A non-proteolytic function of separase links the

onset of anaphase to mitotic exit. Nature cell biology, 5:249–254, March 2003.

ISSN 1465-7392. doi: 10.1038/ncb940.

Kim Sunkyu, Loo Alice, Chopra Rajiv, Caponigro Giordano, Huang Alan, et al.

Lee011: An orally bioavailable, selective small molecule inhibitor of cdk4/6-

reactivating rb in cancer. Mol Cancer, 12:2528, 2013.

Matthew P. Swaffer, Andrew W. Jones, Helen R. Flynn, Ambrosius P. Snijders, and

Paul Nurse. Cdk substrate phosphorylation and ordering the cell cycle. Cell, 167:

1750–1761.e16, December 2016. ISSN 1097-4172. doi: 10.1016/j.cell.2016.11.034.

Claus Storgaard Sørensen and Randi G. Syljůasen. Safeguarding genome integrity:
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Robust mitotic entry is ensured by a latching switch. Biology open, 2:924–931,

2013. ISSN 2046-6390. doi: 10.1242/bio.20135199.
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