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Abstract 

CDK4/6 inhibitors induce a G1 cell cycle arrest. They have been approved to treat breast 

cancers and trials are ongoing to test their use in a range of other cancer types. It is 

important to understand how this G1 arrest corresponds to a cytotoxic response in 

patients. A prolonged CDK4/6-induced G1 arrest causes a reduction in key replisome 

components and origin licensing. Upon release from this G1 arrest, DNA replication is 

impaired and RPE1 cells withdraw from the cell cycle in a p53-dependent manner. In the 

absence of p53, cells progress through the cell cycle resulting in excessive DNA damage. 

During this G1 arrest, cells grow excessively which can be rescued by mTOR inhibition, 

contact inhibition, low serum and MEK inhibition. Rescue of cell growth prevents cell cycle 

withdrawals and improves long-term proliferation, suggesting that overgrowth is 

responsible for replication stress defects. This study provides the first link between 

CDK4/6 inhibitors and genotoxic stress and provides a rationale to predict sensitive 

tumour types and effective combination strategies.  
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1. Introduction

1.1 Cell Cycle

1.1.1 General Overview 

Cellular proliferation promotes cell renewal and tissue maintenance which is imperative 

for organismal survival. The cell cycle refers to the duplication and segregation of the cell 

and its contents. Due to the importance of cellular division for both survival and 

development, this process is tightly controlled. Therefore, dysregulation of the cell cycle 

often results in cancer and other diseases (Malumbres & Barbacid, 2009; Zhivotovsky & 

Orrenius, 2010).  

The cell cycle consists of four stages Gap 1 (G1), Synthesis (S), Gap 2 (G2) and Mitosis (M) 

(Figure 1.1) (Vermeulen et al., 2003). During G1 the cell begins to prepare for its DNA to 

be synthesised by increasing cell size, checking the quality of the DNA and ensuring the 

conditions are favourable to facilitate DNA replication (Fantes, 1977; Mitchison & Nurse, 

1985). Once the cell reaches its optimum size, entry into S phase is triggered and DNA 

replication can begin. During S-phase, the DNA is synthesised to ensure that there are two 

full copies of the genome that will be split equally between the daughter cells (Limas & 

Cook, 2019). Following replication, the cell can then progress into G2 phase. G2 acts as a 

quality control stage which safeguards the cell by checking it is ready to undergo mitosis. 

This includes checking the DNA has been replicated properly, ensuring that organelles 

have been duplicated and there is also a final opportunity to grow before division 

(O’Connell et al., 2000). Mitosis is the final stage of the cell cycle and the segregation of 

the duplicated genome occurs. Mitosis is comprised of five different sub-stages: prophase, 

metaphase, anaphase, telophase and cytokinesis. During this process, the DNA is 

condensed into chromosomes which are then separated by microtubules, forming two 

daughter cells with equal DNA contributions (McIntosh, 2016). G0 is often considered the 

fifth stage of the cell cycle, however, it is defined as a resting period in which proliferation 

is halted. When cells enter this G0 state, they are referred to a quiescent and can re-enter 

the cell cycle upon stimulation from mitogenic signals (Coller et al., 2006).  
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Figure 1.1  Scheme of different cell cycle phases 

 

1.1.2 Cyclin Dependent Kinases (CDKs) 
 
Progression through the cell cycle is reliant on cyclin dependent kinases (CDKs) and their 

regulatory counterparts, cyclin proteins (Jeffrey et al., 1995). However, the kinase activity 

of CDKs is reliant on cyclin binding (Desai et al., 1992). Cyclin levels fluctuate throughout 

the cell cycle and have pivotal roles in regulating different phases of the cell cycle (Evans 

et al., 1983). To facilitate CDK-cyclin activity, the transcription and degradation of cyclin 

proteins occur at specific stages to provide fluctuations in specific CDK activities at 

different phases of the cell cycle (Glotzer et al., 1991) (Figure 1.2). 

G0 
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Figure 1.2  A simplified schematic of Cyclin-CDK levels throughout the cell cycle 

 

There are approximately 20 different CDKs identified in mammalian cells, however, only a 

proportion are involved in the cell cycle (Cdk1, 2, 4, 6 and 7), each of which has a distinct 

role. The first CDK-cyclin complex that comes into play is CDK4/6-Cyclin D which regulates 

the transition between G1 and S phase (Sherr, 1994). Cyclin D levels increase during early 

G1 and degradation of cyclin D occurs at the onset of S-phase. Phosphorylation of Cyclin D 

at site T286 results in cyclin D being ubiquitinated and subsequently targeted for 

proteasomal degradation. This degradation is important as high levels of Cyclin D in S 

phase has been shown to inhibit DNA synthesis (Diehl et al., 1997; Guo et al., 2005). 

However, Cyclin D levels begin to increase again during G2 as cyclin D levels control entry 

into the following G1 (Yang et al., 2006). The G1/S transition is further regulated by the 

transcription of Cyclin E, which forms a complex with CDK2. In late S phase, Cyclin A binds 

CDK2 which displaces Cyclin E. This displacement results in Cyclin E-CDK2 activity being 

lost and Cyclin E is degraded during S phase to prevent genome instability (Ohtsubo et al., 

1995; Ma et al., 2000; Okuda et al., 2000). Cyclin A-CDK2 takes over to regulate the 

transition from S phase to G2 phase (Girard et al., 1991; Pagano et al., 1992) and 

phosphorylates Cdc6, which is a licensing factor that is vital for initiation of DNA 

replication. Phosphorylation of Cdc6 promotes a localisation change from the nucleus to 

the cytoplasm to prevent the re-replication of DNA (Petersen et al., 1999; Coverley et al., 

2000). However, Cyclin A also has the ability to complex with CDK1 to facilitate 

progression into mitosis (Hegarat et al., 2020). Cyclin A must be degraded during 

prometaphase to ensure prompt chromosome alignment (den Elzen & Pines, 2001; Geley 
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et al., 2001). Cyclin B levels increase during S phase but CyclinB-CDK1 activity is rapidly 

activated at the onset of mitosis (Minshull et al., 1990) as a result of increased Cyclin B 

transcription and removal of inhibitory phosphorylation. Wee1/Myt1 protein kinases are 

responsible for inhibition of Cyclin B-CDK1. Cyclin B inhibits Wee1/Myt1 allowing 

subsequent dephosphorylation of the inhibitory phosphorylation sites, which is mediated 

by a family of three phosphatases called Cdc25. The activation of Cyclin B-CDK1 is 

facilitated by a positive feedback loop that allows switch like activation to promote mitotic 

entry. Once activated Cyclin B-CDK1 regulates many mitotic processes (Pines & Hunter, 

1990; 1991) and degradation of Cyclin B is critical for the completion of mitosis (Clute & 

Pines, 1999). 

Extensive studies on mouse models have highlighted that there are redundancies between 

both the cyclin proteins and the CDKs (Satyanarayana & Kaldis, 2009). Deletion of the 

majority of the cyclin proteins results in compensatory mechanisms where other cyclin 

proteins take over. Although, the deletion of Cyclin A2 or Cyclin B1 dramatically impacted 

mouse survival resulting in embryonic lethality. This suggests these two cyclin proteins 

have crucial roles in development and the cell cycle (Murphy et al., 1997; Kozar et al., 

2004; Kalaszynska et al., 2009; Brandeis et al., 1998; Geng et al., 2003). Similarly, the only 

indispensable CDK is CDK1, as loss was lethal and no compensatory action was observed 

(Santamaria et al., 2007; Satyanarayana et al., 2008).   

CDK4 and CDK6 are similar proteins that both bind Cyclin D and are required for all cell 

types. Knockout experiments show that the removal of either CDK4 or CDK6 had limited 

effect on mouse viability (Malumbres et al., 2004). However, there are some differing 

phenotypes that are tissue specific. CDK4 null mice display a loss in pancreatic B-cells 

which results in diabetes progression (Rane et al., 1999; Tsutsui et al., 1999) whereas 

CDK6 null mice are viable but have impaired hematopoiesis (Malumbres et al., 2004). 

However, when both CDK4 and CDK6 are lost, the mice die during embryogenesis due to 

severe anemia (Malumbres et al., 2004; Kozar & Sicinski, 2005). This suggests both CDK4 

and CDK6 can compensate for the loss of each other. In cell experiments, CDK4 and CDK6 

localisation patterns and timing of expression also appear to differ (Ericson et al., 2003; 

Mahoney et al., 1998; Fahraeus & Lane, 1999) which suggests that CDK6 may have a more 
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cytoplasmic role (Satyanarayana & Kaldis, 2009) and in addition, CDK6 is thought to be 

less efficient at phosphorylating its target Rb as a result (Takaki et al., 2005). Which would 

explain the different phenotypes between CDK4 and CDK6 knockout mice.   

Another key CDK complex that is required for the cell cycle is comprised of Cyclin H and 

CDK7 which form the Cyclin activating kinase (CAK) which activates Cyclin-CDK complexes 

via phosphorylation (Fisher & Morgan, 1994). The CAK has roles in phosphorylating the 

activation loop of CDK1, CDK2, CDK4 and CDK6 during the cell cycle (Fisher & Morgan, 

1994; Makela et al., 1994; Fesquet et al., 1993; Matsuoka et al., 1994; Kato et al., 1994; 

Matsushime et al., 1994). Once activated, Cyclin-CDKs phosphorylate substrates on 

serine/threonine residues to promote cell cycle progression. Multiple checkpoints are in 

place throughout the cell cycle to facilitate precise control of growth, DNA replication and 

chromosome segregation which is controlled by phosphorylation of key cell cycle 

mediators. These checkpoints are located at the G1/S transition after S phase, at the 

G2/M transition and during mitosis (known as the spindle assembly checkpoint or SAC) 

(Barnum et al., 2014). 

1.2 Targeting the cell cycle to treat cancer 

 

Uncontrolled cellular division is a hallmark of cancer (Hanahan & Weinberg, 2000) and this 

aberrant proliferation can be initiated in a variety of different ways. This is commonly 

facilitated by inactivating mutations in various proteins that control the cell cycle which 

typically function as tumour suppressor proteins, such as p16, p21 or Rb (Retinoblastoma) 

(Sherr, 2004). These proteins will be discussed in more detail throughout, but they 

function by inactivating key cell cycle genes such as CDK4/6 (p16 and p21) (Bringold & 

Serrano, 2000) or the transcription factor, E2F (Rb) (Burkhart & Sage, 2008). These tumour 

suppressor genes act as brakes to halt cell cycle progression when conditions are not 

optimal for proliferation. Conversely, the brakes must be released to enable proliferation 

when the conditions are met. To ensure that a cell divides at an appropriate time, there is 

a complicated signalling network that controls this decision by responding to extracellular 

growth signals to drive cell cycle progression (Malumbres & Barbacid, 2009; Lee & Muller, 

2010). Proteins within these signalling pathways are also frequently mutated in cancer 
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however, these mutations result in constitutive activation of proteins therefore cells no 

longer rely on external growth signals to facilitate growth and proliferation. These 

proteins are referred to as oncogenes (e.g. RAS, HER2, Myc) and activating mutations or 

copy number alterations facilitate oncogenic signalling (Lee & Muller, 2010). 

A major goal in cancer research is to develop strategies to target rapidly proliferating 

tumour cells. In fact, most chemotherapeutics in use today target this property, either 

directly or indirectly (Mitchison, 2012). For example, DNA damaging agents are often 

more toxic in replicating cells (e.g. DNA damaging agents that specifically crosslink DNA 

strands during S-phase) therefore, the addition of DNA damaging agents drives cells into 

senescence or induces cell death. In addition to this, many specific cell cycle inhibitors 

have been developed that directly target these rapidly dividing cells by inhibiting key 

components of the cell cycle signalling network. Although these inhibitors work effectively 

at disrupting the cell cycle, they demonstrate little benefit in the clinic due to toxicity. This 

toxicity is due to the fact that chemotherapeutics target all rapidly proliferating cells in the 

body, including healthy cells (e.g. bone marrow, hair follicles and digestive tract) 

(Lowenthal & Eaton, 1996). A brief description of the history of these cell cycle-based 

therapeutics is provided below. 

1.2.1 Taxol  
 
The structure of taxol was published in 1971 following identification from the bark of the 

Pacific yew tree (Wani et al., 1971). Taxol was shown to have cytotoxic effects in tumour 

mouse models in 1978 and by 1984 clinical trials had begun (Walsh & Goodman, 2002). 

The mechanism of action was identified as stabilising microtubules thereby, reducing their 

dynamics during mitosis (Schiff et al., 1979). Microtubules must be dynamic during mitosis 

to form a mitotic spindle, capture duplicated chromosomes and segregate them equally 

into two, new daughter cells. When chromosomes are not properly attached to the 

microtubules, this results in activation of the spindle assembly checkpoint (SAC) 

(Musacchio & Salmon, 2007). Long-term mitotic arrest via the SAC is then thought to 

result in cell death (Jordan et al., 1993; 1996; Walters et al., 1996). However, it has been 

shown that the clinical efficacy of taxol requires cells to progress into mitosis with an 
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abnormal mitotic spindle resulting in severe chromosome mis-segregations resulting in 

cell death (Zasadil et al., 2014). Taxol is used effectively in the clinic to treat many cancer 

types including ovarian, breast, lung and prostate cancer (Weaver, 2014). However, taxol 

is often associated with severe side-effects which are often dose limiting and drug 

resistance is also a major problem. Although some of the toxicity is due to the killing of 

rapidly proliferating healthy cells, and other off-target side effect of taxol is neurotoxicity 

as axons rely on microtubules for transportation (Park et al., 2011; Gornstein & Schwartz, 

2014). Therefore, extensive work has been undergone to develop more specific treatment 

options that block cell cycle progression specifically in tumour cells, with the aim to 

eliminate the severe side-effects. Details of some of these inhibitors will be discussed 

below (sections 1.2.2-1.2.5)  

1.2.2 Eg5 inhibitors  
 
Kinesin 5 (Eg5/Kif11) is a motor protein that is required for transportation of cargo along 

microtubules during mitosis. This microtubule motor modulates both the dynamics and 

organisation of microtubules by localising at overlapping microtubules on the mitotic 

spindle and providing the force to ensure separation of spindle poles/centrosomes (Sawin 

et al., 1992; Chochran et al., 2004; Kapitein et al., 2005). This is critical to allow the 

formation of a bipolar spindle, therefore inhibition of Eg5 results in a monopolar spindle 

that activates the SAC, prevents mitotic exit and thereby causes cell death (Chen et al., 

2012). These Eg5 inhibitors have shown great promise in pre-clinical studies (Nakai et al., 

2009; Ye et al., 2015) however, this has not currently translated to an improved patient 

benefit (Gerecitano et al., 2013; Wakui et al., 2014). Even though Eg5 inhibitors show 

limited toxicity, the efficacy was inadequate, and patients often develop a rapid resistance 

via the overexpression of Kif15 (Sturgill et al., 2016).  

1.2.3 Mitotic Kinase Inhibitors  
 
Specific mitotic kinase inhibitors have also been developed to arrest cells in mitosis or to 

promote mitotic exit with chromosome mis-segregations. These including inhibitors 

targeting MPS1 (Wengner et al., 2016; Lorusso et al., 2018), PLK1 (Steegmaier et al., 2007; 

Brassesco et al., 2013) and Aurora A/B (Bavetsias & Linardopoulos, 2015) which were very 
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promising targets. However, similarly to Eg5 inhibitors they have been relatively 

unsuccessful in the clinic perhaps because toxicity in rapidly dividing healthy cells is dose 

limiting to a level that prevents sufficient tumour killing (Mross et al., 2012; Burger et al., 

2005; Matulonis et al., 2012). It is important to identify biomarkers that may predict 

patient response to these specific mitotic kinase inhibitors (e.g. p53) (King et al., 2012). 

Although taxol provided huge promise by suggesting that targeting mitosis may be a 

useful anti-cancer treatment, it is fair to say that the drug development on the back of this 

has failed to produce exciting second-generation drugs that match the efficacy of taxol. 

However, perhaps it is too early to write off these inhibitors that are still in clinical trials. 

On that note, it has recently been shown that aneuploid cells are more reliant on SAC 

signalling therefore abolishing the SAC, via MPS1 inhibition for example, may be a 

promising treatment option (Cohen-Sharir et al., 2021; Quinton et al., 2021; Marquis et 

al., 2021).  

1.2.4 Pan-CDK inhibitors  
 
To complement efforts to inhibit mitosis specifically, drugs have also been developed that 

work at other stages of the cell cycle to prevent proliferation. First generation pan-CDK 

inhibitors flavopiridol and roscovitine were developed. Flavopiridol inhibits CDK1, CDK2, 

CDK4, CDK6, CDK7 and CDK9 in vitro (Shapiro, 2006) however, it is also associated with 

poor clinical efficacy (Sedlacek et al., 1996; Bose et al., 2013). Roscovitine specifically 

inhibits CDK1, CDK2 and CDK5 (Whittaker et al., 2004) however, efficacy in the clinic was 

also poor due to dose-limiting toxicity that led to limited patient benefit (Le Tourneau et 

al., 2010). The use of Flavopiridol in clinical trials was discontinued whilst there is one 

remaining clinical trial ongoing for use of roscovitine to treat Cushing disease 

(NCT03774446) (Liu et al., 2015).  

A second generation CDK inhibitor dinaciclib effectively inhibits CDK1, CDK2, CDK5 and 

CDK9 and showed extremely promising results in pre-clinical studies by inhibiting the cell 

cycle in over 100 cancer cell lines (Parry et al., 2010). Early clinical trials revealed that 

associated toxicities were well tolerated (Nemaunaitis et al., 2013). Patients with 

advanced breast cancer were treated with dinaciclib. However, due to a lack of patient 



26 
 

response and adverse side effects, the trial was stopped (Mita at al., 2014). Nonetheless, 

there is some evidence that dinaciclib may improve response in patients with leukaemia 

(Balchly et al., 2013).  

1.2.5 CDK4/6 inhibitors  
 
Due to the limited success of first and second generation CDK inhibitors, the development 

of highly specific CDK inhibitors was pursued. Extensive chemical screening was performed 

to find compounds that achieve selectivity for certain CDKs, and this helped to reveal a 

new class of inhibitors that are selective for CDK4 and CDK6 (VanderWel et al., 2005). The 

first in class CDK4/6 inhibitor - palbociclib – was shown to induce a G1 arrest (Fry et al., 

2004; Toogood et al., 2005) by binding to the ATP pocket of CDK4 and CDK6 and 

preventing the activity of CDK4/6-Cyclin D kinase. Following the development of 

palbociclib, a structurally similar compound (ribociclib) (Infante et al., 2016) and 

structurally distinct compound (abemaciclib) (Gelbert et al., 2014) soon followed. These 

inhibitors are effective in Rb-proficient tumours because they effectively prevent G1 

progression by inhibiting Rb activation (discussed in more detail in section 1.3). However, 

it is important to note that a fourth inhibitor (trilaciclib) was developed with the idea of 

protecting  healthy cells against chemotherapy. The principle is that Rb-deficient tumours 

treated with CDK4/6 inhibitors will be unaffected (assuming that relevant cell types arrest 

in the presence of CDK4/6 inhibitors) but proliferation in healthy cells is paused, thereby 

protecting these healthy cells from a chemotherapy that specifically targets the dividing 

Rb-deficient tumour cells. Many more CDK4/6 inhibitors have since been developed, and 

the total disclosed CDK4/6 inhibitors currently stands at 15 (including SHR6390, lerociclib, 

PF-06873600, FCN-437c, BPI-16350, birociclib, HS-10342, CS3002) (Lin et al., 2019; Xu et 

al., 2019; Long et al., 2019; Bisi et al., 2016; Bisi et al., 2017). These are being tested in a 

range of different cancer types and it is hoped that CDK4/6 inhibitors may be widely 

applicable for cancer treatments (Alvarez-Fernandez & Malumbres, 2020). 
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1.3 CyclinD-CDK4/6-Rb Pathway 

 

The G1/S transition is controlled by activated CDK4/6-Cyclin D holoenzyme complex and 

the phosphorylation of its key substrate Rb. Rb binds to the transcription factor E2F 

consequently inactivating it. However, partial phosphorylation of Rb by CDK4/6-Cyclin D 

allows for E2F genes to be transcribed (Giacinti & Giordano, 2006). In response to E2F-

mediated transcription, Cyclin E-CDK2 levels build up to further phosphorylate Rb in a 

positive feedback loop that drives progression from G1 into S-phase (Bertoli et al., 2013). 

The full phosphorylation of Rb, allows E2F to be fully released from Rb hence, S-phase 

genes are transcribed which facilitates progression into S-phase (Bracken et al., 2004). As 

might be expected for such a major transition point, this pathway is under strict control. 

The most prominent of which is the control exerted by upstream mitogenic signals.  

1.3.1 Cyclin D levels increase in response to mitogenic signals  
 
There are three different members of the cyclin D family: cyclin D1, cyclin D2 and cyclin D3 

which are encoded by the CCND1/2/3 genes (Klein & Assoian, 2008). Cyclin D proteins 

have the ability to bind its CDK counterparts, either CDK4 or CDK6 (Matsushime et al., 

1992; Sherr, 1995). To allow for CDK4/6-Cyclin D activation, Cyclin D levels must be 

elevated. This is because CDK4/6 levels are present at a higher level in cells than the Cyclin 

D subunit therefore, overall CDK4/6-Cyclin D activity is critically dependent on Cyclin D 

production which is controlled on multiple levels. Firstly, Cyclin D accumulation occurs as a 

direct response from upstream mitogenic signalling pathways (Figure 1.3) which induces 

CCND1/2/3 transcription by activating a range of transcription factors. An example of this 

is the MAPK-dependent transcription of cyclin D via c-Fos/Jun (Klein & Assoian, 2008; 

Witzel et al., 2010; Shen et al., 2008). Secondly, increased mTOR signalling drives 

translation to increase Cyclin D protein levels (Muise-Helmericks et al., 1998; Koziczak & 

Hynes, 2004). Once translated, Cyclin D is a fairly unstable protein (half-life of 

approximately 30 minutes) (Diehl et al., 1997; Guo et al., 2005), however, post-

translational modifications enhance cyclin D stability (e.g. pT286) which prevents 

proteosomal degradation promoting CDK4/6 binding (Diehl et al., 1997). In addition, 

nuclear import of Cyclin D occurs via inhibition of GSK3β, as the main role of GSK3β is to 
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phosphorylate Cyclin D in preparation for proteosomal degradation (Diehl et al., 1998; Alt 

et al., 2000; Kim & Diehl, 2009). However, recent work suggests that cyclin D degradation 

can also be mediated by autophagy and beclin 1 regulator 1 (AMBRA1) (Chaikovsky et al., 

2021; Simoneschi et al., 2021; Maiani et al., 2021). Although Cyclin D levels are a major 

determinant of CDK4/6-Cyclin D activity, the presence of accessory subunits that 

contribute to inhibition or activation of the complex are also crucial.  

1.3.2 Cip/Kip proteins have a dual role in CyclinD-CDK4/6 activation 
 
Cip/Kip proteins are regulatory proteins involved in the activation of Cyclin D-CDK4/6. 

There are three proteins within this family: p21CIP1, p27KIP1 and p57KIP2, all of which can 

inhibit CDK2, CDK4 and CDK6 (Harper et al., 1995; Xiong et al., 1993; Polyak et al., 1994; 

Toyoshima & Hunter, 1994; Lee et al., 1995; Matsuoka et al., 1995). In their inhibitory 

state, Cip/Kip proteins bind to the active site of CDK4/6 and prevent its activation as the T-

loop cannot be phosphorylated. Therefore, upregulation of these proteins is typically 

associated with cells being in a non-proliferative, G0 state (Blain et al., 1997; Polyak et al., 

1994a; 1994b; Harper et al., 1995, Toyoshima & Hunter, 1994).  

Interestingly, these proteins have activating or inhibitory roles on CDK4/6 activation 

depending on the phosphorylation status (Sherr & Roberts; 1999). It has been shown that 

p21 and p27 contribute to the stability and activation of the CDK4/6-Cyclin D dimer 

complex (Guiley et al., 2016; Cerqueira et al., 2014; Cheng et al., 1994; LaBaer et al., 1997; 

Sugimoto et al., 2002; Zhang et al., 1994; Chen et al., 2013). It is also thought that binding 

of p21 and p27 facilitates nuclear localisation of CDK4/6-Cyclin D (Cheng et al., 1999; 

LaBaer et al., 1997; Alt et al., 2002). The activating role of p21 and p27 is mediated by the 

phosphorylation of tyrosine residues on p21 (Y76) or p27 (Y88, Y89) via non-receptor 

tyrosine kinases (NRTKs). These phosphorylation events facilitate conformational changes 

that free up the active site of CDK4/6, hence allowing phosphorylation of the T-loop to 

fully activate CDK4/6-Cyclin D (More details of T-loop phosphorylation discussed in section 

1.3.3) (Chu et al., 2007; Grimmler et al., 2007; Hukkelhoven et al., 2012; James et al., 

2008; Ray et al., 2009). 
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Recent structural analysis of CDK4-Cyclin D-p27/p21 confirmed that p27 and p21 have 

inhibitory and activating roles in CDK4 regulation. It was shown that binding of p21/p27 

prevents substrate binding and also hinders ATP binding which subsequently prevents 

activation (Guiley et al., 2019). However, they show that activation of CDK4-Cyclin D is 

facilitated by tyrosine phosphorylation at position Y74 on p27. However, a tyrosine 

residue is lacking at this position on p21 therefore, CDK4-Cyclin D-p21 complexes are 

unable to be fully activated in comparison to the phosphorylated CDK4-CyclinD-p27 trimer 

(Guiley et al., 2019). The regulation of CDK activity by Cip/Kips is more complicated than 

originally thought. However, it is evident that formation of phosphorylated CDK4/6-Cyclin 

D-p27 uncovers the activation site which is vital for T-loop phosphorylation which is the 

final regulatory step required for CDK4/6-Cyclin D activation. 

1.3.3 Activation of Cyclin D-CDK4/6 complex  
 
The final stage of Cyclin D-CDK4/6 activation occurs when the T-loop is phosphorylated 

which is located within the activation loop of CDK4/6 (Figure 1.3). T-loop phosphorylation 

occurs after the Cyclin D-CDK4/6-CIP/KIP structure forms (Kato et al., 1994; Kaldis et al., 

2001; Bockstaele et al., 2006) and is facilitated by the CDK activating kinase (CAK) which is 

comprised of three components CDK7, Cyclin H and Mat1 (an assembly subunit) (Kaldis, 

1999; Lolli & Johnson, 2005). Phosphorylation of the T-loop occurs on T172 in CDK4 and 

T177 in CDK6 (Bockstaele et al., 2006; 2009). T-loop phosphorylation induces 

conformational changes to occur that removes the T-loop from the catalytic cleft 

permitting complete activation of CyclinD-CDK4/6 (Russo et al., 1996) (Figure 1.3).  
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Figure 1.3  Diagram of three steps required to fully activate CDK4/6-Cyclin D 

 

1.3.4 INK4 proteins inhibit cell cycle progression  
 
Unlike CIP/KIP proteins, INK4 proteins specifically inhibit CDK4/6 activity. Members of the 

INK4 family include: p16INK4AB, p15INK4A, p18INK4C and p19INK4D.  INK4 proteins can bind to 

CDK4/6 rendering it inactive, resulting in the degradation of Cyclin D and CIP/KIP proteins 

(Ortega et al., 2002; Serrano et al., 1993; Parry et al., 1999; Xiong et al., 1993). However, 

INK4 proteins can also disrupt activation of Cyclin D-CDK4/6-CIP/KIP complex by altering 

the ATP-binding site of CDK4/6 and preventing CDK4/6 from binding to Cyclin D efficiently, 

thus inhibiting activation of the holoenzyme complex (Brotherton et al., 1998; Russo et al., 

1998; Jeffrey et al., 2000).  

1.3.5 Substrate Phosphorylation  
 
Like other members of the CDK family, CDK4/6 are serine/threonine kinases and primarily 

phosphorylate their substrates on serine or threonine residues. The serine or threonine 

residues are positioned before a proline and generally, a presence of basic amino acids (K - 

lysine or R - arginine) located within close proximity (2-5 positions) to the target residue 

(Songyang et al., 1994) (Figure 1.4).  



31 
 

Substrate specificity of Cyclin-CDKs are typically regulated by the recognition of docking 

sites which are classified by an RxL motif that has been identified in a range of CDK 

substrates. Cyclin A and Cyclin E have been shown to utilise this RxL sequence to bind their 

substrates via a hydrophobic patch (Russo et al., 1998; Hirschi et al., 2010; Schulman et al., 

1998; Takeda et al., 2001). However, whilst Cyclin D has a similar hydrophobic patch, it has 

not been shown to bind this RxL sequence. Instead, it has been shown that Cyclin D has an 

LxCxE-binding motif within its N-terminus which binds Rb via its LxCxE cleft. However, it 

has been suggested that other docking sites may also be required to facilitate substrate 

binding. (Pan et al., 2001; Dowdy et al., 1993, Dick & Rubin, 2013). Recent work shows 

that this is the case as they show that the RxL motif within Rb, is in fact bound by Cyclin D. 

In addition, the C-terminal helix of Rb also has the ability to bind Cyclin D and mutation of 

the helix, prevents Cyclin D binding and hence, Rb phosphorylation (Topacio et al., 2019) 

(Figure 1.4). 

 

Figure 1.4  Scheme to show the docking of Rb to CDK4/6-Cyclin D  

 

The best characterised substrate for CDK4/6-Cyclin D is Rb and the remaining members of 

the Rb family: RBL1 (p107) and RBL2 (p130). However, other non-canonical substrates 
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include FOXM1, SMADs, metabolic proteins and MEP50 (Figure 1.5) (Choi & Anders, 2014; 

Wang et al., 2017).  

1.3.6 Rb Signalling  
 
Members of the Rb family are pocket proteins that contain many docking sites that 

facilitate binding of signalling proteins. The best characterised binding partner of Rb is 

E2F-DP1 heterodimers. These are transcription factors responsible for the transcription of 

S phase genes, which primarily bind to gene promoters and chromatin modifying enzymes 

(Gordon & Du, 2011; Talluri & Dick, 2012). Rb binds to E2F-DP1, inactivating it, and it also 

recruits chromatin modifiers to ensure the suppression of E2F target genes (Luo et al., 

1998; Magnaghi-Jaulin et al., 1998; Nielsen et al., 2001). Upon activation of Cyclin D-

CDK4/6, Rb is phosphorylated reversing this suppression as the interaction between Rb 

and E2F-DP1 is disrupted, and chromatin can be remodelled to allow for transcription of S-

phase related E2F target genes (Rubin et al., 2005; Burke et al., 2010; Weintraub et al., 

1995).  

There are many E2F (E2F1-5) transcription factors, and they can act either as activators or 

inhibitors of the cell cycle (Trimarchi & Lees, 2002). E2F1-3 recruits Rb alone whilst E2F4 

can bind any of the Rb family members (Rb, p107 and p130) unlike E2F5, that can only 

bind p130 (Choi & Anders, 2014).  

The activating role of E2F is facilitated by E2F1/2/3 which regulate the transcription of S-

phase relate genes. These E2F target genes include DNA replication proteins, DNA repair 

and checkpoint proteins that are important mediators of the G1/S transition (Bracken at 

al., 2004; Bing et al., 2002). Whereas, E2F4/5 are inhibitors of S-phase progression and 

recruit Rb to silence S-phase genes. Upon CDK4/6-Cyclin D activation, E2F4/5 are exported 

from the nucleus to prevent the suppression of E2F genes (Trimarch & Lees, 2002). After 

CDK4/6 activation, E2F4/5 are typically observed within the cytoplasm as they contain 

nuclear export signals (Guabatx et al., 2001). However, when present in the nucleus they 

form a complex with HDACs to promote transcriptional repression (Iavarone & Massague, 

1999). It is important to note, E2F4/5 are generally upregulated in quiescent cells due to 

their cell cycle inhibitory nature (Ikeda et al., 1996; Moberg et al., 1996).  
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1.3.7 Rb Phosphorylation  
 
There are many competing models for how E2F is activated and these will be explained 

below. Firstly, Rb is believed to be phosphorylated by Cyclin D-CDK4/6. There are 14 

potential CDK phosphorylation sites on Rb and CDK4/6 begins to gradually phosphorylate 

Rb on some of these sites resulting in partial phosphorylation, referred to as the hypo-

phosphorylated state (Mittnacht et al., 1994; Henley & Dick, 2012). This allows Rb to 

partially dissociate from E2F allowing the transcription of Cyclin E. Once transcribed, Cyclin 

E forms an active complex with CDK2 and subsequently drives phosphorylation of all CDK 

sites on Rb. This hyper-phosphorylated Rb leads to its full inactivation, thus stimulating 

more E2F activity, and further Cyclin E production. This positive feedback loop helps to 

fully inactivate E2F and allow the full transcription of all E2F target genes (Geng et al., 

1996; Ohtani et al., 1995; Johnson et al., 1994) (Top panel of figure 1.5).  

An alternative Rb inactivation model has since been proposed (Narasimha et al., 2014). 

Narasimha et al. separated Rb based on phosphorylation status and a hypo-

phosphorylated state of Rb was not identified. They in fact observed three specific forms 

of Rb: unphosphorylated Rb, Rb phosphorylated on a single phospho-site (mono-

phosphorylated), and hyper-phosphorylated Rb. After release from serum starvation, Rb 

phosphorylation was modified from a mono-phosphorylated state to a hyper-

phosphorylated which corresponded with Cyclin E-CDK2 activation (Narasimha et al., 

2014). Based on this work, it is suggested that mono-phosphorylated Rb continues to 

inactivate E2F, therefore suggesting that another layer of regulation to initiate E2F 

transcription via Cyclin E-CDK2 is necessary. It has been proposed that Cyclin D-CDK4/6 

may promote Cyclin E-CDK2 activity indirectly and hence, Rb hyper-phosphorylation, by 

preventing the inactivation of Cyclin E-CDK2 by Cip/Kip proteins (Guiley et al., 2019) or 

alternatively, phosphorylation of other substrates that initiate Cyclin E transcription 

(Calliot et al., 2020; Wang et al, 2017) (Middle panel of Figure 1.5). Recent work has 

established a potential explanation for why CDK4/6 can only mono-phosphorylate Rb. It 

was shown that Cyclin D-CDK4/6 has a low affinity for mono-phosphorylated Rb, in 

comparison to unphosphorylated Rb. Therefore, Cyclin D-CDK4/6 may not be able to bind 

Rb following the phosphorylation of a single phosphorylation site as they bind different 
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targets to promote transcriptional changes (e.g. genes responsible for oxidative 

phosphorylation) (Sanidas et al., 2019). This is controversial however, because recent 

work shows that CDK4/6-Cyclin D binds Rb directly and CDK4/6 activity facilitates hyper-

phosphorylation. If CDK4/6-Cyclin D binding with Rb is disrupted, Rb cannot be hyper-

phosphorylated resulting in a potent G1 arrest (Topacio et al., 2019).  

Therefore, an additional model has since been proposed which suggests that Cyclin D-

CDK4/6 activity drives the hyper-phosphorylation of Rb and Cyclin E-CDK2 simply 

maintains the hyperphosphorylated state (Chung et al., 2019; Yang et al, 2020) (Bottom 

panel of Figure 1.5). This conflicting data highlights that there are many gaps in our 

knowledge surrounding Rb phosphorylation and further studies are required to 

understand exactly what role CDK4/6 plays in this process of Rb inactivation (reviewed at 

length: Pennycook & Barr, 2020; Rubin et al, 2020.; Hume et al., 2020).   
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Figure 1.5 Schematic of three proposed models of Rb phosphorylation 

 

1.3.8 Restriction Point 
 
During progression through G1, there is a restriction point which is generally referred to as 

the point in which a cell no longer requires mitogenic signalling to progress into S phase 

(Pardee, 1974; Zetterberg et al., 1995; Pennycook & Barr, 2020; Campisi et al., 1984; 

Johnson & Skotheim, 2013). The removal of mitogenic signalling before the restriction 

point would result in withdrawal to G0, however, after the restriction point progression 
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into S phase would occur due to the initiation of E2F-mediated transcription (Zetterberg et 

al., 1995) Similarly, to the Rb phosphorylation model, the regulation of the restriction 

point has also come into question and proves to be much more complex than originally 

thought. Commitment to the cell cycle can be facilitated by consequences from the 

previous cell cycle. Some cells may be in fact born with high levels of CDK activity and 

hyper-phosphorylated Rb allowing rapid re-entry into the subsequent cycle (Stallaert et 

al., 2021; Spencer et al., 2013). However, other factors such as DNA damage may prevent 

this rapid entry due to low CDK levels resulting in a longer G1 to facilitate activation of the 

E2F transcriptional programme (Barr et al., 2017; Yang et al., 2017; 2020; Arora et al., 

2017).  

Rb inactivation was originally thought to guarantee commitment to the cell cycle (Yao et 

al., 2008; Kolupaeva & Janssens, 2013) but it was later shown that cells with hyper-

phosphorylated Rb have the ability to arrest before the initiation of DNA replication 

(Cappell et al., 2016; Yang et al., 2020). This suggests that there may be another step 

within this mechanism that regulates the restriction point. The anaphase promoting 

complex (APC/C) is an E3 ubiquitin ligase that forms a complex with Cdh1 that targets 

proteins for degradation (Alfieri et al., 2017). Recent work shown that the APC/C has an 

important role in facilitating commitment to S phase entry by preventing accumulation of 

mitotic cyclin, Cyclin B-CDK1 to inhibit premature DNA replication (Noton & Diffley, 2000; 

Irniger & Naysmyth, 1997; Alfieri et al., 2017; Carcia-Higuera et al., 2008; Kernan et al., 

2018). Following Rb inactivation, the APC/C is inactivated before the initiation of DNA 

replication. The inactivation of APC/C occurs upon phosphorylation by CDK2 and 

subsequent binding of Emi1 (early mitotic inhibitor-1) (Barr et al., 2016; Cappell et al., 

2016). The degradation of p21 and p27 also facilitates S-phase entry, by increasing Cyclin 

E-CDK2 activity levels (Barr et al., 2016; Heldt et al., 2018). Cyclin E –CDK2 then facilitates 

E2F-mediated transcription of SKP2, which targets Cip/Kip proteins for degradation via the 

E3 ubiquitin ligase pathway (Bashir et al., 2004; Wei et al, 2004). This generates a positive 

feedback loop as CDK2 promotes the degradation of p21/p27, with the main role of 

p21/p27 is to inhibit Cyclin E-CDK2. Overall, increased Cyclin E-CDK2 activity promotes 

APC/C inactivation which corresponds to the commitment point where cells can no longer 
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withdraw from the cell cycle (Figure 1.6). However, when CDK4/6 is inhibited, the order of 

the restriction point is altered  which is further supported as when Cyclin D is lost in 

cancers, Cyclin E-CDK2 can often compensate for this loss (Liu et al., 2020).  

 

Figure 1.6  Mechanism that controls the Restriction Point 

 

1.3.9 Non-canonical functions of Cyclin D-CDK4/6 
 
Other than Rb phosphorylation, CDK4/6-Cyclin D can phosphorylate a variety of other 

substrates (Figure 1.7). Cyclin D-CDK4/6 promotes proliferation by phosphorylating 

SMAD2/3. Normally, SMAD2/3 forms a trimer complex with SMAD4 which facilitates 

transcription of cell cycle inhibitor genes (Choi & Anders, 2014). However, 

phosphorylation by CDK4/6 inhibits the formation of this trimer complex suppressing 

transcription of cell cycle inhibitor proteins and promotes proliferation (Massague et al., 

2012; Zhang et al., 2017). Alongside promoting cell division this SMAD phosphorylation 

also has the ability to promote a pro-mesenchymal state and cell invasion (Matsuzaki et 

al., 2009). Another target of Cyclin D-CDK4/6 is FOXM1. Phosphorylation of FOXM1 

prevents its degradation and allows it to remain associated with forkhead responsive 

elements (FRE). The drive the transcription of target genes which are similar to E2F 

targets, including many cell cycle genes required for S-phase and mitosis (e.g. Cyclin E, 

CDC25, MYB, Cyclin A) (Wang et al., 2002; Laoukili et al., 2005; Anders et al., 2011; Wang 
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et al., 2008; Bracken et al., 2004). Cyclin D-CDK4/6 can also phosphorylate MEP50, which 

increases PRMT5 activity and facilitates transcriptional repression via histone methylation 

(Antonysam& y et al., 2012; Karkhanis et al., 2011). This prevents the transcription of 

CUL4, which is ubiquitin ligase subunit responsible for Cdt1 degradation therefore, 

resulting in the accumulation of Cdt1 leading to DNA replication (Aggarwal et al., 2010).  

 

Figure 1.7  Schematic describing the role of phosphorylation on different CDK4/6-Cyclin 
D substrates  

 

1.3.10 Mechanism of action of CDK4/6 inhibitors 
 
CDK4/6 inhibitors prevent Rb phosphorylation to arrest cells in G1. Although the logical 

interpretation is that this G1 arrest is facilitated by the direct inhibition of CDK4/6-Cyclin D 

kinase activity (Chung et al., 2019; Fry et al., 2004; Toogood et al., 2005), recent work 

focussing on the 3D structure of CDK4-Cyclin D complexes has proposed another 

hypothesis. This study shows that palbociclib can bind CDK4-Cyclin D dimers and inhibit Rb 

phosphorylation. However, the activated CDK4-Cyclin D-p27 trimer complex was unable to 

bind palbociclib therefore, phosphorylation of Rb was maintained (Guiley et al., 2019). 

Interestingly however, palbociclib induced G1 arrest in this situation is thought to be 

facilitated by the indirect inhibition of CDK2. This inhibition of CDK2 occurs as a result of 

p21 being displaced from CDK4, which allows it to bind and inhibit Cyclin E-CDK2 (Guiley et 

al., 2019).  
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A more recent study has tested this hypothesis in RPE1 cells by altering p21 and p27 levels 

to determine if this displacement theory holds true. Conversely, they show that the 

deletion of p21 and p27 has no effect on a palbociclib induced G1 arrest which highlights 

that CDK4/6 inhibitors do not rely on CDK2 inhibition via p21/p27 to cause a potent G1 

arrest in RPE1 cells (Pennycook & Barr, 2021).  

A novel technique which utilises FRAP to measure the stability of the CDK4/6 complexes 

has been developed by fusing GFP-tagged CDK4/6 to a lamin A construct which causes 

insertion to the nuclear membrane. This technique can be used to quantify how CDK4/6 

inhibitors prevent kinase activity in live cells. This shows that CDK4/6 inhibitors cause p21 

to dissociate from CDK4 specifically. Upon removal of p21, Cyclin E-CDK2 is subsequently 

inhibited. This is not exclusive for all cells as they propose an additional model for the 

mechanism inactivation which is due to direct kinase activity of CDK4/6 (Pack et al., 2021).  

 

1.4 Therapeutic targeting of CDK4/6 in cancers  
 

The Cyclin D-CDK4/6 pathway is frequently altered in cancers with different components 

of the machinery being either mutated or differentially expressed. The mechanisms in 

how these genetic alterations contribute to sensitivity or resistance to CDK4/6 inhibition 

will be discussed in more detail in section 1.4.1 and 1.4.2. Rb is a tumour suppressor 

protein that ensures that the G1/S transition is growth factor dependent however, 

majority of tumours retain functional Rb. Many studies have shown that Rb-deficient 

tumours are resistant to CDK4/6 inhibition (Condorelli et al., 2018; Costa et al., 2020; Li et 

al., 2018; O'Leary et al., 2018; Wander et al., 2020). Over expression of Cyclin D is a 

common genetic change observed in a range of different cancer types (Cerami et al., 2012; 

Gao et al., 2013). This upregulation of Cyclin D may be facilitated by mutation of upstream 

signalling events, which in breast cancer is associated with a poor patient response 

(Lundgren et al., 2012; Lundberg et al., 2019). It is not only the levels of Cyclin D protein 

that can be upregulated to increase CDK4/6-Cyclin D activity, CDK4/6 itself has been 

shown to be upregulated in cancers (Cerami et al., 2012). Alterations in Cyclin D or CDK4/6 

levels have been linked to sensitivity to CDK4/6 inhibition (Gong et al., 2017). Another 
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mechanism that alters CDK4/6 activity is to inactivate or differentially express its inhibitor 

proteins. One example is the homozygous deletion of CDK2NA – the gene that encoded 

p16INK4A - which is a common genetic alteration in cancers (Sherr, 1995; 1996; Diehl, 2002; 

Knudsen & Witkiewicz; 2017). This has been shown in a variety of situations to lead to 

sensitivity to CDK4/6 inhibition (Young et al., 2014; Wiedemeyer et al., 2010; Ramsey et 

al., 2007; Dean et al., 2010). In summary, this pathway is frequently mutated in a range of 

cancer types (see overview in table 1.1), and this may explain why cancer cells are 

sensitive to CDK4/6 inhibitors.  

Mutation Cancer Type 

Cyclin D Amplification Esophogeal, breast, ovarian, SSC of head 

and neck, testicular 

CDK4/6 Amplification Sarcoma, glioblastoma, esophogeal, 

stomach, SSC of head and neck 

CDKN2A Deletion Glioblastoma, SSC of head and neck, 

pancreas, NSCLC, melanoma 

Rb Deletion SCLC, prostate, bladder, retinoblastoma 

Table 1.1  Summary of Mutations within the Cyclin D-CDK4/6 pathway (Adapted from: 
Knudsen & Witkiewicz, 2017) 

 

1.4.1 Sensitivity to CDK4/6 inhibition  
 
In 2017, a large-scale study was performed on cancer cell lines to determine what genetic 

alterations drive sensitivity to CDK4/6 inhibition. This paper examined sensitivity of 560 

different cancer cells by using proliferation assays and calculating IC50 values (Gong et al., 

2017). Mutations that drove sensitivity involved the amplification of Cyclin D and were 

termed D-Cyclin activating features (DCAFs) and these include translocation of Cyclin D1, 

amplification of Cyclin D2/3 and mutations within the 3’UTR of Cyclin D which prevent its 

degradation (Gong et al., 2017; Finn et al., 2020). In addition to alterations in Cyclin D, 

alterations of other components of the pathway are also thought to increase sensitivity to 
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CDK4/6 inhibition. Amplification of CDK4 has been shown to drive sensitivity to CDK4/6 

inhibitors in the clinic (Finn et al., 2020; Cen et al., 2012). It has previously been thought 

that p16 mutations are linked to sensitivity to CDK4/6 inhibition (Young et al., 2014; 

Wiedemeyer et al., 2010; Ramsey et al., 2007; Dean et al., 2010) however, this study 

suggests that p16 may not confer sensitivity like originally thought (Gong et al., Finn et al., 

2016; Infante et al., 2016).   

It has been generally observed that an increase in Cyclin D-CDK4/6 activity results in 

conferred sensitivity to CDK4/6 inhibition which has been explained by cells developing an 

“addiction” to Cyclin D-CDK4/6 signalling. Therefore, inhibition of this pathway in these 

cancer types proves effective. However, this is a somewhat confusing hypothesis since the 

loss of CDK4/6-Cyclin D activity would be predicted to lower the threshold of CDK4/6 

inhibition required to arrest cells in G1. There is some evidence from pre-clinical studies 

that suggests that this is the case, as they show that loss of Cyclin D confers sensitivity 

(Xue et al., 2019a; 2019b). In this study, it was shown in small cell carcinoma of the ovary 

hypercalcaemic type (SCCOHT) and in non-small cell lung cancer (NSCLC) that knockdown 

of SMARCA4, which is a key SWI/SNF remodelling gene, results in downregulation of 

Cyclin D and reduced CDK4/6 activity. This leads to subsequent sensitivity to CDK4/6 

inhibition, therefore in this instance, loss of Cyclin D appears to confer sensitivity to 

CDK4/6 inhibition by reducing proliferative capacity (Xue et al., 2019a; 2019b). Therefore, 

sensitivity to CDK4/6 inhibition may occur via different routes depending cellular context.  

1.4.2 Resistance to CDK4/6 inhibition  
 
One of the principal resistance mechanisms is the loss/inactivation of Rb. As discussed 

previously, Rb is required to facilitate a G1 arrest, and therefore if Rb is lost, CDK4/6 

inhibition will not be effective as inhibiting the transcription of E2F target genes since this 

relies on the hyper-phosphorylation of Rb. This is why Rb loss is strongly associated with 

resistance in various experimental or clinical settings (Wander et al., 2020; Li et al., 2018; 

Condorelli et al., 2018; O’Leary et al., 2018).  

A recent genomic screen to identify resistance mechanisms also identified loss of function 

mutations in FAT1 to correlate with resistance (Li et al., 2018). FAT1 is a tumour 



42 
 

suppressor gene and mutation of FAT1 has been implicated in cancers (Morris et al., 

2013). The mechanism in which FAT1 confers resistance is via the Hippo pathway as the 

loss of function mutation in FAT1 prevents the proteosomal degradation of YAP/TAZ. 

Therefore, YAP/TAZ promotes transcription of CDK6 resulting in a dramatic rise in CDK6 

levels which corresponds to loss of sensitivity to CDK4/6 inhibition (Li et al., 2018).  

Recently, the first large scale clinical study looking at acquired and intrinsic resistance to 

CDK4/6 inhibitors has been completed (Wander et al., 2020). Wander et al. demonstrated 

that in addition to Rb, a variety of other signalling pathway components were identified 

(e.g. AKT, RAS, ER, HER2) (Wander et al., 2020). Generally, these signalling proteins sit 

upstream of cyclin D therefore, mutations in these pathways are predicted to activate the 

pathway and confer resistance to CDK4/6 inhibition (O’Leary et al., 2018; Croessmann et 

al., 2019; Herrera-Abreu et al., 2016; Li et al., 2018). This was demonstrated by inducing 

these genetic changes in breast cancer cells. However, the same study also identified p53 

loss/mutation and being strongly associated with both acquired and intrinsic resistance 

(more than 58.5% percentage of cases), although this could not be recapitulated in cell 

lines (Wander et al., 2020). This association of p53 loss with resistance is most likely 

important because it has been found in other patient studies (Patnaik et al., 2016). Exactly 

how p53 loss could drive resistance in cells therefore remains an important question.  

Amplification or overexpression of Cyclin E can also drive resistance to CDK4/6 inhibition 

(Herrera-Abreu et al., 2016; Caldon et al., 2012; Turner et al., 2019) as Cyclin E can 

compensate for a loss of Cyclin D (Geng et al., 1999). Therefore, Cyclin E-CDK2 can 

facilitate transcription of the E2F-related genes even if CDK4/6 is inhibited (Gong et al., 

2017; Wander et al., 2018). This could also be explained if CDK4/6 inhibitors displace p21 

to inhibit Cyclin E-CDK2 because in this situation, the over expression of Cyclin E would be 

predicted to confer resistance to CDK4/6 (Guiley at al., 2019). 

It is evident that specific alterations that can be used as predictive biomarkers are the 

different mutations that define sensitivity or resistance to CDK4/6 inhibitors. However, 

these appear to be context dependent and vary between different cell and tumour types 
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(Alvarez-Fernandez & Mulumbres, 2020). Therefore, biomarkers that can predict 

responsive patients or tumour type are currently lacking. 

 

1.5 Why are CDK4/6 inhibitors so well tolerated? 
 

When developing anti-cancer treatments, it is vital to ensure selectivity to cancer cells so 

that toxicity towards healthy cells can be limited. Unfortunately, most chemotherapies are 

treatments that target all rapidly proliferating cells and this results in chemotherapy-

related toxicities that are dose limiting. One reason that CDK4/6 inhibitors are so well 

tolerated could be the fact that cancer cells arrest more efficiently in response to CDK4/6 

inhibition in comparison to healthy cells, due to the aforementioned genetic alterations to 

the pathway. Cells proliferate at different rates (Smith & Martin, 1973; Shields, 1977; Chao 

et al., 2019; Araujo et al., 2016) and this is facilitated by different molecular mechanisms 

(Liu et al., 2020; Cappell et al., 2016; Cappell et al., 2018; Yang et al., 2020). Cells that 

proliferate quickly, frequently use Cyclin E-CDK2 activity to drive rapid G1 progression 

after mitosis therefore, bypassing the requirement for CDK4/6-Cyclin D. Alternatively, cells 

with low Cyclin E-CDK2 activity results in entry into G0 until mitogenic signalling increases 

Cyclin D-CDK4/6 activity to allow re-entry into the cell cycle (Spencer et al., 2013). This 

may explain why CDK4/6 inhibition is so well tolerated by patients as rapidly proliferating, 

healthy cells may be mostly unaffected by CDK4/6 inhibition. However, this may not hold 

true in haematological cells since neutropenia is still a major side effect associated with 

these inhibitors (Klein et al., 2018). Recent mapping of the human cell cycle structure will 

be help to understand the molecular mechanism underpinning the decision between 

proliferation and quiescence (Stallaert et al., 2020).  

 

1.6 Breast cancer and CDK4/6 inhibition  
 

There are three main subtypes of breast cancer that either have the expression of 

estrogen receptor (ER+), expression of human epidermal growth factor 2 (HER2+) or no 

expression of any growth receptor (triple negative breast cancer - TNBC) (approximately 
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75% of patients have ER+ breast cancer) (Dai et al., 2015; Vallejos et al., 2010). Patients 

with ER+ breast cancer respond well to hormone therapy whereas, HER2+ cancers are 

treated with chemotherapies and HER2 targeted treatments. However, as TNBC are not 

controlled by hormones, the treatment options are limited. Hormone therapies that are 

used to treat ER+ breast cancer work by either depleting estrogen, directly inhibiting the 

estrogen receptor, and/or via the downregulation of the estrogen receptor (Abdulkareem 

& Zurmi, 2012). As estrogen fuels breast tumourigenesis, hormone therapies are very 

efficient at controlling the disease. 

1.6.1 Hormone therapy 
 
There are different types of hormone therapies however, they all block estrogen 

signalling. Aromatase inhibitors were developed to diminish estrogen by blocking the 

enzyme aromatase which is vital for catalysing androgen to estrogen. However, this 

treatment option is only beneficial in postmenopausal women as the ovaries are no longer 

producing estrogen (Pistelli et al., 2018). The three main aromatase inhibitors used to 

treat patients are anastrozole, letrozole and exemestane and the side effects associated 

include joint pain, heart problems and osteoporosis (Foglietta et al., 2017; Thomas et al., 

2017).  

Tamoxifen is a selective estrogen receptor modulator (SERM) that competes with 

estrogen for binding to the estrogen receptor. Tamoxifen works effectively on pre and 

postmenopausal women (Osborne, 1998). It blocks estrogen signalling in the breast 

however, not in the bones or heart. The side effects associated with tamoxifen are 

extensive and include blood clots, stroke, endometrial cancers, hot flushes, nausea and 

fatigue (Hirsimaki et al., 2002).  

Finally, fulvestrant degrades the estrogen receptor (SERD) by directly binding to ER 

targeting it for degradation. Fulvestrant is given via injection in postmenopausal women 

(Blackburn et al., 2018). Side effects include nausea, injection side reactions, weakness, 

UTIs and hot flushes (Robertson et al., 2007). However, patients tend to acquire resistance 

to hormone therapies which highlights the necessity for novel combination treatments to 

improve clinical outcome (Anurag et al., 2018; Li et al., 2020) 
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1.6.2 Rationale for combining hormone therapy with CDK4/6 inhibition  
 
The ER signalling pathway sits upstream of the Cyclin D-CDK4/6 pathway. ERα is a nuclear 

transcription factor that controls growth in response to estrogen. Target genes for ERα 

include Cyclin D therefore, directly increasing Cyclin D transcript levels (Sabbah et al., 

1999; Bourdeau et al., 2008). However, ER signalling also sits upstream to MAPK signalling 

therefore, is responsible to facilitating transcription of AP1. AP1 is another transcription 

factor that facilitates transcription of c-Fos and C-Jun subsequently enabling increase of 

Cyclin D levels via MAPK pathway (Whitmarsh & Davis, 1996; Frigo et al., 2004). This 

therefore provides the rationale for combining CDK4/6 inhibition and hormone therapies 

in ER+ breast cancer. The combination of hormone therapy and CDK4/6 inhibition results 

in a two-hit mechanism (Finn et al., 2009). Hormone therapy reduces the transcription of 

Cyclin D whilst CDK4/6 inhibition directly targets kinase activity (Figure 1.8), which 

combined causes a potent G1 arrest that reduces tumour growth (Watts et al., 1994). 

Clinical trials are ongoing for prostate cancer testing the outcome of the same concept in 

androgen signalling (Stice et al., 2017). 

 

Figure 1.8 Two-hit mechanism to reduce Cyclin D levels and activity 
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1.6.3 CDK4/6 inhibitors in breast cancer 
 
A clinical trial (PALOMA-1) was performed in patients with ER+ metastatic breast cancer. 

Patients with advanced metastatic ER+ breast cancer were treated with letrozole alone or 

combined with palbociclib. The combination treatment significantly increased median 

progression free survival in patients from 20.2 months to 10.2 months (Finn et al., 2015). 

Palbociclib was dosed on a 3 week on, 1 week off dosing schedule (Klein et al., 2018). The 

data from this trial was so successful in treating metastatic disease that the approval for 

use as a first line of treatment alongside hormone therapy was fast tracked by the FDA. 

Third phase clinical trial (PALOMA-2) further confirmed the efficacy of this combination 

treatment (Rugo et al., 2018). The PALOMA-3 trial combining fulvestrant and palbociclib 

showed that the median progression free survival improved from 4.6 months when 

treated with fulvestrant alone was increased to 9.5 months in patients treated with 

combination of fulvestrant and palbociclib (Cristofanilli et al., 2016). This initial promising 

data was also backed up more recently by expected increase in overall survival of patients 

with metastatic breast cancer (Turner et al., 2018; Finn et al., 2020; DeMichele et al., 

2021). The dose-limiting side effect of palbociclib is neutropenia however, it is generally 

well tolerated and patients can take the drug orally at home (Finn et al., 2016). 

Ribociclib is structurally similar to Palbociclib and is dosed in the same 3-week on, 1-week 

off schedule (Klein et al., 2018). Ribociclib was tested in the clinic (MONALEESA-2) 

combining letrozole with ribociclib which increased the progression free survival 

(Hortobagyi et al., 2018) and was also approved for the first-line treatment on the back of 

this trial. A follow on trial (MONALESSA-7), tested the combination of tamoxifen and 

aromatase inhibitors which showed a similar improvement in survival (Tripathy et al., 

2018). Ribociclib has similar side effects to palbociclib (Hortobagyi et al., 2016) however, 

transaminitis was also observed (Betllet et al., 2019). 

 Abemaciclib is structurally distinct from palbociclib and ribociclib. There are some slight 

differences in abemaciclib as it also inhibits CDK9 (Gelbert et al., 2014) and is able to cross 

the blood-brain barrier (Raub et al., 2015). Abemaciclib is also better tolerated which 

means it can be dosed continuously (Klein et al., 2018). MONARCH-2 trial compared 
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fulvestrant alone versus fulvestrant plus abemaciclib which showed a clear increase in 

progression free survival (Sledge et al., 2017). However, abemaciclib can also be used 

individually which showed significant anti-tumour activity (MONARCH-3) (Goetz et al., 

2017). The side effects associated with abemaciclib are gastrointestinal toxicity (Patnaik et 

al., 2016).  

TNBC is the most deadly sub-type of breast cancer due to the lack of targeted treatment 

options. Majority of TNBC’s do not respond to CDK4/6 inhibition. However, recent pre-

clinical studies have identified subtypes of TNBC that may be sensitive to CDK4/6 

inhibitors. Firstly, it was identified that TNBC associated with the loss of CREBBP (a histone 

acetyltransferase) is associated with a poor outcome in patients. TNBC cell lines with 

reduced levels of CREBBP have a reliance on FOXM1 transcription which, which is reduced 

upon CDK4/6 inhibition. Therefore, CREBBP could be a potential biomarker for TNBC 

response to CDK4/6 inhibition (Peck et al., 2021). Another sub-type of TNBC shown to be 

sensitive to palbociclib is the Luminal Androgen Receptor (LAR) sub-type. LAR cell lines 

exit the cell cycle with low levels of Cdk2 activity therefore, CDK4/6 inhibition prevents re-

entry into the cell cycle. Whereas, other lines have high levels of CDK2 and completely 

bypass the necessity for CDK4/6 inhibition (Asghar et al., 2017).  

It is evident that CDK4/6 inhibition shows a dramatic improvement for treating ER+ 

metastatic disease, which is the most common subtype of breast cancer. In this setting, 

they are used in combination with existing treatment options that target the ER signalling 

pathway. This was the first real evidence that targeted cell cycle inhibition could 

dramatically improve cancer survival rates, a major goal of pharmaceutical companies 

since the development of paclitaxel was first discovered. In addition, there is promise that 

CDK4/6 inhibitors may be successful in treating specific TNBC’s, which are notoriously 

difficult to treat. 

Considering that CDK4/6 inhibitors are the first specific cell cycle kinase inhibitors that are 

well tolerated by patients and they have also been shown to target metastatic disease, 

many exciting questions remain. Most importantly, just how many different cancers may 

respond to these drugs and what combination of therapies will be the most effective.  
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1.7 Clinical trials of CDK4/6 inhibitors  

 

Pre-clinical models have shown that CDK4/6 inhibitors can restrain growth of a wide range 

of cancer types in both cell lines and animal models (Du et al., 2020; Asghar et al., 2015; 

O’Leary et al., 2016). This led to a number of clinical trials testing efficacy in a variety of 

tumour types (Klein et al., 2018; Alvarez-Fernandez & Malumbres, 2020). CDK4/6 

inhibitors are now being tested in a range of other cancer types including head and neck 

small cell carcinoma (HNSCC) (NCT02101034), ovarian carcinomas (NCT01536743), mantle 

cell lymphoma (MCL) (NCT00420056), melanoma and various other advanced solid 

tumours (NCT01394016, NCT02014129). The current feeling is that monotherapy alone 

with CDK4/6 inhibition is unlikely to be sufficiently effective, but combination treatments 

are being tested that include CDK4/6 inhibitors alongside inhibitors of upstream signalling 

and growth pathways (Klein et al., 2018; Goel et al., 2018; Knudsen & Witkiewicz et al., 

2017). This is thought to be effective due to the same “double hit” hypothesis observed 

when combining hormone therapies and CDK4/6 inhibition as hormone therapies 

lowering Cyclin D levels and CDK4/6 inhibition limits Cyclin D-CDK4/6 kinase activity.  

1.7.1 MAPK signalling  
 
MAPK signalling drives the transcription of Cyclin D and can become constitutively active 

due to mutations in KRAS, NRAS or BRAF, or alternatively, via upstream growth factor 

mutations or overexpression (Imperial et al., 2019). There is an apparent synergy between 

MAPK inhibitors and CDK4/6 inhibition in cancer types with mutations in the MAPK 

pathway. MAPK inhibitors will limit the amount of cyclin D production whilst CDK4/6 

inhibitors prevent CDK4/6 activity resulting in maximal inhibition of Rb and an efficient G1 

arrest (Figure 1.9) (Chen et al., 2018; Ziemke et al., 2016). MAPK inhibitors are being 

trialled in NSCLCs (NCT02022982, NCT03170206) and melanomas with mutant KRAS 

(Ribociclib - NCT01781572). MAPK inhibition plus ribociclib in melanomas improved 

progression free survival and was tolerated well by patients, therefore phase II clinical 

trials are now ongoing (Schuler et al., 2017).  
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1.7.2 PI3K-AKT-mTOR signalling  
 
Mutations in PI3K, its negative regulator PTEN, or its major downstream kinase AKT, all 

feed down to activate mTOR and increase the translation of Cyclin D (Zacharek et al., 

2005; Diehl, 1999; Albers, 1993). Therefore, inhibition of CDK4/6 and mTOR signalling 

pathways may prove beneficial (Figure 1.9). The use of PI3K/mTOR inhibitors are being 

tested in clinical trials with palbociclib to improve outcome in the treatment of solid 

tumours including pancreatic, head and neck and squamous cell lung cancer 

(NCT03065062). Trials in pancreatic ductal adenocarcinoma (PDAC) testing combination 

treatment with abemaciclib and PI3K inhibition improved the progression free survival 

from 1.5 months to 2.3 months when abemaciclib was included in the standard of care 

treatment (Chiorean et al., 2017).  

 

Figure 1.9  Schematic of combination therapies inhibiting upstream signalling pathways  

 

1.7.3 Chemotherapy 
 
The general consensus is that CDK4/6 inhibitors protect cells against chemotherapies 

(McClendon et al., 2012; Replogle et al., 2020). Therefore, this led to the development of 

trilaciclib, a CDK4/6 inhibitor used in Rb-deficient tumours to arrest healthy cells and 

hence, protect them from chemotherapy related toxicity. Treatment with trilaciclib has 
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proven to be extremely effective in preventing myelosuppression in metastatic small cell 

lung cancer (SCLC) (Weiss et al., 2019) however, trials in breast cancer suggest minimal 

improvement in terms of chemotherapy related toxicity (Tan et al., 2019). However, there 

are many clinical trials ongoing to test the combination of chemotherapeutic agents with 

CDK4/6 inhibition. However, the dosing schedule of this combination treatment is very 

important. Recent work in PDAC cells, show that treatment with chemotherapy followed 

by CDK4/6 inhibition results in reduces proliferative ability of PDAC cells. The mechanisms 

behind this has been suggested to be due to the suppression of E2F targets (DNA damage 

specifically) which prevent the repair of DNA damage caused by chemotherapy agents 

(Salvador-Barbero et al., 2020). Different trials ongoing include addition of CDK4/6 

inhibition with carboplatin + paclitaxel in ovarian cancer (NCT03056833), doxorubicin in 

advanced soft tissue sarcoma (NCT03009201), Cisplatin or carboplatin in advanced solid 

tumours (NCT02897375) and 5-FU in advanced solid tumours (NCT01522989). However, 

phase II clinical trials in SCC of the head and neck was associated with grade 3 or 4 

myelosuppression in majority of patients and there was limited effect in progression free 

survival and overall outcome (Swiecicki et al., 2020). 

1.7.4 Radiotherapy  
 
Radiotherapy is a common cancer treatment with approximately 50% patients receiving 

radiotherapy. However, this treatment often fails due to resistance to radiotherapy 

(Moding et al., 2013). To improve the efficacy, radiosensitisers are used in combination 

with radiotherapy and the most commonly used treatments in this respect are 

chemotherapy agents that induce DNA damage. Chemotherapy is an effective 

radiosensitiser as it worsens the DNA damage preliminary caused by radiation. For 

example, the addition of cisplatin will further increase levels of DNA damage and 

contribute to cytotoxicity (Seiwert et al., 2007; Negi et al., 2016). 

Due to the role CDK4/6 inhibition has on E2F transcription, they may be ideal 

radiosensitisers as inhibition prevents transcription of the DNA repair genes that help to 

antagonise radiation-induce damage. Pre-clinical data shows that combining radiotherapy 

and CDK4/6 inhibition inhibits colony formation (Whiteway et al., 2013). Spheroid 
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reduction in brain cancer cell lines was reduced upon treatment with radiation and 

CDK4/6 inhibition (Huang et al., 2018). The most likely mechanism by which CDK4/6 

inhibitors are effective radiosensitisers is by inhibiting DNA repair (Gottgens et al., 2019; 

Hashizume et al., 2016; Naz et al., 2018; Xie et al., 2019). Other explanations have also 

been proposed including activation of apoptosis (Hagen et al., 2013), cell cycle arrest 

(G2/M) (Tai et al., 2019; Gottgens et al., 2019; Xie et al., 2019) and induction of 

senescence which activates the immune system to facilitate cell death (Yoshida et al., 

2016). There are multiple clinical trials ongoing to test this in glioma NCT03355794), 

HNSCC (NCT03024489, NCT03389477) and ER+ metastatic breast cancer (NCT03691493, 

NCT04220476). Results published from a recent trial testing combination of palbociclib 

and radiation in patients with glioma showed real promise (DeWire et al., 2020).  

1.8 Why is CDK4/6 inhibition toxic to tumour cells?  
 

It is crucial to understand why a cytostatic G1 arrest becomes cytotoxic to tumour cell in 

patients. CDK4/6 inhibition has been shown to induce various different phenotypes in 

response to a prolonged G1 arrest, including senescence, apoptosis, activation of the 

immune system and metabolic reprogramming which will be discussed in more detail 

below. All of these factors have the potential to contribute to the long-term cytotoxic 

response (Klein et al., 2018; Goel et al., 2018).  

1.8.1 Apoptosis  
 
Apoptosis, otherwise known as programmed cell death, would be a successful outcome of 

CDK4/6 inhibition for cancer treatment. In a sub-type of TNBC, it has been shown that 

CDK4/6 inhibition with Ribociclib induces apoptosis and therefore, may be a beneficial 

treatment option in this class of TNBC (Li et al., 2019). Germ cell tumour cells treated with 

palbociclib or Ribociclib arrest in G0 however, a population of cells escape this arrest. 

These escaped cells ultimately become apoptotic due to down regulation of mitotic 

factors (Skowron et al., 2020). Apoptosis was also identified to be induced via metabolic 

changes that causes an increase in ROS and subsequent activation of the apoptotic 

pathway, as demonstrated by an increase in caspase activity (Wang et al., 2017). Removal 

of Cyclin D3 in mice with T-cell acute lymphoblastic leukaemia (T-ALL) has also been 
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shown to induce apoptosis (Choi et al., 2012; Sawai et al., 2012). In non-small cell lung 

cancer, CDK4/6 inhibition induces an apoptotic profile via the inhibition of FOXM1 

transcription which promotes SMAC and Caspase-3 activity facilitating apoptosis 

(Thangavel et al., 2018).  

1.8.2 Metabolism changes  
 
To ensure metabolic needs are met to facilitate cell division, CDK4/6 plays a role in the 

regulation of metabolic pathways. Therefore, inhibition of CDK4/6 inhibition results in 

metabolic changes that may further assist killing of cancer cells. Combined inhibition of 

mTOR and CDK4/6 in glioblastoma results in the inhibition of aerobic glycolysis and 

oxidative mitochondrial functions (Olmez et al., 2017). The inhibition of CDK4/6 in breast 

cancer cells induces increased cell growth and the number of mitochondria resulting in a 

higher consumption rate however, these phenotypes were rescued upon the addition of 

hormone treatments (Knudsen & Witkiewicz, 2016). In breast cancer, the combination of 

CDK4/6 inhibition and letrozole treatment increases fatty acid and nucleic acid 

metabolism although, the addition of dietary estrogen reverses the phenotype (Knudsen 

& Witkiewicz et al., 2016). In TNBC, CDK4/6 inhibition induces downregulation of GLUT1 

and HIF1α which results in the downregulation of glucose uptake and consumption. This is 

further enhanced by the addition of paclitaxel treatment (Cretalla et al., 2019). It was also 

shown that these metabolism changes are further enhanced by combining PI3K inhibitor 

which represses c-Myc as both c-Myc and PI3K have roles in cancer metabolism (Cretella 

et al., 2019). In PDAC lines, CDK4/6 inhibition alters glycolytic and oxidative metabolism 

resulting in an increase in ROS. When combining mTOR inhibition or BCL2 inhibition or 

reducing ROS scavengers results in apoptosis. But MEK inhibition induces senescence and 

mTOR inhibition counteracts the metabolic reprogramming and contributes to cell death 

(Franco et al., 2016).  

1.8.3 Senescence 
 
Senescence refers to the permanent cell cycle withdrawal that frequently occurs in 

response to severe stress, often associated with DNA damage or oxidative stress (Mijit et 

al., 2020). CDK4/6 inhibitors can either induce either senescence or quiescence, and the 
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outcome is context dependent. A quiescent response is undesirable in terms of cancer 

treatment as quiescent cells may contribute to disease progression whereas a senescence 

response would prevent cancer cells from re-entering the cell cycle. However, even 

senescent-like cells have been seen to revert from their withdrawn cell cycle state to 

become proliferative again (Demaria et al., 2017; Milanovic et al., 2018). Therefore, the 

addition of senolytics, which are drugs that target and clear senescent cells may help to 

prevent disease progression in these situations (Xu et al., 2018). The stresses that drive 

cells to become senescent following CDK4/6 inhibition remain unknown. However, recent 

studies suggest these stresses may involve increased ROS signalling (Vijayaraghavan et al., 

2017) or alternatively, FOXM1 destabilisation (Anders et al., 2011). Although there is little 

evidence supporting what stresses cause cells to become senescent following CDK4/6 

inhibition, many studies have been performed to characterise the molecular mechanisms 

of this senescent response. A decision point that determines if a cell will become 

quiescent or senescent has been identified that has been termed geroconversion 

(Blagosklonny, 2014). Following CDK4/6 inhibition, this decision point is regulated by the 

downregulation of MDM2 which results in ATRX-dependent transcriptional regulation 

hence, facilitating HRAS repression (Kovatcheva et al., 2015; 2017) (Figure 1.10). This 

mechanism has been established to induce a switch from quiescence to senescence. 

However, in melanoma cells it was determined that mTOR inhibition is required for cells 

to become senescence as mTOR inhibition increases the efficiency of the G1 arrest 

(Yoshida et al., 2016). Conversely, in other situations mTOR activation also been proposed 

to facilitate the induction of senescence (Leontieva & Blagosklonny et al., 2013). It has also 

been shown that CDK4/6 inhibition induces increased proteosomal degradation resulting 

in a senescent response (Miettinen et al., 2018). There is a large amount of variability in 

the mechanisms that induce senescence and this may be due to heterogeneity within 

cancer types. However, varying treatment protocols have also frequently been adopted, 

therefore these may also be contributing to inconsistencies. Another confounding factor, 

is the reliance of fixed end points that utilise senescence markers to measure senescence 

indirectly (Sharpless & Sherr, 2015). This is complicated further by the fact that these 
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markers are somewhat controversial, and in general there is a lack of accurate markers to 

definitively define senescence in all contexts (Roy et al., 2020).   

1.8.4 Immune system response 
 
There are many ongoing clinical trials combining CDK4/6 inhibition and immunotherapy. 

An important rationalise here is that CDK4/6 inhibitors can induce senescence and 

senescence cells secrete a range of cytokines that drive an immune cell response, via the 

so-called senescence-associated secretory phenotype (SASP). A lot of effort has been put 

into understanding why CDK4/6 inhibition engages an immune response. It has been 

shown that CDK4/6 inhibition increases T-cell activationvia the suppression of NFAT 

proteins and their targets (regulators of T-cell function); therefore CDK4/6 inhibitors 

decrease T-cell proliferation but increase filtration and activation of effector T-cells (Deng 

et al., 2017). PDAC models have shown that combination of CDK4/6 and MEK inhibition 

has an effect on tumour vasculature via a SASP response. Such alterations enhance drug 

delivery but also increase T-cell accumulation, therefore sensitising cells to both 

chemotherapy and immunotherapy (Ruscetti et al., 2020). In TNBC, combined PI3K and 

CDK4/6 inhibition increases tumour infiltration, T-cell activation and cytotoxicity (Teo at 

al., 2017). The combination of CDK4/6 inhibition with PD-L1 checkpoint inhibition results 

in durable tumour regression. PD-L1 levels are controlled by CyclinD-CDK4 and 

proteosomal degradation. Contradictory to Deng et al., CDK4/6 inhibition increases PD-L1 

levels as it prevents its targeting for degradation (Zhang et al., 2018). Therefore, increased 

levels of PD-L1 sensitises cells to immune checkpoint inhibition. In melanoma, the 

amplification of CDK4 drives resistance to anti-PD-1 inhibition, therefore CDK4/6 inhibition 

can be used to overcome this resistance (Yu et al., 2019). Rb has the ability to bind to p65, 

which is a member of the NF-kB family. To facilitate this binding and hence, inactivation of 

p65, CDK4/6 must phosphorylate Rb at S249/T252 (Jin et al., 2019). Therefore, inhibition 

of CDK4/6 prevents the inactivation, resulting in an upregulation of p65 target genes 

including PD-L1. Increased PD-L1 levels promote immune system evasion however, the 

addition of phospho-mimetic peptides can be used to overcome this evasion (Jin et al., 

2019).  
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While immunotherapy holds great promise for cancer treatment, it will be critical over the 

coming years to find combination treatments that reawaken tumours to the immune 

system. CDK4/6 inhibition is clearly a very exciting area in this respect, given its multiple 

roles. This explains why there are multiple clinical trials combining CDK4/6 inhibition with 

immunotherapy (NCT03498378, NCT03573648, NCT02778685, NCT04075604, 

NCT04169074, NCT03655444, NCT04272645, NCT03781960, NCT04118036, 

NCT04220892, NCT03997448, NCT04088032, NCT04213404, NCT03294694). To facilitate 

these efforts, a major question still remains. Why do cells become senescent following 

CDK4/6 inhibition and in what tumour types does it occur and how can it be promoted? 

This may rely on combination therapies that help to drive cells into senescence.   

 

1.9 Aims of project  
 

The main aim of this project is to understand this key question: why do CDK4/6 inhibitors 

cause long-term withdrawal from the cell cycle? To do this, I will use a non-transformed 

near-diploid RPE1 cell line expressing a cell cycle reporter. This will allow us to quantify 

single-cell response over time following CDK4/6 inhibition, therefore providing a direct 

comparison of quiescence and senescent responses. In addition, these live cell assays will 

also allow us to quantify other cell fates such as cell death. I will compare four CDK4/6 

inhibitors, all of which are licensed for use in the clinic to see if they differ in their ability 

to induce cell cycle withdrawal. Ultimately, this work will provide a foundation to test cell 

cycle withdrawal in a range of different cancer types to determine how CDK4/6 inhibition 

leads to cytotoxicity in patients.  
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2. Materials and Methods 
 

2.1 Plasmids and Cloning  
 

2.1.1 Cloning reagents 
  
Ampicillin (Stock: 100mg/mL): 

2 g in 20 mL dH2O 

Filter, aliquot and freeze at -20 °C. Use at 1:1000 

2.1.2 Mutagenesis 
 
Mutagenesis was used to generate guide RNAs that target exon four of p53. Site-directed 

mutagenesis introduced specific nucleotide substitutions in a pU6 plasmid. Appropriate 

forward and reverse primers were designed with a melting temperature (Tm) around 61 

to 63°C with at least 20 base pairs on either side of the nucleotides to be mutated. The 

primers used were as described in Table 2.1 Amplification of the plasmid vector was 

performed by PCR following the protocol described in Table 2.2 and Table 2.3. Upon 

completion of the PCR reaction, the parental plasmid was removed using a methylation-

dependent endonuclease called DpnI (Thermo Fisher Scientific). The PCR product was 

incubated with DpnI for 2 hours at 37°C and then heat inactivated by incubating the 

reaction at 80°C.  

Mutation Primer 5’-3’ Sequence 

 

Exon 4 

p53 

Forward GGAAAGGACGAAACACCACCAGCAGCTCCTACACCGGGTTTTAG

AGCTAGAAAT 

Reverse ATTTCTAGCTCTAAAACCCGGTGTAGGAGCTGCTGGTGGTGTTTC

GTCCTTTCC 

Table 2.1  Primers used for site-directed mutagenesis for p53 guide RNA 
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Reagent Amount 

KOD Hot Start DNA polymerase 10x Buffer (Novogen) 5μl 

MgSO4 25mM 3μl 

dNTPs 1μl 

Forward primer (2.5uM stock) 6μl 

Reverse primer (2.5uM stock) 6μl 

pU6 DNA plasmid 100ng 

DMSO 1.5μl 

KOD Hot Start DNA polymerase (Novogen) 1μl 

dH2O Up to 50μl 

Table 2.2  Details of PCR recipe mutagenesis with KOD polymerase  

 

Steps Temperature Duration 

1. 95°C 2 minutes 

2. 95°C 30 seconds 

3. 53°C 45 seconds 

4. 68°C 30 seconds per kb (return to step 2, x18) 

5. 68°C 7 minutes 

6.  4°C Forever 

Table 2.3  Details of PCR cycle for KOD mutagenesis  

2.1.3 Bacterial transformation  
 
Following mutagenesis, the plasmid was transformed into competent DH5α. Bacterial cells 

were thawed on ice and 50μl were aliquoted per reaction into Eppendorf tubes and 10μl 
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of the mutagenesis product was added. The bacteria were then incubated on ice for 15 

minutes and then were heat-shocked at 42°C for precisely 1 minute, to allow for DNA to 

be incorporated into the bacteria. The cells were then placed straight back onto ice to 

allow recover. The pU6 plasmid has ampicillin resistance therefore, 130μl of LB-media was 

supplemented with ampicillin was added to the heat-shocked bacteria. The bacteria were 

then plated onto ampicillin agar plates and incubated at 37°C for 16 hours.  

2.1.4 Plasmid DNA isolation  
 
To isolate plasmid DNA, 3 colonies were picked and inoculated in 3ml of LB media 

supplemented with ampicillin and then incubated with agitation at 37°C for 16 hours. The 

plasmid DNA was then extracted using QIAprep Spin Miniprep Kit (Qiagen) following the 

manufacturers protocol and the DNA yield was measured using a 260/280 nm 

Spectrophotometer (NanoDrop). The DNA was then sent for sequencing with the 

appropriate primers to verify the correct sequence of the plasmid.  

Clones with a correct DNA sequence, were then inoculated in 100ml of LB media 

supplemented with ampicillin and then incubated with agitation at 37°C for 16 hours. The 

plasmid DNA was then isolated using a PureLink™ HiPure Plasmid Midiprep Kit (Invitrogen, 

Thermo Scientific) following the manufacturers protocol and the DNA yield was measured 

using a 260/280 nm Spectrophotometer (NanoDrop). The plasmids were brought to 

500ng/μl and stored at -20°C 

 

2.2 Cell Culture  
 

2.2.1 Cell culture reagents  
 
1x Trypsin-EDTA (100ml): 

10mL 2.5% Trypsin (Gibco™, Thermo Scientific) 

80μl 0.5M EDTA 

89.20 mL dH2O 

Full Growth Media (FGM) for RPE and MCF7 cells: 

500ml DMEM (+high glucose; +L-glutamine) (Gibco™, Thermo Scientific) 
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50ml FBS (Gibco™, Thermo Scientific) 

5.5ml Penicillin-Streptomycin (Gibco™, Thermo Scientific) 

Full Growth Media (FGM) for MCF10A cells: 

500ml F12/DMEM (1:1) (Gibco™, Thermo Scientific) 

25ml horse serum (HS) (Gibco™, Thermo Scientific) 

100μl 20ng/mg EGF 

250μl 0.5μg/ml hydrocortisone 

50μl 100ng/ml cholera toxin 

500μl 10μg/ml insulin 

5ml Penicillin-Streptomycin (Gibco™, Thermo Scientific) 

Reagent Manufacturer Use Final Concentration 

Abemaciclib Selleckchem CDK4/6 inhibitor 0.6μM 

Acridine Orange Thermo Fisher DNA stain 10mg/ml 

Aphidicolin Santa Cruz DNA polymerase 

inhibitor 

0.2μM 

Camptothecin Sigma Topoisomerase I 

inhibitor 

5nM 

DAPI Thermo Fisher DNA stain 1mg/ml 

DMSO Sigma Negative control 1:2000 

Doxorubicin Selleckchem Topoisomerase II 

inhibitor 

5nM 

EdU Sigma-Aldrich Incorporated into DNA 10μM 

Nutlin-3a Sigma Inhibits p53:MDM2 

interaction 

5μM 

Olaparib Selleckchem PARP inhibitor 5μM 
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Palbociclib MedChemExpress CDK4/6 inhibitor 1.25μM 

PD-0325901 Selleckchem MEK inhibitor 1.25μM 

PF-05212384 Sigma Dual mTOR/PI3K 

inhibitor 

15nM 

Reversine Sigma MPS1 inhibitor 0.5μM 

Ribociclib Selleckchem CDK4/6 inhibitor 5μM 

RO336 Tocris Cdk1 inhibitor 10μM 

SB202190 SYNkinase P38 inhibitor 1μM 

S-Trityl-L-

Cysteine 

(STLC) 

Sigma Eg5 inhibitor which 

promotes monopolar 

spindle 

10μM 

 

Trilaciclib Insight CDK4/6 inhibitor 0.6μM 

VE-821 Selleckchem ATR inhibitor 5μM 

Table 2. 4  List of all the reagents used for cell culture 

 

2.2.2 Cell culture maintenance 
 
All cell lines were maintained in a humidified incubator at 37°C with 5% CO2. Cell lines 

were passaged twice a week when approximately 100% confluent. Cells were washed with 

Phosphate Buffered Saline (PBS) solution and 2ml of 1x Trypsin-EDTA was added to ensure 

all cells detached from the plate. Cells were then re-suspended in FGM and the 

appropriate volume was transferred into a new 10cm dish (Nunc™, Thermo Scientific) in a 

total volume of 10ml of FGM. All cells were screened for mycoplasma every 1-2 months. 

2.2.3 Long-term storage of cell lines   
 
In preparation for freezing of cell lines, near 100% confluent cells were washed with PBS 

and trypsinised as described above. Cells were then re-suspended in 5ml of FGM 
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supplemented with 10% DMSO and 10% FBS and aliquoted into 5 cryovials (Nunc™, 

Thermo Scientific). Cells were then transferred to -80°C freezer in a specialised container 

for freezing cells (Nalgene) to allow for freezing rate of -1°C per minute. After 24 hours the 

cells were transferred to storage boxes in the vapour phase liquid nitrogen tank.  

To take fresh cells out of storage, they were rapidly de-frosted at 37°C and re-suspended 

in 6ml of FGM. Cells were centrifuged at 1200 rpm (290 x g) for 3 minutes to pellet the 

cells. The supernatant was removed and the pelleted cells were re-suspended in 10mls of 

fresh FGM and transferred into a fresh 10cm dish.  

 

2.3 Generation of p53 knockout cell lines  
 

2.3.1 DNA Transfection  
 
RPE1 and RPE1-FUCCI cells were plated into 6-well plate (Nunc™, Thermo Scientific). Cells 

were cultured in 2ml of FGM and were 50% confluent at the time of transfection. Cells 

were then transfected with the guide RNA vector (described in section 2.1) and pcDNA5-

Cas9 vector in a 3:1 ratio. The transfection mix was composed of two solutions and 

prepared as follows: 

Solution A: 100μl opti-MEM (Gibco™, Thermo Scientific) + 1μg DNA (0.75μg guide RNA; 

0.25μg Cas9 vector) 

Solution B: 100μl opti-MEM (Gibco™, Thermo Scientific) + 3μl Fugene HD Transfection 

Reagent (Promega) 

Solution A and B were incubated individually for 5 minutes. Following this incubation, 

solution B was added to solution A and incubated for a further 15 to 20 minutes. The 

transfection mix was then carefully added to the cells. However, MCF7 and RPE-53BP1-

H2B cells were transfected with Lipofectamine™ 2000 Transfection Reagent (Gibco™, 

Thermo Scientific) instead of Fugene HD.  
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2.3.2 Selection of p53 knockout cells 
 
After 48 hours of transfection, the cells were split into fresh 10cm dishes including a Cas9 

alone control (guide RNA was excluded) and an un-transfected control. Once transfected 

cells had reached confluence, the selection process was started.  Selection of p53 

knockout cells was performed by the addition of 5μM of Nutlin-3a. The cells were split 

twice weekly and Nutlin-3a was replenished until no visible colonies remained. P53 

knockout status was confirmed via immunoblotting.  

 

2.4 Gene knockdown 
 

2.4.1 siRNA transfection  
 
To perform gene knockdown of KRAS, siRNA transfections were performed in 6-well 

plates. Cells were plated so 25-50% confluent at the time of transfection. Cells were 

cultured in 2mls of growth media in the absence of PenStrep. For transfection in a 6 well 

plate, the transfection mix was composed of two solutions and prepared as follows: 

Solution A: 100μl opti-MEM + 2μl siRNA (20μM stock) 

Solution B: 100ul opti-MEM + 4μl Lipofectamine RNAiMAX Transfection Reagent  

Solution A and B were incubated individually for 5 minutes. Following this incubation, 

solution B was added to solution A and incubated for a further 15 to 20 minutes. The 

transfection mix was then carefully added to the cells. 

All siRNAs were purchased from Sigma and details of each siRNA used is detailed below in 

Table 2.5.  

Target Sequence (5’-3’) Overhangs 

KRAS_234 UGAAUUAGCUGUAUCGUCAA 

 

GG/UA 

KRAS-355 ACUGUACUCCUCUUGACCUG CU/UA 
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Scrambled AAGCGCGCTTTGTAGGATTCG UU 

Table 2.5  List of siRNA sequences used  

 

2.5 Immunofluorescence  
 

2.5.1 Fixed cell imaging  
 
Cells were plated onto High-Precision 1.5H 12mm coverslips (Marienfield). Following the 

appropriate treatment, cells were fixed with 4% paraformaldehyde (PFA) dissolved in PBS. 

Cells were fixed for 10 minutes and then washed with PBS and blocked with 3% Bovine 

Serum Albumin (BSA) made in PBS plus the addition of 0.5% Triton X-100 for 30 minutes. 

Following blocking, coverslips were incubated with primary antibodies for 16 hours at 4°C. 

Primary antibodies were then washed with PBS 3 times over 10 minute periods and then 

incubated with secondary antibodies and DAPI for 2-4 hours at room temperature in the 

dark. The coverslips were washed 3 more times over 10 minute periods and mounted 

onto a glass slide using ProLong antifade reagent (Molecular Probes). Coverslips were 

images on either a Zeiss Axio Observer using a Plan-apopchromat 20x/0.8 M27 Air 

objective or a Deltavision with a 100x/1.40 NA U Plan S Apochromat objective. 

2.5.2 Quantification of p21 intensities  
 
p21 intensities were calculated using ImageJ and the first 100 cells in each image. The 

DAPI channel was used to generate an ROI overlay which was then applied to the p21 

channel. The mean grey value of each ROI in the p21 channel was then measured along 

with the background intensity which was then subtracted from each of these values. 

2.5.3 Quantification of DNA damage  
 
To quantify DNA damage, γH2AX foci and nuclear morphologies were quantified by eye. 

For γH2AX, 50 cells were selected in the DAPI channel and the number of γH2AX foci 

observed in each cell was counted. For nuclear morphology, the first 100 cells within the 

field of view counted and scored based on their nuclear morphology. The different 
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morphologies scored were normal, fragmented, micronuclei and bi-nucleated. Micronuclei 

were determined by the presence of γH2AX staining.  

2.5.4 Antibodies   
 
Primary antibodies used for immunofluorescence are highlighted in table 2.6 below. The 

secondary antibodies used were highly-cross absorbed goat anti-rabbit or anti-mouse 

coupled to Alexa Fluor 488, Alexa Fluor 568 which were all used at 1/1000 dilution. All 

antibodies were made up in 3% BSA in PBS. For Edu staining, a base click EdU staining kit 

(Sigma) was used as per manufacturer’s instructions. 

Target Species Supplier Dilution 

p21 Rabbit Santa-Cruz 1/500 

Phospho-Histone H2A.X Mouse Sigma 1/1000 

Table 2.6  List of primary antibodies used for immunofluorescence including working 
concentration 

 

2.6 Mitotic DNA Synthesis (MiDAS) 
 

2.6.1 MiDAS protocol 
 
RPE1 p53 KO cells were plated at low confluence in 10cm dishes and treated with 

palbociclib (1.25uM) for 7 days. Palbociclib was then removed via an extensive washout 

and cells were transferred coverslips. Coverslips were then returned to incubation for 

16hrs before being treated with RO3306 (10μM) for a further 2 hours to enrich for cells in 

G2. Media was then exchanged twice over 15 minutes and cells were treated with EdU 

(10μM) and nocodazole (3.3μM). After 1-hour cells were fixed in 4% PFA. Note that 

control cells were either treated with aphidicolin (0.4μM) for 40 hours or left untreated 

prior to addition of RO3306. Following fixation cells were permeabilised with 0.2% Triton-

X in 3% BSA dissolved in PBS. Staining of incorporated EdU was carried out as per 

manufacturers’ instructions and coverslips were mounted onto slides using prolong gold 
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antifade. Coverslips were imaged using a Deltavision with a 100x/1.40 NA U Plan S 

Apochromat objective. 

 

2.7 Time-lapse imaging 
 

2.7.1 FUCCI time-lapse imaging  
 
RPE1-FUCCI cells were cultured in 24 well plates in DMEM inside a 37°C heated chamber 

with 5% CO2 using a 10x/0.5 NA air objective on a Zeiss Observer 7 imaging system with 

Zeiss Zen software. Images were taken with a CMOS ORCA flash 4.0 camera every 10 

minutes with 4x4 binning over a 72 hour period. In experiments where one round of 

division was quantified, STLC was added to arrest cells in mitosis.  

2.7.2 Quantification of FUCCI cell cycle profiles 
 
The single cells FUCCI profiles were generated manually by analysing RPE1-FUCCI movies. 

50 red cells were selected and marked at random at the beginning of the movie. 

Generally, cells were selected in the centre of the image to prevent cells escaping from 

the field of view. The time points in which the RPE1-FUCCI cells change colour was 

recorded to determine the time spent in each phase of the first cell cycle following release 

from CDK4/6 inhibition. All images were placed on the same scale prior to analysis to 

ensure that the red/yellow/green cut-offs were reproducibly calculated between 

experiments. Mitotic entry was timed based on visualisation of typical mitotic cell 

rounding. To analyse multiple rounds of division, brightfield was used to track cells upon 

loss of nuclear mAG-geminin from the nucleus. 

2.7.3 Imaging of GFP-53BP1/H2B-RFP RPE1 cell lines  
 
GFP-53BP1/H2B-RFP RPE1 cells were cultured in 10cm dishes in the presence of 

palbociclib and then washed out and plated into 8 well chambers (Ibidi). Once the cells 

were reattached, they were imaged on a DeltaVision Elite system in 8 well chambers in 

L15 media within a heated 37°C chamber. Images were taken every 4 minutes with a 



66 
 

40x/1.3 NA oil objective using a DV Elite system equipped with Photometrics 

CascadeII:1024 EMCCD camera at 4x4 binning over a 72 hour period. 

2.7.4 Quantification of GFP-53BP1/H2B-RFP RPE1 cell lines 
 
53BP1-H2B-RPE1 p53 KO cells were analysed by eye. Nuclear morphologies of dividing 

cells were quantified as normal, fragmented, micronuclei or bi-nucleated. Chromosome 

alignment was also scored in cells that displayed H2B expression. The chromosome 

alignment phenotypes scored were: normal, unaligned or lagging. Formation of 53bp1 foci 

following the first mitosis was also scored. It was also scored if the 53bp1 foci that formed 

were symmetrical or not. All cells that underwent mitosis in the first 24 hours of the time-

lapse were scored.  

 

2.8 Western Blotting 

  

2.8.1 Western Blot reagents  
 

RIPA buffer: 

50mM Tris pH 8.0 

150mM NaCl 

0.1% SDS 

0.1% Sodium deoxycholate 

1% NP40 

2mM EDTA pH 8.0 

+ protease inhibitor  

4x SDS Sample Buffer: 

250 mM Tris pH 6.8 

10% w/v SDS 

40% w/v Glycerol 

0.4% w/v Bromophenol Blue 
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10x Running Buffer: 

250 mM Trizma base 

2.5 M Glycine 

10% w/v SDS 

10x Transfer Buffer: 

250 mM Trizma base 

1.92 M Glycine 

1x Transfer Buffer: 

10% 10x Transfer Buffer 

20% Methanol 

70% dH2O 

10x TBS (pH 7.5): 

0.2 M Trizma base 

1.4 M NaCl 

HCl to pH 

1x TBS-T: 

10% 10xTBS 

1% Tween-20 

89% dH2O 

5% Milk/TBS-T: 

5% w/v skimmed milk powder (Marvel) 

95% TBS-T 

2.8.2  Immunoblot preparation  
 
Depending on the experiment, samples were prepared in different ways. To confirm p53 

KO in RPE1 and RPE1-FUCCI cell lines, cells were treated with 50uM etoposide for 2 hours. 

To harvest the protein, cells were scraped into FGM within the dish and the cell 

suspension was then spun at 12000 rpm for 3 minutes. The pellet was washed twice in ice 

cold PBS and then re-suspended in RIPA buffer and left on ice for 15-20 minutes. This was 

then spun at 12,000rpm for 10 minutes and the supernatant containing the protein was 

used to perform a DC assay (more details in section 12.13.2) to normalise the protein 
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levels in the samples before preparation for SDS-PAGE. Samples were mixed with 4x SDS 

buffer and brought to final concentration of 50µg/µl.  

To validate the down regulation of replisome components, total protein lysates for 

immunoblot were prepared by harvesting cells in trypsin, pelleting, and flash freezing. Cell 

pellets were lysed in ice cold RIPA buffer on ice for 20 minutes. Lysates were centrifuged 

at 13,000 g at 4°C for 10 min, followed by Bradford assay (Biorad) to determine equal 

amounts of protein to load per lane. Samples were mixed with loading buffer to final 

concentrations of: 1% SDS, 2.5% β-mercaptoethanol, 0.1% bromophenol blue, 50 mM Tris, 

pH 6.8, and 10% glycerol. 

For mTOR signalling blots, 200,000 cells were plated in 15cm dishes (Nunc™, Thermo 

Scientific) and treated with 1.25uM of palbociclib and any other appropriate treatments. 

Following 24 hours of treatment, the cells were harvested in 500μl of 4x sample buffer. β-

mercaptoethanol was added in a 1:10 dilution and the sample was sonicated. 

All samples were boiled at 95°C for 5 minutes and then loaded on a SDS Polyacrylamide 

gel (see table 2.7 for details) in an electrophoresis tank with 1x running buffer and 

separated at 130V for 20 minutes followed by 150V for 1 hour. A pre-stained protein 

marker (Precision plus Protein™ All Blue Standard, Biorad) was used alongside all samples. 

Reagent 5% stacking gel 10% resolving gel 

30% Acrylamide/Methylene Bisacrylamid solution 

(National diagnostics) 

1.7ml 3.34ml 

1M Tris HCl pH 6.8 1.25ml - 

1.5M Tris pH 8.8 - 2.5ml 

10% SDS 100μl 100μl 

10% Ammonium Persulfate (APS) 100μl 100μl 

TEMED 10μl 4μl 

dH20 To 10ml To 10ml 
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Table 2.7  Details of SDS-PAGE gels 

Following electrophoresis, proteins were transferred to a 0.45μm Nitrocellulose Blotting 

Membrane or polyvinylidene difluoride membranes (GE Healthcare) at 100V for 30 

minutes in 1x Transfer Buffer. 

Membranes were then blocked with 5% milk/TBS-T for 30 minutes at room temperature 

and incubated with the primary antibody for 16 hours at 4 °C. Membranes were then 

washed with TBS-T, 3 times over a 30 minute period and incubated with the relevant HRB-

conjugated secondary antibody or Li-COR secondary antibodies for 1-2 hours, followed by 

another 3 washes in TBS-T. Both primary and secondary antibodies were diluted in 5% 

milk/TBS-T, and a list of the antibodies used and their concentration can be found in 

section 2.8.3. Protein expression was detected using Amersham ECL Prime Western 

blotting reagent (GE Healthcare), following manufacturer’s instructions or on a LI-COR 

Odyssey CLx system. 

 

2.8.3 Antibodies 
 
The primary antibodies used are highlighted in table 2.8 below. For ECL detection, 

secondary antibodies used were were goat α-mouse IgG HRP conjugate (Bio-Rad; 1:2000) 

and goat α-rabbit IgG HRP conjugate (Bio-Rad; 1:5000). For LI-COR, secondary antibodies 

used were IRDye 800CW Goat anti-Mouse IgG (LI-COR) or IRDye 800CW Goat anti-Rabbit 

IgG (LI-COR). Both LI-COR secondary antibodies were used at a 1/15,000 dilution. 

 

Target Species Supplier Dilution ECL/Li-COR 

p53 Mouse Santa Cruz 1/1000 Li-COR 

Tubulin Mouse Sigma 1/5000 Li-COR 

MCM2 Mouse BD Biosciences 1/1000 ECL 

MCM3 Rabbit Bethyl 1/1000 ECL 

CDC6 Mouse Santa Cruz 1/500 ECL 
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PCNA Mouse  Santa Cruz 1/1000 ECL 

Rb Mouse  BD Biosciences 1/1000 ECL 

pRb 

(Ser807/Ser811) 

Rabbit  Cell Signalling 1/1000 ECL 

Actin Rabbit Sigma 1/5000 Li-COR 

pS6 Rabbit Cell Signalling 1/1000 Li-COR 

ERK1/2  Upstate 1/1000 Li-COR 

pERK1/2 Mouse Cell signalling 1/1000 Li-COR 

Table 2.8  List of all primary antibodies used for immunoblots, with details of working 
dilution and visualisation technique 

 

 

2.9 Chromatin-bound MCM FACS assays 

 

2.9.1 FACS Reagents   
 
CSK Buffer: 

10 mM Pipes pH 7.0 

300 mM sucrose 

100 mM NaCl 

3 mM MgCl2 

supplemented with 0.5% triton X-100 

+Protease inhibitors (0.1 mM AEBSF, 1 μg/mL pepstatin A, 1 μg/mL aprotinin, 0.1 mM 

PMSF), +Phosphatase inhibitors (10 μg/mL phosvitin, 1 mM β-glycerol phosphate, 1 mM 

Na-orthovanadate). 

2.9.2 Chromatin-bound MCM FACS assay 
 
RPE1 WT or p53 KO cells were treated with palbociclib for 1 or 7 days and the drug was 

washed out for 8 or 24 hours, respectively. 30 minutes prior to cell collection, cells were 

pulse labelled with 10 μM EdU (Sigma) to monitor DNA synthesis. Soluble MCM was pre-
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extracted from cells on ice for 10 minutes in cold CSK buffer After washing cells in PBS + 

1% BSA, cells were fixed in PBS + 4% paraformaldehyde (Sigma) for 15 minutes at room 

temperature. Cells were processed for EdU conjugation to Alexa Fluor 647-azide (Life 

Technologies) by incubation in PBS containing 1 mM CuSO4, 1 mM AF-647, and 100 mM 

fresh ascorbic acid for 30 minutes at room temperature in the dark. The levels of DNA-

loaded MCM were detected by incubating cells in anti-MCM2 BM28 antibody (1:200, BD 

biosciences, 610700) for 1 hr at 37°C in the dark followed by incubation in anti-mouse-488 

secondary antibody (1:1000) for 1 hr at 37°C in the dark. DNA content was measured by 

incubating cells in 1 μg/mL DAPI and 100 μg/mL RNAase for 1 hr at 37°C in the dark or 

alternatively overnight at 4°C. Cells were analysed using an Attune NxT flow cytometer 

(Thermo Fisher Scientific) and data were analysed using FCS Express 7 Research (De Novo 

Software).  

For each experimental condition, an identically treated sample was included but was not 

labelled for EdU or MCM in order to determine the limit of detection. Early S phase cells 

were analysed by gating on cells that had 2C DNA content and were EdU positive. For each 

sample, the mean AF-647 fluorescent intensity of early S phase cells was divided by the 

mean AF-647 fluorescent intensity of the identically treated but unstained control sample. 

The displayed data are the normalization of these ratios to asynchronous control cells.  

 

2.10 Colony forming assays 

 

2.10.1 Colony forming assays reagents 
 
Developing solution (1:1 ratio): 

2% Borax solution 

2% Toluene-D solution 

2.10.2 Colony forming assay 
 
For the colony forming assays, cells were treated with palbociclib (1.25μM), ribociclib 

(5μM), abemaciclib (600nM), or trilaciclib (600nM) at 200,000 cells per 15cm dish for 

different length of time (1–7 days) prior to drug washout. Following drug washout, cells 
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were trypsined and counted using NC-3000 Nucleocounter (ChemoMetec) and 250 cells 

were plated into 10cm dishes in triplicate and left to grow for 10 days. For DNA damage 

experiments, different genotoxic drugs were added for the first 24 hours after re-plating 

into 10cm dishes, before washout and incubation in standard media for the remaining 9 

days. At the end of the assay, cells were washed twice in PBS and then fixed at 100% 

ethanol for 5 mins. Developing solution was added to the fixed cells for 5 minutes and the 

plates were then rinsed thoroughly with water and left to dry overnight.  

2.10.3 Quantification of colony forming assays 
 
The plates were then scanned and the number of colonies quantified using ImageJ. This 

was performed by cropping to an individual plate and converting to a binary image. The fill 

holes, watershed, and the analyse particles function was used to count colonies. 

 

2.11 Proteomics 

 

2.11.1 Mass spec sample preparation  
 
Cells were plated in 15cm dishes and treated with palbociclib for 2 or 7 days. Cells were 

lysed in cell extraction buffer containing 2% SDS, 1X PhosStop (Roche) and 1x complete 

protease inhibitor cocktail (Roche). An aliquot of extract containing 100 μg protein was 

then digested by benzonase (Merck) and precipitated by acetone. The protein pellet was 

resuspended in digest buffer (0.1 M triethylammonium bicarbonate, pH 8.5, Sigma-

Aldrich, tandem mass tag (TMT) labeling using a 6-plex TMT kit (Thermo Fisher Scientific) 

and desalted. Peptides were then separated using high pH reverse phase chromatography 

(Waters BEH 4.6 mm×150 mm C18 column; A, 10 mM ammonium formate, pH 9.0; B, 80% 

acetonitrile plus 10 mM ammonium formate, pH 9.0) into 16 fractions 84. Fractions were 

then dried under vacuum and resuspended in 5% formic acid for liquid chromatography 

tandem mass spectrometry (LC-MS/MS) analysis. Sample preparation was performed by 

Dr Andrea Corno and Dr Christos Spanos. 
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2.11.2 LC-MS/MS 
 
LC-MS analysis was performed on an Orbitrap Fusion Lumos Tribrid MS (Thermo Fisher 

Scientific) coupled on-line, to an Ultimate 3000 RSLCnano HPLC (Dionex, Thermo Fisher 

Scientific). Peptides were separated on a 50 cm EASY-Spray column (Thermo Fisher 

Scientific) and ionized using an EASY-Spray source (Thermo Fisher Scientific) operated at a 

constant temperature of 50°C. Mobile phase A consisted of 0.1% formic acid in water 

while mobile phase B consisted of 80% acetonitrile and 0.1% formic acid. Peptides were 

loaded onto the column at a flow rate of 0.3 μl/min and eluted at a flow rate of 0.25 

μl/min according to the following gradient: 2 to 40% mobile phase B in 120 min, then to 

95% in 11 min. The percentage of mobile phase B remained constant for 10 min and 

returned to 2% until the end of the run (160 min).  

MS1 survey scans were performed at 120,000 resolution (scan range 350–1500 m/z) with 

an ion target of 2.0×105 and maximum injection time of 50 ms. For MS2, precursors 

selected using a quadrupole isolation window of 1.2 Th with an AGC target of 1E5 and a 

maximum injection time of 100 ms. Product ions from HCD fragmentation (32% 

normalised collision energy were then scanned using the Orbitrap with 30k resolution. 

Only ions with charge between 2 and 7 were selected for MS2. Mass spectrometry was 

performed by Dr Tony Ly. 

2.11.3 Mass Spec data analysis  
 
Raw data files were processed using MaxQuant version 1.6.2.6 85, which incorporates the 

Andromeda search engine 86. The spectra were searched against a human FASTA 

database (accessed June 2018) containing all reviewed entries in the reference UniProt 

Human Proteome. The processed output was then analysed using R or RStudio software. 

Analysis of mass spectrometry data was performed by Dr Tony Ly.  
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2.12 Transcriptomics  

 

2.12.1 Harvesting RNA 
 
For transcriptomic analysis, approximately 700,000 RPE1 cells were plated into 15cm 

dishes and treated with 1.25μM palbociclib for 1, 2 or 7 days. The cells were harvested in 

1ml Trizol and scraped into Eppendorf tubes and incubated at room temperature for 5 

minutes. 0.2ml of chloroform per ml of Trizol was then added and the tubes were shaken 

for 15 seconds and then incubated at room temperature for 2 to 3 minutes. The tubes 

were then spun at 12,000 xg for 15 minutes at 4°C. The aqueous, upper phase was 

transferred to a new Eppendorf and the RNA was precipitated by addition of 0.5ml 

isopropyl alcohol per ml of Trizol added in the first step. The samples were spun at 12,000 

xg for 15 minutes at 4°C. The supernatant was removed and the RNA pellet was washed in 

1ml of 75% ethanol. The samples were vortexed and then spun at 7500 xg for 5 minutes at 

4°C. The pellet was then air dried for 5 to 10 minutes. It is important to not let the pellet 

dry out completely. The pellet was then dissolved in DEPC-water and then incubated at 

55-60°C for 10 minutes and then stored at -80°C. The concentration of the RNA was 

determined by NanoDrop and the quality of the RNA was assured using a Tapestation.  

2.12.2 RNA-sequencing and analysis 
Library preparation, sequencing and bioinformatic analysis was performed by Novogene. 

The transcriptomic analysis provided by the company included a gene list reporting the 

Fold-Change (FC) and significance levels (FDR) for each detected gene. This gene list was 

filtered for significant up/down-regulations by setting a hyperbolic curved threshold (FDR 

< 0.05, |FC| ≥ 2), resulting in a final list of 913 downregulated genes and 1374 upregulated 

genes. Significant overrepresentation of Gene Ontology Biological Process terms was 

tested on the final list with Panther, using the following parameters: 
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Analysis Type: PANTHER Overrepresentation Test 

(Released 20200407) 

Annotation Version and Release Date: GO Ontology database DOI: 

10.5281/zenodo.3727280 Released 2020-

03-23 

Reference List: Homo sapiens (all genes in database) 

Test Type: FISHER 

Correction: FDR 

Table 2.9  Details of parameters used for transcriptome analysis 

The resulting list of Gene Ontology terms was filtered for significance level (FDR < 0.01) and 

terms of interest were manually selected, grouped and plotted in Figure 5.2C. Analysis of 

this data was performed by Dr Andrea Corno.  

 

2.13 Cell size measurements  

 

2.13.1 Cell Volume measurements  
 
To measure cell volume, cells were plated in 6 well plates with 1.25μM palbociclib and any 

other treatments for 1-4 days. Cells were harvested at each time point by washing cells in 

PBS and then trypsinised. Following trypsinisation, the cells were re-suspended in 1ml of 

media was spun and the pellet of cells was re-suspended in 100μl of FGM although, this 

volume was dependent on the confluence of the cells at time of harvesting. Solution 13 

(DAPI and Acridine orange) was added to the cells in a 1/20 dilution and the diameter of 

the cells was measured using NC-3000 Nucleocounter. The histograms containing 

information of cell diameter was imported to Flowing Software version 5.2.1 and the 

appropriate gates were added to include the main peak of the histogram. The cell volume 

was then calculated using the following equation: V=4/3 πr3.  
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2.13.2 Determine protein and RNA concentration 
 
To harvest cells, cells were plated in 10cm dishes and then scraped into FGM and spun 

down at 1200 rom. The pellet was washed in ice cold PBS and then harvested in RIPA 

buffer for 15-20 minutes. The samples were then spun at 12,000 xg for 10 minutes at 4°C 

and the protein sample was stored at -20°C. To calculate protein concertation, a detergent 

compatible (DC) assay (BioRad) was performed. Firstly an AS stock was made consisting of 

20μl reagent S and 1ml of reagent A then 100μl of this was aliquoted into a cuvette. Then 

2μl of protein sample was added and the sample was mixed by gently tapping the cuvette. 

A control was included of RIPA buffer only. Then 800μl of reagent B was pipetted into the 

cuvette. The samples were then incubated at room temperature for 15 minutes. The 

optical density (OD) was measured at 750nm and the RIPA buffer control was used to 

blank the spectrophotometer.  

To obtain protein concentration and BSA curve was made using 1, 2, 5 and 10ml/ml of BSA 

and a standard curve was made. The equation used to obtain protein concentration was: 

(X-0.5)/17.5.  

RNA concentration was obtained following the same procedure in section 2.12.1 and RNA 

concentration was measured on a NanoDrop.  

 

2.14 Image quantification  

 

2.14.1 Quantification of percentage of G1 arrested cells 
 
To calculate the percentage of G1 arrested cells, RPE1-FUCCI cells were treated with a 

range of doses to generate dose response curves or alternatively treated with a selected 

dose and treatment time was increased. The cells were imaged using a Zeiss Axio 

Observer 7 with 10x/0.5 NA air objective and a CMOS ORCA flash 4.0 camera at 4x4 

binning. Five positions were imaged per well using filtersets to image mKO2-cdt1 (red) and 

mAG-geminin (green). The TrackMate function in ImageJ was then used to quantify the 

number of RPE1-FUCCI cells in each channel. The percentage of red (G1-arrested) cells was 

calculated and used to generate dose-response curves in GraphPad Prism 7. 



77 
 

2.15 Statistical Analysis 

 

2.15.1 Statistical tests 
 
To calculate the statistical significance, different tests were performed based on the type 

of analysis performed. To identify significance of a proportion either a chi-squared test or 

a Fishers exact test was performed depending on the number of outcomes. If there was 2 

outcomes (Fishers exact test) or when there was 3 or more outcomes (chi-squared test) as 

recommended by GraphPad. To compare other experimental conditions either a Mann-

Whitney test when comparing two experimental conditions or alternatively, a Kruskal-

Wallis test when comparing multiple experimental conditions. Significance is indicated as: 

non-significant (ns), * (p value <0.01), ** (p value <0.001), ***(p value < 0.0001). The 

comparisons most relevant for the conclusions are shown in the figures and legends.  
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3. Characterising response to CDK4/6 inhibitors in RPE cells  
 
3.1 Introduction  

 

It is well established in the literature that CDK4/6 inhibitors cause a G1 arrest which is 

important for patient response. The most striking evidence, is that the loss of Rb is 

strongly associated with resistance in breast cancer patients (Conderelli et al., 2018; Costa 

et al., 2020; Li et al., 2018; O’Leary et al., 2018; Wander et al., 2020). In addition, tumour 

types that achieve an inefficient G1 arrest, such as TNBC, demonstrate poor patient 

response (Asghar et al., 2017; Liu et al., 2017). In addition, combination therapies provide 

synergy by ensuring a robust G1 arrest (Christenson et al., 2021; Klein et al., 2018). Even 

though this G1 arrest is crucial it remains unclear why what should be a temporary, 

cytostatic, arrest produces long-term arrest. CDK4/6 inhibition has been shown to induce 

a range of different phenotypes including senescence, apoptosis, metabolism changes and 

engagement of the immune system (discussed in detail in section 1.8). Many of these may 

be linked because cells often choose between senescence or apoptosis in response to 

stress, and senescence is often associated with metabolic changes and it is also well-

known to engage the immune system. Therefore, a critical question that remains 

unanswered is why do G1 arrest cells eventually become senescent following CDK4/6 

inhibition? As discussed previously (section 1.8.3), contrasting data has been described 

regarding the mechanisms of senescence entry and this may be due to heterogeneity 

within cancer types. However, varying treatment protocols have also been adopted in 

different studies which may contributing to these inconsistencies. These treatment 

protocols include variation in cell type, dose used, length of treatment and drug washout 

protocols (Anders et al., 2011; Vijayaraghavan et al., 2017; Goel et al., 2017; Rader et al., 

2013; Chen et al., 2017; Yoshida et al., 2016; Kovatcheva et al., 2016; Bollard et al., 2017; 

Morris-Hanon et al, 2019; Galiana et al., 2020; Choi et al., 2012). Another factor that may 

be contributing here, is the reliance of fixed end points that measure senescence 

indirectly (Sharpless & Sherr, 2015). Difficulties also arise when characterising senescence 

due to the lack of accurate markers to definitively define senescence (Roy et al., 2020). 
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Therefore, it is not fully understood why CDK4/6 inhibitors induce a cytotoxic response in 

patients.  

To overcome these potential issues, I choose to use a non-transformed, diploid hTert-

RPE1. RPE1 cells were chosen as they are a relatively normal cell line and arrest efficiently 

in the prescence of CDK4/6 inhibitors which was extremely important for this study. 

Firstly, this work was performed in RPE1 cell lines to determine the normal response of 

cells to CDK4/6 inhibition. However, these inhibitors are used to treat patients with breast 

cancer. Therefore, it is pivotal to follow on this work in breast cancer cells to understand 

how the responses may differ in normal versus cancer cell lines. The RPEcell line selected 

expresses a FUCCI reporter to perform single cell analyses to determine what effects 

CDK4/6 inhibition has on the cell cycle. FUCCI stands for fluorescent ubiquitination-based 

cell cycle indicator (Sakaue-Sawano et al., 2008). This system allows for the nucleus of the 

cell to express different colours at different stages of the cell cycle. During G1, the nucleus 

is red because Cdt1 is tagged with mCherry. Upon the beginning of S phase, geminin-GFP 

levels increase and the nucleus is yellow while both Cdt1 and Geminin are expressed. 

During S phase, Cdt1 is degraded by the ubiquitin system then the nucleus remains green 

throughout the remainder of the cell cycle. Upon division Geminin is degraded and all 

fluorescent is lost until Cdt1 levels build up in early G1 (Nishitani et al., 2000; 2004) (Figure 

3.1A). Therefore, this system is extremely valuable for analysing single cell response to 

CDK4/6 inhibition. It allows one to explicitly determine the cell cycle stage of each 

individual cell following drug treatment and then over time after drug washout. 

 In this chapter, I use the FUCCI reporter to assess the efficiency of the G1 arrest and 

characterise cell cycle response to CDK4/6 inhibition. All four different CDK4/6 inhibitors 

that are structurally distinct (Figure 3.1B) will be compared to assess any variation 

between the different inhibitors.  
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Figure 3. 1 Schematic of FUCCI system and structure of four distinct CDK4/6 inhibitors 

A. Schematic representation of FUCCI system. mCherry-Cdt1 is expressed during G1 (red 
nucleus) then during early S phase GFP-Geminin levels increase (yellow nucleus) before 
Cdt1 is degraded in late S-phase (green nuclei). The nuclei remains green until geminin is 
degraded following cell division during mitosis (no fluorescence within the nucleus).  

B. Schematic of the structural formula of four distinct CDK4/6 inhibitors 
 

 

3.2 Results 

 

3.2.1 Characterising efficiency of G1 arrest following CDK4/6 inhibition 
 
To assess the efficiency of the G1 arrest following CDK4/6 inhibition, the proportion of G1 

arrested cells following 24 hours of treatment with CDK4/6 inhibitor, PD-0332991 

(palbociclib from here on) was quantified. To do this, RPE1-FUCCI cells were imaged 24 

hours after palbociclib treatment and a trackmate plugin was used to quantify the number 

of cells with red nuclei versus the number of cells with green nuclei. This analysis allowed 

us to calculate the percentage of cells arrested in G1 following 24 hours of inhibition 

versus the percentage of cells that continued cycling in the presence of palbociclib. A dose 

range that spans from low nanoMolar to microMolar concentrations was selected since 

this surrounds the peak plasma concentration reported in patients (200-260nM; Klein et 

al., 2018). The dark, solid lines in Figure 3.2A demonstrates a dose-dependent increase in 

the percentage of G1-arrested cells, until a dose of 600nM, which is sufficient to cause a 

maximal arrest of all the cells in G1. Therefore, at peak plasma levels (Cmax; depicted by 

red dotted lines on the dose-response curves) palbociclib is able to cause an efficient G1 
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arrest in RPE1-FUCCI cells with the IC50 being in a similar range to sensitive MDA-MB-175-

VII cell lines (Gong et al., 2017) (130nM MDA-MB-175-VII vs 150nM RPE1-FUCCI).  

The reversibility of this G1 arrest was then assessed to distinguish between a quiescent or 

senescent response. However, when performing these types of assays it is critical to 

ensure the washout protocol is sufficient to remove all of the drug, otherwise quiescent 

cells may incorrectly appear to be irreversibly arrested. To screen for efficient drug 

washout, a high dose of Palbociclib (10M) was applied which is sufficient to cause a full 

G1 arrest in all cells. Transient treatment with of 10M Palbociclib for 1 hours caused a 

persistent G1 arrest in all cells 24 hours later. This demonstrated that cells entering G1 

many hours following removal of the drug still become arrested, which implied to us that 

simply removing the drug was insufficient to fully remove it from cells. Therefore, 

different washout protocols were tested following treatment with 10M palbociclib for 

one hour (Figure 3.2C) and at least 3 media changes, over 3 hours were required to fully 

reverse the G1 arrest following transient CDK4/6 inhibition (Figure 3.2D). Therefore, from 

hereon a total of six washes over 6 hours were performed to ensure complete drug 

removal. We chose to err on the side of caution with this protocol because this allowed us 

to be sure that any irreversibility in the arrest was due to effects on the cell cycle and not 

drug washout. 

Having established an efficient washout protocol, we moved on to measure the 

reversibility of the G1 arrest observed following 24 hours of palbociclib treatment. The 

same range of doses of palbociclib were applied for 24 hours, before being washed out 

using the same protocol described above. The percentage of G1-arrested cells were then 

calculated 24 hours later. To ensure that these cells did not progress through the cell cycle 

into the next G1, an inhibitor of the microtubule motor Eg5 (STLC) was added to arrest 

cells in mitosis (Eg5 is essential for spindle bipolarity and therefore STLC arrests mitotic 

cells by producing monopolar spindles that constitutively activates the mitotic checkpoint) 

(Skoufias et al., 2006). In Figure 3.2B, the light dotted lines show that the G1 arrest is fully 

reversible following drug removal until the highest dose tested (10M) which is 

significantly higher than the peak plasma levels that is achieved in patients. This loss of 
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reversibility at 10M could reflect either on-target or, more likely, off-target effects of 

palbociclib.   

 

Figure 3.2 Efficiency and reversibility of G1 arrest following short-term CDK4/6 inhibition   

A-B. Dose response curves showing percentage of G1-arresed RPE1-FUCCI cells following 

24hr (A) or 48hr (B) incubation with different CDK4/6 inhibitors (palbociclib, ribociclib, 

abemaciclib and trilaciclib respectively). Cmax values are represented on each graph with 

red dotted lines (Klein et al., 2018). Dark solid lines (blue, 24hrs (A); green 48hrs (B)) 

correspond to treatment whilst light dotted lines (blue, 24hrs (A); green 48hrs (B)) are 

following washout from treatment with each CDK4/6 inhibitor. Each point represents an 

average of data -/+ SEM from three separate repeats, with at least 500 cells counted per 

condition.    

C. Schematic of various washout protocols tested following 1 hour treatment with 10M 

Palbociclib. Palbociclib was washed out between 1-6 times with an hour between washes. 

10M of STLC was added to cells on the final wash to arrest cells in mitosis to allow for 

quantification of the percentage of G1 arrested cells (cells with a red nucleus).  

D. Quantification of the percentage of G1 arrested cells following the washout protocols 

from A. The graph represents the mean data +/- SD from 2 separate experiments where at 
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least 500 cells were analysed per condition. The points represent 5 different positions that 

were imaged and quantified per condition. The different coloured dots represent the two 

separate experiments.  

 

I next sought to test the effect of three other structurally-distinct CDK4/6 inhibitors. Two 

of these are licenced for treatment – ribociclib (Figure 3.2A; panel 2), abemaciclib (Figure 

3.2A; panel 3). A third inhibitor trilaciclib (Figure 3.2A; panel 4) which is in clinical trials to 

protect healthy cells from myelosuppression (Weiss et al., 2019) was also tested, since it is 

structurally very distinct from the others (Figure 3.1B). Each of these three inhibitors 

caused a dose-dependent increase in G1 arrest and a complete G1 arrest is observed at 

the peak plasma concentrations observed in patients. Washout of the inhibitor showed 

that the G1 arrest was entirely reversible. Interestingly, the reversibility of the G1 arrest 

was lost at higher concentrations with all drugs, although it was notable that the 

reversibility of abemaciclib was lost at drug concentrations that were much closer to the 

peak plasma concentrations. This may explain the different toxicity profile of the drug 

(Klein et al., 2018), which will be discussed later in more detail.  

To further assess the quiescent response following G1 arrest with the four different 

CDK4/6 inhibitors the treatment length was increased to 48 hours to determine if a longer 

treatment time would influence the reversibility of the arrest (Figure 3.2B). The dose-

response profiles exhibited following both 24 and 48 hours of treatment were almost 

identical for each CDK4/6 inhibitor tested. Therefore, short-term treatment with CDK4/6 

inhibitors for 24 or 48hrs produces a reversible, quiescent arrest in G1.  

3.2.2 Reversibility of G1 arrest following prolonged CDK4/6 inhibition 
  
Next, I wanted to investigate if longer treatment times might produce a more permanent 

cell cycle exit. To do this, I selected the minimal dose of each inhibitor that was required 

to produce a full G1 arrest for 48 hour. This selected dose generally correlates with the 

peak plasma concentrations observed in patients and in most cases was fully reversible 

after 48h treatment (palbociclib 1.25M, ribociclib 5M, abemaciclib 600nM and 

trilaciclib 600nM). The exception was abemaciclib, which requires 600nM to fully arrest 
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cells in G1 for 48h and leads to a small increase in the fraction of cells that remain 

arrested after drug washout. 

For each inhibitor, cells were arrested at the G1/S boundary for increasing treatment 

lengths (2, 3, 7, 10 or 14 days) and each time point showed a complete G1 arrest before 

washout (dark blue bars in Figure 3.3). After the indicated treatment time, the inhibitor 

was washed out into STLC and the number of G1-arrested cells were quantified 24 hours 

later. The light blue bars (Figure 3.3) show that the G1 arrest was reversible after shorter 

term treatment (2 or 3 days) but this reversibility was compromised as treatment length 

was increased (from 7-14 days). In all of these long-term conditions, approximately half of 

the cell population are still in G1 24 hours after drug washout. This effect was seen 

consistently between all four CDK4/6 inhibitors. 

 

Figure 3.3  Impact of prolonged CDK4/6 inhibition on reversibility of G1 arrest  
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Percentage of G1 arrested RPE1-FUCCI cells following varying lengths of CDK4/6 inhibition 

as indicated. Reversible doses for each CDK4/6 inhibitor were used as indicated. Dark blue 

bars correspond to the percentage of G1 arrested cells at end of treatment time indicated. 

Whilst the light blue bars represent the percentage of G1 arrested cells following washout 

of CDK4/6 inhibitor after indicated treatment time. Each bar represents the mean data -/+ 

SEM from three experimental repeats. A minimum of 500 cells were quantified per 

condition, per experiment. 

 

3.2.3 Live-cell imaging of RPE1-FUCCI cells following release from CDK4/6 inhibition  
 
Fixed image analysis performed in previous experiments in Figure 1 provides a good 

indication of the efficiency and the reversibility of the G1 arrest. However, interpretation 

of this data is complicated by the fact that cells could succumb to a number of a different 

fates that are not captured by fixed time point assays. For example, cells may die or 

exhibit abnormal cell cycles following drug washout. Therefore, to analyse the phenotypes 

of prolonged arrest more closely, I performed live cell imaging following washout from 

CDK4/6 inhibition. Three separate experiments were performed and the fate profiles of 50 

individual cells per treatment, per experiment were analysed. These profiles are plotted as 

individual bars that display the time taken in each phase of the cell cycle to understand 

how release from CDK4/6 inhibition has an impact on cell cycle kinetics. To do this, the 

CDK4/6 inhibitor was washed out from the arrested cells and the first cell cycle analysed 

following the arrest in G1. 

Figure 3.4A demonstrates striking differences in the ability of cells to re-enter the cell 

cycle following washout from different durations of CDK4/6 inhibitor. Cells treated with 

palbociclib for 24 hours (Figure 3.4A; top left panel), show immediate S phase entry 

following 6 hours of washout. All of these cells entered mitosis within 24 hours (when the 

bars turn white). However, after release from 4 days of palbociclib treatment (Figure 3.4A; 

middle left panel) S-phase entry was completely prevented in a small fraction of cells 

(Figure 3.4B, palbociclib). In addition, a fraction of cells that enter S-phase and progress to 

G1 eventual revert back to a G1 state without ever entering mitosis (Figure 3.4B). These 

abnormal effects were even more pronounced after release from 7 days of inhibition 
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(Figure 3.4A, B). In addition, as treatment length increases, the delays in both G1 and S/G2 

length becomes significantly more pronounced in most instances (Figure 3.4C).  

The cell cycle kinetics for ribociclib, abemaciclib, and trilaciclib (Figure 3.4A) all showed 

similar responses. The percentage of premature cell cycle withdrawal is significantly 

increased as the treatment duration is increased (Figure 3.4B) and G1 length is extended 

with S-phase entry being delayed. S/G2 length is also significantly increased except for 

following treatment with Abemaciclib (Figure 3.4C). Whilst these cell cycle profiles were 

broadly similar, abemaciclib treated cells did have a population of cells that remain 

arrested in G1 even after 24 hours of treatment and the percentage of cells that convert 

from S/G2 to G1 following washout from longer-term treatments was lower than the 

other three inhibitors (Figure 3.4A, B). These results demonstrate that short-term CDK4/6 

inhibition is well tolerated and causes no major defects in cell cycle kinetics following drug 

washout as demonstrated recently by others (Trotter & Hagan, 2020). However, if the G1 

arrest is extended beyond just a few days the G1 arrest starts to become irreversible and 

cell cycle progress is impaired for those cells that do escape G1. It is important to note, 

the term irreversible here means there was no reversibility observed during the course of 

the assay. It is hard to determine if this “irreversibility” equates to a permanent cell cycle 

exit/senescent phenotype however, this will be addressed later. 
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Figure 3.4  Cell cycle kinetics following release from CDK4/6 inhibition 

A. Cell cycle kinetics for individual RPE1-FUCCI cells (each bar represents an individual cell) 

after washout from 1 (top panel), 4 (middle panel) or 7 (bottom panel) days of treatment 

with CDK4/6 inhibitor indicated. The same concentrations were used as stated in figure 

1G. Following washout of the inhibitor, 10M of STLC was added to ensure the first cell 
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cycle was analysed. Graphs show the data from 3 experimental repeats, 50 cells were 

analysed at random for each experiment (150 cells total) 

B. Quantification of cell cycle defects (S/G2 to G1 conversions and G1 arrest) from panel A 

following release from CDK4/6 inhibition. Each bar represents an average from 3 

experiments +SEM. Statistical significance determined by chi-squared test comparing 

prolonged treatment (4/7 days) to short-term treatment (1 day). (* < 0.01, ** < 0.001, *** 

< 0.0001). 

C. Quantification from the RPE1-FUCCI analysis in panel A to show the G1 Length and S/G2 

Length following release from CDK4/6 inhibition. Only cells that re-enter the cell cycle 

were included in this analysis (cells that remain red were excluded). Mean of data from 3 

experimental repeats -/+ SD. Statistical significance determined by Kruskal-Wallis test 

comparing prolonged treatment (4/7 days) to short-term treatment (1 day). (* < 0.01, ** < 

0.001, *** < 0.0001). 

 

The abnormal cell cycle kinetics that occur following prolonged CDK4/6 inhibition could 

potentially be caused by lack of nutrients, since the media was not changed during the 

course of CDK4/6 inhibition. To control for this, the media was replenished daily and 

compared to cells treated with the same media for the entire length of CDK4/6 inhibition. 

Figure 3.5 shows that same abnormal cell cycle behaviour occurred irrespective of 

whether the media was frequently replenished or not. Therefore, I conclude that the 

abnormal phenotypes observed following prolonged CDK4/6 inhibition are not due to a 

depletion of nutrients within the media. 

 

Figure 3.5  Effect of refreshing media daily during CDK4/6 inhibition 

RPE1-FUCCI cells were treated with palbociclib (1.25M) for 7 days continuously (left 

panel) or refreshed daily with new media containing palbociclib (1.25M) for 7 days (right 
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panel). Graphs show the cell cycle profile of individual RPE1-FUCCI cells (each bar 

represents one cell) after washout following the 7-day treatments. STLC (10M) was 

added to prevent progression through the first mitosis. 50 cells were analysed at random 

for each repeat and 3 experimental repeats are displayed (150 cells total). 

 

3.2.4 Effect of CDK4/6 inhibition on long-term proliferation  
 
The FUCCI analysis provides us with information about cell behaviour and cell cycle 

kinetics following release from CDK4/6 inhibition. However, to understand the effects 

CDK4/6 inhibition has on long-term growth colony forming assays were performed (Figure 

3.6). Following prolonged CDK4/6 inhibition (4 and 7 days), the ability to form colonies 

was reduced. Whilst there is still a reduction in colonies formed following CDK4/6 

inhibition with abemaciclib (Figure 3.6, panel 3), this is not as strong as the other four 

inhibitors which is consistent with FUCCI phenotype which showed less cells exiting the 

cell cycle.   
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Figure 3.6 Long-term growth following CDK4/6 inhibition 

The top panel shows representative images of colony forming assays of RPE1 cells treated 

with CDK4/6 inhibitor (palbociclib, ribociclib, abemaciclib and trilaciclib) for 1, 4 or 7 days 

and then grown at low density without CDK4/6 inhibitor for 10 days. The CDK4/6 

inhibitors were added at the same concentrations used in Figure 3.3 and 3.4. The bottom 

panel shows the quantification of these images. Each bar displays mean data -/+ SEM from 

3 experiments. These experiments were performed by Reece Foy.  

 

3.2.5 Long-term CDK4/6 inhibition  
 
I performed even longer-term inhibitions with palbocicilib (14 days) and this showed 

similar abnormal cell cycle kinetics (Figure 3.7A). However, in addition to this, I also 

observed cellular fusions occurring specifically during the washout period. Two or more 

cells were frequently observed to fuse together to form large, multinucleated cells that 

either remained arrested in G1, progressed into mitosis or reverted back into G1 (See 
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example image in Figure 3.7B). Quantification of cellular fusions (Figure 3.7C) show that 

after 14-days of treatment the percentage of the cells undergo fusion events is 

significantly increases following removal of Palbociclib. Whereas, these events were 

extremely rare after arrested for, 7 days or 1 day of treatment.  

 

Figure 3.7  FUCCI profiles following long-term CDK4/6 inhibition 

A. RPE1-FUCCI cells were treated with 1.25M of Palbociclib for 14 days. Graphs show the 

cell cycle profile of release into the cell cycle following washout of 14d inhibition. 10M of 

STLC was added to prevent progression through the first mitosis and allow analysis of the 

first cell cycle. 50 cells were analysed at random per experimental repeat. 3 experimental 

repeats were performed (150 cells in total) 

B. An example time-lapse image of four cells fusing and entering mitosis following release 

from 14d treatment with 1.25M Palbociclib.  

C. The number of cells that fuse together following release from 14d of CDK4/6 inhibition 

from panel A was quantified. The graphs shows the mean data +SD from 3 separate 

experimental repeats. Statistical significance determined by Fisher’s exact test comparing 
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prolonged treatment (7/14 days) to short-term treatment (1 day). (* < 0.01, ** < 0.001, 

*** < 0.0001). 

 

3.2.6 Characterising role of p53 on efficiency of G1 arrest 
 
S/G2 to G1 conversions have previously been linked to p53 (Krenning et al., 2014; 

Johmura et al., 2014; Gire & Dulic et al., 2015). Therefore, to identify the role that p53 has 

in the arrest in G1 following prolonged CDK4/6 inhibition, a p53 knockout cell line in the 

RPE1-FUCCI background was generated. Guide RNAs were generated against exon four, 

this first coding exon, of the p53 gene and co-transfected into RPE1-FUCCI cells along with 

a Cas9 plasmid. Nutlin-3a (5M) was used to select for p53 knockout (KO) cells that 

continue to proliferate whilst the p53 wild-type (WT) cells arrest. Western blot analysis 

was used to confirm p53 knockout in the resulting Nutlin-3a resistant polyclonal 

population of cells (Figure 3.8A). 

Once the knockout was confirmed, it was important to test if the p53 knockout cells were 

able to reversibly arrest in G1 like the p53 WT RPE1-FUCCI cell line. To do this, we tested 

the G1 arrest following 24 hours of treatment with Palbociclib by performing dose 

response curves with the same doses used in Figure 3.2A. Figure 3.8B and C shows a 

similar dose-dependent increase in the percentage of G1 arrested cells in both p53 wild-

type and knockout cells (dark blue (p53 WT) and green (p53 KO) solid lines). The CDK4/6 

inhibitor was then washed out to test the reversibility of the G1 arrest. The green dotted 

lines show that following washout of palbociclib, the G1 arrest was reversible in the p53 

KO cells (Figure 3.8C). An overlay of both dose-response curves (Figure 3.8D) for the p53 

WT and KO cell lines demonstrates that the G1 arrest and release was essentially identical 

in both cell lines. 
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Figure 3. 8  Characterisation of p53-KO cell lines 

A. Western blot of whole cells lysates from p53-WT and KO RPE1 and RPE1-FUCCI cells 

treated with 50M Etoposide for 2 hours to induce p53.  

B-D. Dose response curves showing the percentage of G1-arrested cells in RPE1-FUCCI p53 

WT (B) or p53 KO (C) following 24 hours of treatment with Palbociclib (dark solid lines). 

The light dotted lines display the percentage of G1 arrested cells 24hrs after washout of 

Palbociclib. Graphs display mean data -/+ SEM from 3 separate experiments. At least 500 

cells were counted per condition. The dose response curves for p53 WT vs p53 KO cells 

were overlaid (D) to allow for comparison between the two cell lines.  

 

3.2.7 Characterising the role of p53 on cell cycle withdrawals  
 
To determine the single cell response following prolonged CDK4/6 inhibition in p53 KO 

cells I performed live cell imaging. As previously, cells were treated for 1, 4 or 7 days with 
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1.25M Palbociclib. After the indicated treatment time, palbociclib was washed out and 

STLC was added to quantify the first cell cycle following release in both WT and p53 KO 

cell lines. As expected, after prolonged treated with palbociclib, p53 WT cell lines show a 

delayed entry into the cell cycle and a large proportion of the cells undergo withdrawal 

from S/G2 phase and revert to G1 without undergoing mitosis (Figure 3.9A, B). However, 

p53 KO cells renter the cell cycle significantly quicker and they all manage to enter mitosis 

following prolonged G1 arrest (Figure 3.9A, B). This result suggests that p53 plays an 

important role in withdrawal from the cell cycle following release from CDK4/6 inhibition.  

The long-term growth between p53 WT and KO cells were compared by colony forming 

assays (Figure 3.9C) which showed that p53 KO cells have improved long-term 

proliferation in comparison to the p53 WT cells. Colony forming potential is dramatically 

reduced after 4 days of palbociclib treatment in WT cells however, it takes 7 days of 

treatment to cause a similar reduction in KO cells. The difference after 4d of treatment 

was quite striking since p53-WT cells has lost almost all proliferative potential, whereas 

p53-KO cells were barely effected.  
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Figure 3. 9  Role of p53 KO in cell cycle withdrawals 

A. Cell cycle profile of individual p53-WT (top panel) or KO (bottom panel) RPE1-FUCCI 

cells (each bar represents one cell) after washout from 1, 4 or 7 days of treatment with 

palbociclib (1.25M). STLC (10 M) was added to prevent progression past the first 



96 
 

mitosis. 50 cells were analysed at random for each repeat and 3 experimental repeats are 

displayed (150 cells total). 

B. Quantification of the FUCCI defects, G1 and S/G2 length from the RPE1-FUCCI analysis 

in Figure A. Statistical significance of FUCCI defects determined by chi-squared test. 

Statistical significance of G1 and S/G2 length determined by Kruskal-Wallis test. For both 

tests, p53-WT and p53-KO cells were compared. (* < 0.01, ** < 0.001, *** < 0.0001).  

C. Top panel shows representative images of colony forming assays in p53-WT or KO RPE1 

cells treated with palbociclib (1.25M) for 1, 4 or 7 days and then grown at low density 

without inhibitor for 10 days. Bottom panel shows the quantification of these images. 

Each bar displays mean data -/+ SEM from 3 experiments. Experiments performed by 

Reece Foy. Statistical significance determined by Fisher’s exact test comparing p53-WT to 

p53-KO conditions. (* < 0.01, ** < 0.001, *** < 0.0001). 

 

I was struck by a few unexplained differences between the long-term growth assays and 

the cell cycle kinetics. Firstly, following 4 days of treatment with Palbociclib, the FUCCI 

data demonstrated that only a small percentage of cells withdraw from the cell cycle 

(Figure 3.9A) and yet this is still accompanied by  dramatic reduction in long-term colony 

forming potential (Figure 3.9C). Secondly, the cell cycle kinetics for the p53 KO cells show 

that majority of the population enters mitosis following 7 days of CDK4/6 inhibition 

(Figure 3.9A; bottom panel) however, there is still a significant reduction in colonies which 

indicates that long-term proliferation is still affected (Figure 3.9C). To understand these 

discrepancies, I performed FUCCI movies in the absence of STLC so multiple rounds of 

division could be quantified following release from palbociclib (Figure 3.10A). This analysis 

confirmed that although the majority of p53 WT and KO cells have the ability to complete 

the first cell cycle following washout from 4 days of palbociclib treatment, only the p53 KO 

cells are able to proliferate continuously thereafter (Figure 3.10A and B), which explains 

why only these cells are able to forming colonies after this treatment (Figure 3.9C). 

Furthermore, in the p53 KO cells after 7 days of palbociclib treatment, although cells made 

it into the first division after drug release, proliferation was notably reduced in 

subsequent cell cycles as less cells are seen to enter mitosis during the three day washout 

period. This pattern also matches the compromised colony forming potential in this 

condition (Figure 3.9C). Therefore, there is a strong agreement between FUCCI analysis 

performed over 72h and long-term proliferative potential. The loss of p53 is able to drive 
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partial resistance to CDK4/6 inhibition, but when treatment duration is extended to 

beyond 4d of treatment, proliferative capacity is impaired.  

 

Figure 3. 10  p53 KO effects long-term proliferation following CDK4/6 inhibition  

A. Cell cycle profiles of individual p53-WT or KO RPE1-FUCCI cells to analyse multiple 

rounds of division following washout from 1, 4 or 7 days of treatment with palbociclib 

(1.25µM). STLC was omitted to analyse multiple rounds of division. Graph shows 50 cells 

analysed at random from one experiment, which is representative of 2 experimental 

repeats. 

B. Quantification of cell cycle profiles from cells treated as in D. Graph shows 100 cells that 

were analysed at random from 2 experimental repeats. Statistical significance determined 

by Fisher’s exact test comparing p53-WT to p53-KO conditions for each cell cycle. (* < 

0.01, ** < 0.001, *** < 0.0001). 
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3.3 Discussion  

 

In this chapter I have shown that all four CDK4/6 inhibitors cause an efficient arrest in G1 

which is completely reversible at the physiologically relevant concentrations achieved in 

patients. However, as the treatment length is increased the reversibility of this G1 arrest is 

lost. Single cell analysis shows that this prolonged CDK4/6 inhibition causes premature cell 

cycle withdrawal which corresponds to a reduction in proliferative capacity of RPE1 cells. 

P53 has an important role in this cell cycle withdrawal, because in the absence of p53 

long-term proliferation is partially restored. 

Our work has demonstrated that p53-loss is able to drive resistance to CDK4/6 inhibition. 

This may have very important clinical implications because recent evidence suggests that 

mutations in p53 may confer resistance in patients, but so far this remains completely 

unexplained (Patnaik et al., 2016; Wander et al., 2020). In the most comprehensive clinical 

study of both acquired and intrinsic resistance to date, Wander et al. showed by whole-

exome sequencing of 59 breast cancer tumours that various mutations were associated 

CDK4/6 inhibitor resistance; including p53, Rb, AKT, RAS and Cyclin E. p53 was by far the 

most frequent gene mutation associated with resistance (occurring in 0/18 sensitive 

tumours, and 14/28 acquired resistance and 9/13 intrinsic resistance). Therefore, p53 

mutation is associated with resistance in more than 58.5% of cases. This contrasted with 

the next most frequent genetic change, which was Aurora A in 26.8% of resistance 

tumours (Wander et al., 2020).  

To validate these genetic changes as true drivers of resistance, they attempted to 

introduce them into MCF7 cells. This work demonstrated that all genetic alterations tested 

altered the sensitivity to CDK4/6 inhibition as an increase in proliferation following 

treatment was observed. However, in the instance of p53, the sensitivity to CDK4/6 

inhibition was unchanged which leads them to conclude that p53 does not drive 

resistance to CDK4/6 inhibition. Our work offers a crucial alternative explanation because 

p53 status does not affect the efficiency of the G1 arrest (Figure 3.8B-D), but it does still 

have major implications for long-term proliferation (Figure 3.9 and 3.10). This type of 

long-term proliferation assay was never tested by Wander et al. in MCF7 cells. Therefore, 
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if our findings hold true in breast cancer cells, then our data may explain why p53 drives 

resistance in the clinic. This demonstrates the importance of understanding the long-term 

effect of the G1 arrest and how it is mediated.  

Although long-term cell cycle withdrawal and senescence is a frequent, well published 

outcome of CDK4/6 inhibition, this has not previously been linked to defects during S-

phase. Our live-cell analysis suggest that defects during DNA replication may contribute to 

senescence because the majority of cells do not withdraw from the cell cycle until they 

have undergone S-phase. This illustrates why careful live single cell analysis can be so 

important in carefully characterising drug responses to cell cycle inhibitors. A major 

question that arises from this work is why do cells have problems during S-phase after 

prolonged CDK4/6 inhibition? That will be the focus of the next chapter.  

Finally, this is the first time, to my knowledge, that the three licensed CDK4/6 inhibitors 

have been compared side-by-side. In addition, I included a third recently FDA-approved 

inhibitor trilaciclib to this analysis. By comparing cell cycle kinetics in response to different 

inhibitors, I was able to identify differences in their individual responses that may help 

explain their distinctive toxicities in the clinic. Palbociclib and ribociclib are structurally 

similar compounds that display similar toxicity profiles in the clinic (Klein et al., 2018). The 

main toxicity associated with these inhibitors is neutropenia. In contrast, abemaciclib is 

structurally distinct and the main side effect associated is gastrointestinal toxicity (Klein et 

al., 2018). I observed that the reversibility of the G1 arrest was compromised near the 

approximate Cmax values. Further to this, the percentage of cells that remain arrested in 

G1 was increased after 1 day of treatment. It was observed that long-term treatment with 

abemaciclib exhibited less cell cycle withdrawals and an improvement in long-term 

proliferation. This data suggests that abemaciclib may be having additional off-target 

effects that contribute to irreversible cell cycle arrest. Abemaciclib is the only inhibitor 

that is effective as a monotherapy (Dickler et al., 2017; Corona et al., 2018), which also 

implies a different mechanism of action. Together, this data may explain why abemaciclib 

has a unique toxicity profile in comparison to the other CDK4/6 inhibitors. However, in the 

future, it will be important to carefully compare cell cycle responses between drugs in a 

range of different tumour cell types to fully understand these differences.  



100 
 

Trilaciclib was originally developed to protect healthy cells against chemotherapies to 

prevent myelosuppression. In metastatic TNBC, incorporation of trilaciclib into the 

treatment regimen (Gemcitabine and carboplatin) had minimal effect on 

myelosuppression. Although interestingly, the overall outcome was improved from 8.4 

months to 12.7 months therefore, further trials are ongoing to test the efficacy of this 

potential combination therapy (Tan et al., 2019) (NCT04799249). On the other hand, 

clinical trials have proven extremely effective at suppressing adverse effects associated 

with chemotherapies and subsequently, trilaciclib has recently been approved by the FDA 

to be used in combination with chemotherapy to treat SCLC (Weiss et al., 2019). As a 

cancer treatment, CDK4/6 inhibitors are dosed on a 3-week on, 1-week off schedule (or 

continuously in the instance of abemaciclib). However, trilaciclib is dosed on a different 

basis. SCLC patients are treated with etoposide and carboplatin on day one then followed 

by two further days of etoposide every 3 weeks (Carney et al., 1995). Therefore, trilaciclib 

is only given on days patients receive chemotherapy, for a total of 3 days at a time every 3 

weeks (Weiss et al., 2019). Our data demonstrates this timeframe correspond to a fully 

reversible G1 arrest in RPE1 cells, therefore if this is reflective of healthy cells within the 

body, then this could explain why this inhibitor can protect these healthy cells by inducing 

a temporary cell cycle withdrawal that does not cause adverse long-term effects. 

In summary, the work described in this chapter has made a number of important 

discoveries concerning the nature of long-term cell cycle withdrawal following CDK4/6 

inhibition. However, a crucial remaining question concerns the nature of the stress during 

a G1 arrest that causes these cells to withdraw from the cell cycle. Replication may be 

defective due to the withdrawal occurring during S-phase however, more work is required 

to understand why DNA replication may be problematic after a prolonged G1 arrest. 

These questions will be addressed in the next chapter. 
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4. Prolonged CDK4/6 inhibition causes replication stress 
  
4.1 Introduction  

 

The previous chapter shows that prolonged CDK4/6 inhibition induces cell cycle 

withdrawals during S/G2-phase, which are p53 dependent. This implies that p53 is 

activated during S/G2 phase to induce cell cycle withdrawal. The reason for p53 activation 

is unknown, but in other contexts this is frequently linked to DNA damage which occurs 

during S-phase (Krenning et al., 2014; Johmura et al., 2014; Gire & Dulic et al., 2015). p53 

is known to cause cell cycle withdrawals via APC/C activation which causes G1 cells to 

revert to a G1 like state without entering mitosis (a process known as mitosis skipping or 

endoreplication) (Krenning et al., 2014; Johmura et al., 2014; Gire & Dulic et al., 2015; Shu 

et al., 2018). I wanted to understand what stress during S-phase drives RPE1 cells to 

withdraw from the cell cycle following CDK4/6 inhibition.  

Proper DNA replication is vital for genome stability and when this process is impaired, 

replication stress occurs. Replication stress is a term used to describe faulty or abnormal 

DNA replication, which is often a result of the stalling of replication forks during DNA 

replication (Gaillard et al., 2015). Replication stress induces various types of defects on 

DNA which can be repaired by the DNA damage response which is mediated by Ataxia-

Telangectasia mutated and Rad 3 related (ATR) kinase. The main function of ATR is to 

stabilise stalled replication forks and hence, facilitate DNA damage response signalling 

(Byun et al., 2005). In addition, ATR also regulates the S-phase checkpoint to prevent re-

replication of DNA (Liu et al., 2007; Machida & Dutta, 2005). Some of the causes of 

replication stress include: stalling of replication forks due to physical barriers commonly 

caused by DNA lesions (Lambert & Carr, 2013); the collision of replication and 

transcription machinery due to them both sharing the same template (Lin & Pasero, 

2012); ribonucleotides may be incorporated into the newly synthesised DNA instead of 

nucleotides resulting in fork stalling (Dalgaard, 2012; McElhinny et al., 2010); the 

activation of oncogenes can result in replication stress via premature depletion of 

nucleotides, due to conflict with the transcription apparatus or impaired DNA replication 

(Halazonetis et al., 2008; Srinivasan et al., 2013; Gilad et al., 2010; Gaillard et al, 2015); 
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replication of fragile sites that are particularly difficult to replicate (Sinai et al., 2019; 

Zlotorynski et al., 2003). In addition, in these situations, dormant replication origins must 

fire to bypass the blockages and allow replication of the entire genome to be completed 

(Ge et al., 2007). Therefore, an insufficient number of licensed origins can also lead to an 

inability of cells to deal with replication stress. If this replication stress persists, then this 

results in DNA damage (Toledo et al., 2011), genome instability (Lambert & Carr, 2013), 

senescence (Darzynkiewicz, 2009) or cell death (Wang et al., 2019).  

It was hypothesized that one or more of these types of replication stress were 

contributing to the p53-dependent cell cycle withdrawals following washout from a 

prolonged palbociclib-induced G1 arrest. This aim of this chapter is to explore this 

hypothesis. 

4.2 Results 
 

4.2.1 Proteomics to determine why CDK4/6 inhibition causes cell cycle withdrawal 
 
To gain a better understanding of why cells prematurely exit the cell cycle following 

prolonged CDK4/6 inhibition I performed proteomic analysis comparing short-term versus 

long-term G1 arrest with 1.25uM palbociclib (2 days vs 7 days palbociclib). These time 

points were chosen because at 2 days the arrest is fully reversible whereas at 7 days this 

reversibility is impaired (see Figure 3.3 and 3.4; chapter 1). The proteomic analysis showed 

that five MCM proteins, all from the MCM2-7 complex that is responsible for licensing 

origins, were amongst the top 10 downregulated proteins (Figure 4.1A). The 

downregulated gene ontology terms also include DNA replication and MCM complex 

(Figure 4.1B), suggesting that origin licensing and DNA replication may be specifically 

impaired following CDK4/6 inhibition. This was further highlighted by the fact that in 

addition to MCM proteins, many other essential replisome components were also 

downregulated including PCNA, PCNA loading and binding proteins, and DNA polymerases 

(Figure 4.1C; note the graph displays all replisome-associated proteins that were detected 

in the proteomic analysis).  
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Figure 4.1  Proteomics shows downregulation of replisome proteins following prolonged 
CDK4/6 inhibition 

A. Volcano plots displaying up or downregulated genes following 7 days of treatment with 

1.25uM Palbociclib. Top 10 most significantly up and downregulated proteins are 

highlighted in red (downregulated) or blue (upregulated) with protein name labelled.  

B. Gene Ontology (GO) terms that are up or down regulated following 7 day treatment 

with 1.25uM Palbociclib relative to 2 days treatment.  

C. Quantification of the relative change in protein levels of range of DNA replication 

proteins comparing 2 day (blue bars) versus 7 day (orange bars) treatment with 1.25uM 

Palbociclib. Error bars display SD between three experimental triplicates.  
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4.2.2 Validation of downregulation of replisome components 
 
To validate the downregulation of these essential replisome proteins, Western blotting 

was performed. Western blotting confirmed that replisome components MCM2, MCM3, 

PCNA and CDC6 gradually decreased as the length of palbociclib induced G1 arrest 

increased in both p53-WT and KO cell lines (Figure 4.2A, B). It is important to note, that 

following release into S phase most of these replisome components remained low, with 

the exception of CDC6 (8 or 24hr time points were selected since this is when majority of 

cells were in S-phase, based on FUCCI graphs in chapter 1). Therefore, the levels of key 

replisome protein are reduced during a G1 arrest and they remain low during the 

subsequent S-phase when they are needed to replicate DNA.  
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Figure 4.2 Validation of downregulation of key replisome components  

A,B. Representative western blots of whole cell lysates from RPE1- p53 WT (A) or RPE-p53 
KO (B) cells following 1, 4 or 7 days treatment with 1.25uM palbociclib whilst in G1 
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arrested state or following washout from G1 arrest (samples harvested when cells are in S-
phase). Analysis of adjusted relative density from 3 independent western blot 
experiments. Bars display mean values -/+ SD.  Significance determined by unpaired 
Student’s T test comparing treated target protein to asynchronous target control. (* < 
0.01, ** < 0.001, *** < 0.0001). Experimental repeats were performed by Robert 
Whitaker. 
 

4.2.3 Reduced origin licensing following prolonged CDK4/6 inhibition  
 
To test if this reduction in protein level of MCM proteins corresponds to a reduction in 

MCM loading/origin licensing, a chromatin-bound MCM FACS assay was performed. Figure 

4.3 shows that MCM loading was significantly reduced following release from just 1 day of 

palbociclib treatment, however it was reduced even further after 7 days of treatment, 

indicating that DNA replication origins were severely under licenced. In summary, a 

prolonged arrest in palbociclib causes a number of defects that converge on DNA 

replication and when cells are released from this arrest they frequently withdraw from the 

cell cycle in a p53-dependent manner. 

 

Figure 4.3  CDK4/6 inhibition reduces origin licensing  

 The left panel shows a representative plot of MCM loaded in untreated RPE1 cells used to 

generate the corresponding graph at right. Soluble MCM was pre-extracted from cells and 

the amount of the remaining DNA-loaded MCM was analysed by flow cytometry. DNA 

content was measured with DAPI, and DNA synthesis was measured using a 30-minute 

EdU pulse. The population of early S phase cells (2C DNA content, EdU positive) analysed 

indicated. RPE1 cells were treated with palbociclib (1.25uM) for 1 or 7 days followed by 

drug washout for 8 hrs after 1 day of arrest or 24 hrs after 7 days of arrest to capture early 
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S phase. The amount of DNA-loaded MCM in early S phase cells was compared to 

untreated control cells. The measured fluorescent intensity of each sample was divided by 

the background intensity of an identically treated but unstained control. The resulting 

ratios were normalized to WT control cells. p53 status is as indicated. Significance 

determined by one-way ANOVA followed by Tukey’s multiple comparisons test (** p = 

0.001, **** p < 0.0001). Experimental repeats performed by Brandon Mourey. 

 

4.2.4 Induction of p21 
 
It was hypothesised that p53 responds to severe replication stress under these conditions 

which results in the induction of the cell cycle inhibitor p21 and halt cell cycle progression. 

To examine this, immunofluorescence was performed to analyse p21 levels following 

CDK4/6 inhibition. Figure 4.4 shows that in p53-WT cells, a strong induction in p21 is 

observed following washout from palbociclib treatment. However, this induction of p21 

was absent in p53-KO cells. This is consistent with the inability of p53 KO cells to exit the 

cell cycle (Figure 3.4) 

 

Figure 4.4  Induction of p21 following prolonged CDK4/6 inhibition  

A. Immunofluorescence images of p21 levels in p53 WT vs KO RPE1 cells. Cells were fixed 

48 hours after release from 1, 4 or 7 days of treatment with 1.25M Palbociclib. Zoom 

inserts are 3x magnification of the indicated regions. Scale bars = 250 M. 

B. Quantification of the intensity of p21 (cells were treated in same way as in panel A). At 

least 100 cells were analysed per experiment. The graph shows data from 3 separate 

experimental repeats. Violin plots display the variation in intensities between individual 

cells. Horizontal lines display the median, and error bars show 95% confidence intervals. 

(Two out of three experimental repeats performed by Reece Foy) 
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4.2.5 Removal of p53-p21 axis results in DNA damage  
 
Due to the absence of p21, p53-KO cells progress through the cell cycle therefore, it 

washypothesised that p53-KO cells may result in DNA damage. It has been previously 

shown that cells with under-replicated DNA result in chromosomes being torn apart 

resulting in severe DNA damage (Harrigan et al., 2011; Lukas et al., 2011). To quantify this 

DNA damage, immunofluorescence was performed to look at nuclear morphology and 

γH2AX foci, which is a common marker of DNA damage (Mah et al., 2010). The nuclear 

morphology of RPE1-p53 WT cells is normal both before and after washout of palbociclib 

and limited γH2AX foci, consistent with the fact they prematurely exit the cell cycle with 

high levels of p21. However, the RPE1-p53 KO cells do not prematurely exit the cell cycle 

therefore, following release from palbociclib, high levels of γH2AX foci are observed and 

the nuclear morphology is abnormal (Figure 4.5A-C). The phenotypes observed are 

micronuclei, binucleated cells and fragmented nuclei. Fragmented nuclei is the most 

common phenotype and is indicative of cells undergoing mitotic catastrophe (Wang et al., 

2019).  

 

Figure 4.5  Removal of p21-p53 axis causes severe DNA damage  

A. Representative Immunofluorescence images of DAPI and yH2AX staining in p53 WT and 

p53 KO-RPE cells before or after washout of palbociclib. Cells were treated with 1.25uM 

Palbociclib 7 days of treatment with 1.25uM Palbociclib. Scale bar = 250 M, zoom inserts 

= 3x magnification of highlighted regions 
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B. Quantification of yH2AX foci before or after washout of 1.25uM Palbociclib in p53 WT 

and p53 KO-RPE cell lines. Cells were treated for 1, 4 or 7 days and yH2AX foci were 

counted before washout or 48 hours after release. γH2AX foci were counted in 50 cells per 

condition per experiment and bar graphs represent mean data -/+ SEM from 6 

experiments. Three out of six experimental repeats were performed by Reece Foy.  

C. Quantification of the nuclear morphologies from cells treated as in panel D. 100 cells 

were scored per condition per experiment and bar graphs represent mean data -/+ SEM 

from 6 experiments. Three out of six experimental repeats were performed by Reece Foy. 

 

To observe mitotic progression in real time, time-lapse imaging of GFP-53BP1/H2B-RFP 

p53-KO RPE1 cells was performed. This demonstrated that the fragmented nuclei 

phenotype and the DNA damage that appeared following mitosis, was associated with 

grossly abnormal cell division in which unaligned or lagging chromosomes were not 

resolved prior to mitotic exit (Figure 4.6A-D). In addition, it was also observed that RPE1-

p53 KO cells showed a significant increase in symmetrical 53BP1 foci (Figure 4.6E, F), 

which has been shown to be a product of incomplete DNA replication (Harrigan et al., 

2011; Lukas et al., 2011). Together, this suggests that DNA replication is impaired 

following CDK4/6 inhibition therefore, inducing replication stress. 
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-

 

Figure 4.6  Live cell imaging of 53bp1-H2B cell lines following CDK4/6 inhibition  

A. Percentage of GFP-53BP1/H2B-RFP P53-KO RPE1 cells that display nuclear 

abnormalities specifically following the first mitosis after release from 1-day or 7-days 

palbociclib (1.25M) treatment. 80 7d-treated cells and 54 1d-treated cells were analysed 

from 2 experimental repeats. Statistical significance determined by chi-squared test 

comparing prolonged treatment (7 days) to short-term treatment (1 day). (* < 0.01, ** < 

0.001, *** < 0.0001). 
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B. Percentage of GFP-53BP1/H2B-RFP P53-KO RPE1 cells with visible chromosome 

segregation defects during the first mitosis after release from 1-day or 7-days palbociclib 

(1.25M) treatment. Statistical significance determined by chi-squared test comparing 

prolonged treatment (7 days) to short-term treatment (1 day). (* < 0.01, ** < 0.001, *** < 

0.0001). 

C. Time lapse of H2B signal during mitosis to show an example of unaligned chromosomes 

in GFP-53BP1/H2B-RFP P53-KO RPE1 cells following washout from 7-days of palbociclib 

(1.25M) treatment. Time point 0 corresponds to nuclear envelop breakdown. 

D. Time lapse of H2B signal during mitosis to show an example of lagging chromosomes in 

GFP-53BP1/H2B-RFP P53-KO RPE1 cells following washout from 7-days of palbociclib 

(1.25M) treatment. Time point 0 corresponds to nuclear envelop breakdown. 

E. Percentage of GFP-53BP1/H2B-RFP P53-KO RPE1 cells with visible 53BP1 foci appearing 

following the first mitosis after release from 1-day or 7-days palbociclib (1.25M) 

treatment. Statistical significance determined by Fisher’s exact test comparing prolonged 

treatment (7 days) to short-term treatment (1 day). (* < 0.01, ** < 0.001, *** < 0.0001). 

F. Immunofluorescence images to demonstrate symmetrical 53BP1 staining following 

mitotic exit in p53 KO RPE cells after washout from 7 days treatment with 1.25µM 

palbociclib. 3 separate examples displayed. Images taken by Reece Foy. 

 

4.2.6 CDK4/6 inhibition causes replication defects  
 
Cells have a mechanism to replicate any un-replicated DNA during mitosis, and this is 

referred to as mitotic DNA synthesis (MiDAS) (Minocherhomji et al., 2015; Moreno et al., 

2016; Gemble et al., 2020; Pedersen et al., 2015; Nielsen et al., 2015). To test if this was 

the case following CDK4/6 inhibition, a MiDAS experiment was performed which examines 

if EdU is being incorporated during mitosis. As a positive control for this assay, aphidicolin 

was removed, which is a DNA polymerase inhibitor frequently used to induce replication 

stress (Minocherhomji et al., 2015). Figure 4.7 shows that aphidicolin increases the 

number of EdU foci incorporated into the cell during mitosis as expected. This is in 

comparison to the relatively few foci observed in a control situation. Interestingly, cells 

released from prolonged CDK4/6 inhibition also exhibit an increased number of EdU foci. 

This suggests that DNA replication is impaired resulting in replication stress. This analysis 

was performed only in p53-KO cells as very little p53-WT cells enter mitosis after release 

from prolonged G1 arrest via palbociclib treatment which is likely due to p53-dependent 
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withdrawal (discussed in chapter 3) but also due the ATR-dependent checkpoint during G2 

which prevents mitotic entry until DNA replication has been successful (Saldivar et al., 

2018). 

 

Figure 4.7  DNA replication is impaired following release from CDK4/6 inhibition  

A. Representative immunofluorescence images of mitotic DNA replication assays (MiDAS). 

Images show EdU foci in Nocodazole arrested p53 KO-RPE1 cells following release from 7 

days of palbociclib (1.25M). Scale bar= 5 M, zoom inserts = 3x magnification of 

highlighted areas. 

B. Quantification of EdU foci during mitosis in p53 KO RPE1 cells (treated as shown in B). 

10 cells were analysed per experiment and the stacked bar chart shows the mean -/+ SEM 

from 3 experimental repeats. Experimental repeats performed by Reece Foy. 

 

4.2.7 ATR inhibition worsens that DNA damage phenotype in p53 WT cells 
 
To test if the ATR-dependent checkpoint plays a role in withdrawal from the cell cycle 

following CDK4/6 inhibition, an ATR inhibitor was added upon washout of palbociclib to 

determine if this drives more cells into mitosis and subsequently, worsens the DNA 

damage phenotype following CDK4/6 inhibition. Time-lapse imaging of RPE1-FUCCI-p53 

WT cells following release from palbociclib with the addition of ATR inhibitor upon 

washout was performed. Addition of the ATR inhibitor increased the percentage of cells 

enter mitosis following washout from 7 days of treatment with Palbociclib therefore, 
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causing a significant reduction in S/G2 to G1 withdrawals, as expected (Figure 4.8A). 

Inhibition of ATR also significantly shortened the length of S/G2 phase by almost 4 hours 

(Figure 4.8B), presumably because the ATR-dependent replication checkpoint prolongs 

S/G2 after release from CDK4/6 inhibition (Saldivar et al., 2018). I then performed 

immunofluorescence to quantify the DNA damage phenotype and this highlighted that 

p53-WT cells have an increase in percentage of fragmented nuclei, micronuclei and bi-

nucleated cells when ATR is inhibited following washout of palbociclib (Figure 4.8C). These 

data demonstrate that ATR helps to ensure that p53-WT cells exit the cell cycle in 

response to incomplete DNA replication.  

 

Figure 4.8  ATRi controls premature exit from the cell cycle following CDK4/6 inhibition 

A. FUCCI cell cycle profile following 7-day treatment with 1.25µM Palbociclib. Upon 

washout of palbociclib either a DMSO control or ATR inhibitor (VE-821, 5µM) was added 

and the re-entry into the cell cycle was quantified. STLC was added to analyse the first cell 
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cycle. Each bar represents an individual cell. Graphs show the data from 3 experimental 

repeats (150 cells analysed in total). Quantification of FUCCI defects (conversions and G1 

arrest). Each bar represents an average from 3 experimental repeats +SEM. Statistical 

significance determined by chi-squared test comparing conditions +/-ATR inhibition. (* < 

0.01, ** < 0.001, *** < 0.0001).  

B. Quantification of G1 or S/G2 Length following release from 7-day 1.25µM palbociclib 

treatment +/-ATR inhibition. Only cells that re-enter the cell cycle were included in this 

quantification (G1 arrested cells excluded). Mean of data from 3 experimental repeats +/-

SD. Statistical significance determined by Mann-Whitney test comparing conditions +/-

ATR inhibition. (* < 0.01, ** < 0.001, *** < 0.0001).   

C. Quantification of the nuclear morphologies following palbociclib (1.25M) treatment in 

p53 WT and KO RPE1 cells. Cells were treated for 0, 1 or 7 days and before washout for 48 

hours (+/-ATR inhibition). Nuclear morphologies of 100 cells were counted per condition 

per experiment and bar graphs represent mean data -/+ SEM from 3 experiments.  

D. Quantification of the yH2AX foci from cells treated as above. 50 cells were scored per 

condition per experiment and bar graphs represent mean data -/+ SEM 

from 3 experiments.  

 

4.2.8 Replication stress sensitises cells to CDK4/6 inhibition  
 

In summary, prolonged CDK4/6 inhibition induces replication stress due to reduced 

replisome components and a decrease in the number of licensed origins. In response to 

this replication stress, p53 becomes activated resulting in withdrawal from the cell cycle, 

most probably in a p21-dependent manner. If p53 is absent, then cells enter mitosis with 

under replicated DNA and undergo mitotic catastrophe causing severe DNA damage. I 

next sought to test the potential implications of this genotoxic stress for anti-cancer 

treatment. Firstly, I hypothesized that cells with elevated levels of replication stress may 

be more sensitive to CDK4/6 inhibition. Secondly, I predicted that combining CDK4/6 

inhibition with chemotherapies that also induce replication stress may exacerbate the 

phenotype following release from CDK4/6 inhibition.  

 Replication stress is a common hallmark of cancer cells (Macheret & Halazonetis, 2015) 

that could potentially give rise to sensitivity to CDK4/6 inhibition. Instead of moving into 

different cell types with diverse genetic background, I sought instead to elevate 
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replication stress in RPE1 cells using aphidicolin, an inhibitor of DNA polymerase. I 

selected submaximal doses of all inhibitors based on previously published data in RPE1 

cell lines (Olivieri et al., 2020). In comparison to palbociclib alone (Figure 4.9A), the 

addition of aphidicolin upon washout of palbociclib significantly increases the percentage 

of FUCCI defects (G1 arrest or G2 to G1 conversions) (Figure 4.9B). This increase in cell 

cycle withdrawals following the addition of aphidicolin also corresponds to a significant 

reduction of proliferative capability, as determined by colony forming assays (Figure 4.9D). 

Aneuploidy is a common feature of tumour cells that has also been shown to lead to 

replication stress (Ohashi et al., 2015; Sheltzer et al., 211; Santaguida et al., 2017). 

Therefore, I treated RPE1 cells with an MPS1 inhibitor, Reversine (which inhibits the 

mitotic checkpoint) for 24 hours to induce widespread aneuploidy (Santaguida et al., 

2017). Following 24 hours of MPS1 inhibition, cells were treated with 1.25µM Palbociclib 

for 4 days. The cell cycle profiles show that following 4d CDK4/6 inhibition alone, we see a 

small percentage of cells displaying FUCCI defects (Figure 4.9A). Following 4 days of 

CDK4/6 inhibition in the RPE1 aneuploid cells, the percentage of FUCCI defects 

significantly increases (Figure 4.9C). To confirm this, colony forming assays were 

performed which showed that treating aneuploid RPE1 cells with CDK4/6 inhibition 

significantly reduces their ability to form colonies (Figure 4.9E). Interestingly, 1 day of 

treatment with CDK4/6 inhibitor in the aneuploid RPE cells is comparable to 2 days of 

treatment in the control lines suggesting that aneuploid cells are more sensitive to shorter 

durations of CDK4/6 inhibition. In summary, increasing the basal level of replication stress 

using 2 different approaches also induced sensitivity to CDK4/6 inhibition.  
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Figure 4.9  Inducing replication stress sensitises RPE1 cells to CDK4/6 inhibition  

A. Cell cycle kinetics of individual RPE1-FUCCI cells (each bar represents one cell) after 

release from 4d treatment with palbociclib (1.25M) or DMSO. 50 cells analysed per 
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experiment (150 cells analysed in total). Quantification of FUCCI defects (conversions and 

G1 arrest). Each bar represents an average from 3 experimental repeats +SEM. Statistical 

significance determined by chi-squared test comparing untreated to 4 day palbociclib 

treatment. (* < 0.01, ** < 0.001, *** < 0.0001). 

B. Cell cycle profile of individual RPE1-FUCCI cells treated as in panel A, but additionally 

treated with 0.2µM aphidicolin upon release. 50 cells analysed per experiment (150 cells 

analysed in total). Quantification of FUCCI defects (conversions and G1 arrest). Each bar 

represents an average from 3 experimental repeats +SEM. Statistical significance 

determined by chi-squared test comparing untreated to 4 day palbociclib treatment. (* < 

0.01, ** < 0.001, *** < 0.0001). 

C. Colony forming assays with RPE1 cells treated with palbociclib (1.25M) for indicated 

times, and then grown at low density without palbociclib for 10 days. DMSO (control) or 

aphidicolin was applied for the first 24 h after palbociclib washout. Each bar displays mean 

data -/+ SD from 4 experiments. Statistical significance determined by Fisher’s exact 

comparing aphidicolin alone to 4 day palbociclib treatment plus aphidicolin. (* < 0.01, ** < 

0.001, *** < 0.0001). 

D. Cell cycle profile of aneuploid RPE1-FUCCI, treated as in panel A. To generate 

aneuploidy, RPE1 cells were treated with 0.5μM reversine for 24h immediately prior to 

palbociclib treatment, as described previously (Santaguida et al., 2017). 50 cells analysed 

per experiment (150 cells analysed in total). Quantification of FUCCI defects (conversions 

and G1 arrest) displayed in bar graph. Each bar represents an average from 3 

experimental repeats +SEM. Statistical significance determined by chi-squared test 

comparing untreated to 4 day palbociclib treatment. (* < 0.01, ** < 0.001, *** < 0.0001). 

E. Colony forming assays with control or aneuploid RPE1 cells treated with palbociclib 

(1.25M) for indicated times and then grown at low density without inhibitor for 10 days. 

Aneuploid cells were created as stated in panel B. Each bar displays mean data -/+ SD from 

3 experiments. Statistical significance determined by Fisher’s exact comparing aphidicolin 

alone to 4 day palbociclib treatment plus aphidicolin. (* < 0.01, ** < 0.001, *** < 0.0001). 

 

4.2.9 Chemotherapy agents sensitise RPE1 cells to CDK4/6 inhibition upon washout 
 
I next tested three alternative chemotherapy agents which have all been shown previously 

to cause replication stress: camptothechin (Topoisomerase I inhibitor), doxorubicin 

(Topoisomerase II inhibitor) and olaparib (PARP inhibitor) (Vesela et al., 2017; Hsiang et 

al., 1989; Nitiss, 2009; Bryant et al., 2005; Maya-Mendoza et al., 2018). As mentioned 

previously in section 4.2.8, the doses chosen for these drugs were based on previously 

published work (Olivieri et al., 2020). The control conditions (in the absence of CDK4/6 
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inhibition) had minimal effect on cell cycle withdrawal, as suspected at these doses (Fig 

4.10A-D). However, when the chemotherapy agents were given following release from 4 

days of CDK4/6 inhibition, this resulted in a significant proportion of cells converting to G1 

following re-entry into S/G2-phase. Combination treatments also induced an increase in 

cells that remain arrested in G1 following release from CDK4/6 inhibition, however, the 

most notable increase in the percentage of G1 arrested cells was following doxorubicin 

treatment (Figure 4.10C). Combining DNA damage inducing drugs upon washout from 

palbociclib also significantly reduced the proliferative capacity of RPE1 cells shown by 

colony forming assays (Figure 4.10E) However, camptothechin does not appear to reduce 

colony forming potential in the same way as the other drugs tested. Doxorubicin and 

olaparib show the strongest sensitisation with 1 day of CDK4/6 inhibition in the 

combination condition equating to the 3 day condition when treated with palbociclib 

alone. This data implies that combining CDK4/6 inhibition with chemotherapy agents may 

be a promising treatment opportunity. 
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Figure 4. 10  Addition of genotoxic drugs upon release sensitises cells to CDK4/6 
inhibition 

A. Cell cycle kinetics of individual RPE1-FUCCI cells (each bar represents one cell) after 

release from 4d treatment with palbociclib (1.25M) or DMSO. 50 cells analysed per 

experiment (150 cells analysed in total). Quantification of FUCCI defects (conversions and 
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G1 arrest) shown in bar. Each bar represents an average from 3 experimental repeats 

+SEM. Statistical significance determined by chi-squared test comparing untreated to 4 

day palbociclib treatment. (* < 0.01, ** < 0.001, *** < 0.0001). 

B-D. Cell cycle profile of individual RPE1-FUCCI cells treated as in panel A, but additionally 

treated after drug washout with camptothechin (B), doxorubicin (C) or olaparib (D), at 

indicated concentrations. Each bar represents an average from 3 experimental repeats 

+SEM. Statistical significance determined by chi-squared test comparing DMSO control to 

4 day palbociclib treatment + genotoxic drugs (* < 0.01, ** < 0.001, *** < 0.0001). 

 

E. Colony forming assays with RPE1 cells treated with palbociclib (1.25M) for indicated 

times, and then grown at low density without palbociclib for 10 days. DMSO (control) or 

indicated genotoxic drugs were applied for the first 24 h after palbociclib washout. Each 

bar displays mean data -/+ SD from 4 experiments. Statistical significance determined by 

Fisher’s exact test, comparing time matched control (palbociclib alone) conditions to 

palbociclib plus genotoxic drug conditions. (* < 0.01, ** < 0.001, *** < 0.0001). 

 

4.3 Discussion  

 

In this chapter, I have shown that prolonged CDK4/6 inhibition results in a downregulation 

of key replisome components. This downregulation is associated with reduced origin 

licensing and hence, replication stress. In response to this replication stress, p53-WT cells 

exit the cell cycle with high levels of p21. However, the p53-KO cells continue to 

proliferate with under-replicated DNA and upon division these cells undergo mitotic 

catastrophe. It has been demonstrated that the potential value of this replication stress 

from a treatment perspective, by showing that pharmacological induction of replication 

stress sensitises RPE1 cells to CDK4/6 inhibition.  

The most important implications of this chapter is that CDK4/6 inhibition has been linked 

to genotoxic stress for the first time. It could have been extremely easy to miss this 

connection for two main reasons. Firstly, it is difficult to appreciate the reason for cell 

cycle withdrawal using fixed time point assay that do not demonstrate withdrawal during 

or following S-phase. This therefore highlights that single-cell assays were critical in 

uncovering this new link to replication stress. Secondly, it is also quite counterintuitive 

that CDK4/6 inhibitors cause problems during S-phase considering that they block S-phase 
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progression by arresting cells in G1. The key is that the stress occurs following drug release 

which could be important clinical given the way these drugs are administered.   

CDK4/6 inhibitors, palbociclib and ribociclib, are dosed on a 3-week on, 1-week off 

schedule. The drug holiday is predominantly required to allow recovery of neutropenia, 

the most notable toxicity associated with these CDK4/6 inhibitors. I observe replication 

stress occurring following release from CDK4/6 inhibition which suggests that these drug 

free periods may be required to facilitate cytotoxicity. This hypothesis should be tested as 

if DNA damage occurs during drug holidays, then dosing schedules could be optimised to 

enhance tumour killing. In addition to optimising treatment regimens, this work also 

emphasises that tumour cells may be more sensitive to CDK4/6 inhibitors. It is well 

established that cancer cells display higher levels of replication stress, which has now 

been characterised as a hallmark of cancer (Macheret & Halazonetis, 2015). I show that 

short-term CDK4/6 inhibition has minimal effect on RPE1 cells, however, our results imply 

that cancer cells with higher levels of endogenous replication stress may be more sensitive 

to CDK4/6 inhibition. Pharmacological induction of replication stress (via MPS1 inhibition 

or treatment with aphidicolin) in combination with CDK4/6 inhibition demonstrates that 

RPE1 cells can tolerate shorter periods of palbociclib treatment (Figure 4.9). Together with 

mutations within signalling pathways that drives sensitivity to CDK4/6 inhibition, increased 

levels of replication stress may be another factor that contributes to increased sensitivity 

in cancer cells. This should be tested in a range of different cancer types that exhibit 

varying levels of replication stress to confirm this hypothesis.  

In this chapter, I also show that CDK4/6 inhibitors and chemotherapy may be a beneficial 

combination treatment option (Figure 4.10). Many chemotherapy agents also induce 

replication stress, therefore combinations of genotoxic drugs alongside CDK4/6 inhibitors 

should result in a double hit approach to worsen replication stress phenotype and 

facilitate cytotoxicity. As mentioned above, drug free periods may be crucial for causing 

DNA damage and addition of a chemotherapeutic agent during this drug holiday period 

may prove beneficial. Further work is required to test this hypothesis in cancer cell lines 

and potentially optimise the dosing schedules of clinical trials already ongoing to test this 

combination treatment. Another recent study also suggested that combining CDK4/6 
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inhibitors with chemotherapies is a promising therapeutic strategy (Salvador-Barbero et 

al., 2020). However, they state the reason for this synergy is due to impaired DNA repair 

processes and the addition of chemotherapies worsens the resulting DNA damage. DNA 

repair may also be affected in our model since E2F genes are downregulated during the 

G1 arrest, however, it would be important to test if important DNA repair pathways 

remained downregulated upon release from this G1 arrest. If so, this may explain why 

CDK4/6 inhibitors are effective radiosensitisers which is further supported by other 

studies (Gottgens et al., 2019; Hashizume et al., 2016; Naz et al., 2018; Xie et al., 2019).  

I show that the cell cycle withdrawal in response to replication stress upon washout of 

palbociclib likely corresponds to cells become senescent. Senescent cells undergo altered 

gene alterations that result in a senescent-associated secretory phenotype (SASP). This 

means that senescent cells secrete a range of cytokines that elicit an immune response 

(Krizhanovsky et al., 2008; Xue et al., 2007; Kang et al., 2011; Acosta et al., 2013). 

Therefore, this may be extremely important for the clearance of senescent cells which 

may contributing to tumour killing. There is a vast amount of evidence showing that 

CDK4/6 inhibitors engage the immune system to clear senescent cells via a range of 

different mechanisms (Deng et al., 2017; Ruscetti et al., 2020; Teo at al., 2017; Zhang et 

al., 2018; Yu et al., 2019; Jin et al., 2019). There are a range of clinical trials ongoing 

combining CDK4/6 inhibition and immunotherapy (14 trials in 8 different tumour types) 

(see review for more details: Gil & Warner, 2020). However, the immune system would 

only be able to clear p53-WT cells in this instance as p53-KO cells are able to continue 

proliferation and it could be suggested tumours with loss of p53 should not be treated 

with CDK4/6 inhibitors. However, the role of p53 and immune system engagement may be 

more complicated than that. Recent work suggests the cGAS-STING pathway may become 

activated in response to replication stress, specifically in the presence of micronuclei (Ubhi 

& Brown et al., 2019; Ragu et al., 2020; Gekara et al., 2017; Bartsch et al., 2017; Harding et 

al., 2017; Mackenzie et al., 2017). I demonstrate that p53-KO cells display excessive DNA 

damage and micronuclei (Figure 4.5 and 4.6), therefore immune clearance of these cells 

may still be possible. It is critical to understand this since various ongoing clinical trials are 



123 
 

currently combining CDK4/6 inhibition and immunotherapy. Assessing what implications 

p53 status has in these situations will therefore be imperative.  

There are also a number of key fundamental questions that are interesting and important 

to solve which may give rise to new clinical ideas. I show that reduction of replisome 

components and a decrease in origin licensing are responsible for replication stress in 

RPE1 cells. Reduced origin licensing is observed after only one day of CDK4/6 inhibition 

however, all other phenotypes appear to be relatively normal following 24 hours of 

palbociclib treatment. It is likely that origin licensing needs to be reduced below a certain 

threshold before severe consequences are observed. After 1 day of inhibition RPE1 cells 

probably have sufficient licensed origins to facilitate DNA replication which is then 

impaired following longer treatment. This is further highlighted as after 1 day of G1 arrest 

in combination with replication stress causes noticeable effects on long-term proliferation 

(Figure 4.8E and 4.9E). A key question that has not been addressed is why MCM levels are 

downregulated following CDK4/6 inhibition. Throughout the cell cycle, MCM protein levels 

remain relatively unchanged (Mendez & Stillman, 2000; Matson et al., 2017), unlike their 

mRNA levels (Leone et al., 1998; Whitfield et al., 2002). Therefore, it is critical to 

understand the cause of this atypical downregulation.  

In the following chapter, I plan to address why a prolonged G1 arrest cause the 

downregulation of so many replisome proteins including the MCMs. It is critical to resolve 

this question since the stress of a prolonged G1 arrest is really the cause of the replication 

stress phenotype.  
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5. CDK4/6 inhibition uncouples cell growth from the cell cycle  
 
5.1 Introduction 

 

It is critical to understand why the prolonged G1 arrest induced by CDK4/6 inhibition 

causes a cytotoxic response. The previous chapter shows that replisome components are 

degraded during this arrest, but in addition, there is a vast change within the proteome. 

Further analysis of this proteomic data shows that a range of different processes are 

up/downregulated. The majority of downregulated proteins appeared to be E2F/Myc 

target genes, as expected, however a range of upregulated GO processes were identified 

including hypoxia, glycolysis, KRAS signalling and the p53 pathway (Figure 5.1A). In 

addition to this, a large increase in lysosomal-associated proteins following a prolonged 

G1 arrest was observed (Figure 5.1B) 

 

Figure 5.1  Proteomic changes following prolonged CDK4/6 inhibition  

A. Gene Ontology terms that are up/downregulated following 7 day treatment with 

1.25µM Palbociclib in proteomic analysis 
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B. Volcano plot showing proteins associated with the lysosomal compartment (highlighted 

in red). Proteomic comparison from 2 versus 7 days of treatment with 1.25µM. 

 

Lysosomes are organelles within the cell that are responsible for degradation of cellular 

material. This cellular material is delivered to the cell via a process termed autophagy, 

though there are multiple types of autophagy including: macroautophagy, chaperone-

mediated autophagy and microautophagy (Mizushima et al., 2008; Yim et al., 2020). The 

lysosome facilitates autophagy which is regulated by mTORC1 signalling and the starvation 

of nutrients is sufficient to induce an autophagy response (Mukherjee et al., 2016; Sato et 

al., 2019). This dramatic alteration in lysosomal activity observed following a prolonged G1 

arrest, may indicate that autophagy is induced during this G1 arrest. It has been reported 

that CDK4/6 inhibition results in increased autophagy in breast cancer cells 

(Vijayaraghavan et al., 2017; Fassl et al., 2020) and acute myeloid leukemia cells (Nakatani 

et al., 2020). This increase in autophagy correlates to resistance to CDK4/6 inhibition (Li et 

al., 2020) therefore, addition of autophagy inhibitors can re-sensitise cancer cells to 

CDK4/6 inhibition (Vijayraghavan et al., 2017; Fassl et al., 2020; Nakatani et al., 2020). The 

increase in autophagy activity may be having additional effects during a prolonged G1 

arrest and could potentially be responsible for the down regulation of key replisome 

components. On this point, it is important to note that MCM proteins are relatively stable 

throughout the cell cycle (Mendez & Stillman, 2000; Matson et al., 2017) suggesting that 

the downregulation of these key proteins is uncharacteristic.  

It was therefore hypothesised that the proteomic changes observed after prolonged 

CDK4/6 inhibition may in fact be indicative of a more largescale problem. In this chapter I 

aim to investigate why this prolonged G1 effect causes so many cytotoxic changes to the 

cell. 
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5.2 Results  

 

5.2.1 Transcriptomic analysis to compare short-term versus long-term CDK4/6 inhibition 
 
Short-term CDK4/6 inhibition (less than 3 days) showed limited defects in the subsequent 

S phase in comparison to a prolonged G1 arrest. To understand why prolonged CDK4/6 

inhibition is detrimental to RPE1 cells, I performed transcriptomic analysis following 1, 2 or 

7 days of treatment with 1.25µM palbociclib. This revealed that 913 transcripts are 

downregulated and 1374 are upregulated demonstrating that a prolonged G1-arrest 

caused widespread alterations to the transcriptome (Figure 5.2A). Further pathway 

analysis showed that E2F targets and genes regulating mitosis were down regulated, as 

expected following inhibition of the Cyclin D-CDK4/6-Rb pathway. A strong upregulation of 

a previously characterised 42-gene hypoxic signature was also observed (Figure 5.2B) (Ye 

at al., 2018). In addition, cell morphology, cell migration, stress and inflammatory 

responses were amongst the top upregulated processes following prolonged CDK4/6 

inhibition (Figure 5.2C). 
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Figure 5.2  Transcriptomic alterations following CDK4/6 inhibition 

A. Volcano plots displaying up/downregulated genes following 7 days of treatment with 
1.25µM Palbociclib in transcriptomic analysis. Comparison to 1 day of treatment with 
1.25µM Palbociclib. 
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B. Analysis of up or downregulation of 42 hypoxia associated genes following 1, 2 or 7 
days of treatment with 1.25µM Palbociclib. Each column represents an experimental 
repeat. 

C. Gene Ontology terms that are up/downregulated following 7 day treatment with 
1.25µM Palbociclib in transcriptomic analysis.  

5.2.2 Induction of cell growth via CDK4/6 inhibition  
  
Gene ontology analysis showed that cell morphology-related genes were altered which 

was interesting as I had also observed that the cellular morphology was altered upon 

CDK4/6 inhibition. To further investigate these morphology changes, I performed 

immunofluorescence to visualise palbociclib arrested cells and this showed that cells 

progressively increase in size during the G1-arrest (Figure 5.3A). Both the nucleus and 

cytoplasm become enlarged and there is an obvious increase in overall cell size when 

comparing 1 day versus 7 day of treatment with 1.25µM palbociclib. To quantify the 

growth during a palbociclib induced G1 arrest I measured the volume of the cells. To do 

this, the cells were imaged upon trypsinisation when they conform to a spherical shape 

and the diameter and cell volume can be obtained. However, accurate cell volume 

analysis could not be performed following four days of inhibition as the RPE1 cells failed to 

round up properly beyond this time point, often appearing misshapen (see examples of 

cells taken 20 min after trypsinisation (cells should be rounded up after 20 minutes of 

trypsinisation), Figure 5.3B). Calculating cell volume changes between 1 and 4 days of a G1 

arrest, it can be seen that cell size increased linearly (Figure 5.3C). This cell growth was 

accompanied by an increase in total protein (Figure 5.3D) and RNA content (Figure 5.3E), 

which continued to increase out to 7 days of arrest. I predict that this continued cell 

growth without division leads to cellular stress and hypoxia perhaps as a result of the high 

metabolic demands.  
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Figure 5.3  CDK4/6 inhibition induces cell growth 

A. Top panel shows immunofluorescence images of RPE1 cells stained with Tubulin/DAPI 

showing growth following 1-7 days of treatment with 1.25µM Palbociclib.  

B. Bottom panel shows immunofluorescence images of trypsinised RPE1-FUCCI cells 

following 1-7 days of treatment with 1.25µM Palbociclib. The green fluorescence observed 

is from GFP-Geminin in RPE1-FUCCI cells. 
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C. RPE1 cells treated with 1.25µM Palbociclib from 1-4 days. Cells are trypsinised following 

indicated treatment time and cell volume was measured. Each point represents the mean 

+/- SD from three experimental repeats.  

D. RPE1 cells treated with 1.25µM Palbociclib from 1-7 days. Cells were harvested after 

each time point and protein concentration was measured. Each point represents the 

mean +/- SD from two experimental repeats.  

E. RPE1 cells treated with 1.25µM Palbociclib from 1-7 days. Cells were harvested after 

each time point and RNA concentration was measured. Each point represents the mean 

+/- SD from two experimental repeats. Experiments performed by Reece Foy. 

 

5.2.3 Low serum rescues CDK4/6 induced growth  
 
I hypothesised that this aberrant overgrowth during G1 may contribute to the resulting 

replication defects upon release from this prolonged G1 arrest. To test this, we attempted 

to restrict the G1 growth by various methods. Firstly, I cultured RPE1 cells in low serum 

(0.2%) throughout the palbociclib treatment. Culturing cells in low serum limits mitogenic 

factors that might contribute to the activation of growth control pathways (Demidenko & 

Blagosklonny, 2008; Yao, 2014). Figure 5.4A shows that low serum was able to restrict, 

although not completely abolish, the cell growth during this G1 arrest. To determine what 

effect this has on the cell cycle, I performed live-cell imaging of RPE1-FUCCI cells following 

release from prolonged treatment with 1.25µM palbociclib. Upon washout of palbociclib, 

cells cultured in low serum were replaced with 10% FBS to allow re-entry into the cell 

cycle. Quantification of the FUCCI profile showed that low serum was able to significantly 

reduce the number of S/G2 to G1 conversions, however, there is little effect on the 

percentage of cells that remain G1-arrested (Figure 5.4B). The duration of G1 length is 

extended following washout of however, the duration of S-phase is significantly reduced 

when cultured in low serum in comparison to 10% serum (Figure 5.4C). Colony forming 

assays also show that long-term proliferation is partially restored when CDK4/6 inhibition 

is combined with reduced serum levels (Figure 5.4D), as expected given that the number 

of cell cycle withdrawals into G1 were reduced.  
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Figure 5.4  Cell growth is rescued by low serum 

A. RPE1 cells treated with 1.25µM of palbociclib and harvested at 1-4 days of treatment. 

Cells were either cultured in full growth media with 10% serum or in 0.2% serum. The cell 

volume of trypsinised cells was measured. Each point represents the mean +/- SD from 

three experimental repeats. 

B. FUCCI cell cycle profile following 7-day treatment with 1.25µM Palbociclib. Cells were 

treated with 10% or 0.2% serum during the 7-day treatment. Upon washout of palbociclib, 

all conditions were replaced with 10% serum and the re-entry into the cell cycle was 

quantified. . STLC was added to analyse the first cell cycle. Each bar represents an 

individual cells. Graphs show the data from 3 experimental repeats (150 cells analysed in 

total). Quantification of FUCCI defects (conversions and G1 arrest) displayed in bar graph. 

Each bar represents an average from 3 experimental repeats +SEM. Statistical significance 

determined by chi-squared test comparing conditions with 10% serum to 0.2% serum. (* < 

0.01, ** < 0.001, *** < 0.0001). 
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C. Quantification of FUCCI graphs displaying time spent in G1 or S/G2 following release 

from 1.25µM Palbociclib in cells cultured with 10% serum or 0.2% serum. Only cells that 

re-enter the cell cycle were included in this analysis (cells that remain red were excluded). 

Mean of data from 3 experimental repeats -/+ SD. Statistical significance determined by 

Mann-Whitney test comparing high or low serum conditions. (* < 0.01, ** < 0.001, *** < 

0.0001).   

D. Colony forming assays with RPE1 treated with palbociclib (1.25µM) for indicated times 

at either 10% or 0.2% serum and then grown at low density without CDK4/6 inhibitor for 

10 days. Each bar displays mean data -/+ SD from 2 experiments. Experiments performed 

by Reece Foy.  

 

5.2.4 Rescue cell growth by plating RPE1 cells at high confluence 
 
Another potential way to inhibit growth in RPE1 cells is to grow them to confluence, since 

this induces a quiescent growth arrest in this non-transformed cell line due to contact 

inhibition of proliferation (Eagle & Levine, 1967; Leontieva et al., 2014). Culturing cells at 

high confluence completely prevented the overgrowth phenotype induced by palbociclib 

treatment (Figure 5.5A). To quantify cell cycle defects upon washout of 1.25µM 

palbociclib I performed live cell imaging of RPE1-FUCCI cells. During the 7-day treatment 

with palbociclib, RPE1-FUCCI cells were plated at high density, however, before washout 

cells were re-plated at a low density to allow re-entry into the cell cycle. High confluence 

significantly reduced the number of G1 conversions and causes a small reduction in the 

percentage of cells that remain in a G1-arrested state (Figure 5.5B). Density did not have 

an impact on G1 length following release from CDK4/6 inhibition (Figure 5.5C). Plating at 

high density also improved the long-term proliferation of RPE1 cells following CDK4/6 

inhibition (Figure 5.5D) which corresponds to the reduction in cell cycle withdrawals.  
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Figure 5.5  Cell growth can be prevented by plating cells at high confluence 

A. RPE1 cells treated with 1.25µM of palbociclib and harvested at 1-4 days of treatment. 
Cells were either cultured at high confluence or low confluence. The cell volume of 
trypsinised cells was measured. Each point represents the mean +/- SD from 3 
experimental repeats. 

B. FUCCI cell cycle profile following 7-day treatment with 1.25µM Palbociclib. Cells were 
either cultured at high confluence, sub confluence or low confluence. High confluence 
conditions were plated at a low confluence before washout of the inhibitor. Upon 
washout of Palbociclib, STLC was added to analyse the first cell cycle. Each bar represents 
an individual cell. Graphs show the data from 3 experimental repeats (150 cells analysed 
in total). Quantification of FUCCI defects (conversions and G1 arrest) displayed in bar 
graph. Each bar represents an average from 3 experimental repeats +SEM. Statistical 
significance determined by chi-squared test comparing low confluence conditions to high 
confluence conditions. (* < 0.01, ** < 0.001, *** < 0.0001). 
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C. Quantification of FUCCI graphs displaying time spent in G1 or S/G2 following release 
from 1.25µM Palbociclib in cells cultured at low or high confluence. Only cells that re-
enter the cell cycle were included in this analysis (cells that remain red were excluded). 
Mean of data from 3 experimental repeats -/+ SD. Statistical significance determined by 
Mann-Whitney test comparing high or low confluence conditions. (* < 0.01, ** < 0.001, 
*** < 0.0001).   

D. Colony forming assays with RPE1 treated with palbociclib (1.25M) for indicated times 
at either low confluence or high confluence and then grown at low density without 
CDK4/6 inhibitor for 10 days. Each bar displays mean data -/+ SD from 2 experiments. 
Experiments performed by Reece Foy. 
 

5.2.5 Rescue cell growth by MEK inhibition  
 
MAPK signalling facilitates transcriptional changes required to mediate cell growth (Zhang 

& Liu, 2002). Therefore, it was hypothesised that inhibition of MEK may prevent atypical 

G1 growth. Combined CDK4/6 and MEK inhibition reduced cell growth in RPE1 cells 

however, a complete growth arrest was not observed (Figure 5.6A). MEK inhibition also 

significantly prevented cell cycle withdrawals (Figure 5.6B). Re-entry into S-phase 

following release was delayed when RPE1-FUCCI cells were treated with CDK4/6 and MEK 

inhibition (Figure 5.6C), which may be explained by the ability of MEK inhibition to inhibit 

of Cyclin D transcription (Klein & Assoian, 2008; Witzel et al., 2010; Shen et al., 2008). The 

colony forming potential was partially rescued upon combination treatment with 

palbociclib and MEK inhibition (Figure 5.6D).  
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Figure 5.6  MEK inhibition rescues CDK4/6 inhibition mediated cell growth  

A. RPE1 cells treated with 1.25µM of palbociclib and 1.25µM PD-0325901 and harvested 

at 1-4 days of treatment. The cell volume of trypsinised cells was measured. Each point 

represents the mean +/- SD from 3 experimental repeats.  

B. FUCCI cell cycle profile following 7-day treatment with 1.25uM Palbociclib and 1.25µM 

MEK inhibitor, PD-0325901. Upon washout of drugs, STLC was added to analyse the first 

cell cycle. Each bar represents an individual cell. Graphs show the data from 3 

experimental repeats (150 cells analysed in total). Quantification of FUCCI defects 

(conversions and G1 arrest) also shown in bar graphs. Each bar represents an average 

from 3 experimental repeats +SEM. Statistical significance determined by chi-squared test 

comparing conditions with CDK4/6 inhibition alone or combined with MEK inhibition. (* < 

0.01, ** < 0.001, *** < 0.0001). 

C. Quantification of FUCCI graphs displaying time spent in G1 or S/G2 following release 

from 1.25µM Palbociclib +/- MEK inhibition. Only cells that re-enter the cell cycle were 

included in this analysis (cells that remain red were excluded). Mean of data from 3 
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experimental repeats -/+ SD. Statistical significance determined by Mann-Whitney test 

comparing palbociclib versus palbociclib plus MEK inhibition. (* < 0.01, ** < 0.001, *** < 

0.0001).   

D. Colony forming assays with RPE1 treated with palbociclib (1.25M) and PD-0325901 

(1.25µM) for indicated times and then grown at low density without each inhibitor for 10 

days. Each bar displays mean data -/+ SD from 2 experiments. Experiments performed by 

Reece Foy. 

 

5.2.6 Rescue cell growth by mTOR inhibition  
 
The PI3K-AKT-mTOR pathway facilitates growth by driving protein translation (Fingar et 

al., 2002). Therefore, to directly inhibit cell growth I combined CDK4/6 inhibition with a 

dual mTOR/PI3K inhibitor (PF-05212384). Initial experiments demonstrated that 15nM PF-

05212384 was the minimal dose required to restrain growth during a palbociclib arrest. At 

this dose, I observed a strong inhibition of cell growth through the whole palbociclib arrest 

(Figure 5.7A). When RPE1-FUCCI cells were treated with PF-05212384 and palbociclib 

together for 7 days, then the percentage of S/G2 to G1 conversions following drug 

washout was significantly reduced compared to palbociclib-treated controls (Figure 5.7B). 

This was also associated with an increased fraction of cells exiting G1, and faster 

subsequent G1 and S/G2 duration (Figure 5.7C).  The reduction in conversions also 

corresponds to a striking rescue in long-term proliferation following combination 

treatment (Figure 5.7D), with only relatively modest reductions in cell proliferative 

potential after even 7 days of PF-05212384 and palbociclib treatment. In summary, the co-

inhibition of cells growth by PI3K/mTOR inhibition during the palbociclib arrest leads to a 

striking rescue.  
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Figure 5.7  mTOR inhibition rescues cell growth and cell cycle withdrawals 

A. RPE1 cells treated with 1.25µM of palbociclib and 15nM PF-05212384 and harvested at 

1-4 days of treatment. Each point represents the mean +/- SD from 3 experimental 

repeats. The cell volume of trypsinised cells was measured. Experiments performed by 

Reece Foy. 

B. FUCCI cell cycle profile following 7-day treatment with 1.25µM Palbociclib and 15nM 

PF-05212384. Upon washout of drugs, STLC was added to analyse the first cell cycle. Each 

bar represents an individual cell. Graphs show the data from 3 experimental repeats (150 

cells analysed in total). Quantification of FUCCI defects (conversions and G1 arrest) 

displayed in bar chart. Each bar represents an average from 3 experimental repeats +SEM. 

Statistical significance determined by chi-squared test comparing conditions with CDK4/6 

inhibition alone or combined with mTOR inhibition. (* < 0.01, ** < 0.001, *** < 0.0001). 

C. Quantification of FUCCI graphs displaying time spent in G1 or S/G2 following release 

from 1.25µM Palbociclib +/- mTOR inhibition. Only cells that re-enter the cell cycle were 

included in this analysis (cells that remain red were excluded). Mean of data from 3 
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experimental repeats -/+ SD. Statistical significance determined by Mann-Whitney test 

comparing palbociclib versus palbociclib plus mTOR inhibition. (* < 0.01, ** < 0.001, *** < 

0.0001).   

D. Colony forming assays with RPE1 treated with palbociclib (1.25M) and PF-05212384 

(15nM) for indicated times and then grown at low density without each inhibitor for 10 

days. Each bar displays mean data -/+ SD from 1 experimental repeat. Each point 

represents three triplicates performed from. Experiment performed by Reece Foy.  

 

5.2.7 mTOR signalling after rescue of growth 
 

I tested a variety of different ways to shut off growth during a palbociclib induced G1 

arrest. All of the methods worked but to varying extents. A major regulator of growth 

control is the mTOR pathway which drives protein translation. Therefore, I next wanted to 

determine if the reduction in cell growth correlated with a corresponding inhibition of the 

mTOR pathway. To do this,  a validated downstream substrate was selected, S6 which is 

phosphorylated by mTOR (Yang et al., 2014; Fingar et al., 2002). Figure 5.8 shows that all 

treatments tested caused a reduction in pS6 levels to varying extents. p38 and the CDK4/6 

pathway are thought to have a role in size control (Tan et al., 2021; Liu et al., 2018). 

However, when I tested growth with p38i, growth was not impacted (data not shown) 

which corresponds to the high pS6 levels observed in figure 5.8 Therefore, growth 

reduction correlated nicely with an inhibition of mTOR activity implying that constitutive 

mTOR activity drives the overgrowth phenotype observed during prolonged CDK4/6 

inhibition.  

 

Figure 5.8  Rescue cell growth shuts off mTOR signalling  
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A. Western blots of whole cell lysates from RPE1 cells treated with 1.25µM Palbociclib 

alone or in combination with a method to rescue growth for 24 hours (high confluence, 

low serum, MEKi, mTORi and p38i). Western blot performed by Reece Foy. 

 

5.2.8 Knockdown of KRAS rescues cell growth  
 
Cancer cells rely on oncogenic pathways to grow and divide which is often associated with 

mutations in MAPK (Stern, 2018) and PI3K-AKT-mTOR (Paplomata & O’Rogan, 2014) 

signalling pathways. In a normal situation, cell growth and cell division are tightly 

regulated to prevent cell size heterogeneity (Zatulovskiy & Skotheim, 2020). However, this 

work was performed in a non-transformed RPE1 cell line which has an activating KRAS 

mutation (Di Nicolantonio et al., 2008) which may be contributing to the overgrowth 

observed during palbociclib treatment. To test if this KRAS mutation was in fact 

contributing to the overgrowth phenotype, I performed a knockdown of KRAS using 

targeted siRNAs. Cell growth was reduced upon knockdown of KRAS during palbociclib 

treatment however, it was not fully abolished (Figure 5.9A). Upon drug washout, 

knockdown of KRAS reduced the percentage of S/G2 to G1 conversions in comparison to 

the scramble control or when treated with palbociclib alone (Figure 5.9B). However, 

Figure 5.8B shows an increase in the percentage of cells that remain arrested in G1 

following knockdown of KRAS or the scramble control suggesting that the siRNA 

transfection may have unanticipated effects on the G1 arrest. To determine if reduced 

growth via KRAS knockdown correlated to inhibition of the mTOR pathway, I looked at pS6 

levels. Knockdown of KRAS shows a reduction in pS6 levels following 24 hours of CDK4/6 

inhibition (Figure 5.9C) suggesting that the reduction of KRAS levels also reduces mTOR 

activity to prevent the excessive overgrowth. It is important to note though that some pS6 

signal remains, and this is actually higher than the level seen after MEK inhibition (which 

was insufficient to fully inhibit mTOR alone: Figure 5.8). Therefore this partial inhibition of 

mTOR could explain why growth is only partially affected in this knockdown situation. It 

will be important to repeat this after KRAS knockout or following KRAS inhibition.  
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Figure 5.9  Knockdown of KRAS rescues overgrowth phenotype 

A. RPE1 cells treated with indicated siRNA for 24 hours and then treated with 1.25µM of 

palbociclib and harvested at 1-4 days of treatment. The cell volume of trypsinised cells 

was measured. Each point represents the mean +/- SD from 3 experimental repeats. 

B. FUCCI cell cycle profile following 7-day treatment with 1.25µM Palbociclib. RPE1-FUCCI 

cells were treated with the indicated siRNA for 24 hours before treatment with 

palbociclib. Upon washout of drugs, STLC was added to analyse the first cell cycle. Each 

bar represents an individual cell. Graphs show the data from 3 experimental repeats (150 

cells analysed in total). Quantification of FUCCI defects (conversions and G1 arrest) are 

also shown. Each bar represents an average from 3 experimental repeats +SEM. Statistical 

significance determined by chi-squared test comparing conditions with CDK4/6 inhibition 

alone or with indicated siRNA. (* < 0.01, ** < 0.001, *** < 0.0001). 
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C. Western blots of whole cell lysates from RPE1 cells treated with the indicated siRNA for 

24 hours and then treated with 1.25µM Palbociclib +/- MEKi (1.25µM PD-0325091) for a 

further 24 hours before being harvested. Western blot performed by Reece Foy. 

 

5.2.9 CDK4/6 inhibitor induces growth in breast cancer lines  
 
Cancer cell lines often have different oncogenic mutations that drive uncontrolled growth 

and proliferation therefore, I wanted to test if this excessive growth was also observed in 

cancer cell lines. CDK4/6 inhibitors are used to treat breast cancer in the clinic therefore, I 

chose multiple breast cancer cell lines with different mutational profiles to determine if 

CDK4/6 inhibition in these cell lines induces aberrant cell growth. I selected a dose of 

palbociclib that induced a prolonged G1 arrest (1µM; results not shown) and then 

measured cell volume for each cell line. Figure 5.10A, B shows that each cell line grows in 

a similar manner to RPE1 cells following CDK4/6 inhibition suggesting that oncogenic 

signalling may be contributing to this overgrowth.   

 

Figure 5.10  Cell growth in breast cancer following CDK4/6 inhibition  

A, B. Breast cancer cells treated with 1µM of palbociclib and harvested at 1-4 days of 

treatment. A. BT474 or T47D, B. MCF7 p53 WT vs KO. The cell volume of trypsinised cells 

was measured. Each point represents the mean +/- SD from three experimental repeats. 
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5.2.10 Cell growth in Inducible HRAS MCF10A cell lines  
 
To further test if oncogenic signalling facilitates this aberrant cellular growth, Itested a 

non-oncogenic epithelial breast cell line (MCF10A) in which oncogenic hRas-G12V 

expression can be induced with tamoxifen (MCF10A-ER-hRAS-G12V cells: (Molina-Arcas et 

al., 2013)). Figure 5.11 shows that the induction of HRAS causes abnormal cell growth 

which is more excessive than in RPE1 or other breast cancer lines. This suggests that this 

oncogenic signalling contributes to growth during a prolonged G1 arrest. 

 

 

Figure 5. 11  Cell growth in inducible HRAS MCF10A cell lines  

A. MCF10A-ER-HRAS-G12V cells were treated with 1µM Palbociclib +/- Tamoxifen (250nM) 

and harvested at 1-4 days. The cell volume of trypsinised cells was measured. Each point 

represents the mean +/- SD from three experimental repeats. 
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5.3 Discussion  

 

The aim of this chapter was to understand why prolonged CDK4/6 inhibition is cytotoxic to 

cells. It was found that a major source of this toxicity is the overgrowth of cells during the 

G1 arrest. This is clear because inhibiting that growth was sufficient to prevent the cell 

cycle withdrawal and improve long-term proliferation. These data have a number of 

important potential implications for cancer treatment, including effective combination 

treatments and sensitive/resistance genotypes.  

I observe that CDK4/6 inhibition induces excessive cell growth however, a key question 

that still remains, is if this growth is normal and observed in all cell types or if this is a 

cancer-related phenomenon. Cell size and cell growth are tightly regulated processes 

however, different cell types vary in size which is dependent on their function. Therefore, 

precise regulation of cell size is a necessity (Savage et al., 2007). The molecular 

mechanisms that control cell size are not well understood, however progress is being 

made in single cell analysis technologies to study this further (Berenson et al., 2019; 

Cadart et al., 2017; Cooper et al., 2013; Kafri et al., 2013; Varsano et al., 2017). Recent 

work has implicated Rb as a major regulator of cell growth. This model suggests that Rb is 

diluted during G1 and once diluted to a certain threshold, cell division is triggered 

(Zatulovskiy et al., 2020). Other mechanisms have been described on how cell size in 

controlled. One study shows that CDK4/6 binds to TSC2 and phosphorylates it on separate 

sites (S1452/S1217). This phosphorylation inhibits TSC2 and hence, results in the 

activation of mTOR therefore, inhibition of CDK4/6 results in reduced mTOR signalling 

(Romero-Pozuelo et al., 2020). Conversely, I show that CDK4/6 inhibition alone, maintains 

mTOR signalling (Figure 5.7). Although, it is important to note that many other pathways 

that converge on mTOR signalling may be responsible for these differences noted 

between the two studies. 

A small molecule screen identified that p38 has a role in regulating both cell size and the 

cell cycle as smaller cells have higher p38 activity and spend more time in G1. It was 

shown that inhibition of this p38 pathway results in loss of cell size increase and a shorter 

G1 (Liu et al., 2018; Tan et al., 2021). Interestingly, it was observe that p38 inhibition has 
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no effect on mTOR signalling when treated in combination with CDK4/6 inhibition (Figure 

5.8). Combined, this data suggests that CDK4/6-Rb activity may determine the size 

threshold and therefore, in the presence of palbociclib, this threshold is not reached 

which drives the excessive cell growth phenotype observed. In support of this, following 

treatment with palbociclib, MCF10A-ER-HRAS-G12V cells still grow in the absence of 

tamoxifen suggesting this is not specifically related to RPE1 cells or oncogenic signalling 

per se. However, this may be a result of leaky expression of the ER inducible system 

therefore, it is important this is tested in endogenous MCF10A cells and other normal cell 

lines. 

To further test these size sensing models it is important to check if Rb, for example, scales 

with cell size like other components do. Proteomic analysis to look at protein scaling 

during a G1 arrest which will hopefully provide great insight into cell sensing and protein 

dilution mechanisms has recently been performed. Zatulovskiy et al show that Rb 

overexpression or deletion alters cell size (Zatulovskiy et al., 2020). However, other 

aspects of the CDK4/6-Rb pathway may also play a role in this cell sensing mechanism 

therefore, altering components of this pathway may overcome the cell size checkpoint 

(e.g. Cyclin D). CRISPR gene editing can be used to facilitate these efforts to tag or 

knockout cell cycle genes to determine how this alters response. Larger scale gene 

deletion screens could also be carried out to identify genes involved in regulating cell size 

throughout the cell cycle. It is clear that the CDK4/6-Rb pathway has a role in cell growth 

regulation however, further work is required to fully dissect these roles. 

Other studies have demonstrated that CDK4/6 inhibition causes an increase in cell size. 

Similarly, to our work, a recent study shows that palbociclib increases cell size by 7-fold in 

human fibroblasts which impairs proliferative potential (Neurohr et al., 2019). However, 

serum starvation rescued this cell growth phenotype and the ability of these cells to divide 

was restored. They propose that the defects associated with large cell size are due to the 

dilution of DNA by the growing cytoplasm (Neurohr et al., 2019). In mouse hematopoietic 

stem cells (HSCs) CDK4/6 inhibition induces cell size increase, longer G1 length, induction 

of senescence and increased DNA damage. However, when cell growth was prevented by 

the addition of mTOR inhibition, the DNA damage phenotype observed was not rescued 



145 
 

(Lengefeld et al., 2020). This result highlights the importance of testing if rescuing the 

overgrowth phenotype in our model alters the DNA damage observed in p53 KO cells 

following washout from prolonged palbociclib treatment. Considering that both human 

fibroblasts and mouse HSC grow in response to CDK4/6 inhibition, this implies that 

palbociclib induced cell growth occurs in a range of cell lines and is not exclusively 

associated with oncogenic signalling. Although, our data does demonstrate that oncogenic 

signalling may exacerbate cell growth (Figure 5.10). This gives rise to the possibility that if 

excessive cell growth is critical for a cytotoxic response and oncogenic signalling worsens 

the cytotoxic response, this may assist in identifying sensitive tumour types and optimal 

combination therapies.   

The activating KRAS mutation in RPE1 cells is likely contributing to the aberrant growth 

during a G1 arrest. During this chapter, I made preliminary efforts to characterise the role 

that KRAS signalling has on cell growth. I show that the knockdown of KRAS limited cell 

growth, in a similar manner to MEK inhibition rescued cell cycle withdrawals (Figure 5.8). 

However, an increase in cells that remained arrested in G1 was observed in all conditions 

treated with siRNA transfection. To overcome this, mutant KRAS knockout cell lines should 

be generated in an RPE1-FUCCI background to obtain cell cycle profiles without impact on 

cell cycle profile from the siRNA transfection. Alternatively, the mutant KRAS could be 

reverted to WT using CRISPR. These knockout/knockin cell lines would also be beneficial 

when performing long-term colony forming assays, ultimately providing us with more 

answers on how oncogenic signalling may drive cell growth during G1 arrest.  

In terms of identifying optimal combination therapies, previous studies have shown that 

mTOR inhibition (Leontieva & Blagosklonny, 2013) and serum starvation (Demidenko & 

Blagosklonny, 2008) prevents senescence and increased cell growth in combination with 

CDK4/6 inhibition (via pharmacological inhibition or overexpression of p21). In addition, 

our results suggest that cell cycle withdrawal caused by a prolonged G1 arrest, is in fact a 

consequence of the overgrowth associated with CDK4/6 inhibition. This brings into 

question the use of MAPK and mTOR inhibitors in the clinic. Whilst pre-clinical data and 

early phase clinical trials suggest these combinations are promising (see chapter 1.7.1 and 

1.7.2 for more details), our work may suggest otherwise It has been suggested that the 
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overgrowth is imperative for an optimal outcome following CDK4/6 inhibition therefore, 

inhibitors that prevent this overgrowth phenotype are likely to be inadequate at 

preventing tumour progression. However, it is likely that MAPK inhibition may still be an 

effective combination therapy. Although this is dependent on identifying a dose that 

inhibits the transcription of Cyclin D hence, improving the potency of the G1 arrest whilst 

leaving mTOR signalling unaffected. I hypothesise that this would be key to maintain 

aberrant growth via increased translation. There may be other combination therapies that 

would result in the same outcome (e.g. PI3K/AKT inhibitors) but it is likely that inhibition 

of mTOR may not be as beneficial as expected. It may simply be that combination must be 

matched to the tumour genotype. For example, combined MAPK and CDK4/6 inhibition 

may still maintain growth in cells containing mutations in oncogenes(PI3K/PTEN/Akt) that 

constrictively signal to mTOR. This work therefore highlights the need to urgently test 

these combinations in breast cancer cells, and examine how genotype affects outcome, in 

particular on cell size and the resulting senescence phenotype.  

Considering all of the above, the most important point that still needs to be addressed is if 

CDK4/6 inhibition induced cell growth is a common phenomenon or if this is specifically 

related to cancer cell lines. Once  this key question is understood, this may translate to 

identification of sensitive tumour types ultimately, improving clinical outcomes.  
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6. Concluding Remarks  
 
Throughout this thesis, I have shown that long-term CDK4/6 inhibition impairs the 

proliferative potential of RPE1 cells. The cause of this impaired proliferation is a result of 

replication stress that occurs following release from a prolonged G1 arrest. In addition, 

CDK4/6 inhibition induces excessive cell growth which is responsible for long-term cell 

cycle withdrawals. Due to the use of these CDK4/6 inhibitors in the clinic, this work has 

some very important clinical implications.  

The majority of this work has been performed in RPE1 cell lines and this provides the 

foundation to now study this further in cancer cell lines. It is important to carefully 

examine replication stress and growth phenotypes in more cancer lines with a range of 

genetic backgrounds. Due to the use of CDK4/6 inhibitors in patients with breast cancer, 

breast cancer cell lines are ideal starting candidates to test this model. Preliminary data 

suggests that this overgrowth phenotype is observed in different breast cancer cell lines 

(Figure 5.9) and an inducible MCF10A-ER-HRAS-G12V cell line (Figure 5.10) therefore, it is 

likely that replication stress will also be observed which is currently being tested. 

Considering treatment is given alongside ER therapy, it will be important to also test if this 

changes the growth and replication stress phenotypes. I suggest that oncogenic signalling 

(specifically RAS signalling) may promote excessive cell growth during a G1 arrest 

therefore, cell lines with activating RAS mutations will be beneficial cell lines to test. A 

recent study suggested that Cdk4/6 inhibition induces senescence in a NSCLC model due 

to a KRAS mutation (Puyol et al., 2010) and this was supported in patients as KRAS 

mutation appeared to stratify patient response (Patnaik et al., 2016). Another model this 

could be tested in is pancreatic ductal adenocarcinoma (PDAC), which is characterised by 

an activating KRAS (G12V) mutation (Salvador-Barbero et al., 2020). However, any cells 

with activating mutations in oncogenes may exhibit similar excessive growth phenotypes 

which should be tested.  

I clearly show that p53 is crucial for cells to withdraw from the cell cycle following 

replication stress. This suggests intact p53 is needed for cells to become senescent in 

response to CDK4/6 inhibition, which is an optimal outcome for cancer treatments. On the 
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other hand, we demonstrate that loss of p53 results in excessive DNA damage that may 

induce vulnerabilities that can be exploited via cGAS-STING signalling for example. This 

should be examined in cancer types with differing p53 statuses since both could offer 

clinical benefit, but for different mechanisms. Furthermore, a large amount of 

combination therapies with CDK4/6 inhibitors are being trialled including MAPK and mTOR 

inhibitors, both of which have shown to prevent overgrowth and hence, impede 

senescence. I hypothesis that shutting off growth may be a detrimental outcome 

therefore, therefore it is pivotal to test this in tumour models. If this holds true, future 

clinical trials should be developed with caution.  

A global change in the proteome and transcriptome suggests that prolonged CDK4/6 

inhibition may contribute to tumour killing by a variety of alternate mechanisms. I show 

that long-term CDK4/6 inhibition (14 days) induces a cell fusing phenomenon (Figure 3.7) 

however, further work is required to understand the implications these fusion events may 

have and what exactly induces this feature. When a cell becomes apoptotic, they present 

a phosphatidylserine (PtdSer) signal which promotes phagocytes to target the cell. 

Normally, PtdSer signal is contained within the cytoplasm. Upon activation of apoptosis, 

the PtdSer signal is then converted to the surface of the cell to allow recognition via 

phagocytes (Segawa & Nagata, 2015). Proteomic data highlighted that Anoctamin-6, 

which is a member of the Anoctamin family is upregulated. Anoctamin proteins are 

transmembrane proteins that all have diverse functions. Anoctamin-6 has been shown to 

regulate PtdSer activity (Suzuki et al., 2010). Prolonged CDK4/6 inhibition may dysregulate 

PtdSer signalling and therefore, may induce the cell fusion phenotype. One possibility that 

is worth testing is that the level of stress may induce senescence however, if this stress 

persists for longer an apoptotic response may then occur. It would be crucial to test if 

Anoctamin-6 is responsible for these cell fusions and if this is due to the flipping of PtdSer 

during apoptosis.  

Additionally, I show that cells withdraw from the cell cycle, have high p21 levels, a 

reduced proliferative capacity and an increase in cell size. All of which are indicative of 

cellular senescence. Senescence is difficult to characterise accurately since  a common 

marker of senescence that occur in all situations is still unidentified, therefore multiple 



149 
 

markers are necessary to implicate senescence. A common marker used to identify 

senescence is β-galactosidase, which is identified in senescent cells due to alterations 

within the lysosome (Lee et al., 2006). But lysosomal alterations can active β-galactosidase 

in cells that are not senescent (Kuilman et al., 2010) illustrating the difficulty of using 

single markers. Our proteomic data suggests that β-galactosidase is also increased by 

56.2% following prolonged CDK4/6 inhibition, which could reflect the enhanced lysosomal 

activity or senescence. When measuring β-galactosidase activity in our model, I observed 

an increase of β-galactosidase activity during the G1 arrest which could easily be explained 

by the increased lysosomal activity following CDK4/6 inhibition. However, I believe that 

throughout this study I have used the most rigorous indicators of long-term cell cycle 

withdrawal. It will be interesting to characterise the cells that withdraw from the cell cycle 

proteomically because this may lead to markers of CDK4/6-induced senescence. 

As mentioned in section 5.1, it was proposed that lysosomal activity may be responsible 

for CDK4/6 induced cytotoxicity. Whilst I have not tested this, lysosomal activity may be 

contributing to DNA replication defects due to the degradation of key replisome proteins. 

If this is the case, use of autophagy inhibitors may rescue MCM protein levels and 

potentially prevent S-phase defects. Alongside lysosomal activity, another hit observed 

from the transcriptomics was the upregulation of a hypoxic response. Hypoxia has poor 

consequences on chemotherapies often by inducing chemoresistance (Cosse et al., 2008; 

Ye at al., 2018) and a recent study suggests that palbociclib had the ability to kill hypoxic 

tumour cells in combination with irinotecan therefore, it has been proposed that Cdk4/6 

inhibitors can be used to treat hypoxic tumours (Zhang et al., 2017). It has also been 

shown that a hypoxic response prevents a senescent phenotype (Leontieva et al., 2012) 

therefore, it would be interesting to determine what inhibition of this hypoxic response 

would have on our FUCCI model. RNA processing and translation are also downregulated 

following 7 days of Cdk4/6 inhibition therefore Figure 5.1 and 5.2), this may suggest that 

after 7 days of treatment, cells may stop growing. It is possible that hypoxic response and 

other metabolism changes may be responsible for shutting off growth. Hypoxic response 

switches off high energy processes including translation via the mTOR pathway 

(Brugarolas et al., 2004; Arsham et al., 2003; Wouters & Koritzinsky, 2008). This may be 
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further confirmed by the downregulation of mTOR signalling identified by proteomic 

analysis following prolonged CDK4/6 inhibition (Figure 5.1A). Therefore, it will be 

important to test if cell growth is impaired following 7 days due to hypoxic signalling. 

Interestingly, an immune response was also observed to be upregulated and further 

highlights the idea that Cdk4/6 inhibition engages the immune system that was discussed 

in detail in chapter 4. 

The most important remaining question that has so far, been left unanswered is how 

replication defects and cell growth are related. I clearly show that overgrowth and FUCCI 

phenotype observed following prolonged CDK4/6 inhibition are connected although, it is 

still not fully understood why. It is important to understand what goes wrong when cells 

grow excessively and why this results in replication defects and other abnormalities. This 

work shows that replisome proteins are downregulated however, overall protein content 

appears to increase over a 7 day treatment period. This suggests that not all proteins scale 

similarly during palbociclib induced G1 arrest therefore, it will be interesting to study how 

protein scales during this G1 arrest. It will also be important to test if this increase in cell 

size induces cellular stresses, this is likely due to the hypoxic response observed. However, 

why these stresses occur and at what point during a G1 arrest this occurs will be crucial to 

test. These questions are currently being addresses in a proteomic experiment currently 

being undertaken in the lab. Uncovering how cell cycle and growth are coordinated and 

how this can be hijacked to kill tumour cells will be an important future goal.  
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