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Abstract 
 

Despite the clinical success of some targeted therapies in treating cancer, the response 

to them is often temporary, due to treatment resistance developing. Therefore, 

researchers must continue to look for novel ways to treat cancer. 

 
A number of groups are developing CDK7 inhibitors as anti-cancer drugs. CDK7 is a 

protein that has two major roles in cells - regulation of RNA polymerase II-mediated 

transcription and cell cycle progression as the CDK activating kinase.  Both of these 

cellular processes are often deregulated during oncogenesis. Our collaborators at 

Imperial College London have developed a novel CDK7 inhibitor, ICEC0942, that is 

currently in Phase I/II clinical trials. ICEC0942 has been shown to inhibit the proliferation 

of cancer cell lines, but the mechanism by which it does this has not been previously 

determined. The work presented in this thesis aimed to understand this better. 

 

To establish its mechanism of action, we studied the effects of ICEC0942 on non-

transformed RPE1 cells. Our data shows that ICEC0942 induces a permanent cell cycle 

arrest, with the cells displaying phenotypic characteristics of senescence. This contrasts 

to a more well-studied CDK7 inhibitor THZ1, which inhibits cell proliferation by inducing 

apoptosis. The data from a chemogenetic screen with ICEC0942, carried out by 

collaborators at the University of Montreal, revealed that activation of mTOR signalling 

was positively correlated with ICEC0942 efficacy. Further experiments confirmed these 

results by showing that inhibition of the mTOR signalling pathway partially rescued 

characteristics of senescence induced by ICEC0942 treatment. This was demonstrated 

in RPE1 cells and MCF7 cells, a breast cancer cell line. From this we hypothesise that 

ICEC0942 induces senescence by uncoupling cell division and cell growth, and that 

mTOR signalling plays an important role in this. Our future work will focus on how to use 

this insight to guide the clinical use of ICEC0942. 
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Impact Statement 
 

Cancer encompasses many different genetic diseases and is a major health problem 

worldwide. Great steps forward in the understanding of cancer biology have allowed 

targeted therapies to be developed, but as resistance often develops to these therapies, 

novel methods to treat cancer must continue to be developed. 

 

ICEC0942 is a novel CDK7 inhibitor that has recently been developed as an anti-cancer 

drug and is currently in Phase I/II clinical trials. CDK7 is a protein with two major roles in 

cells - regulation of RNA polymerase II-mediated transcription and cell cycle progression 

as the CDK activating kinase. As both of these cellular processes are often deregulated 

during oncogenesis, CDK7 is an established target of anti-cancer treatments. ICEC0942 

has been shown to inhibit the proliferation of cancer cell lines, but the mechanism by 

which it does this has not been previously determined. For ICEC0942 to be used 

effectively in the clinic, its effects on cells and the underlying mechanisms need to be 

well characterised.  

 

In this thesis I have demonstrated that ICEC0942 inhibits cell proliferation by inducing 

senescence, a cell state where cells irreversibly exit the cell cycle. This indicates that 

ICEC0942 is a cytostatic agent and could be beneficial as an anti-cancer drug, as it 

would prevent tumour growth and potentially limit the mutations that aid the development 

of treatment resistance. A genome-wide CRISPR knock-out chemogenetic screen with 

ICEC0942, revealed a positive correlation between ICEC0942 efficacy and activation of 

the mTOR signalling pathway, which plays a central role in regulating cell growth. Further 

experiments in both non-transformed cells and a breast cancer cell line demonstrated 

that inhibition of mTOR signalling reduces the ability of ICEC0942 to induce senescence. 

Our working hypothesis is that in cells treated with ICEC0942, cellular proliferation is 

inhibited, but cellular growth is maintained via active mTOR signalling. This uncoupling 

between cell division and cell growth leads to robust induction of senescence. 

 

This work has multiple potential impacts. As ICEC0942 is in Phase I/II clinical trials, the 

most immediate impact of the work could be to guide the interpretation of clinical trial 

results and the future clinical use of ICEC0942. Specifically, the correlation between 

mTOR activity and ICEC0942 efficacy should be investigated, which could help in patient 

stratification in subsequent clinical trials and guide which other anti-cancer drugs 

ICEC0942 could be combined with to yield maximum clinical benefit. 
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Furthermore, this work provides insights into senescence induction and the 

characteristics of senescent cells. Senescence is implicated in ageing and a number of 

age-related diseases, so the knowledge gained in this study may apply to these fields of 

research too. ICEC0942 could also be used as a tool to better understand the cellular 

functions of CDK7, as it appears to be a more specific inhibitor of CDK7 than THZ1, 

which was previously used to study CDK7’s role in transcription.  

 

The work presented in this thesis has relevance for the future clinical use of ICEC0942 

and for the fundamental understanding of the cellular role of CDK7 and the process of 

senescence. 
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1. Introduction 
 
1.1. The current state of cancer treatment 
 
Cancer encompasses many different distinct genetic diseases and is a major health 

problem worldwide (Luo, Solimini and Elledge, 2009; Choi et al., 2019). In 2012 it caused 

8.2 million deaths globally and it is the second leading cause of death in the US (Siegel, 

Miller and Jemal, 2018; Choi et al., 2019). Historically, alongside surgery and 

radiotherapy, cancer was treated with one-size-fits-all cytotoxic chemotherapeutics, 

which kill all rapidly dividing cells, both malignant and healthy (Al-Lazikani, Banerji and 

Workman, 2012). However, in recent decades there have been great steps forward in 

our understanding of the pathogenesis of cancer (Luo, Solimini and Elledge, 2009). It is 

now known that most cancer cells share a number of hallmark capabilities that underlie 

the malignant phenotype (Hanahan and Weinberg, 2000, 2011; Luo, Solimini and 

Elledge, 2009). Many of these properties are brought about by genetic and epigenetic 

alterations. Among these alterations, changes in tumour suppressors and oncogenes 

are key in driving tumorigenesis. Cancer cells often become addicted to the continued 

activity of certain oncogenes that facilitate their growth, proliferation and survival (Luo, 

Solimini and Elledge, 2009; Turner and Reis-Filho, 2012). 

 

Identification of these genomic drivers of cancer by whole genome sequencing and other 

‘omics’ technologies have led to the development of molecularly targeted drugs. These 

targeted therapies look to exploit oncogene and non-oncogene addictions, synthetic 

lethalities and other dependencies unique to cancer cells, hopefully sparing healthy cells 

(Al-Lazikani, Banerji and Workman, 2012; Sabnis and Bivona, 2019). Targeted therapies 

have transformed the way in which cancer treatments are developed and led to advances 

in how many types of cancer are treated (Al-Lazikani, Banerji and Workman, 2012; 

Sabnis and Bivona, 2019). In some forms of cancer, targeted therapies have been very 

been successful in the clinic. For example, use of the BCR-ABL inhibitor imatinib 

(Gleevec) in chronic myeloid leukaemia has led to an 80% decrease in disease mortality 

(Al-Lazikani, Banerji and Workman, 2012). 

 

However, in many cases the response to these targeted therapies is temporary, due to 

resistance to the drugs developing (Al-Lazikani, Banerji and Workman, 2012; Neel and 

Bivona, 2017). For instance, targeted inhibition of mutant BRAF with the kinase inhibitors 

vemurafenib and dabrafenib in malignant melanoma led to dramatic tumour shrinkage 
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and increased 6-month survival from 64% with chemotherapy to 84%. However, disease 

progression was observed within 7 months on average (Sabnis and Bivona, 2019). 

 

Although there are many mechanisms via which treatment resistance can emerge, it 

seems that the extensive genetic and phenotypic heterogeneity that exists in most 

cancers plays a big role (Al-Lazikani, Banerji and Workman, 2012; Turner and Reis-

Filho, 2012). There is substantial evidence that tumours are made up of populations of 

cells that, as well as having the founder mutations common to all cells, possess genetic 

alternations found in just one clone or individual cell. This intra-tumoural diversity is likely 

to be generated by the genetic instability that is a hallmark characteristic of many cancers 

(Turner and Reis-Filho, 2012). Administration of a targeted therapy can act as a selection 

pressure, which leads to the survival of the cells within the tumour that possess the 

genetic features that make them resistant to the drug. These resistant cells, which may 

have been originally present at a low frequency, will expand within the population, 

leading to disease relapse (Al-Lazikani, Banerji and Workman, 2012; Turner and Reis-

Filho, 2012). 

 

The development of resistance to these therapies limits their utility (Al-Lazikani, Banerji 

and Workman, 2012). In recent years, there have been calls for a change in approach 

to cancer treatment. Traditionally, the typical goal of cancer therapies has been to 

administer cytotoxic drugs at the highest maximum dose to kill as many cancer cells as 

possible. This has been done with the aim of curing the patient or keeping them alive as 

long as possible. However, this aggressive treatment strategy seems to contribute to 

resistance to targeted therapies developing (Gatenby, 2009; Enriquez-Navas et al., 

2016). Instead of adopting this approach to cure patients of the disease, cancer could 

be thought of a chronic disease. Like diabetes, it is hoped that cancer can be a disease 

that is controlled for decades, with long-term progression free survival persisting until it 

matches that of the general population (Sledge Jr, 2016). This approach aims to 

maximise time to disease progression instead of reduction in tumour size. Instead of 

eradicating the tumour, it could be controlled and maintained at a stable, tolerable 

volume (Gatenby, 2009; Enriquez-Navas et al., 2016).  

 

One way in which stable disease could be achieved is through the use of cytostatic 

drugs. Cytostatic drugs do not kill cells, but permanently disable their ability to proliferate. 

Therefore cytostatic drugs should stop tumour growth and prevent the development of 

metastases, but not cause tumour shrinkage (Rixe and Fojo, 2007). Some early clinical 

trials using cytostatic drugs, such as anti-angiogenic agents, had promising preliminary 

results and is thought that this approach compared to cytotoxic drugs could lead to 
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equivalent or prolonged survival of patients, with fewer and less severe side-effects 

(Rosner, Stadler and Ratain, 2002; Desai and Stadler, 2006; Ewald et al., 2010). As well 

as limiting tumour growth, cytostatic agents through their anti-proliferative effects could 

also limit the evolution of tumour cells, as mutations generally occur during cell division. 

Limiting the number of divisions reduces the probability of cancer cells acquiring multiple 

mutations. This could limit the progression of tumours and prevent treatment resistance 

from emerging (Rodriguez-Brenes, Wodarz and Ayala, 2015). Some conventional 

chemotherapeutic agents including alkylating agents, platinum compounds, 

topoisomerase inhibitors, and anti-metabolites have been shown to be cytostatic at 

intermediate concentrations. However, the induction of cytostasis can eventually trigger 

cell death with some of these agents and at higher concentrations these drugs are 

cytotoxic (Rixe and Fojo, 2007). One way to achieve stable cytostasis is through the 

induction of senescence (Ewald et al., 2010). 

 
1.2. Senescence  
 
Cellular senescence is a stress response that can be induced by a wide range of intrinsic 

and extrinsic insults (Salama et al., 2014; Herranz and Gil, 2018). A defining 

characteristic of senescence is establishment of a highly stable cell cycle arrest, although 

senescent cells are viable and metabolically active (Fridlyanskaya, Alekseenko and 

Nikolsky, 2015; Herranz and Gil, 2018). In adult tissues this growth arrest limits the 

replication of old or damaged cells (Herranz and Gil, 2018; McHugh and Gil, 2018). The 

phenotype of senescent cells is highly heterogenous and dynamic due to the fact that a 

variety of distinct senescence programs can be induced by diverse stresses (Salama et 

al., 2014; Hernandez-Segura, Nehme and Demaria, 2018). 

 

Senescence is implicated in a number of physiological and pathophysiological 

processes. The accumulation of senescent cells drives ageing, causing a progressive 

functional deterioration of tissues and a range of age-related diseases including 

neurodegeneration, osteoarthritis and atherosclerosis. However, senescence also plays 

a beneficial role during embryogenesis and tissue remodelling and is perhaps best 

known as a barrier to tumourigenesis, due to its anti-proliferative effects (Herranz and 

Gil, 2018; Calcinotto et al., 2019). 

 

Key signalling pathways in senescent cells  
A number of pathways have been shown to be important in establishing and maintaining 

the senescent phenotype in cells and below I am going to describe a few of the key ones. 
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The DNA damage response  
Many inducers of senescence, including telomere erosion, hyperproliferation, radiation 

and chemotherapeutic drugs, trigger a persistent DNA damage response (DDR). In 

these instances, the DDR brings about the stable cell cycle arrest underlying the 

senescent phenotype. DNA damage, such as single-strand or double-strand DNA 

breaks, is sensed by the ataxia-telangiectasia and Rad3-related (ATR) or ataxia-

telangiectasia mutated (ATM) kinases. This leads to increased deposition of γ-H2AX (the 

histone H2AX phosphorylated at Ser139) and p53-binding protein 1 (53BP1) on 

chromatin. The check-point serine/threonine kinases CHK1 and CHK2 are activated and 

eventually this leads to the stabilisation and activation of p53, which induces the 

transcription of various genes. In the context of senescence, the most relevant of these 

is the cyclin-dependent kinase inhibitor (CDKi) p21CIP1, which can physically interact with 

and inhibit all of the cell cycle cyclin-CDK complexes. Traditionally this is thought to 

maintain Retinoblastoma protein (Rb) in its active, hypophosphorylated form, which can 

suppress the activity of E2F1. E2F1 is a member of a family of transcription factors that 

activate the transcription of genes needed for cell proliferation. Inhibition of E2F1 activity 

leads to cell cycle exit. If the damage isn’t too severe, cells enter quiescence, a transient 

cell cycle exit that allows cells to repair the damage and then re-enter the cell cycle. 

However in cases of irreparable damage, cells undergo either apoptosis or senescence 

(Kuilman et al., 2010; Fridlyanskaya, Alekseenko and Nikolsky, 2015; Georgakilas, 

Martin and Bonner, 2017; Herranz and Gil, 2018; McHugh and Gil, 2018; Sultana et al., 

2018). 

 

It should be noted that not all senescence programs are induced by a DDR and that 

activation of p53 and p21CIP1 can occur in senescence in the absence of a DDR. p21CIP 

can also be activated in a p53-independent manner. Further to this, the senescent cell 

cycle arrest is implemented by activation of the p16INK4a/Rb pathway as well as the 

p53/p21CIP1 pathway (figure 1.1.) (Hernandez-Segura, Nehme and Demaria, 2018; 

Herranz and Gil, 2018).  

 

The INK4/ARF locus 

The INK4/ARF locus encodes three tumour suppressors: p16INK4a and p19ARF, which are 

both encoded by the CDKN2A gene and p15INK4b, which is encoded by the CDKN2B 

gene. p16INK4a and p19ARF both have roles in senescence. p19ARF inhibits MDM2, 

preventing p53 degradation, allowing crosstalk to the p53/p21CIP1 pathway.  p16INK4a, like 

p21CIP1 is a CDKi and selectively inhibits CDK4 and 6, leading to hypophosphorylation of 

Rb and cell cycle arrest.   
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The INK4/ARF locus is regulated at the epigenetic level. In normal cells, the INK4/ARF 

locus is silenced by binding of repressive H3K27me3 marks. Methylation of H3K27 is 

controlled by Polycomb repressive complexes (PRC1 and PRC2). When PRC1 and 

PRC2 are disrupted this histone mark is lost and the locus is activated and senescence 

can be induced. The regulation of the PRC complexes is not well understood and we 

also know that other epigenetic regulators control the INK/ARF locus (Herranz and Gil, 

2018; McHugh and Gil, 2018). As well as this, the p38/MAPK cascade may also activate 

the p16iNK4a/Rb pathway in response to various stresses (Fridlyanskaya, Alekseenko and 

Nikolsky, 2015).  

 

 

Figure 1.1: Molecular pathways controlling cell cycle arrest in senescence. 
Various stresses can trigger activation of the INK4/ARF locus and a DDR, leading 
to induction of the p16INK4a/Rb and p53/p21CIP1 pathways. Through inhibition of 
CDKs, these pathways execute the cell cycle arrest that is a defining characteristic 
of senescence. Adapted from (Herranz and Gil 2018).   
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p16INK4a is thought to be a very specific marker for senescence and necessary to maintain 

the growth arrest in senescence, whereas p21CIP1 may just be needed at the onset of 

senescence. It is worth noting though, that p16INK4a-independent forms of senescence 

can occur in vitro (Herranz and Gil, 2018).  

 
The mTOR signalling pathway 
Another signalling pathway that has been shown to positively regulate senescence is the 

mammalian target of rapamycin (mTOR) signalling pathway (Salama et al., 2014). 

mTOR is a serine/threonine protein kinase that links to many major cellular signalling 

pathways and is central to the regulation of cell growth. It integrates information about 

the availability of energy and nutrients and modulates key cellular processes, such as 

protein synthesis and autophagy, to control biomass accumulation and metabolism (Liu 

and Sabatini, 2020). 

 

The mTOR kinase is the catalytic sub-unit of two complexes, mTOR complex 1 

(mTORC1) and mTORC2. These complexes differ in a number of ways including the 

composition of their accessory proteins, their substrates and their cellular functions. 

mTORC1 phosphorylates substrates that increase the production of proteins, lipids, 

nucleotides and ATP while limiting autophagic breakdown of cellular components, 

whereas mTORC2 is thought to be involved in cytoskeletal regulation and activation of 

other kinases, including Akt (Liu and Sabatini, 2020). 

 

mTORC1 and mTORC2 act as a link between the cellular environment and cellular 

behaviour. Therefore, their own activation is regulated by upstream signals, including 

nutrient levels, growth factor availability, energy and stress, as shown in figure 1.2. For 

example, mTORC1 activation induces cells to enter into an anabolic state that demands 

a lot of energy and macromolecules. Therefore, mTORC1 is only activated when there 

is ready availability of amino acids, insulin/growth factors, ATP and oxygen. To ensure 

that this is the case, mTORC1 localisation to the lysosome is controlled by Rag 

GTPases, which interact with mTORC1 in an amino acid-sensitive manner. Once at the 

lysomomal surface, mTORC1 is activated by the Rheb GTPase. In order to activate 

mTORC1, Rheb must be bound to GTP and GTP loading of Rheb is promoted by growth 

factors and opposed by energetic stress or hypoxia. These signals all converge on the 

TSC complex, which is a Rheb-specific GTPase-activating protein (GAP), and converts 

it into its GDP-bound inactive form. These inputs work to inactivate the TSC complex 

and allow activation of Rheb (Laplante and Sabatini, 2009; Xu, Cai and Wei, 2014; Liu 

and Sabatini, 2020). 
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mTORC2 is thought to be primarily regulated by growth factors and there is substantial 

cross-talk between the mTORC1 and mTORC2 complexes, which can impact upon their 

activation (Liu and Sabatini, 2020). 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

mTORC1 signalling persists in senescent cells and is thought to be involved in a number 

of phenotypes associated with senescent cells, including the senescence-associated 

secretory phenotype (SASP), hypertrophy and maintenance of the cell cycle arrest. In 

fact, the role of the mTOR signalling pathway in promoting cell growth is thought to be 

key in converting a transient cell cycle arrest, as observed in quiescent cells, into the 

permanent cell cycle arrest senescence is characterised by. This process is known as 

geroconversion and will be discussed in more detail below (Demidenko and 

Blagosklonny, 2008; Terzi, Izmirli and Gogebakan, 2016; McHugh and Gil, 2018; Sultana 

et al., 2018). 

 

Figure 1.2: Regulators of mTORC1 and mTORC2 activation. mTORC1 and 
mTORC2 integrate upstream environmental information to regulate their own 
activation. This ensures there are enough amino acids, insulin/growth factors, ATP 
and oxygen available for the anabolic programme promoted by mTORC1. Figure 
taken from (Liu and Sabatini, 2020). 
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Characteristics of senescent cells  
A number of phenotypic and molecular markers have been used to identify senescent 

cells in vivo and in vitro. These markers are associated with the execution of senescence 

programs. Seeing as there are a variety of different senescence programs and the 

effector mechanisms of senescence are not necessarily unique to senescence, none of 

these markers alone can definitively identify senescent cells. Routinely the use of 

multiple markers in combination is used to detect senescent cells (Kuilman et al., 2010; 

Salama et al., 2014; Hernandez-Segura, Nehme and Demaria, 2018). Figure 1.3 lists a 

number of these markers, but I am going to describe a few of them in detail.  

 

 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

Stable Cell Cycle Arrest 
One of the defining characteristics of senescence is a stable cell cycle arrest. In most 

cases of senescence this is often triggered by a persistent DNA damage response 

(DDR). Senescent cells can be arrested at the G1, G1/S or G2 cell cycle checkpoints. 

Senescent cells differ from quiescent cells in this respect. Quiescent cells arrest in the 

G0 phase of the cell cycle and are capable of re-entering the cell cycle. Senescent cells 

on the other hand have undergone irreversible cell cycle arrest and are unable to re-

Figure 1.3: Characteristics of senescent cells. Here are some of the 
characteristics of senescent cells, which when used in combination are used to 
identify them. Compared to proliferating cells, senescent cells have an enlarged, 
flattened shape. Other phenotypic markers include SAHFs and increased SA β-gal 
activity. There are a number of molecular markers often associated with the effector 
mechanisms of senescence, including proteins involved in the DDR. Figure adapted 
from Salama et al., 2014, Herranz and Gil 2018; Sultana et al., 2018 and created 
with BioRender.com (www.biorender.com).     
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enter the cell cycle, even upon mitogenic stimulation. Senescent cells are also distinct 

from terminally differentiated cells, which undergo a defined developmental program 

before irreversibly withdrawing from the cell cycle (Fridlyanskaya, Alekseenko and 

Nikolsky, 2015; Terzi, Izmirli and Gogebakan, 2016; Herranz and Gil, 2018). 

 

During senescence the cell cycle arrest is controlled by activation of the p53/p21CIP1 and 

p16INK4a/Rb pathways. Increased levels of p21CIP1 and p16INK4a can therefore act as a 

read-out of this cell cycle arrest, as can directly measuring the proliferative potential of 

cells. This could be through measuring the incorporation of BrdU or EdU into DNA to 

assay the DNA synthesis rate or through measuring their colony-forming potential 

(Hernandez-Segura, Nehme and Demaria, 2018; Herranz and Gil, 2018).  

 
Cell Size 
It seems that inhibition of cell cycle progression is not enough to establish senescence. 

Senescent cells are typically enlarged and flattened, suggesting that in these cells, 

growth is still stimulated. Cell growth is defined as an increase in cell mass. In 

proliferating cells, cell growth is balanced out by cell division. However, in senescent 

cells it seems that cellular proliferation and growth are uncoupled (Demidenko and 

Blagosklonny, 2008; Salama et al., 2014; Terzi, Izmirli and Gogebakan, 2016). 

 

It is thought that when the cell cycle is arrested, such as in quiescent cells, but growth 

is stimulated this will push cells into senescence in a process termed geroconversion. 

Central to this process is the mTOR signalling pathway. A study showed that cells 

became senescent upon induction of p21CIP1 expression if the mTOR signalling pathway 

was active in these cells. These cells also increased in size. If the mTOR signalling 

pathway was blocked in these cells, either through the use of rapamycin or through 

serum starvation, cells remained small and became quiescent instead. They retained the 

capacity to proliferate upon termination of p21CIP1 expression (Demidenko and 

Blagosklonny, 2008; Blagosklonny, 2012; Terzi, Izmirli and Gogebakan, 2016).  

  

More recently, it has been suggested that an increase in cell size causes senescence 

because RNA and protein biosynthesis does not scale with cell volume. This is because 

DNA copy number becomes rate-limiting and this leads to cytoplasm dilution. Optimal 

cell function can no longer be supported and gene expression, cell cycle progression 

and cell signalling is impaired, leading to senescence (Neurohr et al., 2019).  
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Senescence-associated β-galactosidase activity 
One of the most widely used markers of senescence in senescence-associated β-

galactosidase (SA β-gal) activity. β-galactosidase is a lysosomal enzyme that in normal 

cells under physiological conditions is active at pH 4.0-4.5. However, in senescent cells 

there is an increase in lysosomal content and an upregulation of lysosomal proteins. This 

means that β-gal activity can be detected in senescent cells at pH 6.0, which is sub-

optimal for normal cells. SA β-gal activity can be detected cytochemically in cultured cells 

and tissues or fluorescently using 5-dodecanoylaminofluorescein di-β-D-

galactopyranoside (C12FDG), a fluorogenic substrate for β-gal activity (Debacq-

Chainiaux et al., 2009; Fridlyanskaya, Alekseenko and Nikolsky, 2015; Hernandez-

Segura, Nehme and Demaria, 2018; Herranz and Gil, 2018). 

 

Unfortunately, high lysosomal activity is not unique to senescent cells. It is also a 

characteristic of a number of cell types such as active macrophages, Kupffer cells, and 

osteoclasts. Quiescent cells have also been reported to have SA β-gal activity. Therefore 

other markers of senescence need to be used alongside SA β-gal activity to definitively 

identify senescent cells  (Fridlyanskaya, Alekseenko and Nikolsky, 2015; Hernandez-

Segura, Nehme and Demaria, 2018; Herranz and Gil, 2018).  

 

Senescence-associated secretory phenotype  
Senescent cells secrete a complex mixture of soluble and insoluble factors known as the 

senescence-associated secretory phenotype (SASP). This includes cytokines, 

chemokines, extracellular matrix proteases, growth factors and other signalling 

molecules. It’s specific composition varies, depending on the cell type and the initial 

stimulus that triggered senescence in that cell (Salama et al., 2014; Herranz and Gil, 

2018). 

 

As well as varying considerably in its composition, the SASP has many different 

downstream effects that can be both beneficial and detrimental. The functions attributed 

to the SASP are dependent not just on the composition of the SASP, but also the 

environmental and genetic context of the affected cell. The SASP can reinforce aspects 

of the senescence phenotype via an autocrine positive-feedback loop. It also has 

multiple paracrine effects including recruitment of immune cells, remodelling of the 

surrounding tissue and spreading the senescence phenotype to surrounding cells 

(Salama et al., 2014; Herranz and Gil, 2018; McHugh and Gil, 2018).   

 

The SASP is regulated at many levels from transcriptional and translational regulation to 

autocrine and paracrine feedback loops. A persistent induction of a DDR seems to be 
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critical in induction of the SASP, as one study showed that cells in which senescence is 

induced in the absence of a DDR, did not produce components of the SASP. The DDR 

also leads to NF-kB activation, which along with CCAAT/enhancer-binding protein-β 

(C/EBPβ) regulates many of the SASP components at the transcriptional level (Salama 

et al., 2014; Hernandez-Segura, Nehme and Demaria, 2018; Herranz and Gil, 2018).  

 

It has also been suggested that the cGAS/STING pathway could be involved in SASP 

induction, by sensing cytoplasmic chromatin. In addition to this, the mTOR signalling 

pathway seems to be involved in multiple aspects of SASP regulation, from translation 

and mRNA stability to effects on autophagy. Changes at the chromatin level mediated 

by BRD4 and MLL1 are also thought to be important in the regulation of the SASP 

(Herranz and Gil, 2018; McHugh and Gil, 2018; Calcinotto et al., 2019).  

 

As the SASP is highly heterogeneous and its components are not specific to 

senescence, it has limited utility as a marker of senescence. However, the expression of 

interleukin-6 (IL-6) and interleukin-8 (IL-8), components of the inflammatory SASP, have 

been used as biomarkers for senescence in cells and tissues (Hernandez-Segura, 

Nehme and Demaria, 2018; Herranz and Gil, 2018; Sultana et al., 2018). 

 
Senescence-associated heterochromatin foci 
In senescent cells large-scale chromatin rearrangement occurs. This can include the 

formation of senescence-associated heterochromatin foci (SAHF), which are visible by 

microscopy as DAPI-stained nuclear puncta (Herranz and Gil, 2018; Sultana et al., 

2018). In order to achieve irreversible cell cycle exit, senescent cells must suppress 

genes that are involved in promoting cell proliferation and cell cycle progression, such 

as E2F target genes. SAHFs are specialised domains of facultative heterochromatin that 

contribute to the silencing of these genes (Aird and Zhang, 2013). 

 

SAHFs were first described in cells undergoing oncogene-induced senescence (OIS). 

They are enriched for repressive epigenetic markers such as H3K9Me2/3, HP1 and 

macroH2A and chromatin regulators like HIRA, Asf1 and HMGA. Co-staining of DAPI 

foci with a number of these factors has been used to identify SAHFs in senescent cells. 

On the other hand, SAHFs also do not contain any active transcription start sites and 

euchromatin markers are excluded from them  (Aird and Zhang, 2013; Salama et al., 

2014; Sultana et al., 2018).  

 

The formation of SAHFs and the silencing of E2F target genes has been shown to be 

dependent upon the p16INK4a/Rb signalling pathway. If this pathway is impaired SAHF 
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formation cannot occur and senescence induction fails (Narita et al., 2003; Kuilman et 

al., 2010). Having said this, SAHFs do not form in every senescent cell. SAHF formation 

varies in different cell lines and this appears to correlate with variation in p16INK4a/Rb 

pathway activation. It also does not occur in every type of senescence or in response to 

every type of senescence inducer (Aird and Zhang, 2013; Hernandez-Segura, Nehme 

and Demaria, 2018). SAHF formation does not occur in quiescent cells, where the cell 

cycle exit is reversible (Narita et al., 2003; Aird and Zhang, 2013).  

 
Diverse types of cellular senescence  
At the basis of many forms of senescence is activation of the DDR pathway. However, 

in vitro, multiple senescence programs have been identified that are induced in response 

to diverse stimuli, including mitochondrial dysfunction-associated senescence (MiDAS), 

epigenetically induced senescence, and paracrine senescence. It is not yet known 

whether all of these types of senescence actually occur in vivo (Kuilman et al., 2010; 

Salama et al., 2014; Hernandez-Segura, Nehme and Demaria, 2018). I am going to 

describe some of the most well-known forms of senescence. 

 
Replicative senescence 
Cellular senescence was first described in 1965 by Leonard Hayflick, who observed that 

primary human cells in culture did not proliferate indefinitely (Hayflick, 1965; Kuilman et 

al., 2010). The number of times a cell can divide normally in culture is known as the 

Hayflick limit, and this differs depending on tissue type and species. For instance, the 

Hayflick limit of human fibroblasts is thought to be between 50 and 100 population 

doublings (Fridlyanskaya, Alekseenko and Nikolsky, 2015). This decrease of proliferative 

potential followed by total arrest is known as replicative senescence and is thought to be 

down to the shortening of telomeres (Hernandez-Segura, Nehme and Demaria, 2018).  

 

Telomeres are highly repetitive DNA structures located at the ends of chromosomes. 

Telomeres get shorter each time a cell divides because DNA polymerases are not able 

to completely replicate the lagging strands of DNA. This is known as the end-replication 

problem. When telomeres get too short, a multi-protein complex that protects their ends 

called shelterin is disrupted. This triggers a DDR which eventually leads to irreversible 

cell cycle arrest. In order to culture cells in vitro the catalytic subunit of the telomerase 

holo-enzyme (hTERT) is ectopically expressed, allowing the immortalisation of cells. 

Human somatic cells do not normally express telomerase, but it is expressed by 

embryonic tissues and often by tumour cells (Kuilman et al., 2010; Fridlyanskaya, 

Alekseenko and Nikolsky, 2015; McHugh and Gil, 2018). 
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Oncogene-induced senescence  
Another prominent form of senescence is oncogene-induced senescence (OIS). Strong 

activation of oncogenes such as Ras and Raf can induce senescence, limiting tumour 

growth and acting as a barrier to tumorigenesis. Cells initially respond to the constitutive 

oncogenic stimuli by hyperproliferating. This is thought to lead to hyper-replication of 

DNA as a result of increased firing of replication origins. This is known as oncogene-

induced replication stress. Eventually there is an accumulation of incomplete replication 

intermediates and DNA damage and this triggers a DDR, leading to senescence (Di 

Micco et al., 2006; Kuilman et al., 2010; Salama et al., 2014; Sarni and Kerem, 2017; 

Calcinotto et al., 2019). This form of senescence is independent of telomere erosion, as 

expression of hTERT does not allow OIS to be bypassed (Kuilman et al., 2010; Salama 

et al., 2014).  

 

Melanocytic nevi are in vivo examples of OIS. These are benign skin tumours that 

contain senescent cells. In this instance, constitutive activation of BRAF causes an initial 

hyperproliferation of melanocytes, before they enter cell cycle arrest and senescence. 

Despite often harbouring the BRAFE600 mutation frequently present in melanoma, these 

nevi rarely progress to melanoma (Kuilman et al., 2010; Calcinotto et al., 2019) 

 

Although activity of these oncogenes is common in many types of cancer, their activation 

alone is not enough to transform cells. Changes in other oncogenes and tumour 

suppressors are also required. Loss of tumour suppressors, such as PTEN, can also 

trigger senescence (Kuilman et al., 2010; Calcinotto et al., 2019).  

 
Therapy-induced senescence 
Multiple anti-cancer treatments have been shown to induce senescence in both normal 

and cancer cells. This has been termed therapy-induced senescence (TIS). TIS has 

been observed in human cancer biopsies from patients previously treated with 

chemotherapy and in tumours after radiation or genotoxic chemotherapy. Many of the 

therapies that induce TIS generate DNA damage, including chemotherapy drugs like 

docetaxel, bleomycin, cyclophosphamide, doxorubicin, vincristine, etoposide, and 

cisplatin, and ionising radiation. This makes it hard to distinguish from other forms of 

senescence such as replicative senescence and OIS, as aspects of the DDR also play 

a role in TIS (Ewald et al., 2010; Hernandez-Segura, Nehme and Demaria, 2018; 

Calcinotto et al., 2019). 

 

However, TIS can also occur in the absence of DNA damage and a DDR. Several 

targeted therapies that act via other mechanisms have been shown to induce growth 
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arrest and senescence in a diverse range of tumours. These include inhibitors of 

NOTCH, MDM2, JAK2 and CDKs (Ewald et al., 2010; Hernandez-Segura, Nehme and 

Demaria, 2018; Calcinotto et al., 2019). 

 

The fact that senescence induction could be a beneficial effect of these therapies 

appears to have been overlooked for some time, but increasingly there is interest in 

harnessing senescence as an anti-cancer strategy. I am going to discuss some of the 

ways in which this could be done and how the complex interactions between senescence 

and cancer cells could affect this (Ewald et al., 2010; Nardella et al., 2011).  

 
1.3. Induction of senescence as an anti-cancer treatment 
 
There is great deal of evidence that senescence plays a critical physiological role in 

combating tumour initiation and progression, with replicative senescence and OIS both 

believed to play a part. This is evidenced by the fact that virtually all cancers acquire 

mechanisms to prevent telomere attrition, removing the limit to replication and allowing 

immortalisation. Further to this, indications of senescence has been observed in 

premalignant stages of tumour progression. This is not limited to benign melanocytic nevi 

but has also been observed in neurofibromas, benign lesions of the prostate and 

premalignant lesions in the lung. This provides evidence that senescence induction in 

tumours could have therapeutic benefit in the treatment of cancer (Ewald et al., 2010; 

Nardella et al., 2011; Rodriguez-Brenes, Wodarz and Ayala, 2015).  

 

Senescence induction could be one way to achieve cytostasis in tumour cells, with all of 

the benefits I have previously discussed. Senescent cells undergo a permanent cell cycle 

arrest and senescence has been shown to arrest tumour development and progression 

in vivo. In addition, it is thought that these cells may eventually undergo autophagy or be 

cleared by the immune system in immunocompetent patients. Alternatively senescence 

could be induced prior to surgery to reduce tumour mass (Ewald et al., 2010; Nardella 

et al., 2011; Terzi, Izmirli and Gogebakan, 2016; Calcinotto et al., 2019). 

 

With anti-cancer treatments shown to induce TIS, it was observed that at lower doses 

these drugs induced senescence, whereas high doses were needed to induce apoptosis. 

This suggests that senescence in tumours can be achieved using lower doses of drugs, 

limiting toxic side-effects. Senescence induction could also be used alongside 

conventional approaches, potentially improving the efficacy of both therapies. It may also 

be useful in cancer cells where apoptosis is blocked through inactivation of relevant 

pathways (Ewald et al., 2010; Nardella et al., 2011). 
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Different methods to induce senescence 
Although several drugs already in clinical use can induce senescence, a number of 

groups are trying to develop targeted therapies that will induce senescence in cancer 

cells specifically. A number of different approaches have been identified that may do this 

and together they are termed pro-senescence therapies (Nardella et al., 2011; Calcinotto 

et al., 2019). 

 

Reactivation of the telomerase complex is a common strategy cancer cells use to bypass 

senescence and there are high levels of TERT expression and/or telomerase activity in 

many cancer cells. Specific inhibition of telomerase activity in cancer should hopefully 

lead to loss of telomere integrity and induction of replicative senescence. A number of 

different strategies to inhibit telomerase are being investigated and some are currently 

being tested in clinical trials. This therapeutic approach is thought to have promise but 

as of yet there are no telomerase inhibitors currently in clinical use (Nardella et al., 2011; 

Calcinotto et al., 2019). 

 

As p53 is a key effector for the induction of senescence, activating p53 or factors 

downstream of it could be effective in inducing senescence. The status of p53 in tumours 

is also important to consider, as it will impact upon how effective pro-senescence 

therapies can be and the gene encoding it is one of the most frequently mutated in 

human cancers. Agents are being developed that enhance the function of p53 by 

promoting its stability and to restore wild-type p53 activity in instances where p53 is 

mutated or lost in tumour cells (Nardella et al., 2011; Calcinotto et al., 2019; Zhou, Hao 

and Lu, 2019).  

 

Another factor important in executing senescence is inhibition of the Cyclin-dependent 

Kinases (CDKs) that drive cell cycle progression. Inhibitors of the cell cycle CDKs that 

drive S phase initiation and cell cycle entry, such as p16INK4a and p21CIP1 are key in 

senescence induction and compounds that enhance their activity or those that inhibit 

CDK activity could be used as pro-senescence therapies in cancer. Compounds that 

stabilise CDKis such as p27 are being developed, but there is also a lot of interest in a 

number of pharmacological CDK inhibitors. For instance, pharmacological inhibition of 

CDK2 has been shown to induce myc-dependent senescence in various cell types and 

several CDK2 inhibitors are in clinical development. Inhibitors of CDK4/6 were also 

thought to show promise as pro-senescence therapies, such as Palbociclib, but it has 

actually been shown that Palbobciclib does not induce a durable senescence in 

a patient-derived glioma stem cell-enriched cell line. Despite this however, combination 

of Palbociclib with other treatment was shown to increase the progression free survival 
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of woman with hormone receptor-positive, Her2-negative breast cancer, compared to 

the other treatment alone. It has been approved for clinical use in certain types of 

breast cancer by the European Medicines Agency (Nardella et al., 2011; Herranz and 

Gil, 2018; Calcinotto et al., 2019; European Medicines Agency, 2019; Morris-Hanon et 

al., 2019).  

 

Other ways to induce senescence in cancer cells that are being explored include 

immunotherapy, activation of tumour suppressors and inactivation of oncogenes 

(Nardella et al., 2011; Calcinotto et al., 2019). 

 
Implications to consider when inducing senescence in cancer cells 
It is believed that the role senescent cells play in vivo is strongly dependent on the SASP. 

Through the SASP, senescent tumour cells could influence the tumour 

microenvironment, which consists of stromal cells, non-senescent tumour cells and 

infiltrating immune cells. The SASP is highly heterogenous and its effects can be difficult 

to predict (Hernandez-Segura, Nehme and Demaria, 2018; Herranz and Gil, 2018; 

Calcinotto et al., 2019). 

 

The SASP has been shown to have anti-tumorigenic roles, both in the recruitment and 

activation of the immune system, which I will discuss later, and in limiting proliferation of 

surrounding cells. Senescent cells can induce paracrine senescence in neighbouring 

cells through the SASP, limiting tumour growth. However, the SASP can also have 

tumour-promoting effects. For instance, senescent fibroblasts are known to secrete 

proinflammatory immune cytokines that can actually promote the proliferation of nearby 

cells. The SASP can also promote angiogenesis via VEGF and CCL5 and facilitate 

metastasis, invasion and resistance to therapies (Ewald et al., 2010; Herranz and Gil, 

2018; McHugh and Gil, 2018; Zeng, Shen and Liu, 2018). 

 

One of the defining characteristics of senescent cells is an irreversible cell cycle exit. 

However, the results of a number of studies are challenging this dogma. A study in 2003 

showed that when p53 was inactivated in human fibroblasts with low levels of p16INK4a, 

DNA synthesis and cell proliferation could resume. However, proliferation did not resume 

in cells with high p16INK4a levels when p53 was inactivated. In this case the Rb pathway 

also had to be inactivated for the cells to re-enter the cell cycle. It has been suggested 

that failure to reverse senescence in cells with high p16INK4a levels may be due to their 

role in SAHF formation, as extensive chromatin remodelling seems to be associated with 

a more established senescent state. Another study showed that senescence could be 

reversed in its early stages upon Rb inactivation, but was not possible 5 days after 
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senescence establishment. It has been suggested that the type, strength and duration 

of the senescence-inducing signal can influence whether a cell enters “deep” 

senescence and whether it can be reversed (Beausejour et al., 2003; Salama et al., 

2014; Petrova et al., 2016; Zeng, Shen and Liu, 2018; Lee and Schmitt, 2019). 

 

A recent study showed that cancer cell lines that were either deficient in p53 or 

possessed wild-type p53 were both able to escape senescence that was induced by 

treatment with the topoisomerase inhibitors, etoposide or doxorubicin. They used flow 

cytometry to enrich for cells with high levels of SA β-gal activity and showed that these 

cells were able to recover their proliferative potential and further to this were able to form 

tumours in mice. However, only a sub-population of the senescent cells were able to do 

this and at least two of the cell lines used were p16INK4a deficient, further suggesting that 

escape from senescence depends upon how stable the senescent phenotype is 

(Mirzayans et al., 2012; Tao et al., 2016; Saleh et al., 2019). 

 

These studies highlight the reliance of cells upon the p16INK4a/Rb and the p53/p21CIP1 

pathways for senescence induction. Given that tumour cells have a high level of genomic 

instability it is possible that the activity of these pathways will be lost in these cells. 

However, seen as mutations typically occur during cell division, it does seem unlikely 

that they would be lost in senescent tumour cells. Cancer cells lacking functional Rb, p53 

and other tumour suppressors have also been shown to undergo senescence in 

response to various drugs. It has also been suggested that the tumour cells that escape 

senescence may be more aggressive than the parental cells. They are also commonly 

polyploid and have stem cell features. It has therefore been proposed that senescence 

may provide a mechanism by which cancer cells can evade the cytotoxic effects of 

therapies, lying dormant before re-emerging and contributing to disease relapse (Ewald 

et al., 2010; Rodriguez-Brenes, Wodarz and Ayala, 2015; Saleh et al., 2019; Saleh, 

Tyutyunyk-Massey and Gewirtz, 2019).  

 

Although senescence plays a tumour suppressive role, long-term accumulation of 

senescent cells in normal tissues can have detrimental effects, including the pro-

tumourigenic effects of the SASP and potential cell cycle re-entry of senescent cells. 

Elimination of these senescent cells should help to avoid these side-effects. This may 

occur through an innate immune response or use of senolytic therapies (Nardella et al., 

2011; Calcinotto et al., 2019; Lee and Schmitt, 2019).   
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Elimination of senescent cells after pro-senescence therapies 
It is known that senescent cells can be cleared by immune system and this may lead to 

a reduction in tumour burden. Factors that are part of the SASP, like the pro-inflammatory 

cytokines IL-6 and 8, can recruit cells of the immune system including macrophages, 

natural killer cells and T-helper 1 (Th-1) lymphocytes. Senescent cells can also express 

factors that immune cells recognise, leading to their destruction. For instance, senescent 

fibroblast cells can express an oxidised form of membrane-bound vimentin on their 

surface, which attracts macrophages and leads to them being phagocytosed. The 

immune system also has a role in clearing premalignant senescent cells (Nardella et al., 

2011; Herranz and Gil, 2018; Calcinotto et al., 2019). 
 

However, interactions between the SASP and the immune response are complex and 

there are instances where the SASP can have immune-suppressive, pro-tumorigenic 

effects. For example, one study showed pre-malignant senescent hepatocytes secreted 

C-C chemokine ligand 2 as part of the SASP and this recruited immature myeloid cells. 

This impaired the function of natural killer cells and promoted the growth of established 

cancer cells. There is also evidence that the immune system cannot completely clear 

senescent cells and this will be the case especially in immunocompromised patients. In 

these cases, compounds that specifically cause senescent cells to die, known as 

senolytics, could be beneficial (Hernandez-Segura, Nehme and Demaria, 2018; Herranz 

and Gil, 2018; Lee and Schmitt, 2019).  

 

Senolytic agents are being developed that target different aspects of senescent cells 

biology. One characteristic of senescent cells is resistance to apoptosis. In line with this, 

members of the anti-apoptotic Bcl-2 family of proteins are upregulated in senescent cells. 

Inhibitors of these proteins have been shown to induce apoptosis in senescent cells, 

both in vivo and in vitro, but have also been shown to be toxic in patients and have 

variable efficacy, which seems to depend upon the genetic background of the senescent 

cells. Other methods shown to be effective in killing senescent cells include FOXO4 

inhibitors, targeting a transcription factor that interacts with p53 to regulate viability of 

senescent cells, and combined use of Dasatinib, a Src and c-KIT kinase inhibitor 

approved by the Food and Drug Administration (FDA) as an anti-cancer drug, with 

Quercetin, a flavonol (Hernandez-Segura, Nehme and Demaria, 2018; Calcinotto et al., 

2019).  

 

Many of these senolytic therapies are toxic and unfortunately cannot discriminate 

between beneficial and deleterious senescence programs. The lack of a universal 

marker for senescence and the heterogenous nature of senescence also limit their use 
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at the moment. However, pro-senescence and senolytic therapies are showing 

promising results in pre-clinical mouse models and some have progressed to human 

clinical trials. Therefore pro-senescence therapies combined with either immuno-

modulatory approaches or senolytic treatments represent a promising therapeutic 

strategy to treat cancer, figure 1.4. (Hernandez-Segura, Nehme and Demaria, 2018; 

Herranz and Gil, 2018; Calcinotto et al., 2019).  

 

In terms of developing new pro-senescence therapies, the targeting of the cell cycle 

machinery is an established strategy. A protein that is known to have a key role in the 

cell cycle and that is already under investigation as a target of anti-cancer drugs is CDK7 

(Patel et al., 2018; Calcinotto et al., 2019).  

 

 

 

 
 
1.4. CDK7  

 
CDK7 is a cyclin-dependent kinase (CDK) that in metazoans has two essential but 

distinct roles; in the cell division cycle as the CDK-activating kinase (CAK) and in 

Figure 1.4: Induction of senescence and clearance of senescent cells in 
cancer treatment. Here is a visualisation of how treatment with a pro-senescence 
therapy followed by a physiological immune response or treatment with a senolytic 
agent could help to clear tumour cells. Figure adapted from Calcinotto et al., 2019 
and created with BioRender (www.biorender.com). 
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transcription as a component of the general transcription factor TFIIH (Fisher, 2005; 

Larochelle et al., 2006). The in vitro ability of CDK7 to carry out both functions appears 

to be widely conserved from Schizosaccharomyes pombe and rice, to mammals 

(Wallenfang and Seydoux, 2002). As well as its role in cell cycle progression and 

transcription, CDK7 has also been reported to phosphorylate a number of transcription 

factors including p53, E2F1 and the estrogen receptor (Fisher, 2005; Larochelle et al., 

2006). Levels of CDK7 are low in cells, but constant throughout the cell cycle, and it is 

predominantly located in the nucleus (Lolli et al., 2004; Fisher, 2005).  

 

The role of CDK7 in the cell cycle  
In its role as the CAK, CDK7 is responsible for the activating phosphorylation of all of the 

cell cycle CDKs and regulation of the cell cycle (Lolli and Johnson, 2005; Fisher, 2012). 

The cell cycle is a series of tightly integrated events that govern the growth and 

proliferation of cells (Schwartz and Shah, 2005). It is characterised by four distinct 

phases, S phase (DNA synthesis), M phase (mitosis) and two gap phases, G1 and G2, 

during which the cells prepare for and assess the readiness of the cells to enter S or M 

phase, respectively (Schwartz and Shah, 2005; Suryadinata, Sadowski and Sarcevic, 

2010).  In mammalian cells the irreversible commitment to cell division is made at a 

decision point in G1 called the restriction (R) point. The transition through the R point is 

dependent upon mitogenic factors, whereas cell division past this point is independent 

of growth factors (Suryadinata, Sadowski and Sarcevic, 2010; Fisher, 2012).  

 

After G1, cells enter S phase, when replication of DNA is initiated and completed, and is 

strictly regulated to ensure cells replicate their genomic DNA just once. This is followed 

by the second gap phase, G2, and finally M phase. In M phase cytokinesis segregates 

the duplicated genetic material into two genetically identical daughter cells (Vermeulen, 

Van Bockstaele and Berneman, 2003; Suryadinata, Sadowski and Sarcevic, 2010; 

Fisher, 2012).  

 

Early work in Schizosaccharomyces pombe demonstrated that the successful execution 

of cell cycle events, such as DNA synthesis and nuclear division, was dependent upon 

particular gene products (Nurse, Thuriaux and Nasmyth, 1976). Amongst these gene 

products, they identified cdc2, a cyclin-dependent kinase (CDK), which regulates cell 

cycle progression in Schizosaccharomyces pombe when coupled with different cyclins, 

which are expressed at different cell cycle phases (Nurse, Thuriaux and Nasmyth, 1976; 

Suryadinata, Sadowski and Sarcevic, 2010). Cyclins and CDKs form dimeric kinase 

complexes, where the CDK is the catalytic kinase sub-unit, who’s activity is dependent 

upon binding to regulatory cyclin sub-units  (Suryadinata, Sadowski and Sarcevic, 2010). 
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In higher eukaryotes, different CDKs are responsible for the control of different phases 

of the cell cycle, as shown in figure 1.5. This is regulated by the cell cycle-stage-

dependent accumulation and proteolytic degradation of the different cyclin sub-units. To 

promote cell cycle progression, CDKs phosphorylate downstream substrates that are 

specifically important to each cell cycle phase to regulate their activity (Suryadinata, 

Sadowski and Sarcevic, 2010). 

 

 

 

 

 

 

 

 

 

 

 

 

 

As well as cyclin binding, CDKs require T-loop phosphorylation to achieve high levels of 

kinase activity (Fisher, 2005). CDK7 phosphorylates conserved threonine residues within 

the activation segment (T-loop) of the cell cycle CDKs (CDK1, 2, 4 and 6) in its role as 

the CAK (Fisher and Morgan, 1994; Fisher, 2005; Lolli and Johnson, 2005; Schachter et 

al., 2013). In this context, CDK7 is in a heterotrimeric complex with cyclin H and the ring 

finger protein MAT1, the minimal CDK7 complex (Fisher and Morgan, 1994; Devault et 

al., 1995; Fisher, 2012). The consensus sequence of the CDK7 target sites in 

mammalian CDKs is TXXVVTL and the first threonine is phosphorylated (Larochelle et 

al., 2006; Fisher, 2012). 

 

Although there are doubts that CDK7 is the only CAK that functions in vivo, it is still the 

only known CAK (Schacter and Fisher, 2013). The scepticism partially stems from the 

fact that the expression and activity of all three CAK complex sub-units appears to be 

constant throughout the cell cycle (Fisher, 2005; Schachter et al., 2013). With this 

Figure 1.5: The cell cycle. Progression of cells through the cell cycle is tightly 
regulated by cyclin–CDK complexes. In mammalian cells cyclin D-CDK4/6 is 
important for progression during the G1 phase of the cell cycle. The cyclin E-CDK2 
complex controls the G1/S transition. Cyclin A-CDK2 and cyclin A-CDK1 are 
important for progression during the S and G2 phases respectively and finally 
progression through mitosis is dependent on the cyclin B-CDK1 complex. Figure 
adapted from Suryadinata, Sadowski and Sarcevic, 2010.  
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seemingly constitutive activity how can CDK7 order cell cycle events? How are the 

different CDKs activated at the correct time?  

 

A study in 2008 provided the first evidence that the activity of CDK7 helps to order cell 

cycle events. Merrick and colleagues showed that despite being structurally very similar, 

CDK1 and 2 are activated by CDK7 in distinct ways. CDK1 cannot be phosphorylated by 

CDK7 without being bound to cyclin, but cannot stably bind to cyclin in the absence of 

T-loop phosphorylation. This suggests that these two events must happen at the same 

time in order for CDK1 to be activated. In contrast to this, CDK7 preferentially 

phosphorylates CDK2 as a monomer, after which it binds to cyclin to become active. 

This difference in activity and substrate preference of CDK7 ensures that CDK2 

activation occurs before CDK1 activation (Merrick et al., 2008; Schachter et al., 2013; 

Schacter and Fisher, 2013).  

 

The way in which CDK7 activates CDK4 and 6 during G1 seems to be linked to their 

structure and to mitogenic signalling. Both of these CDKs function upstream of the R 

point and their activity is coupled in multiple respects to growth factor signalling. A study 

in 2013 (Schachter et al., 2013) revealed that phosphorylation of CDK7s own T-loop 

increases during G1, probably as a consequence of mitogenic signalling. Although CDK7 

T-loop phosphorylation was previously shown to not accelerate phosphorylation of 

CDK2, in this study it was demonstrated to stimulate CDK4 activation and indeed was 

required for maximal rates of CDK4 T-loop phosphorylation.  

 

In addition to this, it was shown that whereas T-loop phosphorylation of CDK1 and 2 

persists for hours after CDK7 is inhibited, it is rapidly lost in CDK4 and 6. Therefore, 

CDK7 activity is not only required to establish but also maintain the active state of CDK4 

and 6, which does not seem to be the case with CDK1 and 2. This distinction may be 

due to structural differences between the various cyclin-CDK complexes. For instance, 

the phosphorylated T-loop of the cyclin D/CDK4 complex remains exposed, vulnerable 

to phosphatases. Due to their mechanisms of activation, the T-loops of CDK1 and 2 are 

less susceptible to the activity of phosphatases. 

 

It seems that CDK4 and 6 activation is regulated by competition between CDK7 and a 

T-loop phosphatase. During G1 T-loop phosphorylation of CDK4 is high, due to mitogen-

induced phosphorylation of CDK7s T-loop. This out-competes the opposing l- 

phosphatase and CDK 4 and 6 are activated. All of this suggests that CAK activity may 

be a rate limiting factor in traversing the R point. In addition, as with CDK1, it appears 
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that T-loop phosphorylation of CDK4 and 6 occurs after the binding of cyclins (Schachter 

et al., 2013; Schacter and Fisher, 2013). 

 

The role of CDK7 in RNA polymerase II-mediated transcription 
As well as its function as the CAK, CDK7 also has a role in regulating RNA polymerase 

II, which in eukaryotes is responsible for the transcription of all protein-coding genes 

(Greenall et al., 2017; Fisher, 2019). Initiation of RNA polymerase II-mediated 

transcription is reliant upon the general transcription factors, which are involved in 

formation of the pre-initiation complex, RNA polymerase II pausing, transcription 

initiation and elongation (Coin and Egly, 2015). The minimal CDK7 complex is a 

component of one of these general transcription factors TFIIH, which is present at all 

active RNA polymerase II promoters as part of the pre-initiation complex. The XPD 

helicase tethers the CDK7-cyclin-H-MAT1 trimer to the core sub-units of TFIIH and may 

play a role in actively recruiting it (Tirode et al., 1999; Fisher, 2005, 2012, 2019).  

 

Within this complex, CDK7 is thought to mainly play a role in the early stages of the RNA 

polymerase II transcription cycle (Fisher, 2019). CDK7 phosphorylates the C-terminal 

domain (CTD) of the largest sub-unit of RNA polymerase II, Rpb1. This contains multiple 

repeats of the heptad consensus sequence YSPTSPS, within which CDK7 preferentially 

phosphorylates serine 5 (Fisher, 2005, 2019) .  

 

The major functions of this phosphorylation event seem to be establishing promoter-

proximal pausing of RNA polymerase II and promoting co-transcriptional capping 

(Fisher, 2012, 2019; Coin and Egly, 2015). After phosphorylation of serine 5, RNA 

polymerase II pauses 30-70 nucleotides downstream of the transcriptional start site 

(Coin and Egly, 2015; Fisher, 2019). As well as being a mechanism to set genes in a 

poised state, ready for rapid activation of gene expression, pausing by RNA polymerase 

II is thought to be a transcriptional checkpoint that regulates the expression of genes 

important for development, cell-cycle progression and signalling (Liu et al., 2015; Fisher, 

2019). It is a quality control mechanism, that makes sure co-transcriptional processing 

of the RNA transcripts occurs. This includes 5’ capping of the RNA. CDK7-mediated 

phosphorylation of the CTD is also thought to be important here, as it tethers the 

mammalian capping enzyme close to the 5’ end of the nascent RNA transcript (Coin and 

Egly, 2015; Fisher, 2019). To establish RNA polymerase II pausing, CDK7 promotes the 

recruitment of the DRB sensitivity-inducing factor (DSIF) and negative elongation factor 

(NELF), the two principal factors needed for pausing of RNA polymerase II. However, 

the mechanism by which CDK7 does this is unknown (Fisher, 2019). 
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Recently a new function of CDK7-dependent CTD phosphorylation has also been 

revealed. A study in 2018 reported that the unphosphorylated CTD of human RNA 

polymerase II can undergo liquid phase separation. This can lead to the formation of 

RNA polymerase II clusters near gene promoters, providing a reservoir of RNA 

polymerase II here and enabling high initiation rates when transcription is activated. 

Phosphorylation of the CTD at serine 5 by CDK7 causes dissolution of these clusters 

and frees RNA polymerase II to allow transcription elongation (Boehning et al., 2018; 

Fisher, 2019). 

 

CDK7 also indirectly triggers pause release, as it is the CAK for CDK9, the catalytic sub-

unit of positive transcription elongation factor b (P-TEFb). CDK7 activates CDK9 through 

T-loop phosphorylation, after which CDK9 carries out a number of phosphorylation 

events. It phosphorylates the CTD of RNA polymerase II at serine 2 to promote 

recruitment of 3’ end processing and splicing factors needed for mRNA maturation. 

CDK9 also phosphorylates NELF, causing it to dissociate from RNA polymerase II, and 

DSIF, converting it to a positive elongation factor. This allows RNA polymerase II to 

escape pausing and for transcription elongation to begin (Coin and Egly, 2015; Fisher, 

2019).  

 

How are the two functions of CDK7 balanced? 
Traditionally CDKs have been separated into two non-overlapping sets: the cell-cycle 

CDKs (CDK1, 2, 4 and 6) and the transcriptional CDKs (CDK8, 9, 12 and 13). However 

CDK7 functions in both of these seemingly separate cellular processes, figure 1.6 

(Fisher, 2005, 2012). This poses a number of questions.  

 

First of all, how does CDK7 recognise two different types of substrate containing differing 

consensus sequences? A study using an analog-sensitive form of CDK7 found that 

CDK7 maintains two separate but stringent modes of substrate recognition. In the case 

of CDKs, CDK7 relies on substrate features distant from the actual site of 

phosphorylation and relies on either MAT1 or phosphorylation of its T-loop for optimal 

efficiency. In contrast to this, CDK7 is reliant upon the sequence surrounding the 

phosphoacceptor residue of Rpb1 and the presence of both CDK7 T-loop 

phosphorylation and MAT1 for recognition of RNA polymerase II (Larochelle et al., 2006).  

 



 
 
 

39 

  

How does CDK7 switch between carrying out its two different functions? For example, 

transcription is silenced in mitotic cells. Phosphorylation of CDK7 itself may regulate this. 

CDK1 is able to phosphorylate CDK7 at serine 164 and this inhibits its CTD kinase 

activity without affecting its activity as the CAK. In addition to this, the XPD sub-unit of 

TFIIH may also play an important role in mitotic silencing of transcription. During 

interphase, XPD is present in the cytoplasm and can bind to CAK, recruiting it to TFIIH 

for transcription. At mitosis, XPD is degraded, releasing CAK and allowing it to function 

in the context of the cell cycle. It should also be noted that there is more free CAK in the 

cell than the TFIIH-associated form (Fisher, 2005; Lolli and Johnson, 2005). 

 

Finally, does this dual function of CDK7 actually represent co-ordination of the cell cycle 

and transcription? It has been suggested that CDK7 activity may be able to link regulation 

of transcription and the cell cycle machinery to, for instance, ensure that mRNAs 

encoding effectors of cell division are expressed when they are needed (Fisher, 2005). 

This is in part supported by evidence that not all RNA polymerase II-mediated 

transcription is equally dependent upon the activity of transcriptional CDKs (Fisher, 

2019). For instance, a study in Saccharomyces cerevisiae used a chemical inhibitor of 

Kin28, the budding yeast form of CDK7, and showed that although the mRNA levels of 

some genes are lower in these cells, global mRNA synthesis was not significantly altered 

(Kanin et al., 2007). It might be that CDK7 particularly supports certain programs of gene 

Figure 1.6: The dual roles of CDK7. In its role as the CAK, CDK7, as part of the 
minimal CDK7 complex, phosphorylates cell cycle CDKs on their T-loop to activate 
them. In its role in RNA polymerase II-mediated transcription, the minimal CDK7 
complex is tethered to the general transcription factor TFIIH. As part of this 
complex, CDK7 phosphorylates RNA polymerase II at serine 5 in its CTD to 
facilitate RNA polymerase II pausing (1.). It also phosphorylates CDK9 in its T-loop, 
activating it (2.), after which CDK9 phosphorylates RNA polymerase II at serine 2 
in its CTD to facilitate release from pausing (3.). Figure adapted from Fisher 2005; 
Larochelle et al., 2012; Coin and Egly 2015. 
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expression, such as cell cycle regulated genes (Fisher, 2005, 2019). Despite this 

speculation, there is apparently little experimental evidence supporting true co-ordination 

between these two cellular processes (Fisher, 2012). 

 

CDK7 as a target of anti-cancer drugs 
Deregulation of kinase activity has been observed in many diseases and it is well-

established that kinases are “druggable” enzymes (Teng et al., 2019). In amongst this, 

deregulation of cell cycle CDKs is a common feature of cancer. Elevated CDK activity in 

cancer cells often occurs through amplification of cell cycle regulators, such as cyclin 

D1, or loss of CDK inhibitor activity (Hazel et al., 2017; Patel et al., 2018). Due to this 

deregulation and the role they play in cell proliferation, cancer cells may be more 

sensitive to inhibition of cell cycle CDK activity than healthy cells (Lolli and Johnson, 

2005; Patel et al., 2018; Fisher, 2019). Selective small molecule inhibitors of all of the 

cell cycle CDKs have been developed as cancer therapeutics and some are in clinical 

trials, including the CDK4/6 inhibitor Palbociclib (Hazel et al., 2017; Patel et al., 2018). 

 

However, previous studies in knockout mice suggest there is potential redundancy 

between the different cell cycle CDKs. For instance, CDK1 or 4 are thought to able to 

substitute for CDK2, as CDK2-/- mice are viable. Although cells from these mice do 

display delayed entry into S phase, the cells can still proliferate, demonstrating that 

CDK2 is dispensable in the cell cycle (Berthet et al., 2003; Ortega et al., 2003). Selective 

inhibition of CDK7 may be one approach to tackle this redundancy. Due to its role as the 

CAK for all CDKs involved in cell cycle progression, inhibition of CDK7 would be 

expected to cause inhibition of all downstream cell cycle CDKs (Lolli and Johnson, 2005; 

Hazel et al., 2017). 

 

Previously when considering CDK7 as a potential drug target, it’s role in transcription as 

well as cell cycle regulation has been cause for concern (Fisher, 2005; Lolli and Johnson, 

2005). It was thought that targeting CDK7 would be toxic to patients and wouldn’t show 

selective action in cancer cells, as transcription is also required in healthy tissues (Patel 

et al., 2018). However, there is considerable evidence that transcription is dysregulated 

in cancer cells and that the transcription of certain genes is disproportionately sensitive 

to inhibition of transcription (Wang et al., 2015; Patel et al., 2018).  

 

A number of cancer types have been reported to be dependent upon the high, 

uninterrupted expression of genes whose products contribute to their growth and survival 

(Chipumuro et al., 2014; Christensen et al., 2014; Kwiatkowski et al., 2014; Wang et al., 

2015). These genes, examples of which include MYC and RUNX1, are especially 
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sensitive to disruption and often encode oncogenic drivers with short mRNA and protein 

half-lives (Chipumuro et al., 2014; Wang et al., 2015). The sustained transcription of 

these genes in cancer cells is often driven by super-enhancers (SEs) (Wang et al., 2015). 

 

SEs are clusters of enhancers that are densely occupied by elements of transcriptional 

machinery, including transcription factors, RNA polymerase II, and chromatin regulators 

(Chipumuro et al., 2014; Wang et al., 2015; Bradner, Hnisz and Young, 2017; Fisher, 

2019). They regulate the expression of genes that are important in cell identity or 

specialised cell functions (Bradner, Hnisz and Young, 2017) and are acquired by cancer 

cells through gene amplification, trans-location or transcription factor overexpression 

(Chipumuro et al., 2014). 

 

It seems that as well as being addicted to the activity of oncogenes, certain cancer types 

can also become addicted to dysregulated transcriptional programs of specific genes, 

who’s high expression is facilitated by SEs (Chipumuro et al., 2014; Bradner, Hnisz and 

Young, 2017; Fisher, 2019). CDK7 is enriched at SEs, including those that drive 

expression of oncogenes, and it seems to mediate this transcriptional addiction (Wang 

et al., 2015; Bradner, Hnisz and Young, 2017; Fisher, 2019). Therefore inhibition of 

CDK7 may be a good therapeutic goal in these cancers, as it seems that SE-regulated 

transcription has an exceptional reliance on transcriptional regulators, such as CDK7 

(Chipumuro et al., 2014; Wang et al., 2015). 

 

Overall CDK7-specific inhibitors could inhibit transcription and cell cycle progression, two 

processes known to be deregulated in cancer (Hazel et al., 2017; Patel et al., 2018). 

Overexpression of components of the CDK7 complex has also been observed in various 

types of tumours, including various types of breast cancer (Patel et al., 2018; Teng et al., 

2019). This makes CDK7 an attractive target of anti-cancer drugs and interest in the 

potential therapeutic use of CDK7 inhibitors in cancer is rapidly growing (Hazel et al., 

2017; Teng et al., 2019). Up until now a few CDK7 inhibitors have been developed and 

discussed in the literature (Teng et al., 2019) and in my project I have investigated the 

effects of two of them, THZ1 and ICEC0942. 

 
1.5. THZ1, a covalent CDK7 inhibitor 

 
THZ1 is a phenylaminopyrimidine, figure 1.7, that is currently the most well studied CDK7 

inhibitor (Kwiatkowski et al., 2014; Teng et al., 2019). It was first identified in a screen 

looking to identify new inhibitors of kinases that regulate gene transcription (Kwiatkowski 

et al., 2014). It possesses a reactive acrylamide moiety that covalently binds to a cysteine 
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residue in CDK7 (C312), located outside of its kinase domain. This was apparently the 

first time a CDK inhibitor was reported to bind covalently and was a good means by 

which to achieve selective binding to CDK7 (Kwiatkowski et al., 2014).  

 

 

 

 

 

In the study that first identified and characterised THZ1, it was demonstrated to inhibit 

the proliferation of Jurkat and Loucy cell lines at low nanomolar doses. It was also shown 

to inhibit the phosphorylation of the CTD of RNA polymerase II at serine 5 and 7 and to 

induce decreased phosphorylation of the T-loops of CDK1, 2 and 9, indicating that THZ1 

could disrupt both functions of CDK7. Mutation of the C312 residue to a serine, prevented 

THZ1 from covalently binding to CDK7 and restored RNA polymerase II CTD 

phosphorylation to near wild-type levels, indicating that binding to the C312 residue is 

necessary for the pharmacological activity of THZ1. Wash-out experiments also 

confirmed that THZ1 acts irreversibly (Kwiatkowski et al., 2014). 

 

Cancer cell-line profiling of the anti-proliferative activity of THZ1 uncovered a sub-set of 

cancer cell lines that showed exceptional sensitivity to THZ1. Amongst this sub-set were 

T-cell acute lymphoblastic leukaemia (T-ALL) cells, such as Jurkat and Loucy cell lines. 

Non-transformed retinal pigment epithelial (RPE1) and BJ fibroblast cells were shown to 

be less sensitive. To identify common features that may underlie their sensitivity to THZ1, 

genomic data from these sensitive cell lines was analysed and gene ontology (GO)-term 

enrichment analysis was carried out. It revealed that overexpression of transcriptional 

regulators, including factors involved in RNA polymerase II-mediated transcription and 

(proto-) oncogenic transcription factors commonly overexpressed in cancer, were strong 

predictors of sensitivity to THZ1. Treatment of Jurkat cells with high doses of THZ1 also 

caused a reduction in global steady-state mRNA levels and reduced RNA polymerase II 

occupancy at promoters and gene bodies genome wide. Together, all of this suggests 

that the main effects of THZ1 are mediated through modulation of transcription 

(Kwiatkowski et al., 2014).  

 

T-ALL cells seemed to be particularly sensitive to perturbation of transcription and CDK7 

function. Even at sub-effective doses, THZ1 treatment caused decreased cellular 

proliferation and an increase in apoptotic index, alongside a reduction in anti-apoptotic 

Figure 1.7: The chemical structure of THZ1. Figure adapted from Olson et al., 
2019.  
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proteins. In a xenograft mouse model using human T-ALL cells, THZ1 reduced 

proliferation of the T-ALL cells and seemed to be well-tolerated by the animals, causing 

no obvious toxicity (Kwiatkowski et al., 2014).  

 

In T-ALL cells the transcription factor RUNX1 was one of the most affected genes, with 

even low concentrations of THZ1 causing loss of RUNX1 expression. It was shown that 

RUNX1 contained a large SE domain, and, alongside other transcription factors, 

regulates many genes involved in the active gene expression program of Jurkat cells. In 

this study, loss of the RUNX1-driven transcriptional program probably accounted for the 

sensitivity to even low doses of THZ1 (Kwiatkowski et al., 2014).  
 

The potential of the broad use of THZ1 in cancer treatment 
Subsequent studies following this initial characterisation have found that a number of 

cancer types are sensitive to THZ1 including neuroblastoma, small cell lung cancer 

(SCLC), triple negative breast cancer (TNBC), cervical cancer and oesophageal 

squamous cell carcinoma (OSCC). This includes a number of cancers that are known to 

be aggressive and that have a poor prognosis. In broad terms, THZ1 was found to have 

a similar effect in these cancer cells as in T-ALL cells. It caused a reduction in cell 

proliferation and induced apoptosis in the cells specifically through inhibition of 

transcription. In these cancers transcription of SE-associated genes or clusters of genes 

was found to be especially sensitive to THZ1 treatment, and these genes were all found 

to be key in driving the oncogenic state of these cancers (Chipumuro et al., 2014; 

Christensen et al., 2014; Wang et al., 2015; Jiang et al., 2017; Zhong et al., 2019). 

Although a number of other studies have also shown that THZ1 has effects on the cell 

cycle, (Jiang et al., 2017; Zhong et al., 2019) its role in inhibiting transcription and the 

effects this has on cancer cell viability is most well-characterised and vulnerability to 

THZ1 seems to be mediated by a dependency of cancer upon oncogenes regulated by 

SEs and the transcriptional programs they regulate (Rusan et al., 2018).  

 

Excitingly, a recent study has showed that use of THZ1 alongside targeted therapies can 

prevent emergence of treatment resistant cells in a number of ways. In vitro, treatment 

with THZ1 and a variety of targeted therapies enhanced cell death and decreased 

formation of resistant colonies better than either agent alone in a number of oncogene-

driven cancer models. In vivo, this also led to significant tumour regression and increased 

survival in xenograft models and immunocompetent genetically-engineered mouse 

models (Rusan et al., 2018). 
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The study also showed that THZ1 could prevent tumour cells from becoming therapy 

resistant by blocking transcriptional responses that would promote tumour cell survival. 

By lowering levels of transcription factors important in adaptation to targeted therapies, 

it appears that THZ1 prevents the establishment of new pro-survival transcriptional 

programs. It also prevents remodelling of enhancers and blocks key signalling outputs 

needed for tumour cell survival in response to targeted therapies. The combined use of 

THZ1 with targeted therapies, such as small molecule inhibitors of receptor tyrosine 

kinases, seems to be a promising multi-pronged strategy to inhibit the emergence of 

drug-resistant cells (Rusan et al., 2018).  

 

THZ1 is not a CDK7 selective agent 
As well as being used to understand the potential of CDK7 inhibition as an anti-cancer 

treatment, some groups have taken advantage of the apparent specificity of THZ1 for 

CDK7 to investigate the role of CDK7 in transcription (Coin and Egly, 2015). In fact much 

of what we know about the function of CDK7 in RNA polymerase II pausing and co-

transcriptional capping was learned through the use of THZ1 (Coin and Egly, 2015; 

Nilson et al., 2015; Fisher, 2019). However, the same group that initially discovered and 

characterised THZ1 have also published studies showing that it can also covalently bind 

to and inhibit CDK12/13 (Kwiatkowski et al., 2014; Zhang et al., 2016; Olson et al., 2019). 

This means that phenotypes previously attributed to CDK7 inhibition may have actually 

been caused by inhibition of CDK12/13, or the combined inhibition of the kinases. The 

group has recently developed YKL-5-124, a new selective, covalent CDK7 inhibitor 

based not on the scaffold of THZ1 but the scaffold of a PAK4 inhibitor (Olson et al., 

2019). 

 

YKL-5-124 also targets the C312 residue of CDK7 irreversibly, but may also potentially 

bind to two more residues of CDK7.  It is much for selective for CDK7 than CDK2 and 9 

and didn’t inhibit CDK12/13 at the concentrations tested. In contrast THZ1 is equipotent 

on CDK7, 12, and 13 (Olson et al., 2019).   

 

Surprisingly, YKL-5-124 affects cells in a number of ways that is different to THZ1. First 

of all, it was shown to have no effect on phosphorylation of RNA polymerase II CTD 

serine residues, although it does inhibit CDK1 and 2 T-loop phosphorylation. THZ1 also 

induced substantially more cell death than YKL-5-124 and this cell death is largely CDK7 

independent. YKL-5-124 on the other hand is cytostatic, with cells mostly arresting the 

G1/S transition (Olson et al., 2019).  
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RNA sequencing of cells revealed that although genes that were differentially regulated 

upon treatment of YKL-5-124 were largely similar to those observed upon treatment with 

THZ1, YKL-5-124 treatment did give rise to a transcriptional signature distinct from that 

of THZ1. Gene set enrichment analysis (GSEA) of expression data from cells treated 

with YKL-5-124 showed it induced a strong inhibition of the cell cycle transcriptional 

program (Olson et al., 2019). 

 

A number of the phenotypes previously observed upon treatment with THZ1 could be 

recapitulated using YKL-5-124 in combination with a CDK12/13 inhibitor, such as effects 

on gene expression and RNA polymerase II CTD phosphorylation. This indicates that it 

is the combined inhibition of CDK7, 12 and 13 that is integral to the anti-transcriptional 

effects of THZ1. It may be that CDK7-mediated phosphorylation of the CTD may not be 

necessary for basal global gene expression and that other kinases may be able to 

compensate for loss of CDK7 (Olson et al., 2019). 

 

Development of a selective CDK7 inhibitor based on THZ1 
As well as its lack of CDK7 selectivity (Olson et al., 2019), THZ1 also lacks a number of 

features that are important for agents used in the clinic (Hu et al., 2019). For example, it 

is not very stable in vivo, having a half-life of just 45 minutes in mouse plasma (Wang et 

al., 2015). With this in mind, one group carried out medicinal chemistry on the scaffold 

of THZ1 to produce an agent with improved potency, selectivity and metabolic stability 

to be taken into clinical development (Hu et al., 2019).   

 

The resulting molecule, SY-1365, bound covalently to CDK7 and showed higher 

selectivity for CDK7 than all other CDKs. It inhibited phosphorylation at serine 2, 5 and 

7 of the RNA polymerase II CTD and the T-loop of CDK2. Apoptosis was observed in a 

number of cancer cell lines treated with SY-1365, but not in non-transformed cells. 

Among cancer cell lines though, there appeared to be a lot of variation in how cytotoxic 

SY-1365 was. Cell lines with lower levels of anti-apoptotic proteins, including BCL-XL 

and MCL1 seemed to be more sensitive to SY-1365. In line with this, the group showed 

that SY-1365 had a synergistic effect with the anti-apoptotic BCL2 inhibitor venetoclax 

in a number of acute myeloid leukaemia (AML) cell lines (Hu et al., 2019).  

 

When looking at its effects on transcription, it was shown that SY-1365 treatment induced 

a broad downregulation of transcription, but particularly caused downregulation of 

oncogenic transcription factors associated with SEs. GSEA also revealed that genes 

involved in the cell cycle and DNA repair pathways were particularly affected (Hu et al., 

2019).  
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The potential of SY-1365 to inhibit tumour growth in vivo was examined using AML and 

ovarian cancer mouse xenograft models. In all models significant inhibition of tumour 

growth and anti-tumour activity was observed with no major side-effects (Hu et al., 2019). 

 

Although THZ1 is not suitable for clinical development, it has been significant in helping 

to establish that CDK7 inhibition could be a good therapeutic strategy in cancers that 

rely on high expression of one or more oncogenic transcription factors for their growth 

and survival (Chipumuro et al., 2014).   

 

SY-1365 is currently in clinical development, being tested as a single agent and 

combination agent in multiple types of ovarian and breast cancer (NCT03134638). 

Although it was the first selective CDK7 inhibitor to enter clinical trials (Hu et al., 2019), 

there is another selective CDK7 inhibitor also being clinically investigated, ICEC0942.  

 
1.6. ICEC0942, an ATP-competitive noncovalent selective CDK7 inhibitor 

 
ICEC0942 is a recently developed CDK7 inhibitor, figure 1.8. It was developed using BS-

181 as a starting point. This was a selective ATP-competitive CDK7 inhibitor developed 

by the same group, but had performed poorly in absorption, distribution, metabolism, and 

excretion (ADME) and pharmacokinetic (PK) assays (Patel et al., 2018).  

 

ICEC0942 is also an ATP-competitive inhibitor that binds noncovalently to CDK7 (Patel 

et al., 2018). A study combining structural, thermodynamic and modelling approaches, 

revealed that a particular aspartic acid residue deep in the ATP binding pocket of CDK7 

(Asp155) is important for binding of ICEC0942 and that hydrogen bonds can form 

between this residue and ICEC0942 (Hazel et al., 2017).  

 

 

 

 

 

 

 

 

ICEC0942 was shown to selectively inhibit CDK7, with IC50 values being at least 15-fold 

higher for other CDKs. It inhibited the growth of a number of breast cancer cell lines, 

Figure 1.8: The chemical structure of ICEC0942. Figure adapted from Patel et 
al., 2018.  



 
 
 

47 

which were shown to be more sensitive to ICEC0942 than non-tumourigenic breast cell 

lines. In cells, ICEC0942 reduced phosphorylation of residues in the CTD of RNA 

polymerase II. T-loop phosphorylation of CDK1 and 2 was also inhibited and examination 

of other markers also suggested that the activity of CDK4/6 was inhibited (Patel et al., 

2018). 

 

Indications of apoptosis were observed upon 24 hours of treatment with ICEC0942. An 

accumulation of cells in the G2-M phase of the cell cycle and slowed release from G2-

M, G1 and S phase arrests also suggested that ICEC0942 had effects on the cell cycle. 

In this study that was attributed to inhibition of CHK2 at high concentrations of ICEC0942 

(Patel et al., 2018). 

 

In mouse xenograft models of breast and colorectal cancer, ICEC0942 treatment 

inhibited tumour growth by 60% after up to 14 days. Tumour cells and peripheral blood 

mononuclear cells (PBMCs) from the animals were examined and there was a reduction 

in phosphorylation of serine 2 and 5 of the CTD of RNA polymerase II. In the breast 

cancer tumour xenografts, phosphorylation of the estrogen receptor (ER) and CDK1 and 

2 was also reduced in tumours. ICEC0942 appeared to be well-tolerated by the animals, 

the only observable side-effect being a reduction in lymphocyte counts (Patel et al., 

2018).  

 

As it was observed that ICEC0942 inhibited phosphorylation of the ER, which may inhibit 

its activity, this study also looked into whether ICEC0942 could be an effective 

combination treatment with anti-estrogens. In vitro, when MCF7 breast cancer cells were 

treated with ICEC0942 and tamoxifen, there was a greater inhibition of cell growth than 

with either agent alone. In vivo, in mice with MCF7 xenograft tumours, treatment with 

ICEC0942 and tamoxifen resulted in much greater inhibition of tumour growth than 

observed with either agent alone. It should be noted than in both of these instances a 

lower dose of ICEC0942 was used than in experiments carried out using ICEC0942 

alone, to allow any effects of combining the drugs to be easily observed (Patel et al., 

2018).  

   

Absorption, Distribution, Metabolism, and Excretion (ADME) assays showed that 

ICEC0942 has excellent characteristics in respect to aqueous solubility, plasma protein 

binding, and absence of unwanted human ether-à-gogo-related gene (hERG) channel 

activity. Results from pharmacokinetics experiments in mice suggested that ICEC0942 

could be developed as an oral drug. It has acceptable oral bioavailability and moderate 

clearance. It also has good tissue penetrance, with high levels of the drug present in 
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tumours in colorectal cancer mouse xenograft models after both single and repeat 

dosing. As already implied, ICEC0942 is also very well tolerated by animals, with no 

adverse histologic or functional effects on liver or kidney function. Reduced lymphocyte 

counts were observed in mice, which is probably due to the fact it is a highly proliferative 

tissue (Patel et al., 2018). 

 

Bearing all this in mind, ICEC0942 is seen as a promising new anti-cancer drug, not just 

as a single-agent treatment, but also in combination with other drugs. It is currently in 

Phase I/II clinical trials for advanced solid malignancies under the name CT7001 

(NCT03363893) (Patel et al., 2018; Sava et al., 2019). 

 

As ICEC0942 has been developed relatively recently it has been much less well studied 

than THZ1. Although it appears to have an impact upon transcriptional regulation, as is 

apparent through its effects on RNA polymerase II CTD and ER phosphorylation, it also 

appears to impact upon the cell cycle. Further characterisation of how ICEC0942 inhibits 

cellular proliferation is required, especially seeing as it is progressing in clinical trials. 
 
 
1.7. Project Aims 
 
 
The aim of my thesis work was to understand more about how ICEC0942 inhibits the 

proliferation of cells. Although it is clear from the work of Patel and others in 2018 that 

ICEC0942 has the potential to be an effective treatment for a number of different types 

of cancer, particularly ER-positive breast cancer, it is important to understand the 

mechanism of action of ICEC0942, particularly as it is progressing through clinical trials 

(Patel et al., 2018; Sava et al., 2019). In the US 97% of drug-indication pairs that are 

tested in clinical trials in oncology do not eventually receive US Food and Drug 

Administration approval. As well as a lack of efficacy and dose-limiting toxicities, 

misidentifying a drug’s mechanism of action contributes to the high failure rate of new 

cancer therapies.  A lack of insight into the drug’s mechanism of action reduces the 

chances of identifying appropriate biomarkers to measure the therapeutic response to 

the drug, patients that would benefit most from treatment and, potential combinatorial 

drug treatments (Lin et al., 2019).  

 

Although CDK7 is a bona fide target of anti-cancer therapies, it is still not clear how CDK7 

inhibition impacts upon the proliferation of cells. Previous studies with the CDK7 inhibitor 

THZ1 indicate that inhibition of cell growth in cancer cells may be achieved through 

apoptosis (Kwiatkowski et al., 2014). The initial study describing ICEC0942 suggested 

this may be the case for this drug too, but a significant increase in apoptotic cells was 
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only seen upon treatment with a dose much higher than the GI50 concentration (Patel et 

al., 2018). Further to this, THZ1 was later found to also target CDK12/13. A more 

selective CDK7 inhibitor developed by the same group, YKL-5-124, did not induce 

apoptosis, suggesting that specific inhibition of CDK7 might not be cytotoxic (Olson et 

al., 2019).  

 

It has also been claimed that CDK7 inhibition is detrimental to cancer cells specifically 

because it disrupts the transcription of genes associated with SEs, which cancer cells 

become dependent upon (Chipumuro et al., 2014; Christensen et al., 2014; Kwiatkowski 

et al., 2014; Wang et al., 2015; Jiang et al., 2017; Zhong et al., 2019). However, the off-

target binding of THZ1 to CDK12/13 also calls this into question, as does the fact YKL-

5-124 has no effect upon the phosphorylation of RNA polymerase II CTD serine residues 

(Olson et al., 2019). 

 

In recent years more selective CDK7 inhibitors have been developed, such as YKL-5-

124 and SY-1365. Although it is claimed that these two drugs are both selective for 

CDK7, they appear to affect cells differently. YKL-5-124 inhibits cell proliferation through 

a cell cycle arrest, whilst SY-1365 inhibits cell proliferation by inducing apoptosis and 

downregulating transcription of SE-associated genes and genes involved in the cell cycle 

(Hu et al., 2019; Olson et al., 2019). 
 
In the past, work carried out investigating the role of CDK7 inhibition has mainly focussed 

upon its potential effects on transcription. However, during the course of my PhD work I 

have investigated how ICEC0942, a selective CDK7 inhibitor, inhibits cell proliferation, 

looking both at transcription and cell cycle progression. In chapters 3 and 4 I investigate 

how ICEC0942 inhibits cell proliferation in a non-transformed cell line and compare this 

to the effects of THZ1. 

 

In chapter 5 I present a genome-wide CRISPR knock-out chemogenetic screen we 

carried out in collaboration with the Tyers group at the University of Montreal, using 

ICEC0942 and THZ1. This screen identified positive and negative chemogenetic 

interactions with ICEC0942 and THZ1. This helped us to understand more about the 

effects these drugs had on cells, what molecular pathways were important to execute 

these effects and how their mechanism of action might differ.  

 

The screen indicated that activation of the mTOR signalling pathway was positively 

correlated with ICEC0942 efficacy. The experiments I present in chapters 5 and 6 

suggest that senescence is induced in ICEC0942-treated cells through an uncoupling of 
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cell division and cell growth. ICEC0942 blocks cell proliferation through CDK7 inhibition 

and active mTOR signalling maintains cell growth, accelerating a permanent cell cycle 

arrest. I also carried out experiments in a breast cancer cell line, that indicated that 

ICEC0942 could also induce senescence in cancer cells via this mechanism.  

 

Altogether my work provides a greater understanding of the mechanism of action of 

these two CDK7 inhibitors, and, particularly in the context of ICEC0942-treatment, how 

CDK7 inhibition affects the proliferative state of cells. Through the genome-wide CRISPR 

knock-out screen and work in a cancer cell line, it has also yielded information that could 

be useful in the clinic, for stratifying patients and identifying patient populations that could 

benefit from treatment with this drug.  
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2. Materials and Methods  
 

2.1. Cell Culture  
 
Cell Line  Media Media Supplements Reference 
RPE1-hTERT DMEM/F12 

(Thermo Fisher 
Scientific, 
31331028) 

10% Fetal Bovine 
Serum (FBS) (Sigma 
Aldrich, F7524), 1% 
Penicillin-Streptomycin 
(P/S) (Thermo Fisher 
Scientific,15140122), 
3.5% sodium 
bicarbonate (Thermo 
Fisher Scientific, 
25080060) 

ATCC.org 

NALM-6 RPMI 1640 
(Thermo Fisher 
Scientific, 
21875091) 

10% FBS, 1% P/S (Bertomeu et al., 
2018) 

MCF7 DMEM (Thermo 
Fisher 
Scientific, 
41965039) 
 

10% FBS, 1% P/S ATCC.org 
(Patel et al., 2018) 

 
 
All cells were grown at 37°C and 5% CO2. 

 

2.2. Drug Treatments 
ICEC0942 was provided by the Ali lab and was used at the specified final concentrations. 

THZ1 (Apex Bio, A8882) was used at the specified final concentrations. Staurosporine 

(Sigma Aldrich, S6942) was used at 1 µM final concentration for approximately 20 hours 

before sample collection. DRB (Sigma Aldrich, D1916) was added at a final 

concentration of 75 µM 100 minutes before EU addition. Etoposide (Sigma Aldrich, 

E1383) was used at 0.5 µg/ml final concentration. Bafilomycin A1 (Sigma Aldrich, B1793) 

was added at a final concentration of 100 nM for 1 hour prior to C12FDG addition. Torin1 

(Merck Millipore, 475991) was used at a final concentration of 25 nM or 5 nM. DMSO 

(Sigma Aldrich, D2438) was added as a vehicle control and the highest concentration 

used was 0.0012% of total volume.  

 

2.3. Cell Viability Assays  
For the SRB assay, RPE1 cells were seeded in the middle 60 wells of two 96 well plates 

at a density of 4000 cells/100 µl per well. Cells were left to adhere for 48 hours at 37°C 

and 5% CO2. After 48 hours, serial dilutions of ICEC0942 and THZ1 were added to the 

wells, with final concentrations of the compounds ranging from 20 µM to 0.076 nM, with 

Table 2.1: Cell lines and culture conditions.  
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each dilution being added to 6 wells. DMSO was also added to 6 wells at a final 

concentration of 0.001%. On the same day a control seeding plate was fixed to allow 

quantification of cell growth/inhibition of cell growth. The cells were incubated with the 

range of compound dilutions for 48 hours. After 48 hours the cells were fixed with 40% 

Trichloroacetic acid (Sigma Aldrich, T0699) for 1 hour at 4°C. The cells were then 

incubated with Sulforhodamine B sodium salt (Sigma Aldrich, S9012) (0.4% in 1% acetic 

acid) for 1 hour at room temperature. After air drying, 100 µl of 10 mM Tris base was 

added to each well and the plates were read on a VersaMax Tunable Microplate Reader 

(Molecular Devices) at an absorbance of 492 nm. The data was then analysed to 

determine the percentage growth compared to the seeding plate fixed prior to addition 

of compound dilutions.  

 

For the MTT assay, cells were seeded in the middle 60 wells of a 96 well plate at a 

density of 4000 cells/100 µl per well. After 2 hours, ICEC0942 was added at the final 

concentrations of 60, 120 and 240 nM and THZ1 was added at the final concentrations 

of 25, 50 and 100 nM to the 96 well plate, each dilution of each compound being added 

to 6 wells. DMSO was also added at a final concentration of 0.0012%. The cells were 

incubated with the different dilutions of the different compounds for 4 days. Cells were 

also treated with staurosporine at a final concentration of 1 µM approximately 20 hours 

prior to fixing. After 4 days the MTT assay was carried out using the MTT Cell Growth 

Assay Kit (Millipore, CT02) following manufacturer’s instructions. Cells were incubated 

with an MTT solution for 2-4 hours at 37°C, before the precipitate that formed was 

dissolved using 0.04 N HCl in isopropanol. The plates were read on a VersaMax Tunable 

Microplate Reader (Molecular Devices) at a test wavelength of 570 nm and a reference 

wavelength of 630 nm. 

 

2.4. Flow Cytometry 
For analysis of Annexin V/propidium iodide (PI), cells were collected by trypsinisation 

and Annexin V staining was carried out using an Annexin V-iFluor 647 Apoptosis 

Detection Kit (Abcam, ab219919), following manufacturer’s instructions. Cells were 

trypsinised and washed with PBS. They were then incubated in Assay buffer containing 

the Annexin-V iFluor 647 conjugate for 30 minutes at room temperature. After this, PI 

(Sigma Aldrich, P4864-10ML) was added to each sample at a final concentration of 10 

µg/ml and the cells were then analysed.  

 

For analysis of EdU/DAPI, cells were trypsinised and resuspended in PBS and then fixed 

in 4% Formaldehyde (Sigma Aldrich, 252549) for 15 minutes at room temperature. EdU 
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detection was then performed using Click-iT EdU Alexa Fluor 647 Flow Cytometry Assay 

Kit (Thermo Fisher, C10424) following manufacturer’s instructions. Prior to EdU 

detection, cells were counted and diluted to the same number in each sample. Cells were 

washed in 1 mg/ml BSA in PBS, resuspended in Analysis buffer and incubated at room 

temperature for 30 minutes. After this, cells were incubated in 0.5 µg/ml DAPI (Sigma 

Aldrich, D9564) for at least 15 minutes at room temperature and then analysed.  

For analysis of DNA content by PI staining, cells were trypsinised and fixed in 70% 

ethanol at -20°C overnight. After centrifugation, the cell pellet was washed with PBS. 

Cells were then incubated in 350 µl PBS with 100 µg/ml RNaseA (Sigma, R4875) and 

50 μg/ml PI overnight at 4°C. 

For analysis of SA b-gal activity, flow cytometry was carried out as previously described 

in (Debacq-Chainiaux et al., 2009; Cahu and Sola, 2013). Prior to cell collection, the 

cell’s media was changed and cells were incubated with Bafilomycin A1 at a final 

concentration of 100 nM for 1 hour at 37°C. After this, the cells were incubated with 

C12FDG (Invitrogen, D2893) at a final concentration of 33 μM for 2 hours at 37°C. The 

cells were then trypsinised and centrifuged at 300 xg for 5 minutes at 4°C. The cell pellets 

were resuspended in 500 μl of ice-cold PBS and analysed by flow cytometry.  

For all experiments using the flow cytometer, samples were measured on a BD LSRII 

flow cytometer using DIVA software (BD). For each experiment I identified the population 

of interest by gating cells according to size and removing debris and dead cells using a 

forward scatter (FSC) vs side scatter (SSC) plot. I then excluded doublets and clumps of 

cells using a forward scatter area (FSC-A) vs height (FSC-H) plot. Experiments were 

analysed using FlowJo software.  

 

2.5. Western Blot 
Cell extracts were prepared in RIPA buffer (Tris-HCl pH 7.5 20 mM, NaCl 150 mM, EDTA 

1 mM, EGTA 1 mM, NP40 1%, NaDoc 1%) containing phosphatase inhibitor cocktails 2 

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

(Sigma P8340). Protein concentration was determined using the Bradford Protein Assay 

Reagent (BioRad, 5000006) following the manufacturers’ instructions. Equal amounts of 

protein were loaded in the gel for each sample. Protein samples were prepared in sample 

buffer (50mM Tris-HCl pH6.8, 2% SDS, 0.01% Bromophenol blue, 10% glycerol) and 

boiled for 5 minutes at 95°C prior to loading into the gel. Samples were loaded into 

NuPAGE Novex 4-12% Bis-Tris protein gels (Invitrogen, NP0322) in MOPS buffer 

(Invitrogen NP0001) and transferred onto nitrocellulose membrane (Sigma 
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GE10600001) by wet transfer in transfer buffer (25mM Tris base, 250mM glycine, 20% 

ethanol).  

 

Membranes were blocked in Immobilon Block-CH reagent (Millipore, WBAVDCH01) for 

at least 1 hour at room temperature. Membranes were then incubated in primary 

antibodies overnight at 4°C in the blocking reagents specified in table 2.3. 

 

Membranes were washed in PBS/0.2% Tween and incubated in secondary HRP 

antibody (Table 2.3) for 1-2 hours at room temperature in PBS/0.2% Tween/5% milk. 

HRP was visualised using Luminata reagent (Merck Millipore, WBLUR0100) onto 

Amersham Hyperfilm ECL (GE Healthcare Life Sciences, 28906836).  

GAPDH, tubulin and vinculin were used as loading controls for whole cell extract. 

The intensity of the protein bands was quantified using Fiji.  

Protein Source Host  Dilution 
Caspase 3 (WB)# CST 9662 Rabbit 1:1000 
Phospho-CDK1 (Thr161)# CST 9114 Rabbit  1:100 
GAPDH GeneTex GTX627408 Mouse 1:1000 
Phospho-Histone H2A.X (Ser139) *  
(gH2AX) 

CST 9718 Rabbit 1:250 

p16INK4a Abcam ab108349 Rabbit  1:2000 
p21CIP1 CST 2947 Rabbit  1:2000 
p53 CST 2524 Mouse  1:350 
Phospho-Rb (Ser807/811)* CST 8516 Rabbit  1:1000 
Phospho RNA polymerase II CTD 
repeat YSPTSPS (Ser5)* 

Abcam ab5131 Rabbit  1:5000 

Phospho-p70 S6 Kinase 
(Thr389) 

CST 9234 Rabbit 1:1000 

Phospho-S6 Ribosomal Protein 
(Ser235/236) 

CST 2211 Rabbit 1:1000 

a-tubulin  CST 3873 Mouse  1:20,000 
Vinculin Abcam ab129002 Rabbit  1:20,000 
Mouse IgG HRP (Secondary Antibody) Fisher Scientific PA1-

74421 
Goat 1:3333 

Rabbit IgG HRP (Secondary Antibody) Fisher Scientific PA1-
31460 

Goat 1:3333 

 

 
2.6. Immunofluorescence  
For detection of global RNA synthesis levels by EU staining and detection of fibrillarin, 1 

mM EU was added to cell cultures for 1 hour prior to fixation of cells. Cells were fixed in 

Table 2.2: Antibodies used in western blots in this study. All antibodies were 
incubated in 5% milk PBS/0.2% Tween, apart from antibodies marked with a *, which 
were incubated in 5% BSA PBS/0.2% Tween, or a #, which were incubated in 5% BSA 
TBS-tween 0.1%. 
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4% Formaldehyde for 15 minutes at room temperature and EU detection performed 

using the Click-iT RNA Alexa Fluor 488 Imaging kit (ThermoFisher, C10329) following 

manufacturer’s instructions. Coverslips were incubated in Click-iT reaction buffer for 30 

minutes at room temperature. They were then rinsed in Click-iT reaction rinse buffer for 

2 minutes and incubated in fibrillarin primary antibody (Table 2.4) in blocking solution for 

1 hour at room temperature. Coverslips were incubated in secondary antibodies (Table 

2.4) in blocking solution for 30 minutes at room temperature. Following washing in PBS, 

coverslips were then incubated in Hoechst 33342 trihydrochloride, trihydrate (Hoechst), 

1:10,000 (Invitrogen, H3570) for 5 minutes at room temperature. Coverslips were 

mounted onto slides using Fluoroshield (Sigma, F6182). Once dry, coverslips were 

sealed with clear nail varnish. 

 

For detection of Hoechst and H3K9Me3 foci cells were fixed in 4% Formaldehyde for 30 

minutes at room temperature and then permeabilised with 0.2% PBS 0.2% Triton X-100 

(Sigma, T8787) for 5 min at room temperature. Coverslips were blocked in 1% BSA PBS 

0.2% Tween for 1 hour at room temperature and incubated in H3K9Me3 primary antibody 

(Table 2.4) in blocking solution overnight at 4°C. Coverslips were incubated in secondary 

antibodies (Table 2.4) in blocking solution for 2 hours at room temperature. Following 

washing in PBS, coverslips were incubated in Hoechst, 1:10,000, for 5 minutes at room 

temperature, and mounted with Fluoroshield. Once dry, coverslips were sealed with clear 

nail varnish. 

  

All images were acquired with a Leica TCS SPE2 microscope using a 63x objective lens. 

For quantification of nuclear EU fluorescence levels, images were processed in Fiji (see 

below). Briefly, the fibrillarin channel was used to segment nucleoli with Otsu 

thresholding and the Hoechst channel was used to segment nuclei with a Gaussian filter 

and Otsu thresholding. Masks were created using the fibrillarin channel and the Hoechst 

channel to allow quantification of EU fluorescence within the nucleus of all of the cells in 

a field of view, excluding the EU fluorescence from within nucleoli.  

 

Protein Source Host Dilution 
Fibrillarin Abcam ab4566 Mouse 1:100 
H3K9Me3 Abcam ab8898 Rabbit 1:500 
647 anti-mouse IgG (H+L) Life Technologies (Alexa Fluor) 

(A21235) 
Goat 1:1000 

647 anti-rabbit IgG (H+L) Life Technologies (Alexa Fluor) 
(A21244) 

Goat 1:1000 

Table 2.3: Antibodies used in immunofluorescence in this study. All antibodies 
were incubated in 1% BSA PBS 0.2% Tween. 
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For detection of Hoechst foci, images were processed in Fiji using a semi-automated 

macro (see below). Briefly, the Hoechst channel was used to segment nuclei with a 

Gaussian filter and Otsu thresholding. Following application of the watershed algorithm 

to separate touching objects, nuclei were detected using the Analyse Particles function 

using inputs describing typical nuclear geometric characteristics. Following detection, 

regions of interest (ROIs) were manually checked. The mean grey value of each channel 

was measured within the detected ROIs (nuclei) in a maximum intensity projection of the 

original z-stack image.  

 

2.7. Image Analysis  
 
Quantification of nuclear EU fluorescence levels 
run("Z Project...", "projection=[Max Intensity]"); 

run("Duplicate...", " "); 

selectWindow("channel 2"); 

run("Duplicate...", " "); 

selectWindow("channel 3"); 

run("Duplicate...", " "); 

selectWindow("channel 2"); 

setAutoThreshold("Default dark"); 

//run("Threshold..."); 

setAutoThreshold("Otsu dark"); 

setThreshold(70, 255); 

//setThreshold(70, 255); 

setOption("BlackBackground", false); 

run("Convert to Mask"); 

selectWindow("channel 3"); 

run("Mean...", "radius=20"); 

setAutoThreshold("Otsu dark"); 

//run("Threshold..."); 

setThreshold(61, 255); 

//setThreshold(61, 255); 

run("Convert to Mask"); 

run("Close"); 

run("Invert LUT"); 

selectWindow("channel 2"); 

run("Create Selection"); 



 
 
 

57 

selectWindow("channel 3"); 

run("Restore Selection"); 

run("Color Picker..."); 

setForegroundColor(0, 0, 0); 

run("Fill", "slice"); 

run("Create Selection"); 

selectWindow("channel 1"); 

run("Restore Selection"); 

run("Measure"); 

 
Macro to detect Hoechst foci 
The original macros used to detect Hoechst foci were written by Betheney Pennycook 

and adapted for my purposes.  
 
Max Projection of all open images  
// Select all open images and store this information in  
/ / imgArray  
imgArray = newArray ( nImages ) ;  

for (i=0; i<nImages; i++)  
{ 
selectImage ( i +1); 
imgArray [ i ] = getImageID ( ) ;  
}  

/ / Select items in imgArray one at a time and complete the 
//same operation on them, a maximum projection  
for (i=0; i< imgArray.length; i++)  

{ 
selectImage ( imgArray [ i ] ) ; 
run(”Z Project...”, ”start=1 stop=99999  
projection=[Max Intensity ]”); 
}  

 

Quantification of Hoechst fluorescence intensity 
This macro was used to determine the mean Hoechst fluorescence intensity and the 

standard deviation of Hoechst fluorescence intensity in individual ROIs. 

//Get information about the currently selected image ti=getTitle ();  

//Choose the channel for the nuclear stain, and select nuclei as regions of interest 
setSlice (1); 
run(”Gaussian Blur ...” , ”sigma=4”);  

setAutoThreshold ( ” Otsu dark ” ) ;  
run(”Create Mask”); 
run(” Fill Holes”); 
run ( ” Watershed ” ) ;  
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run(”Analyze Particles ...” , ”size=20.00−Infinity circularity=0.00−1.00 show=Nothing 
exclude clear add”);  

/ / Pauses the macro to give the user the opportunity to correct and mis−identified 
nuclei  

waitForUser(”Pause”,”Correct ROIs”);  

//Measures the fluorescence intensity within nuclei in channel 1 
selectWindow ( t i ) ; 
run("Set Measurements...", "mean standard min redirect=None decimal=3"); 

selectWindow(ti); 

setSlice(1); 

roiManager("Measure"); 

/ / Pauses the macro to allow the user to copy and paste intensity measurements 

waitForUser("Pause","Copy results"); 

selectWindow("mask"); 

saveAs("png"); 

close(); 

To calculate the coefficient of variation of Hoechst staining for each ROI the standard 

deviation of Hoechst intensity was divided by the mean for Hoescht intensity.  

 

2.8. Cytochemical detection of SA b-gal activity  
For detection of SA b-gal activity, cells were stained using a Senescence b-galactosidase 

staining kit (Cell Signaling Technology, 9860) following manufacturer’s instructions. Cells 

were fixed with 1X fixative solution for 15 minutes at room temperature. After washing 

with PBS, cells were incubated in 1.5 ml of b-galactosidase staining solution overnight 

at 37°C in the absence of supplemented CO2. All images were acquired with a Leica DM 

IRB microscope using a 10x objective lens. 

 

2.9. Quantification of cell diameter 
For analysis of cell diameter, cells were trypsinised and resuspended in culture media. 

They were then diluted 1:10 in Coulter Isoton II diluent (Beckman Coulter, 8546719) and 

cell diameters determined using a particle sizing and counting analyser (Multisizer 4 

Coulter counter, Beckman Coulter) with Multisizer 4 software. 
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2.10. Genome-wide CRISPR knock-out chemogenetic screen 
The following work was carried out by members of the Tyers lab at the University of 

Montreal. Thierry Bertomeu designed the chemogenetic screen, Caroline Huard carried 

out the proliferation assays and the chemogenetic screen and Jasmin Coulombe-

Huntington carried out the statistical analysis.  
 
sgRNAs pooled library generation  
The pooled library of 278, 754 different sgRNAs called EKO (extended-knockout) was 

inserted within the pLX-sgRNA plasmid (Addgene #50662) and lentivirus was generated 

in HEK-293t cells as previously described (Bertomeu et al., 2018). A doxycycline-

inducible Cas9 clonal cell line of NALM-6 was generated, infected with the pooled 

lentivirus libraries and underwent blasticidin selection as previously described (Bertomeu 

et al., 2018). 

 

Proliferation assay  
To determine the IC30 concentration of ICEC0942 and THZ1 in NALM-6 cells, a Beckman 

Coulter BioMek FX robot was used to mix NALM-6 cells with 11 different concentrations 

of the drugs (1:3 dilutions) and they were then loaded into 384-well plates, keeping 

solvent concentration constant (0.1%) across all wells (IRIC’s HTS platform, Montréal, 

Canada). Plates were kept for 3 days in a high humidity chamber installed in a 37˚C 5% 

CO2 incubator. 50 µl of CellTiter-Glo reagent (Promega) was then added, plates were 

shaken for 2 minutes and luminescence read on a BioTek Synergy/Neo microplate 

reader. 

 

Chemogenetic screen  
A minimum of 70 million cells (250 cells per sgRNA target) of the NALM-6 doxycycline-

inducible Cas9 clone were transduced with EKO and treated with 2 µg/ml doxycycline to 

induce Cas9 7 days before the drugs were added. Prior to drug addition, a minimum of 

70 million cells were collected as samples that had had doxycycline added but had not 

been treated with drugs. The remaining cells were treated with compounds. In the case 

of ICEC0942 and THZ1 they were treated with 350 nM and 60 nM respectively, the IC30 

concentration. A minimum of 70 million cells were left untreated as control. Cell 

concentration was monitored every 2 days by diluting 1 ml of the cells 1:10 in Isoton II 

diluent and using a Beckman Coulter Z2 particle count and size analyzer. The cells were 

diluted accordingly to prevent cells from arresting. After 8 days, the different populations 

of cells were pelleted, washed with PBS and frozen. 
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Next Generation Sequencing  
Genomic DNA extractions were done using the Gentra Puregene Cell kit (Qiagen). 

sgRNA sequences were amplified by PCR using 462 µg of genomic DNA (corresponding 

to 70 million cells), 575 µL 10X reaction buffer, 115 µl 10 mM dNTPs, 23 µl 100 µM 

primer Outer 1, 23 µl 100 µM primer Outer 2, 115 µl DMSO and 145 units of GenScript 

Green Taq DNA polymerase in a total volume of 5.75 mL or 185 µg (28 million cells; 

same PCR recipe in 2.5X smaller volumes) as templates. Whenever DNA quantities 

requirements were not met, everything was used and a corresponding few more cycles 

performed. Multiple 100 µl reactions were set up in 96-well formats on a BioRad T100 

thermal cycler and the steps were as follows: 95˚C 5 minutes, 25 cycles of 35 seconds 

at 94˚C, 35 seconds at 52˚C and 36 seconds at 72˚C, final step of 10 minutes at 72˚C 

after the last cycle. Completed reaction mixes were combined into one tube and vortexed 

and 1.5 mL aliquots were concentrated to 100 µl by ethanol-precipitation.  

 

A second PCR reaction was performed to add Illumina sequencing adapters and 6 bp 

indexing primers, using 10 µl of 1:20 dilution of unpurified PCR1 product, 10 µl 5X buffer 

Kapa, 5 µl 2,5 mM dNTPs, 1 µl of PAGE-purified equimolar premix 100 µM TruSeq 

Universal Adapter 0, 1 µl of 100 µM PAGE-purified TruSeq Adapter with appropriate 

index, 1 µl DMSO and 5 units Kapa HiFi HotStart DNA polymerase and volumes brought 

to 50 µl total volume. The steps of the PCR reaction were as follows: 5 minutes at 95˚C, 

5 cycles of 15 seconds at 95˚C, 30 seconds at 50˚C and 30 seconds at 72˚C, 5 cycles 

of 15 seconds at 95˚C, 30 seconds at 56˚C and 30 seconds at 72˚C, followed by 5 

minutes final step at 72˚C after the last cycle. A 236-245 bp amplicon was purified using 

a 1:1 ratio of Spry beads (AxyPrep Mag FragmentSelect-I, Axygen) and 45 bp was read 

on an Illumina NextSeq 500 with the 23 first bp read in dark cycles (IRIC’s genomic 

platform, Montréal, Canada). Sequencing coverage was close to 20 samples per lane. 

 

Statistical Analysis 
To analyse the data and generate a RANKS score, which calculates the relative 

depletion or enrichment of sgRNA sequences, the RANKS statistical tool was used as 

previously described (Bertomeu et al., 2018). 

 
2.11. Statistics 
Throughout this thesis I use GraphPad Prism software to carry out Student’s T tests, 

unpaired two-tailed, to compare between two data sets. Key throughout: ns=P > 0.05, 

*=P < 0.05, **=P < 0.01, ***=P < 0.001, ****=P < 0.0001.  
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For the chemogenetic screens, statistical analysis of Gene Ontology (GO) enrichment 

was carried out using GOrilla, a web-based GO analysis tool (Eden et al., 2007, 2009). 

The FDR q-value is the corrected p-value using the Benjamini and Hochberg method 

(Benjamini and Hochberg, 1995; Eden et al., 2007, 2009). 
 

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

• N=the total number of genes 

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

• n=the number of genes in the target set 

• b=the number of genes in the intersection (Eden et al., 2007, 2009). 
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3. ICEC0942 inhibits cellular proliferation by inducing 
cell cycle arrest in the G1 phase of the cell cycle 

 
 
ICEC0942 is a selective CDK7 inhibitor. Previous work has shown that it inhibits the 

proliferation of cancer cell lines more than non-transformed cell lines. However, it is not 

clear how this is achieved and if this is the result of CDK7’s role in regulating cell cycle 

CDK activity and/or transcription. Although it has been shown that ICEC0942 can cause 

an increase in apoptotic cells, the increase was not substantial and only significant at 

high concentrations of ICEC0942 (Patel et al., 2018). Despite this, this study seemed to 

attribute the growth inhibitory effect of ICEC0942 to apoptosis that occurred as a result 

of transcriptional inhibition. 

 

This study also showed that ICEC0942 affected cell cycle progression. This was thought 

to be due to off-target effects on CHK2 at higher concentrations (Patel et al., 2018), but 

a variety of selective inhibitors against other CDKs have been shown to induce cell cycle 

arrest (Sánchez-Martínez et al., 2019). Furthermore, although THZ1, a more well-studied 

CDK7 inhibitor, is mainly thought to induce apoptosis through inhibition of transcription 

(Chipumuro et al., 2014; Christensen et al., 2014; Wang et al., 2015; Jiang et al., 2017; 

Zhong et al., 2019), it has also been documented to have effects on the cell cycle (Jiang 

et al., 2017; Zhong et al., 2019). THZ1 has been shown to also inhibit CDK 12/13 as well 

as CDK7 (Zhang et al., 2016; Olson et al., 2019), so it is likely that not all of its effects 

are specific to CDK7 inhibition. YKL-5-124, a recently developed, more selective CDK7 

inhibitor, induces cell cycle arrest at the G1/S transition but does not induce apoptosis 

(Olson et al., 2019). Experiments using ICEC0942 may help to further resolve the effects 

of selective CDK7 inhibition.   

 

The initial work investigating ICEC0942 was also carried out mainly in cancer cell lines. 

Cancer cells are often defective in cell cycle checkpoints (Visconti, Della Monica and 

Grieco, 2016), so in order to determine the effect of ICEC0942 in an unperturbed setting, 

I used Retinal Pigment Epithelial (RPE1) cells. These cells are immortalised with hTERT, 

but are not transformed. They are near diploid (www.ATCC.org), so their checkpoint 

responses are thought to be intact.  

 

To investigate in more detail how ICEC0942 affects cell proliferation, I treated RPE1 cells 

with ICEC0942 and examined various ways in which cell proliferation could be affected. 

I also compared this to how THZ1 affects RPE1 cells. During this chapter I show that 
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ICEC0942 and THZ1 both induce a decrease in cell proliferation. In line with what has 

been previously shown, THZ1 induces a substantial increase in cell death. This appears 

to be a consequence of THZ1 inducing DNA damage, which also leads to an arrest in 

the G1 and G2-M phases of the cell cycle, probably due to activation of the DDR. In 

contrast to this, ICEC0942 induces cell death to a lesser degree. It induces a cell cycle 

arrest specifically in the G1 phase of the cell cycle, which appears to be independent of 

activation of the DDR.  

 

3.1. CDK7 inhibitors cause a decrease in cell proliferation 
Although ICEC0942 and THZ1 have been used in other studies using different cell lines, 

including RPE1, I needed to first determine what the appropriate concentration of these 

drugs was for use in my hands. To determine the concentration of the drugs that would 

cause 50% growth inhibition (GI50), I treated RPE1 cells with increasing concentrations 

of ICEC0942 and THZ1 for 48 hours. The cells were then stained using a sulforhodamine 

B (SRB) dye and cell density measured using a microplate reader. Figure 3.1 shows the 

dose response curves generated for both drugs.  

 

 

The mean GI50 value for THZ1 from three independent experiments was 55 nM. This 

value is very similar to the IC50 value obtained for THZ1 in RPE1 cells by Kwiatkowski 

and colleagues in their 2014 study, where a different assay was used to measure cell 

proliferation (Kwiatkowski et al., 2014).  

 

The mean GI50 value for ICEC0942 from three independent experiments was 121 nM. 

This value is comparable to the GI50 values obtained for ICEC0942 in a panel of breast 

cell lines, which included both transformed and non-transformed cell lines (Patel et al., 

2018). The GI50 value I obtained for ICEC0942 in RPE1 cells is lower than the value 

Figure 3.1: The GI50 concentrations of ICEC0942 and THZ1 in RPE1 cells. Dose 
response curves are shown from three independent experiments and the GI50 is the 
mean value from these three experiments. Error bars show SD.  
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obtained in non-transformed breast cell lines (650 nmol/L and 1250 nmol/L for MCF10A 

and HMEC cells respectively) (Patel et al., 2018), but this is likely to be due to the fact 

that the cell lines originate from two different tissues. In experiments going forward I will 

be using concentrations of the drugs based on the results of this assay. 

 

The SRB assay is a way to measure cell density and has been used previously to assess 

cell number (Patel et al., 2018). SRB is a dye that binds to proteins and the amount of 

dye extracted from stained cells is directly proportional to cell mass (Vichai and Kirtikara, 

2006). A decreased value can therefore not necessarily be attributed to a decrease in 

cell proliferation. For instance, the drugs may instead be causing the cells to get smaller. 

I therefore wanted to use a more direct measure of cell proliferation.  

 

I measured incorporation of 5’-ethynyl-2’deoxyuridine (EdU) in RPE1 cells after 48 hours 

of treatment with the indicated concentrations of either ICEC0942 or THZ1. EdU is a 

thymidine analogue that is readily incorporated into DNA during the S phase of the cell 

cycle, allowing me to assay DNA synthesis in proliferating cells (Salic and Mitchison, 

2008). The cells were incubated with EdU for 1 hour prior to collection and DNA content 

and EdU incorporation were measured by flow cytometry, figure 3.2. As a negative 

control, EdU was not added to cells.  

 

Upon 48 hours of treatment with either drug, there was a striking and significant decrease 

in the percentage of cells in a population that incorporated EdU, with an almost complete 

loss at higher concentrations. This indicates there is a reduction in the number of cells 

undergoing DNA synthesis, which is likely the result of cells not entering S phase. 

Therefore, at the concentrations used, ICEC0942 and THZ1 both potently inhibit cell 

proliferation. 

 

3.2 THZ1 induces cell death to a greater extent than ICEC0942 
One way in which the drugs could be inhibiting cell proliferation is through the induction 

of cell death. This seems likely, as both drugs have been previously documented to 

induce apoptosis (Kwiatkowski et al., 2014; Olson et al., 2019). I carried out an MTT 

assay to measure cell viability. 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium 

bromide (MTT) is a yellow tetrazolium salt that is converted by living cells into a blue 

formazan product. The amount of formazan is thought to be directly proportional to the 

number of living cells (Abate, Mshana and Miorner, 1998). RPE1 cells were treated with 

the indicated concentrations of ICEC0942 or THZ1 for 4 days and then incubated with  
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the MTT substrate for 2-4 hours. As positive control, some cells were instead incubated 

with 1 µM of staurosporine for approximately 20 hours. Staurosporine is a broad-range 

protein kinase inhibitor  that is known to induce apoptosis via multiple apoptotic pathways 

(Manns et al., 2011). Absorbance measurements were then taken on a microplate 

reader. These values allowed me to determine the percentage of viable cells in each 

condition compared to the untreated cells, figure 3.3.  

Figure 3.2: ICEC0942 and THZ1 potently inhibit cell proliferation. Pseudocolour 
plots of flow cytometry data from one representative experiment with quantifications 
from three independent experiments for RPE1 cells not treated with EdU as a negative 
control (A), treated with 60 nM, 120 nM or 240 nM of ICEC0942 (B) or 25 nM, 50 nM 
or 100 nM of THZ1 (C) for 48 hours. Cells were then incubated with EdU for 1 hour 
before collection. Left: DNA content is plotted against EdU incorporation. Inset gate 
drawn to include EdU+ cells. Right: Quantification of the percentage of EdU+ cells 
within the population from three independent experiments.  Significance is represented 
by * and was determined using an unpaired two tailed t-test. Error bars show SD. 

A 

B 
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Upon 4 days of treatment with either drug, there was a significant decrease in the number 

of viable cells at around the GI50 concentration or higher. There was a particularly strong 

effect at 50 and 100 nM of THZ1. 

 

 

The MTT assay only measures the number of viable cells in a population. A decrease in 

the number of viable cells could be due to a decrease in proliferation or an increase in 

cell death. I didn’t normalise this data to the number of cells seeded in each condition at 

the start of the experiment, so I was not able to assess this using this assay. In order to 

distinguish between these two scenarios, I measured the level of apoptosis that 

ICEC0942 or THZ1 treatment induces. To assay apoptosis, I measured Annexin V and 

propidium iodide (PI) staining. Annexin V binds to the lipid phosphatidylserine (PS). In 

live cells PS is present at the inner leaflet of the cell’s plasma membrane and is therefore 

only exposed to the cytoplasm. During apoptosis lipids within the plasma membrane 

become disrupted and PS becomes exposed on the outer membrane of the plasma 

membrane and Annexin V is now able to bind to it. Annexin V can also stain necrotic 

cells because their membranes are ruptured and accessible to Annexin V. Co-staining 

with PI allows apoptotic cells to be distinguished from necrotic cells, because PI can 

enter necrotic cells but not apoptotic cells (Crowley et al., 2016). 

 

I measured Annexin V and PI staining by flow cytometry after RPE1 cells were treated 

for 4 days with either ICEC0942 or THZ1, or with 1 µM of staurosporine for approximately 

20 hours as a positive control, figure 3.4. Both ICEC0942 and THZ1 caused an increase 

in the amount of dead cells (early and late apoptotic cells) in a population, but with THZ1 

treatment there were more than 4 times more dead cells than with ICEC0942 treatment. 

Figure 3.3: ICEC0942 and THZ1 cause a decrease in the number of viable cells. 
Quantifications from three independent experiments showing the percentage of viable 
cells in each condition compared to untreated cells when RPE1 cells were treated with 
1 µM of staurosporine for approximately 20 hours (A), treated with 60 nM, 120 nM or 
240 nM of ICEC0942 (B) or 25 nM, 50 nM or 100 nM of THZ1 (C) for 48 hours. 
Significance is represented by * and was determined using an unpaired two tailed t-
test. Error bars show SD.  

C A B 
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Another way to determine whether cells are undergoing apoptosis is through detection 

of cleaved caspase-3 (Crowley and Waterhouse, 2016). Caspase-3 has a role in 

apoptosis as an executioner caspase. Caspases are endoproteases that have roles in 

regulating inflammation and cell death. Apoptosis is programmed cell death, the 

controlled dismantling of intracellular components in a way that avoids inflammation and 

damage to neighbouring cells. In the context of apoptosis, activation of apoptotic 

caspases leads to the destruction of structural proteins, activation of other enzymes and 

the triggering of a cascade of signalling events that eventually leads to apoptosis 

(McIlwain, Berger and Mak, 2013). 

 

The activation of these enzymes therefore must be tightly controlled. In the case of 

executioner caspases, such as caspase-3, they are first produced as inactive 

procaspase dimers. In order to become a mature functional protease these dimers must 

be cleaved by initiator caspases (caspases-8 and -9) (McIlwain, Berger and Mak, 2013). 

Caspase-3 is thought to be responsible for most of the proteolysis that occurs during 

B 

A 

Figure 3.4: ICEC0942 and THZ1 cause an increase in cell death. Pseudocolour 
plots of flow cytometry data from one representative experiment with quantifications 
from three independent experiments when RPE1 cells were treated with 1 µM of 
staurosporine for approximately 20 hours (A) or treated with 120 nM ICEC0942 or 50 
nM THZ1 (B) for 4 days. Left: Annexin V staining is plotted against propidium iodide 
staining. Quadrant drawn to illustrate the viable cell population (annexin V-, propidium 
iodide-), the early apoptotic cells (annexin V+, propidium iodide-), the late apoptotic 
cells (annexin V+, propidium iodide+) and the necrotic cells (annexin V-, propidium 
iodide+). Right: Quantification of the percentage of dead cells within the population 
(early apoptotic and late apoptotic cells) from three independent experiments.  
Significance is represented by * and was determined using an unpaired two tailed t-
test. Error bars show SD. 
 
 
 
Significance is represented by * and was determined using an unpaired two tailed t-test. Error 
bars show SD.  
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apoptosis and therefore detection of cleaved caspase-3 is a reliable marker of cells that 

are dying or have died by apoptosis (Crowley and Waterhouse, 2016). 

 

RPE1 cells were treated with ICEC0942 or THZ1 and then collected for western blot 

analysis at the indicated timepoints. An antibody against caspase-3 allowed me to detect 

full-length caspase-3 and a fragment of activated cleaved caspase-3. Even after 96 

hours of ICEC0942, no cleaved caspase-3 was detectable by western blot (figure 3.5). 

In contrast to this, cleaved caspase-3 was detectable upon 48 hours of THZ1 treatment 

(figure 3.5). It was not possible to carry out western blot analysis of samples treated with 

THZ1 for longer timepoints, as there was a profound decrease in protein levels, possibly 

as a result of high levels of apoptosis in these cells. Leticia Meneguello, a research 

assistant, contributed to these experiments. Together, this data suggests that THZ1 

induces apoptosis to a much higher degree than ICEC0942. 

 

 

 

 

 

 
3.3. ICEC0942 induces cell cycle arrest in G1  
The level of cell death I observed upon treatment with either drug did not seem to 

completely account for the striking absence of cellular proliferation I observed when 

measuring EdU incorporation after 48 hours of drug treatment (figure 3.2), particularly in 

the case of ICEC0942. I therefore decided to investigate whether ICEC0942 or THZ1 

treatment impacted upon cell cycle progression. RPE1 cells were treated with the 

indicated concentrations of either ICEC0942 or THZ1 for 48 hours. After collection the 

cells underwent staining with PI, a fluorescent nucleic acid dye. Using flow cytometry, I 

was able to measure the proportion of cells in the different phases of the cell cycle, based 

on their DNA content, figure 3.6.  

Figure 3.5: THZ1 induces apoptosis. Western blot analysis from one experiment of 
whole cell extract collected from RPE1 cells at the indicated timepoints after treatment 
with vehicle control (DMSO), 120 nM ICEC0942 (A) or 50 nM THZ1 (B). Vinculin is the 
loading control. Beneath each band of protein is the quantification of band intensity. 
Leticia Meneguello contributed to these experiments. 
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Upon treatment with ICEC0942 and THZ1 there was a dramatic decrease in the amount 

of cells in the S phase of the cell cycle. This is line with the decrease in cells undergoing  

DNA synthesis that I observed upon assaying EdU incorporation (figure 3.2). There also 

appeared to be an accumulation of cells in the G1 phase of the cell cycle. Both of these 

effects were particularly apparent at the highest concentrations of ICEC0942. 

 

In order to understand in more depth how THZ1 and ICEC0942 affect cell cycle 

progression, RPE1 cells in S phase were labelled with EdU for 1 hour prior to addition of 

the drugs. Unincorporated EdU was washed out of cells before the drugs were added. 

Figure 3.6: ICEC0942 and THZ1 affect cell cycle progression. (A) Flow cytometry 
data from one representative experiment. RPE1 cells were treated with 60 nM, 120 
nM or 240 nM of ICEC0942 or 25 nM, 50 nM or 100 nM of THZ1 for 48 hours. DNA 
content is plotted against cell number. Inset gates were drawn based on DNA 
content. (B) Quantifications from three independent experiments showing the mean 
amount of viable cells in each phase of the cell cycle. (C) Quantifications from three 
independent experiments showing the percentage of viable cells that are in the G1 
phase of the cell cycle. Significance is represented by * and was determined using 
an unpaired two tailed t-test. Error bars show SD. 
 

A 
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This allowed me to follow a population of cells labelled in S phase through ensuing cell 

cycles. Cells were then collected at numerous timepoints up to 48 hours after drug 

addition and cell cycle progression was examined using flow cytometry, figure 3.7.  

 

After addition of EdU but before drug addition (0 h), the cells labelled with EdU are all in 

S phase. In all conditions the majority of labelled cells have progressed to G2-M 4 hours 

after the drugs are added.  

 

At 16 hours untreated labelled cells and labelled cells treated with the vehicle control, 

DMSO, were mainly in the G1 and S phases of the cell cycle. In contrast to this, labelled 

cells treated with ICEC0942 were almost exclusively in the G1 phase of the cell cycle. 

Labelled cells treated with THZ1 were in the G1 and G2-M phases of the cell cycle. This 

may indicate that cells treated with ICEC0942 or THZ1 progress more slowly through the 

cell cycle than untreated cells.   

 

At 24 hours, untreated and DMSO-treated labelled cells were present in all phases of 

the cell cycle, but mostly in G2-M. The vast majority of ICEC0942-treated cells were still 

in the G1 phase of the cell cycle, which strongly suggests that once ICEC0942-treated 

cells enter G1 they arrest there. THZ1-treated labelled cells were in the G1 and G2-M 

phases of the cell cycle, with almost no cells in the S phase of the cell cycle, which 

suggests that THZ1 causes cells to arrest in the G1 and G2-M phases of the cell cycle.  

 

By 48 hours the EdU signal was very low in untreated and DMSO-treated cells, as these 

cells had undergone a number of divisions since the initial labelling event. In line with the 

decrease in cell proliferation I observed upon assaying EdU incorporation (figure 3.2), 

the EdU signal had been diluted to a lesser extent in ICEC0942- and THZ1-treated cells. 

The labelled ICEC0942-treated cells were still mostly in the G1 phase of the cell cycle, 

whereas labelled THZ1-treated cells were present in both the G1 and G2-M phases of 

the cell cycle. Altogether the results from this experiment indicate that ICEC0942 induces 

a cell cycle arrest in G1, whereas THZ1 appears to be able to induce a cell cycle arrest 

in both the G1 and G2-M phases of the cell cycle. 

 

Considering the fact that THZ1 causes cells to arrest in the G1 and G2-M phases of the 

cell cycle and induces apoptosis, it seems possible that treatment with THZ1 could cause 

some sort of damage to the cells. This in the first instance could activate cell cycle 

checkpoints that cause cells to arrest in the G1 and G2-M phases of the cell cycle 

(Visconti, Della Monica and Grieco, 2016). If the damage is later deemed irreparable, 

the cells then undergo apoptosis. In order to see if this was the case I decided to  
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A 

B 

C 

Figure 3.7: ICEC0942 arrests cells in G1 and THZ1 arrests cells in G1 and G2-
M. (A) Schematic illustrating the experimental set up. RPE1 cells were labelled with 
EdU for 1 hour. Unincorporated EdU was washed out of cells and the cells were 
treated with either 120 nM of ICEC0942 or 50 nM of THZ1. Cells were collected at 
the indicated timepoints after drug addition and then analysed using flow cytometry. 
(B) Flow cytometry data from one representative experiment. RPE1 cells were 
labelled with EdU and then treated with either ICEC0942 or THZ1. Cells were 
collected at the indicated timepoints after drug addition. DNA content is plotted 
against cell number. In red are all of the cells in the sample and overlaid in blue are 
the EdU+ cells. (C) Quantifications from three independent experiments showing the 
percentage of EdU+ cells that are in the different phases of the cell cycle. Error bars 
show SD. 
 
 
 
 



 
 
 

72 

investigate whether markers of DNA damage were present in cells upon treatment with 

THZ1 or ICEC0942. Hyperphosphorylation of H2AX (gH2AX) is mediated by ATM and is 

a measure of DNA damage (Tanaka et al., 2006; Bertoli et al., 2016). I assayed levels 

of gH2AX by western blot in RPE1 cells treated with ICEC0942 or THZ1 for the indicated 

lengths of time (figure 3.8). Leticia Meneguello, a research assistant, contributed to these 

experiments. 

 

An increase in levels of gH2AX was not detected upon treatment with ICEC0942, even 

96 hours after drug addition. Increased levels of gH2AX could be detected at 24 and 48 

hours after THZ1 addition compared to cells treated with DMSO. In cells treated with 

THZ1 I could also see a very slight increase in levels of p53, which is stabilised and 

activated by DNA-damage checkpoint signalling and is involved in the induction of 

apoptosis (Williams and Schumacher, 2016).  

 

Along with other experiments in this chapter, the data from this experiment indicates that 

treatment with THZ1 induces activation of the DDR, which at first causes cell cycle arrest 

and then eventually apoptosis. Activation of the DDR is not apparent in cells treated with 

ICEC0942, and therefore the G1 arrest induced by ICEC0942 treatment cannot be 

attributed to this.   

 

3.4 Summary 
ICEC0942 has been previously shown to induce inhibition of cellular proliferation (Patel 

et al., 2018). However up until now the mechanisms underlying this inhibition had not 

Figure 3.8: THZ1 induces DNA damage and activation of the DDR. Western blot 
analysis from one experiment of whole cell extract collected from RPE1 cells at the 
indicated timepoints after treatment with vehicle control (DMSO), 120 nM ICEC0942 
(A) or 50 nM THZ1 (B). GAPDH is the loading control. Beneath each band of protein 
is the quantification of band intensity. Leticia Meneguello contributed to these 
experiments. 
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been determined. In this chapter I have confirmed that both ICEC0942 and THZ1 can 

inhibit cellular proliferation at sub-micromolar concentrations in a non-transformed cell 

line. At these concentrations both drugs induce a striking loss of proliferating cells after 

just 48 hours. After 4 days both of these drugs cause a decrease in the number of viable 

cells in a population, which also suggests that cell proliferation is inhibited in some way. 

 

There was an increase in the level of cell death in RPE1 cells after 4 days of treatment 

with either drug, but especially upon THZ1 treatment. ICEC0942 has been previously 

documented to induce apoptosis in breast and colon cancer cell lines (Patel et al., 2018), 

but in our study although I did observe an increase in cell death by annexin V and PI 

staining, cleaved caspase-3 could not be detected, even after 96 hours of drug addition. 

This suggests that ICEC0942 does not induce apoptosis to a significant degree. In 

contrast to this, upon treatment of THZ1 cleaved caspase-3 could be detected, even 

after as little as 48 hours. THZ1 has previously been shown to induce apoptosis in a wide 

variety of cancer cell lines (Chipumuro et al., 2014; Christensen et al., 2014; Kwiatkowski 

et al., 2014; Wang et al., 2015; Jiang et al., 2017; Hu et al., 2019; Zhong et al., 2019), 

but a number of studies have claimed that THZ1 does not induce apoptosis in non-

transformed cell lines, including RPE1 cells (Kwiatkowski et al., 2014; Hu et al., 2019). 

However, in these studies apoptosis was measured after shorter treatments with THZ1 

than in this study. Despite all this, the level of apoptosis I observed did not seem to be 

sufficient to completely explain the dramatic loss of proliferating cells I observed after 

just 48 hours of drug treatment, particularly in the case of ICEC0942.  

 

I therefore decided to investigate whether cell cycle progression was affected by either 

drug. After 48 hours of treatment with either drug there was a clear reduction in the 

number of cells in S phase. There was also an accumulation of cells in the G1 phase of 

the cell cycle, particularly at higher concentrations of ICEC0942. To get a more detailed 

picture of how these drugs were affecting cell cycle progression, S phase cells were 

labelled with EdU and their progression through the cell cycle after drug addition was 

examined. An effect was first seen at 16 hours after drug addition, when ICEC0942-

treated labelled cells accumulated in the G1 phase of the cell cycle and THZ1-treated 

labelled cells were present in the G1 and G2-M phases of the cell cycle, but not in the S 

phase of the cell cycle. This pattern of cell cycle distribution persisted until 48 hours after 

drug addition, by which time the EdU label had been diluted out of untreated cells. 

 

From this I have concluded that ICEC0942 causes cells to arrest in the G1 phase of the 

cell cycle specifically. It appears that after ICEC0942 treatment cells progress through 
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the cell cycle as normal until they re-enter G1 again for the first time. Once in G1 the 

cells appear to be unable to progress further through the cell cycle and so arrest there.  

In contrast to this, THZ1 appears to induce a cell cycle arrest in both the G1 and G2-M 

phases of the cell cycle. It seems more likely that THZ1 induces a cell cycle arrest in 

both of these phases rather than a general slowing down of the cell cycle, as cells treated 

with THZ1 do not appear to be able to enter S phase. This is apparent from data shown 

in figures 3.2, 3.5 and 3.6. When considering this data and the increase in apoptosis 

observed upon THZ1 treatment, it seems likely that treatment with THZ1 could cause 

damage to the cells, initially activating cell cycle checkpoints that cause cells to arrest in 

the G1 and G2-M phases of the cell cycle (Visconti, Della Monica and Grieco, 2016).  

gH2AX and p53 levels, both involved in the cell’s response to DNA damage (Bertoli et 

al., 2016; Williams and Schumacher, 2016) indeed show an increase at 24 and 48 hours 

of treatment of THZ1 compared to cells treated with the vehicle control (DMSO). 

However, no increase in gH2AX and p53 levels was detectable upon ICEC0942 

treatment.  

 

Altogether, these data indicate that THZ1 causes a loss of proliferating cells by inducing 

DNA damage in RPE1 cells. This initially activates the DDR, leading to cell cycle arrest, 

before eventually inducing apoptosis. ICEC0942 on the other hand does not appear to 

cause DNA damage, which suggest that it causes cell cycle arrest by a different 

mechanism. This is in line with what has been shown for YKL-5-124, an inhibitor that is 

more selective for CDK7 than THZ1, suggesting that ICEC0942 is likely more specific 

for CDK7 inhibition than THZ1. YKL-5-124 and ICEC0942 induce a cell cycle arrest at 

the G1-S transition (Olson et al., 2019) or in G1. It is therefore likely that ICEC0942 is 

also cytostatic. 

 

Going forward, I will investigate in more detail how CDK7 inhibition through use of the 

distinct CDK7 inhibitors leads to these differing effects on cellular proliferation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 

75 

4. ICEC0942 impacts upon both functions of CDK7 and 
induces senescence 

 
In the previous chapter I showed that the main way in which ICEC0942 inhibits cellular 

proliferation is by inducing a cell cycle arrest with a G1 phase DNA content. This 

contrasts to THZ1, a more well studied but less selective CDK7 inhibitor, that seems to 

induce DNA damage, which causes cells to arrest with either a G1 or G2-M phase DNA 

content and induces apoptosis. 

 

I want to understand further what could be underlying these effects in cells. When 

investigating this, one must bear in mind the dual role of CDK7 in cells. CDK7 is known 

to have roles in regulating cell cycle progression, through activation of CDKs, and global 

transcription, through phosphorylation of RNA polymerase II (Fisher, 2019). Therefore, 

through inhibiting CDK7, ICEC0942 and THZ1 might impact upon one or both of these 

cellular processes and this may lead to the different effects we see upon treatment with 

these drugs. 

 

Previous studies have shown that both ICEC0942 and THZ1 decrease the 

phosphorylation of serine residues in the CTD of RNA polymerase II and of threonine 

residues in T-loops of a number of cell cycle CDKs (Kwiatkowski et al., 2014; Patel et 

al., 2018). This indicates that both of these drugs affect both major functions of CDK7. 

However, once again the work was mainly carried out in cancer cell lines, so I wanted to 

investigate whether this was also the case in non-transformed cells.   
 
It has been claimed that the apoptotic effects of THZ1 are a consequence of 

transcriptional inhibition (Chipumuro et al., 2014; Christensen et al., 2014; Wang et al., 

2015; Jiang et al., 2017; Zhong et al., 2019). In the initial study describing ICEC0942, its 

anti-proliferative effects were also mainly attributed to transcriptional inhibition (Patel et 

al., 2018). 

 

The effects that CDK7 inhibition can have on the cell cycle seem to have been 

overlooked in a number of studies, which have chosen instead to focus upon its effects 

on transcriptional regulation. I therefore wanted to look at whether there were any 

changes in factors involved in cell cycle regulation. This would allow me to understand 

whether the effects observed upon ICEC0942 and THZ1 treatment could be attributed 

to inhibition of CDK7’s role in cell cycle regulation, as well its role in transcriptional 

regulation. 
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In the previous chapter, the data presented suggested that the cell cycle arrest induced 

by THZ1 was as a consequence of DNA damage and that the cells eventually underwent 

apoptosis. This was not the case for ICEC0942, and the cell cycle arrest induced in this 

instance could be an indication that the cells are entering quiescence or senescence, 

which are both states in which cells do not proliferate. Quiescence is reversible, whereas 

senescence has been shown to be an irreversible arrest of the cell cycle (Terzi, Izmirli 

and Gogebakan, 2016). It would be useful to determine whether the cell cycle arrest 

induced by ICEC0942 is reversible or not, as this may have implications for its clinical 

use.  

 

In this chapter I will show that ICEC0942 and THZ1 treatment both inhibit transcription 

in RPE1 cells. THZ1 does this in a particularly potent manner, appearing to shut down 

gene expression at the chromatin level. Underlying this is probably the fact that THZ1 is 

known to inhibit CDK12 and 13 as well as CDK7, which are both also thought to have 

important roles in transcription (Zhang et al., 2016). This difference between the two 

drugs could be at the basis of their different effects on cells and the underlying cause of 

the high level of apoptosis observed upon THZ1 treatment. Both drugs also cause 

inhibition of cell cycle progression, with the levels of markers of cell cycle progression 

decreasing and the levels of CDK inhibitors increasing. 

 

I also demonstrate that the cell cycle arrest induced upon ICEC0942 treatment is 

irreversible with a wash-out experiment. This data, combined with the examination of 

phenotypic markers of senescence, strongly suggests that ICEC0942 induces 

senescence in RPE1 cells.  
 

4.1. CDK7 inhibitors inhibit transcription 
One of the major roles of CDK7 in the cell is to regulate RNA polymerase II-mediated 

transcription (Greenall et al., 2017; Fisher, 2019). Therefore, effects upon transcription 

could be what is underlying the phenotypes I observed upon ICEC0942 and THZ1 

treatment in the last chapter. To investigate whether either of these drugs affects the 

ability of CDK7 to regulate transcription, I examined whether the phosphorylation of the 

CTD of RNA polymerase II carried out by CDK7 was affected by treatment with these 

drugs.  Both drugs have been shown to decrease phosphorylation of the CTD of RNA 

polymerase II in a number of different cell types (Chipumuro et al., 2014; Christensen et 

al., 2014; Kwiatkowski et al., 2014; Wang et al., 2015; Jiang et al., 2017; Patel et al., 

2018; Zhong et al., 2019). CDK7 preferentially phosphorylates serine 5 of the RNA 

polymerase II CTD (Fisher, 2005, 2019), so I examined whether treatment with 

ICEC0942 and THZ1 affected levels of this phosphorylation. RPE1 cells were treated 
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with ICEC0942 or THZ1 and then collected for western blot analysis at the indicated 

timepoints, figure 4.1. Leticia Meneguello, a research assistant, contributed to these 

experiments.  

 

By western blot analysis, I could detect decreased levels of RNA polymerase II 

phosphorylated at serine 5 of its CTD from 24 hours of ICEC0942 treatment, with a very 

profound decrease seen at 96 hours after ICEC0942 treatment. There was also a 

decrease after 24 and 48 hours of THZ1 treatment. This data suggests that both CDK7 

inhibitors affect the ability of CDK7 to regulate transcription. 

 

In order to see whether transcription was affected in cells treated with ICEC0942 or 

THZ1, I decided to assay RNA synthesis using 5-ethynyluridine (EU) by 

immunofluorescence. EU is a uridine analogue that is incorporated into RNA transcripts 

generated by RNA polymerases I, II and III, but not into DNA (Jao and Salic, 2008). All 

eukaryotes have these three different RNA polymerases, which all transcribe different 

sets of genes. RNA polymerase I transcribes rRNA genes, RNA polymerase II 

transcribes mRNA, miRNA, snRNA and snoRNA genes and RNA polymerase III 

transcribes tRNA and 5S rRNA genes (Carter and Drouin, 2009). In order to distinguish 

between RNA polymerase I and RNA polymerase II and III-mediated transcription I also 

stained for fibrillarin. Fibrillarin is a small nucleolar protein. Ribosome biogenesis, 

including transcription of rDNA genes by RNA polymerase I, takes place in the nucleolus. 

In fact, fibrillarin has an important role in pre-rRNA processing during ribosomal 

biogenesis (Amin et al., 2007; Turi et al., 2018). A previous study that analysed RNA 

synthesis using EU showed that EU was most prominent in the nucleolar regions of cells, 

as rRNAs are the most abundant RNA species in the cell, and proteins associated with 

RNA polymerase I transcription machinery co-localised with the fibrillar centres of 

nucleoli (Turi et al., 2018). I therefore used fibrillarin staining to mark nucleoli, the location 

Figure 4.1: ICEC0942 and THZ1 cause decreased phosphorylation of serine 5 in 
the CTD of RNA polymerase II. Western blot analysis from one experiment of whole 
cell extract collected from RPE1 cells at the indicated timepoints after treatment with 
vehicle control (DMSO), 120 nM ICEC0942 (A) or 50 nM THZ1 (B). Tubulin and 
GAPDH are the loading controls. Beneath each band of protein is the quantification 
of band intensity. Leticia Meneguello contributed to these experiments. 
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of RNA polymerase I-mediated transcription, in order to exclude this form of transcription. 

As far as I am aware there is no way to distinguish between RNA polymerase II and RNA 

polymerase III-mediated transcription using this method, so I was not able to do this. 

 

I treated RPE1 cells with ICEC0942 and THZ1 for 48 hours or the transcription inhibitor 

5,6-dichloro-1-beta-D-ribofuranosylbenzimidazole (DRB) (Stoimenov et al., 2011) for 

100 minutes as a negative control. The cells were treated with EU for 1 hour prior to 

being fixed and then a click-chemistry protocol was carried out, as well as fibrillarin 

staining. EU incorporation and fibrillarin was detected by confocal immunofluorescence 

microscopy (figure 4.2). I then quantified the levels of EU fluorescence within the nuclei 

of cells, excluding the EU signal from within the fibrillarin-marked nucleoli. 

 

Under all conditions, the EU signal was most prominent in the nucleoli of cells, but in 

untreated and DMSO-treated cells there was also a signal in other parts of the nucleus. 

In ICEC0942 and THZ1-treated cells, the intensity of the nuclear EU signal outside of 

nucleoli was lower, particularly in THZ1-treated cells. In some cells treated with THZ1 

the intensity of the EU signal in nucleoli also appeared to be lower.  In these cells the 

levels of fibrillarin staining also seemed to be lower and the fibrillarin staining pattern 

more disordered. This suggests that ICEC0942 and THZ1 both inhibit transcription, but 

that THZ1 may do this to a greater extent. 

 

Upon closer examination of the images taken by confocal microscopy, we noticed that 

some cells treated with THZ1 showed a punctate pattern of Hoechst staining. This 

staining pattern did not appear to be present in untreated cells, or cells treated with 

DMSO, DRB or ICEC0942. We decided to quantify this, so we calculated the coefficient 

of variation of Hoechst staining in RPE1 cells treated with ICEC0942 or THZ1 for 48 

hours. This measured how uniform the Hoechst staining was, with nuclei showing foci of 

Hoechst staining being less uniform and therefore having a higher coefficient of variation 

value. Rory Maizels, a research assistant, carried out this work. 

 



 
 
 

79 

 

A 

B 

Figure 4.2: ICEC0942 and THZ1 inhibit transcription.  
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Hoechst staining was more variable in cells treated with ICEC0942 and THZ1 compared 

to untreated or DMSO-treated cells, figure 4.3. However, the coefficient of variation value 

was higher in cells treated with THZ1 and seemed to increase in a dose-dependent 

manner. 

Figure 4.2: (cont.) Confocal microscopy images from one representative experiment 
with quantifications from three independent experiments examining RNA synthesis in 
RPE1 cells by looking at EU incorporation in untreated cells, DMSO-treated cells and 
cells treated with 100 µM of DRB for 100 minutes (A), cells treated with 120 nM of 
ICEC0942 or 50 nM of THZ1 for 48 hours (B). Left: Representative images, scale bar 
represents 27 µm. Right: Quantification of EU fluorescence levels within the nuclei of 
cells normalised to the levels of untreated cells. The EU fluorescence from within 
nucleoli, marked with fibrillarin, was excluded. Significance is represented by * and 
was determined using an unpaired two tailed t-test. Error bars show SD. 
 
 
 
 

Figure 4.3: Hoechst foci form in cells treated with THZ1. RPE1 cells were treated 
with DMSO or 60 nM, 120 nM or 240 nM of ICEC0942 or 25 nM, 50 nM or 100 nM of 
THZ1for 48 hours and the pattern of Hoechst staining in the nucleus analysed by 
immunofluorescence confocal microscopy (A) Representative images, with highlighted 
areas enlarged. Scale bar represents 27 µm. (B) Quantification of the mean Hoechst 
intensity coefficient of variation from four independent experiments. Significance is 
represented by * and was determined using an unpaired two tailed t-test. Error bars 
show SD. Rory Maizels carried out these experiments. 
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These foci of Hoechst staining resembled senescence-associated heterochromatin foci 

(SAHFs), which were first described in 2003 as DNA-stained dense foci in the nuclei of 

senescent cells. SAHF formation is associated with the stable repression of genes that  

promote cellular proliferation, such as E2F target genes (Narita et al., 2003; Aird and 

Zhang, 2013). SAHFs are a phenotypic characteristic of senescent cells and do not form 

in quiescent cells, but it should be noted that senescence can occur in the absence of 

SAHFs (Aird and Zhang, 2013; Herranz and Gil, 2018).  
 

A number of molecular markers of SAHFs have been described, including histone H3 

that is di-or tri-methylated on lysine 9 (H3K9Me2/3). Co-staining of these markers with a 

DNA stain, such as DAPI, has been shown to be a reliable marker of SAHFs in senescent 

cells (Aird and Zhang, 2013). I therefore decided to investigate whether these Hoechst 

foci co-localised with H3K9Me3 foci in RPE1 cells treated with ICEC0942 or THZ1 for 48 

hours using immunofluorescence confocal microscopy. Rory Maizels contributed to this 

work.  
 

In untreated and DMSO-treated cells, H3K9Me3 staining was not uniform throughout the 

nucleus and did seem to concentrate in certain places, figure 4.4. However, these 

regions of intense K3K9Me3 staining did not co-localise with regions of intense Hoechst 

staining, which seemed fairly uniform throughout the nucleus. This was also the case 

with cells treated with ICEC0942, although some cells did appear to have higher levels 

of H3K9Me3 staining. The staining pattern was fairly uniform across the nucleus in these 

cells, with no obvious foci of H3K9Me3 staining. In contrast to this, in many THZ1-treated 

cells there were clear foci of H3K9Me3 staining. Further to this, many H3K9Me3 foci 

appeared to co-localise with foci of Hoechst staining too, suggesting that SAHFs form in 

RPE1 cells treated with THZ1, but not in cells treated with ICEC0942.  

 

Altogether this data suggests that ICEC0942 and THZ1 treatment can inhibit 

transcription in RPE1 cells. However, THZ1 seems to do this to a greater extent than 

ICEC0942, causing a profound decrease in transcription, potentially by repressing 

transcription of genes at the chromatin level. 

 

4.2. CDK7 inhibitors induce cell cycle arrest 
Having examined the effects that these drugs have on transcription, I decided to look at 

markers of cell cycle progression, as CDK7 is known to be also involved in regulating 

this (Fisher, 2012). CDK7 is the CAK and carries out the activating phosphorylation of 

the T-loop of cell cycle CDKs. This allows cell cycle CDKs to achieve high levels of kinase 

activity and drive cell cycle progression (Fisher, 2005; Lolli and Johnson, 2005).  
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I therefore decided to look at whether treatment with either of these CDK7 inhibitors 

affected the levels of these activating phosphorylations. Phosphorylation of CDK1 at 

threonine 161 is carried out by CDK7 and both THZ1 and ICEC0942 have been 

previously shown to decrease levels of this phosphorylation (Kwiatkowski et al., 2014; 

Patel et al., 2018). RPE1 cells were treated with ICEC0942 or THZ1 and then collected 

for western blot analysis at the indicated timepoints, figure 4.5. Leticia Meneguello, a 

research assistant, contributed to these experiments. 

 

Figure 4.4: Hoechst foci in cells treated with THZ1 co-localise with H3K9Me3 foci. 
RPE1 cells were treated with DMSO, 120 nM ICEC0942 or 50 nM THZ1 for 48 hours 
and the pattern of Hoechst and H3K9Me3 staining in the nucleus examined by 
immunofluorescence confocal microscopy. Representative images, with highlighted 
areas enlarged. Scale bar represents 27 µm. Rory Maizels contributed to these 
experiments. 
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By western blot analysis, I could detect decreased levels of CDK1 phosphorylated at 

threonine 161 certainly from 48 hours of ICEC0942 treatment. There was also a 

decrease after 24 and 48 hours of THZ1 treatment. This data suggests that ICEC0942 

and THZ1 also affect the role of CDK7 in cell cycle regulation. 

 

 

Further to this, I also looked at other factors affecting cell cycle progression (figure 4.6). 

Previously phosphorylation of Rb has been used as a proxy for CDK2/4/6 activity (Patel 

et al., 2018). In RPE1 cells treated with ICEC0942 and THZ1, levels of Rb 

phosphorylated at serine 807 and 811 were reduced after 48 hours of treatment with 

either drug. Rb functions to inhibit cell cycle progression mostly by binding to and 

inhibiting E2F transcription factors. Phosphorylation of Rb by CDKs relieves this 

inhibition to allow cells to progress through the G1-S transition (Suryadinata, Sadowski 

and Sarcevic, 2010). The lack of Rb phosphorylation observed upon treatment with the 

CDK7 inhibitors therefore indicates that cells arrest before the transition into S phase, in 

line with data presented in the last chapter. There is a profound decrease in levels of 

phosphorylated Rb in cells treated with ICEC0942, which is in line with the data I 

presented in chapter 3 demonstrating that ICEC0942 induces an arrest in the G1 phase 

of the cell cycle. Levels of phosphorylated Rb are not reduced to the same extent in cells 

treated with THZ1. THZ1 treatment induces a cell cycle arrest in the G1 and G2-M 

phases of the cell cycle, which suggests some phosphorylation of Rb may still be 

possible.  

 

Cell cycle progression is also negatively regulated by CDK inhibitors, which include 

p16INK4a and p21CIP1 (Schwartz and Shah, 2005). Upon treatment with either drug p21CIP1 

levels increase in cells from 24 hours of treatment. There seems to be a stronger 

Figure 4.5: ICEC0942 and THZ1 cause decreased phosphorylation of threonine 
161 of CDK1. Western blot analysis from one experiment of whole cell extract 
collected from RPE1 cells at the indicated timepoints after treatment with vehicle 
control (DMSO), 120 nM ICEC0942 (A) or 50 nM THZ1 (B). Vinculin is the loading 
control. Beneath each band of protein is the quantification of band intensity. Leticia 
Meneguello contributed to these experiments. 
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induction of p21 expression upon ICEC0942 treatment than THZ1 treatment, which 

again might be reflective of the fact that cells treated with ICEC0942 arrest exclusively 

in G1. It is less clear if there is a change in p16INK4a levels, but it does not seem as though 

there is an increase in p16INK4a levels upon treatment with ICEC0942 or THZ1. 

 

The data from figures 4.5 and 4.6 and some of the data presented in the last chapter 

suggests that cells treated with ICEC0942 and THZ1 undergo a cell cycle arrest. In the 

case of THZ1 this cell cycle arrest appears to be as a consequence of damage induced 

by THZ1, which causes the cells to initially arrest before undergoing apoptosis. This does 

not seem to be the case for ICEC0942, so I wanted to investigate in more detail the 

nature of this cell cycle arrest. I wanted to understand whether the cell cycle arrest 

induced by ICEC0942 was temporary or permanent.  Unlike THZ1, ICEC0942 binds non-

covalently to CDK7 (Patel et al., 2018), but even if it doesn’t bind irreversibly to CDK7, it 

may still have a permanent effect on cells.  

 

To determine this, I carried out wash-out experiments to investigate whether cells could 

start to proliferate again once ICEC942 was removed. I used EdU incorporation to assay 

this. RPE1 cells were treated with ICEC0942 for 2 days. Some cells were then treated 

Figure 4.6: The effect of ICEC0942 and THZ1 on factors involved in cell cycle 
progression. Western blot analysis from one experiment of whole cell extract 
collected from RPE1 cells at the indicated timepoints after treatment with vehicle 
control (DMSO), 120 nM ICEC0942 (A) or 50 nM THZ1 (B). Tubulin, GAPDH and 
Vinculin are the loading controls. Beneath each band of protein is the quantification of 
band intensity. Leticia Meneguello contributed to these experiments. 
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with EdU for 1 hour before being harvested, but some cells were washed 3 times with 

PBS and given fresh culture media to remove ICEC0942 from the cells. These cells were 

then allowed to grow in culture for another 2 or 5 days, before undergoing EdU labelling 

and harvesting. DNA content and EdU incorporation were then measured by flow 

cytometry, figure 4.7.  

 

After 2 days of ICEC0942 treatment, there is a large decrease in the percentage of cells 

incorporating EdU compared to control cells, as reported in the last chapter. 2 days after 

ICEC0942 had been washed out of cells there was still a decrease in the percentage of 

cells incorporating EdU. The dramatic decrease persisted up to at least 5 days after 

ICEC0942 had been removed from cells. This strongly suggests that after ICEC0942 is 

removed cells do not regain the ability to proliferate. This indicates that the cell cycle 

arrest observed upon ICEC0942 treatment is permanent.  

 

4.3. ICEC0942 induces senescence 
Senescence is defined as a stable cell cycle exit (Herranz and Gil, 2018). Upon 

ICEC0942 treatment RPE1 cells seem to exit the cell cycle in an irreversible manner, 

which suggests that ICEC0942 may be inducing senescence in these cells. Senescent 

cells have a very heterogenous phenotype (Hernandez-Segura, Nehme and Demaria, 

2018), and therefore it is necessary to investigate whether these cells display other 

characteristics of senescence, aside from stable growth arrest. 

 

A widely used marker of cellular senescence is senescence-associated b-galactosidase 

(SA b-gal) activity, and it is considered to be a hallmark of senescence. Acidic b-gal 

activity is detectable in all cells at pH 4.0-4.5, but in senescent cells there is an increase 

in lysosomal content. As a result of this, SA b-gal activity is detectable at sub-optimal pH  

6.0, allowing for specific identification of senescent cells (Debacq-Chainiaux et al., 2009; 

Herranz and Gil, 2018). 

 

SA b-gal activity can be detected cytochemically in fixed cells by incubating them with 

the chromogenic b-gal substrate X-gal in a buffer with a pH of 6.0. A blue colour develops 

in cells that are positive for SA b-gal activity (Debacq-Chainiaux et al., 2009). I treated 

RPE1 cells for 4 days with ICEC0942, after which I fixed the cells and carried out 

cytochemical staining to detect SA b-gal activity. Cells were then imaged by brightfield 

microscopy. As a positive control, RPE1 cells were also treated with etoposide for 2 

days. Etoposide has been previously shown to induce senescence in cells by causing 

DNA damage (Te Poele et al., 2002). I also decided to treat cells with THZ1 to establish 
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Figure 4.7: ICEC0942 induces an irreversible cell cycle arrest. (A) Schematic 
illustrating the experimental set up. RPE1 cells were treated with 120 nM of ICEC0942 
for 48 hours. After 48 hours some cells were labelled with EdU for 1 hour and then 
harvested. Other cells were washed 3 times with PBS and given fresh culture media 
to remove ICEC0942 from the cells. These cells were then allowed to grow in culture 
for another 2 or 5 days, before undergoing EdU labelling and harvesting. DNA content 
and EdU incorporation were then measured by flow cytometry. (B) Quantification of 
the percentage of EdU+ cells within the population from three independent 
experiments.  Error bars show SD. (C) Pseudocolour plots of flow cytometry data from 
one representative experiment. DNA content is plotted against EdU incorporation. 
Inset gate drawn to include EdU+ cells. 
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if senescence was induced in response to this drug too.  

 

In untreated and DMSO-treated cells I could observe a few blue cells within each field of 

view, figure 4.8. However, there were many more cells that were stained blue upon 

treatment with etoposide, and the staining itself appeared to be more intense. In cells 

treated with ICEC0942 there was also a clear increase in the number of cells that were 

stained blue and the staining was stronger in these cells. This suggests that there is an 

increase in SA b-gal activity in ICEC0942-treated cells. 

 

There were also some cells that stained blue that were treated with THZ1. However, 

there were much fewer cells in these conditions than for cells treated with ICEC0942, 

despite the same number of cells being seeded in both conditions. The morphology of 

the cells was also different, perhaps because these cells had experienced damage and 

were beginning to undergo apoptosis as a consequence of THZ1 treatment. This 

suggests that the blue staining seen in this instance may not be specific to senescent 

cells.  

 

 

Based on this and other factors, this method of detecting SA b-gal activity may not be 

reliable. For example, it is difficult to quantify the number of senescent cells, as it requires 

A 

B 

Figure 4.8: An increase in SA b-gal activity is observed upon ICEC0942 
treatment. Representative images of detection of SA b-gal activity in RPE1 cells with 
the chromogenic b-gal substrate, X-gal, in untreated and DMSO-treated cells and 
cells treated with 0.5 µg/ml of etoposide for 2 days (A) and untreated cells, and cells 
treated with 120 nM of ICEC0942 or 50 nM of THZ1 for 4 days (B). Scale bar 
represents 155 µm.   
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the imaging of a large number of cells and relies upon the investigator’s judgement, and 

so is a subjective measurement (Debacq-Chainiaux et al., 2009; Cahu and Sola, 2013). 

I therefore decided to use a different method to quantify SA b-gal activity: flow cytometry.  

 

With this method, cells are incubated with 5-dodecanoylaminofluorescein di-β-D-

galactopyranoside (C12FDG), a β-galactosidase substrate. This is a membrane 

permeable molecule, which becomes fluorescent when it is hydrolysed by β-

galactosidase. This can therefore be detected by flow cytometry. This method allows 

quantification of SA b-gal activity, can be used in living cells and is less time-consuming 

that the cytochemical method. It is also believed to be more sensitive (Debacq-Chainiaux 

et al., 2009; Cahu and Sola, 2013). I decided to use this method to verify the result shown 

in figure 4.8 and to also carry out a time-course experiment to see when after ICEC0942 

treatment cells become senescent.  

 

I treated cells with ICEC0942 or THZ1 for up to 4 days. Prior to harvesting, the cells were 

incubated with C12FDG for 2 hours. C12FDG fluorescence levels were then immediately 

analysed by flow cytometry, figure 4.9. As a positive control, RPE1 cells were also 

treated with etoposide for 2 days and as a negative control cells were not incubated with 

C12FDG.  
 

Upon treatment with ICEC0942 there was a time-dependent increase in mean C12FDG 

fluorescence levels in cells from 2 days of treatment, with a significant increase 

compared to untreated control cells observed after 3 and 4 days of ICEC0942 treatment. 

In contrast to this, mean C12FDG fluorescence levels did not increase in cells treated 

with THZ1. If anything, after 4 days of THZ1 treatment there was a significant decrease 

in mean C12FDG fluorescence levels, which can probably be attributed to the increase 

in apoptosis previously observed after 4 days of THZ1 treatment. Together with the 

cytochemical method of detecting SA b-gal activity, this confirms that cells display an 

increase in SA b-gal activity upon treatment with ICEC0942 and also suggests that this 

does not occur upon treatment with THZ1. 

 

Another phenotypic characteristic of senescent cells is that they become flat and 

enlarged (Herranz and Gil, 2018). This can be observed in the brightfield microscopy 

images of ICEC0942-treated cells compared to untreated cells in figure 4.8, but I wanted 

to be able to quantify this. RPE1 cells were treated with ICEC0942 or THZ1 for 2 days. 

As a positive control, RPE1 cells were also treated with etoposide for 2 days. They were 

then harvested and a Coulter Counter was used to determine the cells’ diameter. Coulter 
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Counters use the Coulter technique to establish cell volume as a measure of cell size. 

Here an electrical field is applied across a micron-sized aperture and cells are sent 

through this aperture. By doing this the aperture is occluded and this causes a 

measurable change in electrical impedance that can be correlated to cell volume (Dittami 

et al., 2012).  
 

  

After 2 days of ICEC0942 treatment, there was a significant increase in the diameter of 

cells, figure 4.10. There was also an increase in the diameter of cells treated with THZ1, 

but to a lesser extent than observed with ICEC0942. In figure 4.2 it appears that THZ1 

may affect RNA polymerase I-mediated transcription, as well as RNA polymerase II-

mediated transcription. This may lead to a reduction in transcription of rRNA and 

consequently a decrease in translation and protein synthesis. This would limit the ability 

of cells treated with THZ1 to increase in size.  
 

Figure 4.9: An increase in SA b-gal activity is observed upon ICEC0942 
treatment. Flow cytometry data from one representative experiment, detecting SA b-
gal activity with a fluorescent b-gal substrate, C12FDG, in untreated and DMSO-
treated cells, cells treated with 0.5 µg/ml of etoposide for 2 days and cells not 
incubated with C12FDG (A) and untreated cells, and cells treated with 120 nM of 
ICEC0942 or 50 nM of THZ1 for up to 4 days (B). Left: Flow cytometry data from one 
representative experiment where C12FDG fluorescence is plotted against cell number. 
Here cells are treated with 0.5 µg/ml of etoposide for 2 days or 120 nM of ICEC0942 
or 50 nM of THZ1 for 4 days. Right: Quantification of mean C12FDG fluorescence 
levels within the population from three independent experiments.  Significance is 
represented by * and was determined using an unpaired two tailed t-test. Error bars 
show SD. 
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Along with data showing that cells treated with ICEC0942 undergo a stable cell cycle 

arrest, the data showing that cells treated with ICEC0942 have increased SA b-gal 

activity and have an increased diameter compared to untreated cells strongly suggests 

that ICEC0942 induces senescence in RPE1 cells.  
 

4.4. Summary 
The effects on cellular proliferation previously observed upon treatment with ICEC0942 

and THZ1 had mainly been attributed to inhibition of CDK7-mediated regulation of 

transcription (Chipumuro et al., 2014; Christensen et al., 2014; Wang et al., 2015; Jiang 

et al., 2017; Patel et al., 2018; Zhong et al., 2019). In this chapter I show data that 

indicates that both of these drugs do inhibit the ability of CDK7 to regulate transcription. 

Of the two drugs, it appears that THZ1 has a more dramatic effect on transcription. This 

may be due to the fact that THZ1 has been shown to also inhibit CDK12 and 13, which 

both also play key roles in the regulation of gene transcription (Zhang et al., 2016; Olson 

et al., 2019). As well as inhibiting RNA polymerase II-mediated transcription, THZ1 may 

Figure 4.10: An increase in cell diameter is observed upon ICEC0942 treatment. 
Coulter Counter data from one representative experiment, with untreated and DMSO-
treated RPE1 cells and cells treated with 0.5 µg/ml of etoposide for 2 days (A) and 
untreated cells, and cells treated with 120 nM of ICEC0942 or 50 nM of THZ1 for 2 
days (B). Left: Coulter Counter data from one representative experiment where % of 
cell population is plotted against various bins containing cells with different diameters 
in µm. Right: Quantification of the median cell diameter within the population from 
three independent experiments.  Significance is represented by * and was determined 
using an unpaired two tailed t-test. Error bars show SD. 
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also affect transcription carried out by RNA polymerase I, as there is also decreased EU 

staining in the nucleoli of some cells treated with THZ1.  

 

Formation of Hoechst foci that resemble SAHFs and co-localise with H3K9Me3 foci also 

appear in cells treated with THZ1. This suggests that THZ1 is inhibiting transcription at 

the level of chromatin. Further to this, H3K9Me3 is enriched in heterochromatic regions 

and has been shown to be accumulate at gene promoters in senescent but not quiescent 

cells (Narita et al., 2003). This suggests that SAHFs facilitate an irreversible repression 

of gene expression and that this can be observed upon THZ1 treatment.  

 

However, it seems unlikely that the foci we see in cells treated with THZ1 are true SAHFs. 

In chapter 3, I demonstrated that treatment with THZ1 induces apoptosis and in this 

chapter, I have presented data that indicates that cells treated with THZ1 do not enter 

senescence. It is possible that these foci are heterochromatic structures that, like 

SAHFs, facilitate the stable repression of expression of certain genes, but in this 

instance, it leads to induction of apoptosis instead of senescence. This is potentially an 

interesting avenue of future research but goes beyond the scope of my thesis work. 

  

ICEC0942 and THZ1 also appear to inhibit the function of CDK7 in regulating the cell 

cycle, with protein levels of markers of cell cycle progression decreasing and cell cycle 

arrest increasing. The data I present suggests that ICEC0942 induces a cell cycle arrest 

with G1 DNA content, which displays a number of phenotypic characteristics typical of 

senescence, including a permanent cell cycle arrest, SA b-gal activity and an increase 

in cell size. A number of these features are not observed upon THZ1 treatment, providing 

further evidence that THZ1 induces apoptosis, rather than senescence.  

 

A previous study showed that THZ1 damages some nuclear structures, including nucleoli 

(Greenall et al., 2017), which is in line with our observations, This was shown to cause 

disruption of  mRNA splicing and translation (Greenall et al., 2017). This may help to 

explain why we did not observe at least one of the phenotypic characteristics of 

senescence, an increase in cell size. Protein synthesis is required for cell growth 

(Laplante and Sabatini, 2009), so if rRNA transcription and translation are disrupted cells 

will not be able to grow in size.  

 

It would be difficult to separate the effects that either of these drugs have upon the ability 

of CDK7 to regulate transcription and the cell cycle, in order to be able to determine 

whether inhibition of just one of these functions causes the phenotypes observed. It is 
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also possible that the combined inhibition of transcription and cell cycle progression 

underlies these effects. However, if we can understand more about the cellular signalling 

pathways that help to bring about these effects, we can potentially understand the 

mechanisms underlying the differing effects of these CDK7 inhibitors in more detail. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 
 

93 

5. ICEC0942-induced senescence is dependent upon 
active mTOR signalling 

 

One approach that has the potential to provide us with a lot of information about how 

ICEC0942 and THZ1 treatment affect the cell is a chemogenetic screen. In a 

chemogenetic screen, cells with different genetic backgrounds can be treated with drugs 

to detect drug-gene interactions (Colic et al., 2019). These can be positive or negative 

chemogenetic interactions, depending on whether the fitness of the mutant cell, in 

response to treatment, is higher or lower than expected (Jaffe et al., 2019). Positive 

chemogenetic interactions identify genes that may contribute to resistance to the drug 

tested. Negative chemogenetic interactions can reveal signalling pathways that the 

drugs rely upon for their effect, or synthetic lethal interactions where mutation of a gene 

along with drug treatment causes loss of cell viability (Sharma and Petsalaki, 2018; Colic 

et al., 2019). Chemogenetic screens can provide insights into a drug’s mechanism of 

action, genetic vulnerabilities and resistance mechanisms. In a clinical setting, this can 

help to stratify patient populations, improve the efficacy of the drug and direct 

combinatorial treatments (Colic et al., 2019).  
 

The first chemogenetic experiments were carried out in 1983 in the 

yeast Saccharomyces cerevisiae, with its sequenced and experimentally tractable 

genome (Colic and Hart, 2019). More recently, CRISPR/Cas9 technology has been used 

to perturb gene function in mammalian cells for pooled genetic screens. The Cas9 

endonuclease can be targeted to a specific DNA sequence by a single-guide RNA 

(sgRNA). Cas9 introduces a blunt-end double-strand break at this specific position in the 

genome, and error-prone DNA repair of this region leads to random DNA insertions and 

deletions (indels). This causes frameshift mutations that result in a loss of function of the 

encoded protein (Bertomeu et al., 2018; Colic and Hart, 2019).  
 

CRISPR/Cas9 technology means that large-scale functional gene knockout screens, 

including chemogenetic screens, can now also be carried out in human cells. The 

general experimental design of a chemogenetic screen is shown in figure 5.1. Typically, 

cells are transduced with a pooled CRISPR library. These cells are then separated into 

untreated and drug-treated groups and grown for several population doublings. At the 

end of the experiment, genomic DNA is collected and sequenced to compare the relative 

abundance of each sgRNA sequence in the different populations (Colic and Hart, 2019; 

Colic et al., 2019). If a gene has a negative interaction in response to a drug treatment it 

would be expected that the corresponding sgRNA sequence would have a lower relative 
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abundance, whilst the sgRNA sequences associated with a gene with a positive 

interaction would have a higher relative abundance (Sullender et al., 2015; Colic et al., 

2019).  

 

 
 
 

 

 

 

Our collaborators, the Tyers Lab at the University of Montreal, recently carried out a 

genome wide CRISPR/Cas9 screen in a human pre-B-cell lymphocytic leukemia cell line, 

NALM-6, to identify genes that were essential for growth, proliferation and survival in 

these cells. They used a pooled custom extended-knockout (EKO) library of 278,754 

different sgRNAs, that targeted 19,084 RefSeq genes, 20,852 alternatively spliced 

exons, and 3,872 hypothetical genes. To calculate the relative level of depletion of each 

sgRNA sequence, they used a new statistical analysis tool they had developed called 

robust analytics and normalization for knockout screens (RANKS). This approach 

identified 2,280 essential genes, some of which were validated experimentally and linked 

to ribosome biogenesis and stress responses (Bertomeu et al., 2018). 

 

As part of our collaboration the Tyers lab carried out a chemogenetic screen in NALM-6 

cells using their EKO library, testing ICEC0942 and THZ1. They carried out statistical 

analysis using RANKS and provided us with the data. I carried out gene ontology (GO) 

enrichment analysis on the top negative and positive hits from the screen. There was 

very little overlap in the hits and GO terms enriched upon ICEC0942 and THZ1 

treatment. However, components of the mTORC1 and 2 complexes were shown to be 

positive interactors with both drugs and negative regulators of mammalian target of 

rapamycin (mTOR) signalling were detected as negative interactors with ICEC0942. This 

suggested that active mTOR signalling was required for ICEC0942 to be effective, and 

to a lesser extent for THZ1 sensitivity, so we decided to follow up on this. 

I show that inhibition of the mTOR signalling pathway, through treatment with Torin1, 

rescued many of the senescence-associated phenotypes apparent upon ICEC0942 

Figure 5.1: Experimental design of a chemogenetic screen. Cells are 
transduced with a pooled CRISPR library, containing sgRNA sequences to target 
multiple genes. They are separated into untreated control and drug-treated 
samples. The cells are then grown for several population doublings before genomic 
DNA is collected. The relative abundance of CRISPR sgRNA sequences is 
compared between the different samples. (Colic et al., 2019).  



 
 
 

95 

treatment. This indicates that ICEC0942 can more effectively induce senescence in cells 

with active mTOR signalling. 

In this chapter, I also show that both drugs can inhibit the proliferation of NALM-6 cells 

and perturb cell cycle progression in these cells, validating the use of this cell line to 

study these drugs.  

 

5.1. ICEC0942-treated cells with active mTOR signalling have reduced 
fitness 
The Tyers lab have carried out multiple rounds of chemogenetic screens and included 

ICEC0942 and THZ1 in one of the rounds. The chemogenetic screen using our drugs 

was carried out by Caroline Huard. Statistical analysis of the data was carried out by 

Jasmin Coulombe-Huntington using the RANKS statistical tool, which can calculate the 

depletion or enrichment of sgRNA sequences in a treated population compared to an 

untreated population (Bertomeu et al., 2018). The Tyers lab provided us with this data 

and I analysed it further.  

 
I first ordered genes by their RANKS score and compared the 100 genes with the highest 

and the 100 genes with the lowest RANKS score between ICEC0942 and THZ1 to see 

if any there were any overlapping hits. As can be observed in figure 5.2, there was very 

little overlap between the top 100 positive and top 100 negative hits for each compound 

indicating that their mechanism of action is different, which is in line with my results 

presented in the previous chapters. 

 

 

Figure 5.2: Overlap between the top positive and negative hits of ICEC0942 and 
THZ1 in a chemogenetic screen. Here the genes that were detected as the top 100 
positive or top 100 negative interactors upon ICEC0952 or THZ1 treatment are 
presented as a Venn diagram to show that there is little overlap between the two 
drugs. The genes were ranked using the RANKS score. 
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I decided to look in more detail at the top positive and negative hits for both compounds. 

In tables 5.1, 5.2, 5.3 and 5.4 are the top 20 positive or negative hits for ICEC0942 and 

THZ1. I had initially decided to use a false-discovery rate (FDR) value of less than 0.05 

as a cut-off, but in the case of negative interactors of THZ1 no genes were below this 

cut-off and with positive interactors of THZ1 more than 650 genes fit this criterion. 

Therefore, I decided to analyse the top 20 positive and top 20 negative hits for each drug 

for uniformity, using the FDR value to rank them. The FDR value is generated from the 

p-value using a multiple-comparison procedure to minimise the false positive rate of a 

data set (Benjamini and Hochberg, 1995). The RANKS score is a measure of how 

enriched or depleted the relevant sgRNA sequences are in the population. In turn this 

allows you to infer how deletion of the corresponding gene affects cell proliferation. For 

instance, the higher the number, the higher the proliferative ability of the cells with this 

gene deletion. I have also included a short description of the function of the products of 

the genes, which I derived from the UniProt website (The UniProt Consortium, 2018).  

Looking at the genes that came up as hits, there are some interesting patterns. For 

instance, a number of genes that came up as positive interactors with ICEC0942 or THZ1 

encode components of the mTORC1 and mTORC2 complexes, such as MSLT8, 

RICTOR, RPTOR and MTOR. Conversely to this, components of the GATOR1 and 

KICSTOR complexes, negative regulators of mTORC1 signalling (Bar-Peled et al., 2013; 

Wolfson et al., 2017), came up as negative interactors with ICEC0942, but not THZ1. 

Further to this, a number of genes encoding products involved in apoptosis only came 

up as positive interactors with THZ1, as did genes encoding products involved in the 

DDR. Our collaborators in the Tyers lab pointed out that this ‘apoptotic' signature is very 

common, and is found in most of the drugs they have tested. This makes the omission 

of this signature in the ICEC0942 screen significant, indicating that ICEC0942 treatment 

is indeed cytostatic, rather than cytotoxic. 

 

It is important to determine whether we are observing true chemogenetic interactions 

with ICEC0942 or THZ1 here, or whether the observed effects upon cells can actually 

be attributed solely to the knock-out of the genes. Therefore, in tables 5.5, 5.6, 5.7 and 

5.8 the RANKS scores of the genes that were listed as the top 20 positive and top 20 

negative genes for each drug (as listed in tables 5.1, 5.2, 5.3 and 5.4) are compared in 

control and ICEC0942- or THZ1-treated cells, 2 or 8 days after the drugs were added 

were added to the respective populations. This allows us to see whether there was a 

substantial difference between the control and drug-treated populations, which may 

suggest that the effects observed upon knock-out of the genes and drug treatment 

represent true chemogenetic interactions. It also gives us some insight into whether the  
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Table 5.1: Positive interactors of ICEC0942. Shown are the top 20 genes that are 
positive interactors with ICEC0942, ranked by FDR value. The product function 
descriptions are derived from those on the UniProt website (The UniProt Consortium, 
2018). 



 
 
 

98 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 

Table 5.2: Negative interactors of ICEC0942. Shown are the top 20 genes that are 
negative interactors with ICEC0942, ranked by FDR value. The product function 
descriptions are derived from those on the UniProt website (The UniProt Consortium, 
2018).  
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Table 5.3: Positive interactors of THZ1. Shown are the top 20 genes that are 
positive interactors with THZ1, ranked by FDR value. The product function 
descriptions are derived from those on the UniProt website (The UniProt Consortium, 
2018).  
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knock-out of specific genes has a substantial effect on the control cells and if it gives a 

false impression of how the drugs affect cells with knock-out of this gene. 

 

As shown in tables 5.5, 5.6, 5.7 and 5.8, for the most part the genes that are positive 

interactors with either drug have a higher RANKS score upon drug treatment than in 

Table 5.4: Negative interactors of THZ1. Shown are the top 20 genes that are 
negative interactors with THZ1, ranked by FDR value. The product function 
descriptions are derived from those on the UniProt website (The UniProt Consortium, 
2018).  
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control cells and the genes that are negative interactors have a lower RANKS score upon 

drug treatment than in control cells. In these cases, this may indicate that the genes 

actually do interact chemogenetically with ICEC0942 or THZ1.  

 

 

However, amongst genes thought to have a negative chemogenetic interaction with 

ICEC0942, table 5.6, control cells with TSSC1 knocked out have a lower RANKS score 

at 8 days, -2.77, than ICEC0942-treated cells, -2.48. This suggests that knock out of 

TSSC1 substantially inhibits the proliferation of control cells and that treatment with 

ICEC0942 may not contribute further to the effect observed upon TSSC1 knock-out. 

 

 

 

 

 

 

Table 5.5: RANKS scores of genes that are positive interactors with ICEC0942. 
The RANKS scores of the top 20 genes that are positive interactors with ICEC0942 in 
control cells and ICEC0942-treated cells at 2 days or 8 days after drug addition.  
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Table 5.6: RANKS scores of genes that are negative interactors with ICEC0942. 
The RANKS scores of the top 20 genes that are negative interactors with ICEC0942 in 
control cells and ICEC0942-treated cells at 2 days or 8 days after drug addition.  
 



 
 
 

103 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Amongst genes thought to have a negative chemogenetic interaction with THZ1, table 

5.8, control cells with WDR61 OR ATP6V1A knocked out have a lower RANKS score at 

8 days, -3.42 and -2.59 respectively, than THZ1-treated cells, -2.73 and -2.34 

respectively. Therefore, this also suggests that knock out of either of these genes alone 

substantially inhibits the proliferation of control cells and that treatment with THZ1 may 

not contribute further to the effect observed upon their knock-out. 

 

 

 

 

 

 

 

 

 

 

Table 5.7: RANKS scores of genes that are positive interactors with THZ1. The 
RANKS scores of the top 20 genes that are positive interactors with THZ1 in control 
cells and THZ1-treated cells at 2 days or 8 days after drug addition.  
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In figures 5.3 and 5.4 the RANKS scores of the genes that were listed as the top 20 

positive and top 20 negative genes for each drug, (as listed in tables 5.1, 5.2, 5.3 and 

5.4) in control and ICEC0942- or THZ1-treated cells 2 days after drug addition are 

presented as a scatter plot. The genes that appeared as the top 20 positive interactors 

upon ICEC0942 or THZ1 treatment, listed in table 5.1 or table 5.3, are in green and the 

genes that appeared as the top 20 negative interactors upon ICEC0942 or THZ1 

treatment, listed in table 5.2 or table 5.4, are in red. Some relevant genes are labelled in 

the scatterplot. 

 

In this screen, because the drugs prevent proliferation, the drug-treated populations 

undergo very few population doublings. Consequently, here I have presented data from 

day 2, as the population doublings in all populations become less similar after this time-

point. For the control and ICEC0942-treated populations, the population doublings are 

Table 5.8: RANKS scores of genes that are negative interactors with THZ1. The 
RANKS scores of the top 20 genes that are negative interactors with THZ1 in control 
cells and THZ1-treated cells at 2 days or 8 days after drug addition.  
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similar at this time-point. However, the THZ1-treated population undergoes no growth so 

the comparison to the control population at this time-point is less appropriate.  

 

In figure 5.3 I compared the RANKS scores of the genes within the top 20 positive or top 

20 negative hits in the control and ICEC0942-treated populations to see whether the 

knock-out of these genes has a substantial effect on the control cells compared to 

ICEC0942-treated cells. 

 

 

 

 

 

 

 

 

 

 

 

 

 

The RANKS scores for COPS2 and TSSC1 in control cells are the most negative 

amongst the top 20 negative interactors with ICEC0942 treatment, -1.78 and -1.27 

respectively, which suggests that knock-out of these genes inhibits the proliferation of 

control cells. However, the RANKS scores for these genes in ICEC0942-treated cells 

are lower still, -3.46 and -3.71 respectively, which suggests that ICEC0942 treatment in 

combination with knock-out of these genes affects cells more than knock-out of these 

genes alone. This suggests that there is a true negative chemogenetic interaction 

between these genes and ICEC0942 treatment. I also think this is the case with the 

positive interactor RICTOR, which has the most positive RANKS score amongst the top 

20 positive interactors in control cells, 0.5. However, this is still lower than the RANKS 

score for this gene in ICEC0942-treated cells, 2.2. Therefore, this suggests there is a 

true positive chemogenetic interaction between RICTOR and ICEC0942 treatment. 

 

Figure 5.3: The RANKS scores of genes in control cells and ICEC0942-treated 
cells. The RANKS scores of genes in control cells is plotted against the RANKS 
scores of genes in ICEC0942-treated cells, 2 days after drug addition. In green are 
the genes that appeared as the top 20 positive interactors upon ICEC0942 
treatment and in red the genes that appeared as the top 20 negative interactors 
upon ICEC0942 treatment. Selected genes have been labelled. 
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The data presented in figure 5.4 was examined in the same way in control and THZ1-

treated cells. The RANKS scores for WDR69 and ATP6V1A in control cells are the most 

negative amongst the top 20 negative interactors with THZ1 treatment, -3.19 and -2.88 

respectively, which suggests that knock-out of these genes strongly inhibits the 

proliferation of control cells. Further to this, the RANKS scores for these genes in THZ1-

treated cells are not substantially different, -3.62 and -2.73 respectively, which may 

suggest that THZ1 treatment may not substantially contribute to the inhibition of cell 

proliferation observed when these genes are knocked out. APAF1 and VDAC2 have the 

most positive RANKS score amongst the top 20 positive interactors in control cells, 0.6 

and 1.09 respectively. However, the RANKS scores for these genes in THZ1-treated 

cells are higher still, 4.65 and 3.5 respectively, which suggests that THZ1 treatment in 

combination with knock-out of these genes affects cells more than knock-out of these 

genes alone. This suggests that there is a true positive chemogenetic interaction 

between these genes and THZ1 treatment. 

 

 

 

 

 

 

 

 

 

 

 

 

 

The data presented in tables 5.5, 5.6, 5.7 and 5.8 and figures 5.3 and 5.4 suggests that 

in most cases there is a true chemogenetic interaction between the genes previously 

identified as the top 20 positive or top 20 negative interactors with ICEC0942 or THZ1, 

listed in tables 5.1, 5.2, 5.3 and 5.4. However, in some cases, for instance for WDR69 

and ATP6V1A, it appears that knock-out of the gene alone may account for the effects 

observed. Despite this, it should be noted that, according to our collaborators in the Tyers 

Figure 5.4: The RANKS scores of genes in control cells and THZ1-treated 
cells. The RANKS scores of genes in control cells is plotted against the RANKS 
scores of genes in THZ1-treated cells, 2 days after drug addition. In green are the 
genes that appeared as the top 20 positive interactors upon THZ1 treatment and in 
red the genes that appeared as the top 20 negative interactors upon THZ1 
treatment. Selected genes have been labelled. 
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lab, the utility of this kind of analysis is limited in screens where the drugs of interest 

inhibit cell proliferation, as most of the viability signal is lost during the drug treatment. In 

the case of THZ1 particularly, where the population of cells does not undergo any 

doubling upon THZ1 treatment, it should be assumed that any changes in sgRNA 

frequency are due to interactions with the drug rather than knock-out viability. In future 

another method of analysis should be used to determine whether the genes listed in 

tables 5.1, 5.2, 5.3 and 5.4 have true chemogenetic interactions with ICEC0942 or THZ1.  

 

In order to understand further the functions of these genes and to see if any cellular 

functions were particularly enriched for in response to these drugs, I carried out gene 

ontology (GO) enrichment analysis on the top 20 positive and top 20 negative hits for 

both drugs using GOrilla, a web-based GO analysis tool (Eden et al., 2007, 2009). GO 

terms are used to describe gene product attributes and consist of three different 

categories: biological processes, cellular components and molecular functions. If there 

is an overrepresentation or enrichment of GO terms in a set of genes it could suggest 

that certain pathways or functions become important in the examined conditions (Eden 

et al., 2009).  
 
In some cases, GO enrichment analysis generates long lists of redundant GO terms, 

so I decided to use REVIGO to produce a representative subset of GO terms. REVIGO 

is a web server that uses a clustering algorithm to reduce redundancy in a list of GO 

terms by looking for GO terms that are semantically similar. It chooses GO terms that 

represent groups of very similar GO terms and allows you to eliminate the rest (Supek 

et al., 2011). 
 
In tables 5.9, 5.10, 5.11 and 5.12 the most significantly enriched GO terms for biological 

processes are presented for each set of genes. In conditions where there were more 

than 10 enriched GO terms, the 10 most significant are presented here, as ranked by 

FDR q-value. The enrichment score is an indication of how enriched the genes 

associated with the relevant GO term are within the target set (top 20 positive and top 

20 negative hits for each drug) compared to the total number of genes (all the genes 

targeted in the screen). 

 

The positive interactors with ICEC0942 appear to be most enriched for functions involved 

in mitochondrial function and TOR signalling, with positive regulation of TOR signalling 

also appearing. In contrast to this, negative regulation of TOR signalling is one of the 

most significantly enriched GO terms amongst negative regulators of ICEC0942. 

Although the enrichment amongst negative regulators is not statistically significant, this 



 
 
 

108 

data together suggests that cells that are treated with ICEC0942 proliferate less when 

mTOR signalling is more active. 

 

 

Interestingly, the positive interactors with THZ1 are also enriched for functions involved 

in TOR signalling, including TORC1 signalling. As TOR signalling appeared as a 

signalling pathway important upon treatment with both CDK7 inhibitors, this could 

suggest that it becomes important upon CDK7 inhibition. However, positive interactors 

of THZ1 are most enriched for a GO term relating to apoptosis. This suggests that if 

regulators of apoptosis are not functional cell fitness is increased, indicating that THZ1 

treatment does cause apoptosis. The presence of this signature upon THZ1 treatment 

Table 5.9: Enrichment for GO terms (biological process) amongst positive 
interactors of ICEC0942. GO term enrichment analysis was carried out, using the 
GOrilla tool (Eden et al., 2007, 2009), on the top 20 positive interactors with 
ICEC0942 treatment, ranked by FDR value. The GO terms were then subjected to 
processing with REVIGO  (Supek et al., 2011). Shown here are the resulting 10 
most enriched GO terms, ranked by FDR q-value. 
 

Table 5.10: Enrichment for GO terms (biological process) amongst negative 
interactors of ICEC0942. GO term enrichment analysis was carried out, using the 
GOrilla tool (Eden et al., 2007, 2009), on the top 20 negative interactors with 
ICEC0942 treatment, ranked by FDR value. The GO terms were then subjected to 
processing with REVIGO (Supek et al., 2011). Shown here are the resulting 10 most 
enriched GO terms, ranked by FDR q-value. 
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and its absence upon ICEC0942 treatment is in line with data already presented in in 

this thesis. 

 

Although there was no statistically significant enrichment for any GO terms for negative 

interactors of THZ1, there was enrichment here for GO terms related to chromatin 

organisation, histone modifications and modification of transcripts, that could be linked 

to the profound inhibition of transcription previously demonstrated upon THZ1 treatment 

in the last chapter of this thesis. 

Table 5.11: Enrichment for GO terms (biological process) amongst positive 
interactors of THZ1. GO term enrichment analysis was carried out, using the 
GOrilla tool (Eden et al., 2007, 2009), on the top 20 positive interactors with THZ1 
treatment, ranked by FDR value. The GO terms were then subjected to processing 
with REVIGO (Supek et al., 2011). Shown here are the resulting 10 most enriched 
GO terms, ranked by FDR q-value. 
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In figures 5.5 and 5.6 this data is also presented as a heat map, which compares the 

most enriched GO terms amongst the positive and negative interactors of the two drugs. 

In figure 5.5 the only GO term the positive interactors of ICEC0942 and THZ1 have in 

common is TOR signalling. Figure 5.6 shows that there are no overlapping GO terms 

between the negative interactors of ICEC0942 and THZ1.  
 

Table 5.12: Enrichment for GO terms (biological process) amongst negative 
interactors of THZ1. GO term enrichment analysis was carried out using the 
GOrilla tool (Eden et al., 2007, 2009), on the top 20 negative interactors with THZ1 
treatment, ranked by FDR value. The GO terms were then subjected to processing 
with REVIGO (Supek et al., 2011). Shown here are the resulting 10 most enriched 
GO terms, ranked by FDR q-value. 
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Figure 5.5: Comparison of the enriched GO terms (biological process) 
amongst positive interactors of ICEC0942 and THZ1. Heatmap representation 
of the most enriched GO terms amongst the positive interactors of ICEC0942 and 
THZ1, as determined using the GOrilla tool (Eden et al., 2007, 2009) and processing 
by REVIGO (Supek et al., 2011). They are colour-coded according to the scale on 
the right, which represents the log(FDR q-value). The GO terms closer to the dark 
blue end of the scale have the most statistically significant FDR q-value and the GO 
terms closer to the light blue end of the scale have the least statistically significant 
FDR q-value. 
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Altogether the data from the genome-wide CRISPR knock-out chemogenetic screen 

confirms that ICEC0942 and THZ1 have different effects on cells. There is very little 

overlap in the genes that are positive and negative interactors between these two drugs 

and the associated enriched GO terms. mTOR signalling does appear to be implicated 

with both drugs, which suggests that this signalling pathway may become important upon 

inhibition of CDK7. Components of the mTORC1 and mTORC2 complexes were 

detected as positive interactors upon ICEC0942 treatment and factors involved in 

negative regulation of TOR signalling were detected as negative interactors. This 

indicates that the mTOR signalling pathway may be involved in bringing about the effects 

observed upon ICEC0942 treatment.  

 

Figure 5.6: Comparison of the enriched GO terms (biological process) 
amongst negative interactors of ICEC0942 and THZ1. Heatmap representation 
of the most enriched GO terms amongst the negative interactors of ICEC0942 and 
THZ1, as determined using the GOrilla tool (Eden et al., 2007, 2009) and processing 
by REVIGO (Supek et al., 2011). They are colour-coded according to the scale on 
the right, which represents the log(FDR q-value). The GO terms closer to the dark 
blue end of the scale have the most statistically significant FDR q-value and the GO 
terms closer to the light blue end of the scale have the least statistically significant 
FDR q-value. 
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Previous work has shown that senescence is induced in cells where cell proliferation is 

inhibited but cell growth continues to be stimulated via active mTOR signalling 

(Demidenko and Blagosklonny, 2008). It seems possible that this could also be 

happening in cells treated with ICEC0942, with ICEC0942 inhibiting cell proliferation, 

through inhibition of cell cycle CDK activity, and the mTOR signalling pathway potentially 

being needed to maintain cell growth. This is something we decided to investigate 

further, but first I carried out experiments to verify that ICEC0942 affects NALM-6 cells, 

the cell line used in the chemogenetic screen, in a similar way to RPE1 cells. This would 

help to confirm that the results from the chemogenetic screen also applied to RPE1 cells. 
 
 
5.2. Validation of the use of NALM-6 cells in the chemogenetic screen 
The genome-wide CRISPR knock-out chemogenetic screen was carried out in NALM-6 

cells, a human pre-B-cell lymphocytic leukemia line (Bertomeu et al., 2018). This is a 

cancer cell line of a different tissue origin to RPE1 cells and so it could be expected that 

ICEC0942 and THZ1 may have different effects on these cells. It was important to verify 

that these drugs were affecting NALM-6 cells in a similar way to RPE1 cells to know 

whether information gained from experiments in one cell line could be applied to the 

other cell line too.  

 

Members of the Tyers lab had already carried out proliferation assays with NALM-6 cells 

for these drugs to determine the IC30 concentrations of ICEC0942 and THZ1. For 

ICEC0942 this concentration was 350 nM and for THZ1 this concentration was 60 nM. 

The IC30 concentration for ICEC0942 seems high compared to the GI50 concentration 

obtained for RPE1 cells. Despite this, for these experiments I used concentrations of 

ICEC0942 and THZ1 based on the IC30 concentrations determined by the Tyers lab. 

 

I investigated whether cell proliferation was inhibited in NALM-6 cells upon treatment 

with ICEC0942 and THZ1. I measured EdU incorporation in NALM-6 cells after they were 

treated with the indicated concentrations of ICEC0942 or THZ1 for 48 hours. As before, 

the cells were incubated with EdU for 1 hour prior to collection and DNA content and 

EdU incorporation were measured by flow cytometry, shown in figure 5.7.   
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Upon 48 hours of treatment with ICEC0942 and THZ1, there was a significant decrease 

in the percentage of NALM-6 cells in a population that incorporated EdU. This effect was 

particularly strong at the highest concentration of THZ1. The decrease in the percentage 

of NALM-6 cells in a population that incorporated EdU upon ICEC0942 treatment in 

particular was less dramatic than that observed in RPE1 cells, but the decrease was still 

statistically significant and appeared to be dose-dependent in the case of both drugs. 

 

I also investigated whether ICEC0942 and THZ1 would affect cell cycle progression in 

NALM-6 cells. NALM-6 cells were treated with the indicated concentrations of ICEC0942 

or THZ1 for 48 hours and cell cycle progression was analysed by examining PI staining 

by flow cytometry, figure 5.8. 

 

Upon 48 hours of treatment with ICEC0942, there was a significant increase in the 

percentage of NALM-6 cells in the G1 phase of the cell cycle. This was not observed 

upon 48 hours of treatment with THZ1, but there did appear to be increase in the 

percentage of cells in the G2-M phase of the cell cycle and a dramatic increase in the 

B 

A 

Figure 5.7: ICEC0942 and THZ1 inhibit cell proliferation in NALM-6 cells. (A) 
Pseudocolour plots of flow cytometry data from one representative experiment. 
NALM-6 cells were treated with 175 nM, 350 nM or 700 nM of ICEC0942 or 30 nM, 
60 nM or 120 nM of THZ1 for 48 hours. Cells were then incubated with EdU for 1 
hour before collection. DNA content is plotted against EdU incorporation. Inset gate 
drawn to include EdU+ cells. (B) Quantification of the percentage of EdU+ cells 
within the population from three independent experiments. Significance is 
represented by * and was determined using an unpaired two tailed t-test. Error bars 
show SD. 
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percentage of cells that have sub-G1 DNA content upon THZ1 treatment. This could 

indicate that THZ1 induces cell death in NALM-6 cells, which is in line with the ‘apoptotic 

signature’ identified in the screen hits. I also observed this for THZ1 in RPE1 cells, but it 

appears that it occurs to a greater extent in NALM-6 cells. 

 

Altogether this data shows that although NALM-6 cells and RPE1 cells do not behave 

exactly the same in response to ICEC0942 and THZ1 treatment, these drugs inhibit 

cellular proliferation and perturb cell cycle progression in NALM-6 cells similarly to 

observed for RPE1 cells. 

Figure 5.8: ICEC0942 and THZ1 affect cell cycle progression in NALM-6 cells. (A) Flow 
cytometry data from one representative experiment. NALM-6 cells were treated with 175 
nM, 350 nM or 700 nM of ICEC0942 or 30 nM, 60 nM or 120 nM of THZ1 for 48 hours. 
DNA content is plotted against cell number. Inset gates were drawn based on DNA content. 
(B) Quantifications from three independent experiments showing the mean percentage of 
viable cells in each phase of the cell cycle. (C) Quantifications from three independent 
experiments showing the percentage of viable cells that are in the G1 phase of the cell 
cycle. Significance is represented by * and was determined using an unpaired two tailed t-
test. Error bars show SD. 
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5.3. Pharmacological inhibition of mTOR signalling rescues phenotypes of 
ICEC0942-induced senescence 
Following analysis of the screen, we decided to investigate further whether the mTOR 

signalling pathway influences the effects that ICEC0942 has upon cells. The screen 

results suggest that mutations that compromise mTOR activity make cells less sensitive 

to ICEC0942 and to a lesser extent to THZ1. To test and confirm this I used Torin1, an 

ATP-competitive mTOR inhibitor (Liu et al., 2012). mTOR is the catalytic subunit of both 

mTORC1 and mTORC2, so Torin1 inhibits both of these complexes and has been shown 

to be more effective in mammalian cells than rapamycin (Thoreen et al., 2009). I wanted 

to see whether inhibition of mTOR signalling allowed cells treated with ICEC0942, and 

maybe also THZ1, to continue to proliferate as indicated by the chemogenetic screen. I 

therefore tested if mTOR inhibition had an effect on the phenotypes I had previously 

observed in RPE1 cells upon ICEC0942 treatment in particular. 

 

I examined whether inhibition of mTOR signalling would affect the ability of ICEC0942 or 

THZ1 to inhibit cell proliferation. I measured EdU incorporation in RPE1 cells that were 

treated with ICEC0942 or THZ1 alone or in combination with 25 nM of Torin1 for 48 

hours. As before, the cells were incubated with EdU for 1 hour prior to collection and 

DNA content and EdU incorporation were measured by flow cytometry, figure 5.9. Cells 

were also treated with 25 nM of Torin1 alone for 48 hours. 

 

As before, 48 hours of treatment with either drug caused a significant decrease in the 

percentage of cells in a population that incorporated EdU. Treatment with Torin1 alone 

for 48 hours did not cause a significant change in the percentage of cells incorporating 

EdU. Interestingly, combined treatment with ICEC0942 and Torin1 led to a significant 

increase in the percentage of cells incorporating EdU in a population, compared to 

ICEC0942 treatment alone. Compared to this, there was still an almost complete loss of 

cells incorporating EdU upon the combined treatment with THZ1 and Torin1. This 

indicates that inhibition of mTOR signalling causes a partial rescue of the inhibition of 

cell proliferation observed upon ICEC0942 treatment, but not THZ1 treatment. This is in 

line with the chemogenetic screen results that indicated that mutations that compromise 

mTOR activity have a positive interaction with ICEC0942 and those that increase mTOR 

activity a negative interaction. 
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I also wanted to investigate whether inhibition of mTOR signalling would impact upon the 

effects that ICEC0942 and THZ1 had upon cell cycle progression. RPE1 cells were 

treated with ICEC0942 or THZ1 alone or in combination with 25 nM of Torin1 for 48 hours 

and cell cycle progression was analysed by examining PI staining by flow cytometry, 

figure 5.10. Cells were also treated with 25 nM of Torin1 alone for 48 hours. 

 

Figure 5.9: Torin1 blocks the inhibition of cell proliferation induced by ICEC0942 
but not THZ1. Pseudocolour plots of flow cytometry data from one representative 
experiment with quantifications from three independent experiments for RPE1 cells 
treated with 25 nM of Torin1 as a positive control (A), treated with 120 nM of ICEC0942 
alone or 120 nM of ICEC0942 and 25 nM of Torin1 (B), or 50 nM of THZ1 alone or 50 
nM of THZ1 with 25 nM of Torin1 for 48 hours (C). Cells were then incubated with EdU 
for 1 hour before collection. Left: DNA content is plotted against EdU incorporation. 
Inset gate drawn to include EdU+ cells. Right: Quantification of the percentage of EdU+ 
cells within the population from three independent experiments.  Significance is 
represented by * and was determined using an unpaired two tailed t-test. Error bars 
show SD. 
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As before, there was a significant increase in the percentage of cells with a G1 phase 

DNA content after 48 hours of treatment with either drug. Treatment with Torin1 alone 

for 48 hours did not cause a significant change in the percentage of cells in G1. 

Combined treatment of ICEC0942 and Torin1 led to a significant decrease in the 

percentage of cells in G1, compared to ICEC0942 treatment alone. Combined treatment 

of THZ1 and Torin1 for 48 hours did not lead to a significant change in the percentage 

of cells in G1 compared to THZ1 treatment alone. This data suggests that inhibition of 

mTOR signalling impairs the ability of ICEC0942 to arrest cells with a G1 phase DNA 

content, but has no significant effect on the effects of THZ1 on the cell cycle.  
 

 

 

C 

B 

A 

Figure 5.10: Torin1 blocks the cell cycle arrest induced by ICEC0942 but not 
THZ1.  
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One of the phenotypes I observed upon ICEC0942-treatment that was a characteristic 

of senescent cells was an increase in cell diameter. Given that the mTOR signalling 

pathway is a major regulator of cell growth (Thoreen et al., 2009), it could be expected 

that treatment with Torin1 may impact upon this phenotype.  

 

RPE1 cells were treated with ICEC0942 or THZ1 alone or in combination with 25 nM of 

Torin1 for 48 hours and the diameter of cells was measured using a Coulter Counter, 

figure 5.11. Cells were also treated with 25 nM of Torin1 alone for 48 hours. 

 

Combined treatment with ICEC0942 and Torin1 for 48 hours led to a significant decrease 

in cell diameter, compared to ICEC0942 treatment alone. There was no significant 

change in cell diameter in cells treated with THZ1 and Torin1 compared to cells treated 

with THZ1 only. Treatment with Torin1 also caused a significant decrease in cell diameter 

compared to untreated cells, as has been demonstrated previously (Thoreen et al., 

2009). This data indicates that inhibition of mTOR signalling partially prevents the 

increase in cell size observed upon ICEC0942 treatment, but doesn’t have a significant 

effect on the effects of THZ1 on cell size. 

 
 

Figure 5.10: (cont.) Flow cytometry data from one representative experiment with 
quantifications from three independent experiments for RPE1 cells treated with 25 
nM of Torin1 as a positive control (A), treated with 120 nM of ICEC0942 alone or 
120 nM of ICEC0942 and 25 nM of Torin1 (B), or 50 nM of THZ1 alone or 50 nM of 
THZ1 with 25 nM of Torin1 for 48 hours (C). Left: DNA content is plotted against cell 
number. Inset gates were drawn based on DNA content. Right: quantifications from 
three independent experiments showing the percentage of viable cells that are in 
the G1 phase of the cell cycle. Significance is represented by * and was determined 
using an unpaired two tailed t-test. Error bars show SD. 
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I investigated whether another phenotypic characteristic of senescence I observed upon 

ICEC0942 treatment, an increase in SA b-gal activity, was affected by mTOR inhibition. 

C 

B 

A 

Figure 5.11: Torin1 blocks the increase in cell diameter induced by ICEC0942 
but not THZ1. Coulter Counter data from one representative experiment with 
quantifications from three independent experiments for RPE1 cells treated with 25 nM 
of Torin1 as a positive control (A), treated with 120 nM of ICEC0942 alone or 120 nM 
of ICEC0942 and 25 nM of Torin1 (B), or 50 nM of THZ1 alone or 50 nM of THZ1 with 
25 nM of Torin1 for 48 hours (C). Left: Coulter Counter data from one representative 
experiment where % of cell population is plotted against various bins containing cells 
with different diameters in µm. Right: Quantification of the median cell diameter within 
the population from three independent experiments. Significance is represented by * 
and was determined using an unpaired two tailed t-test. Error bars show SD. 
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I treated RPE1 cells for 4 days either with ICEC0942 only, or with ICEC0942 and Torin1, 

after which I fixed the cells, carried out cytochemical staining to detect SA b-gal activity 

and imaged them by brightfield microscopy, figure 5.12. Cells were also treated with 25 

nM of Torin1 alone for 4 days. 

 

Treatment with Torin1 alone seems to cause a small increase in the number of cells that 

are stained blue compared to the untreated and DMSO-treated cells. However, there is 

clear decrease in the number of cells that stain blue upon combined treatment with 

ICEC0942 and Torin1 compared to ICEC0942 alone, and the intensity of staining also 

appears to be lower. This suggests that inhibition of mTOR signalling prevents the 

increase in SA b-gal activity observed upon ICEC0942 treatment, but I also measured 

SA b-gal activity by flow cytometry to further verify this. 
 

 

 
 

 

 

 

 

 

I measured SA b-gal activity using flow cytometry to allow me to quantify any changes 

that could be observed upon Torin1 treatment. I treated RPE1 cells for 4 days either with 

ICEC0942 only, or with ICEC0942 and Torin1. Prior to harvesting, the cells were 

incubated with C12FDG for 2 hours and then analysed by flow cytometry, figure 5.13. 

Cells were also treated with 25 nM of Torin1 alone for 4 days.  

 

Figure 5.12: Torin1 blocks the increase in SA b-gal activity induced by 
ICEC0942. Representative images of SA b-gal activity detected with the chromogenic 
b-gal substrate, X-gal, for RPE1 cells treated with 25 nM of Torin1 as a positive control 
(A), or treated with 120 nM of ICEC0942 alone or 120 nM of ICEC0942 and 25 nM of 
Torin1 (B) for 4 days. Scale bar represents 155 µm.   
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Combined treatment with ICEC0942 and Torin1 for 4 days led to a decrease in mean 

C12FDG fluorescence, compared to ICEC0942 treatment alone. Combined with the 

cytochemical experiment, this data indicates that inhibition of the mTOR signalling 

pathway prevents the increase in SA b-gal activity observed upon ICEC0942 treatment.  

 

Altogether the data presented so far suggests that inhibition of mTOR activity inhibits the 

ability of ICEC0942 to induce senescence in RPE1 cells. To further test this I investigated 

whether molecular markers of CDK7 activity and cell cycle progression were affected by 

combined ICEC0942 and Torin1 treatment. I also examined markers of mTOR pathway 

activation to confirm that mTOR signalling was inhibited in RPE1 cells treated with 25 

nM of Torin1. 

 

RPE1 cells were treated with ICEC0942 alone, Torin1 alone or both for 48 hours and 

then collected for western blot analysis. Levels of various molecular markers of CDK7 

activity, cell cycle progression and mTOR pathway activation were examined by western 

blot, figure 5.14. Leticia Meneguello, a research assistant, contributed to these 

experiments. 

 

Downstream of mTOR pathway activation, S6 kinase is phosphorylated at threonine 

residue 389 and the 40S ribosomal subunit protein S6 is phosphorylated at serine 

residues 235 and 236. Therefore levels of these phosphorylated proteins can be used 

as markers for mTOR pathway activation (Klingebiel, Dinekov and Köhler, 2017). Upon 

48 hours of treatment with Torin1 we can see that levels of both of these phosphorylated 

B A 

Figure 5.13: Torin1 blocks the increase in SA b-gal activity induced by 
ICEC0942. Flow cytometry data from one experiment, detecting SA b-gal activity with 
fluorescent b-gal substrate, C12FDG, in RPE1 cells treated with 25 nM of Torin1 as a 
positive control (A), or treated with 120 nM of ICEC0942 alone or 120 nM of ICEC0942 
and 25 nM of Torin1 (B) for 4 days. C12FDG fluorescence is plotted against cell 
number. 
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proteins are decreased compared to untreated and DMSO-treated cells. This indicates 

that Torin1 treatment does inhibit mTOR pathway activity in RPE1 cells.  

 

ICEC0942 treatment causes a dramatic decrease in levels of Rb protein phosphorylated 

at serine 807 and 811. When cells are treated with ICEC0942 and Torin1 together, an 

increase in levels of phosphorylated Rb can be observed compared to cells treated with 

ICEC0942 alone, although levels are still lower than in untreated and DMSO-treated 

cells. Levels of p21CIP1 protein are increased upon ICEC0942 treatment, but upon 

combined ICEC0942 and Torin1 treatment there is a dramatic decrease in p21CIP1 levels. 

Together, this indicates that Torin1 inhibits the ability of ICEC0942 to induce cell cycle 

arrest, in line with data already shown in this chapter.  
 

In cells treated with ICEC0942 there is a decrease in levels of RNA polymerase II 

phosphorylated at serine 5 of its CTD and CDK1 phosphorylated at threonine 161, which 

are both markers of CDK7 activity (Fisher, 2005, 2019; Kwiatkowski et al., 2014; Patel 

et al., 2018). Upon combined treatment of ICEC0942 and Torin1 although there may be 

a very slight increase in the levels of these phosphorylated proteins, there wasn’t a 

substantial difference compared to levels observed upon ICEC0942 treatment alone.  

 

 

Altogether this data demonstrates that inhibition of the mTOR signalling pathway, 

through use of the mTOR inhibitor Torin1, inhibits the ability of ICEC0942 to induce 

senescence in RPE1 cells.  

Figure 5.14: Torin1 impacts upon molecular markers of ICEC0942 treatment. 
Western blot analysis from one experiment of whole cell extract collected from RPE1 
cells after 48 hours of treatment with 25 nM Torin1 alone, 120 nM ICEC0942 alone or 
120 nM of ICEC0942 and 25 nM of Torin1. Tubulin and GAPDH are loading controls.  
 Beneath each band of protein is the quantification of band intensity. Leticia 
Meneguello contributed to these experiments. 
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5.4. Summary 
Screens utilising CRISPR/Cas9 technology, such as the one described in this chapter, 

offer an opportunity to investigate how compounds of interest interact with cellular 

signalling networks in an unbiased way (Sharma and Petsalaki, 2018). High-resolution 

chemogenetic screens allow all human genes to be examined and have the potential to 

reveal insights into a drug’s mechanism of action, genetic vulnerabilities and resistance 

mechanisms (Colic et al., 2019).  

 

We decided to use this approach with ICEC0942 and THZ1 to understand in more depth 

the mechanisms underlying the effects these drugs have on cells. This screen, carried 

out by our collaborators in the Tyers lab, provided more evidence that ICEC0942 and 

THZ1 have distinct mechanisms of action. Amongst the genes that were determined to 

be positive and negative interactors, there was very little overlap between the two 

different drugs. It was particularly striking that there was a strong apoptosis signature 

present amongst the positive interactors of THZ1 that was completely absent with 

ICEC0942. This corresponds with data I have already presented in this thesis that shows 

that THZ1 induces apoptosis in RPE1 cells to a greater extent than ICEC0942. 
 

The results from this screen also indicated that mTOR signalling is implicated in the 

mechanism of CDK7 inhibition. TOR signalling was the only enriched GO term that 

ICEC0942 and THZ1 shared. Further to this, positive interactors of ICEC0942 were 

associated with positive regulation of TOR signalling, whilst negative interactors of 

ICEC0942 were associated with negative regulation of TOR signalling. This strongly 

suggests that ICEC0942 is more effective in cells when the mTOR signalling pathway is 

active. 

 

We decided to investigate further the potential association between ICEC0942 and 

mTOR signalling. To do this I used Torin1, an mTOR inhibitor (Liu et al., 2012), to inhibit 

mTOR signalling in RPE1 cells. Western blot analysis of the downstream targets of 

mTOR, S6 kinase and S6 protein, confirmed that mTOR signalling was inhibited in these 

cells. 

 

Inhibition of mTOR signalling using Torin1 led to the partial rescue of many of the effects 

induced by ICEC0942, including a number of senescence-associated phenotypes such 

as stable cell cycle arrest, increased SA b-gal activity and increased cell size. In contrast 

to this, Torin1 was less effective in attenuating the effects of THZ1 on cell proliferation 

and cell cycle progression. All of this suggests that ICEC0942 is more effective in 
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inducing senescence in RPE1 cells when mTOR signalling is active. Given that mTOR 

signalling is a major regulator of cell size (Thoreen et al., 2009), it may be that the 

increase in cell size induced by ICEC0942 treatment is key to the induction of 

senescence in these cells and that mTOR signalling may be needed to facilitate this.   

 

I also needed to verify that NALM-6 cells, the cell line used in the chemogenetic screen, 

were a valid model to study the effects of ICEC0942 and THZ1. To do this, I investigated 

whether ICEC0942 and THZ1 were able to inhibit cell proliferation and perturb cell cycle 

progression in NALM-6 cells, as they do in RPE1 cells. 

 

ICEC0942 or THZ1 treatment inhibited cell proliferation in NALM-6 cells, but seemed to 

do so less potently than in RPE1 cells. Both drugs also perturbed cell cycle progression 

in NALM-6 cells, although more cells appeared to accumulate in the G2-M phase of the 

cell cycle upon THZ1 treatment than observed with RPE1 cells. THZ1 treatment also 

seemed to induce greater levels of cell death in NALM-6 cells than RPE1 cells.  

 

NALM-6 cells and RPE1 cells originate from different tissues and importantly NALM-6 

cells are a cancer cell line (Bertomeu et al., 2018). Together, this most probably accounts 

for the slightly different effects observed between the two cell lines upon ICEC0942 and 

THZ1 treatment. This highlights the importance of also investigating the effects of 

ICEC0942 in cancer cells, as ICEC0942 is in Phase I/II clinical trials as an anti-cancer 

drug and ultimately it is hoped that ICEC0942 will be used clinically to treat cancer 

patients (Sava et al., 2019). 

 

With this in mind, in the next chapter I will investigate the effects of ICEC0942 in a human 

breast cancer cell line, MCF7 cells (Patel et al., 2018).  
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6. ICEC0942 induces senescence in a breast cancer cell 
line in a mTOR-dependent manner  

 
Breast cancer is one of the most common forms of cancer in women and is a leading 

cause of cancer-related death in women globally (Liu et al., 2017). Approximately one in 

eight women will develop breast cancer at some point in their lifetime (Mccubrey et al., 

2016). A number of therapies have been developed that are selective for specific 

oncogenic targets in breast cancer. For example, tamoxifen is a selective estrogen 

receptor (ER) modulator used in ER-positive breast cancers. However, a high number of 

breast cancer patients become resistant to treatments over time (Liu et al., 2017). 

 

A number of studies have investigated the effects of CDK7 inhibitors on different sub-

types of breast cancer. THZ1 has been shown to inhibit cell growth and/or decrease the 

viability of triple-negative breast cancer (TBNC) cells, ER-positive breast cancer cells 

and human epidermal growth factor receptor 2 (HER2)-positive breast cancer cells 

(Wang et al., 2015; Harrod et al., 2017; Jeselsohn et al., 2018; Sun et al., 2020). It has 

also been demonstrated that ICEC0942 inhibits the growth of a number of breast cancer 

cell lines at lower doses than non-tumorigenic breast cells and inhibits tumour growth in 

a breast cancer mouse xenograft model (Patel et al., 2018). Therefore, it seems that 

CDK7 inhibitors may be a useful class of drugs to treat breast cancer. In addition to this, 

our collaborators in the Ali lab at Imperial College London specialise in breast cancer 

research. 

 

When investigating the potential of ICEC0942 to treat breast cancer, it is important to 

bear in mind that senescence bypass is thought to be an important step in tumorigenesis. 

A number of genes encoding proteins integral to senescence induction, such as p53, Rb 

and  the INK4a/ARF locus, are commonly mutated in cancer (Dimri, 2005). As ICEC0942 

has the potential to be used in the clinic as an anti-cancer drug, it is important to 

determine whether or not ICEC0942 can also induce senescence in cancer cells. I 

therefore investigated whether the same effects I observed upon ICEC0942 treatment in 

RPE1 cells were also apparent in MCF7 cells, which is an ER-positive breast cancer cell 

line (Smith et al., 2017).  
 

I show that upon treatment with ICEC0942, a number of senescence-associated 

phenotypes could be observed in MCF7 cells, which indicates that ICEC0942 is able to 

induce senescence in cancer cells, as well as non-transformed cells.  
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I also wanted to determine whether ICEC0942-induced senescence in these cells was 

affected by inhibition of mTOR signalling, as was observed with RPE1 cells. Inhibition of 

the mTOR signalling pathway, through treatment with Torin1, also rescued a number of 

senescence-associated phenotypes in MCF7 cells that were observed upon ICEC0942 

treatment. This suggests that ICEC0942 can induce senescence in cancer cells in a 

mTOR-dependent manner. 
 

6.1. ICEC0942 induces senescence in MCF7 cells 
To carry out experiments in MCF7 cells I used concentrations of ICEC0942 based on 

the GI50 concentration of ICEC0942 in MCF7 cells previously determined by the Ali lab, 

180 nM (Patel et al., 2018). 
 

I examined whether ICEC0942 affected the proliferation of MCF7 cells. This has been 

previously demonstrated using different methods (Patel et al., 2018), but I decided to 

use EdU incorporation to assay this. MCF7 cells were treated for 4 days with the 

indicated concentrations of ICEC0942. The cells were incubated with EdU 1 hour prior 

to collection and DNA content and EdU incorporation were measured by flow cytometry, 

figure 6.1. 
 

 

Upon 4 days of treatment with ICEC0942, there was a significant decrease in the 

percentage of MCF7 cells in a population that incorporated EdU, which appeared to be 

dose-dependent. This confirms that ICEC0942 inhibits proliferation of MCF7 cells. 
 

Cell cycle progression was also examined in MCF7 cells in response to ICEC0942 

treatment. MCF7 cells were treated with the indicated concentrations of ICEC0942 for 4 

Figure 6.1: ICEC0942 inhibits cell proliferation in MCF7 cells. Left: Pseudocolour 
plots of flow cytometry data from one representative experiment. MCF7 cells were 
treated with the indicated concentrations of ICEC0942 for 4 days. Cells were then 
incubated with EdU for 1 hour before collection. DNA content is plotted against EdU 
incorporation. Inset gate drawn to include EdU+ cells. Right: Quantification of the 
percentage of EdU+ cells within the population from three independent experiments.  
Significance is represented by * and was determined using an unpaired two tailed t-
test. Error bars show SD. 
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days and cell cycle progression was analysed by examining PI staining by flow 

cytometry, figure 6.2. 

 

Upon 4 days of treatment with ICEC0942, there was a significant increase in the 

percentage of MCF7 cells in the G1 phase of the cell cycle. Together, this data suggests 

that ICEC0942 is able to induce cell cycle arrest in the G1 phase of the cell cycle in 

MCF7 cells. 

 

As well as cell cycle arrest, other characteristics of senescence were examined in MCF7 

cells upon ICEC0942 treatment. I investigated whether the size of MCF7 cells increased 

upon ICEC0942 treatment. MCF7 cells were treated with ICEC0942 for 2 days and the 

diameter of cells was measured using a Coulter Counter, figure 6.3. Cells were also 

treated with etoposide as a positive control. 

B 

A 

C 

Figure 6.2: ICEC0942 increases the percentage of MCF7 cells in G1. (A) Flow 
cytometry data from one representative experiment. MCF7 cells were treated with 
the indicated concentrations of ICEC0942 for 4 days. DNA content is plotted against 
cell number. Inset gates were drawn based on DNA content. (B) Quantifications from 
three independent experiments showing the mean percentage of viable cells in each 
phase of the cell cycle. (C) Quantifications from three independent experiments 
showing the percentage of viable cells that are in the G1 phase of the cell cycle. 
Significance is represented by * and was determined using an unpaired two tailed t-
test. Error bars show SD. 
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After treating MCF7 cells with ICEC0942 for 2 days, I could observe an increase in cell 

diameter. However, this increase was modest compared to that observed in RPE1 cells 

upon the same extent of ICEC0942 treatment. In addition to this, the increase in cell 

diameter observed upon 2 days of etoposide treatment was also lower compared to that 

seen in RPE1 cells. I therefore decided to treat MCF7 cells with ICEC0942 for longer to 

see if a more substantial increase in cell size could be observed. 
 

After treating MCF7 cells with ICEC0942 or etoposide for 4 days, I did observe a more 

substantial increase in cell diameter, comparable to that seen in RPE1 cells after 2 days 

of drug treatment. This suggests that cell diameter does increase in MCF7 cells when 

treated with agents previously demonstrated to induce senescence in RPE1 cells, but 

that it takes slightly longer for the same increase in cell diameter to occur. 
  

 

A 

B 

Figure 6.3: ICEC0942 induces an increase in cell diameter in MCF7 cells. Coulter 
Counter data from one experiment with MCF7 cells treated with 0.5 µg/ml of etoposide 
or 180 nM of ICEC0942 for 2 days (A) or 4 days (B). % of cell population is plotted 
against various bins containing cells with different diameters in µm.  
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This indicated that perhaps ICEC0942-induced senescence may take longer to occur in 

MCF7 cells. I therefore decided to carry out a time-course experiment to determine if 

ICEC0942 induced an increase in SA b-gal activity in MCF7 cells and when this occurred. 

 

I treated MCF7 cells with ICEC0942 for up to 7 days. Prior to harvesting, the cells were 

incubated with C12FDG for 2 hours. C12FDG fluorescence levels were then immediately 

analysed by flow cytometry, figure 6.4. As a positive control, MCF7 cells were also 

treated with etoposide for 2 days and as a negative control some cells were not incubated 

with C12FDG. 
 
Upon treatment with ICEC0942 there was a time-dependent increase in mean C12FDG 

fluorescence levels in MCF7 cells, with levels almost doubling in cells treated with 

ICEC0942 for 5 days compared to the untreated control. This substantial increase in 

mean C12FDG fluorescence levels seems to occur in MCF7 cells after a longer 

ICEC0942 treatment than in RPE1 cells, where this can be observed after about 3 days. 

This data indicates that ICEC0942 does induce an increase in SA b-gal activity in MCF7 

cells, but a longer treatment time is required for a substantial increase. 

Figure 6.4: An increase in SA b-gal activity is observed upon ICEC0942 treatment 
in MCF7 cells. Flow cytometry data from one experiment, detecting SA b-gal activity 
with the fluorescent b-gal substrate, C12FDG, in MCF7 cells treated with 0.5 µg/ml of 
etoposide for 2 days and cells not incubated with C12FDG (A) and cells treated with 180 
nM of ICEC0942 for up to 7 days (B). Left: Flow cytometry data from one experiment 
where C12FDG fluorescence is plotted against cell number. Here cells are treated with 
0.5 µg/ml of etoposide for 2 days or 180 nM of ICEC0942 for 6 days. Right: 
Quantification of the mean C12FDG fluorescence within the population from one 
experiment. 
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I also decided to examine SA b-gal activity in MCF7 cells upon ICEC0942 treatment 

cytochemically. I treated MCF7 cells for 6 days with ICEC0942, after which I fixed the 

cells, carried out cytochemical staining to detect SA b-gal activity and imaged them by 

brightfield microscopy, figure 6.5. Cells were also treated with etoposide for 4 days as a 

positive control. 
 

After 6 days of ICEC0942 treatment, there was an increase in the number of cells that 

stained blue compared to untreated and DMSO-treated cells, and the blue staining was 

more intense. Along with the data presented in figure 6.4, this suggests that there is an 

increase in SA b-gal activity in MCF7 cells treated with ICEC0942. 
 

 

Altogether, this data indicates that MCF7 cells undergo senescence upon treatment with 

ICEC0942. It also suggests that a slightly longer treatment with ICEC0942 may be 

required by this cell line than RPE1 cells to induce strong markers of senescence.  
 

6.2. Pharmacological inhibition of mTOR signalling rescues phenotypes of 
ICEC0942-induced senescence in MCF7 cells  
In the previous chapter I demonstrated in RPE1 cells that inhibition of the mTOR 

signalling pathway, through use of the mTOR inhibitor Torin1, partially rescued some of 

the senescence-associated phenotypes observed upon ICEC0942 treatment. I therefore 

investigated whether the mTOR signalling pathway was also implicated in ICEC0942-

induced senescence in MCF7 cells.  

 

I examined whether inhibition of mTOR signalling would affect the ability of ICEC0942 to 

inhibit the proliferation of MCF7 cells. I measured EdU incorporation in MCF7 cells that 

were treated with ICEC0942 alone or in combination with 5 nM of Torin1 for 48 hours. 

As before, the cells were incubated with EdU for 1 hour prior to collection and DNA 

content and EdU incorporation were measured by flow cytometry, figure 6.6. Cells were 

Figure 6.5: An increase in SA b-gal activity is observed upon ICEC0942 
treatment in MCF7 cells. Images from one experiment of detection of SA b-gal 
activity in MCF7 cells with the chromogenic b-gal substrate, X-gal, in cells treated with 
0.5 µg/ml of etoposide for 4 days and cells treated with 180 nM of ICEC0942 for 6 
days. Scale bar represents 155 µm.   
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also treated with 5 nM of Torin1 alone for 48 hours. The concentration of Torin1 used 

was lower than in RPE1 cells, as MCF7 cells appeared to be more sensitive to higher 

concentrations.  

 

As before, 48 hours of ICEC0942 treatment caused a significant decrease in the 

percentage of MCF7 cells in a population that incorporated EdU. Treatment with Torin1 

alone for 48 hours did not cause a significant change in the percentage of cells 

incorporating EdU. Combined treatment with ICEC0942 and Torin1 led to a significant 

increase in the percentage of cells incorporating EdU in a population, compared to 

ICEC0942 treatment alone. This indicates that inhibition of mTOR signalling causes a 

partial rescue of the inhibition of cell proliferation observed upon ICEC0942 treatment in 

MCF7 cells. 
 

 

 

 
 
 

 

 

 

Figure 6.6: Torin1 blocks the inhibition of cell proliferation induced by ICEC0942 
in MCF7 cells. Pseudocolour plots of flow cytometry data from one representative 
experiment with quantifications from three independent experiments for MCF7 cells 
treated with 5 nM of Torin1 as a positive control (A), treated with 180 nM of ICEC0942 
alone or 180 nM of ICEC0942 and 5 nM of Torin1 (B) for 48 hours. Cells were then 
incubated with EdU for 1 hour before collection. Left: DNA content is plotted against 
EdU incorporation. Inset gate drawn to include EdU+ cells. Right: Quantification of the 
percentage of EdU+ cells within the population from three independent experiments. 
Significance is represented by * and was determined using an unpaired two tailed t-
test. Error bars show SD. 
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I also investigated whether inhibition of mTOR signalling impacted upon the increase in 

cell diameter observed in MCF7 cells upon ICEC0942 treatment. MCF7 cells were 

treated with ICEC0942 alone or in combination with 5 nM of Torin1 for 4 days and the 

diameter of cells was measured using a Coulter Counter, figure 6.7. Cells were also 

treated with 5 nM of Torin1 alone for 4 days. 

 

Combined treatment with ICEC0942 and Torin1 for 4 days led to a decrease in cell 

diameter, compared to ICEC0942 treatment alone. Treatment with Torin1 alone also 

appeared to cause a decrease in cell diameter compared to untreated cells. This 

indicates that inhibition of mTOR signalling impairs the ability of ICEC0942 to induce an 

increase in cell size. 

 

I wanted to examine whether a hallmark characteristic of senescence observed in MCF7 

cells upon ICEC0942 treatment, an increase in SA b-gal activity, was affected by 

inhibition of mTOR signalling. I treated MCF7 cells for 6 days either with ICEC0942 only, 

or with ICEC0942 and Torin1. Prior to harvesting, the cells were incubated with C12FDG 

for 2 hours and then analysed by flow cytometry, figure 6.8. Cells were also treated with 

5 nM of Torin1 alone for 6 days. 
 

Combined treatment with ICEC0942 and Torin1 for 6 days led to a decrease in mean 

C12FDG fluorescence, compared to ICEC0942 treatment alone. This change is modest 

compared to that observed in RPE1 cells upon combined treatment with ICEC0942 and 

THZ1. However, the data presented is from just one experiment and the concentration 

of Torin1 used with MCF7 cells is lower than that used in RPE1 cells and may require 

Figure 6.7: Torin1 blocks the increase in cell diameter induced by ICEC0942 in 
MCF7 cells. Coulter Counter data from one experiment for MCF7 cells treated with 5 
nM of Torin1 as a positive control (A), treated with 180 nM of ICEC0942 alone or 180 
nM of ICEC0942 and 5 nM of Torin1 (B) for four days. % of cell population is plotted 
against various bins containing cells with different diameters in µm.  
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further optimisation. However, this preliminary data suggests that inhibition of mTOR 

signalling inhibits the increase in SA b-gal activity induced by ICEC0942 in MCF7 cells. 
 

This data combined suggests that inhibition of the mTOR signalling pathway, through 

the use of the mTOR inhibitor Torin1, impairs the ability of ICEC0942 to induce 

senescence in MCF7 cells, a cancer cell line.  
 

 
6.3. Summary 
ICEC0942 is being developed as an anti-cancer drug and is currently undergoing Phase 

I/II clinical trials (Sava et al., 2019). There is also evidence that suggests it could be 

effective in breast cancer patients (Patel et al., 2018), and in fact clinical trials are being 

carried out or are planned that include participants with various sub-types of breast 

cancer (Carrick Therapeutics Limited, 2017; Cancer Research UK, 2019). It is therefore 

very important for us to understand whether the effects we observed in the non-

transformed cell line, RPE1 cells, also occur in a breast cancer cell line. In order to 

investigate this I carried out experiments in the ER-positive breast cancer cell line, MCF7 

cells (Smith et al., 2017). 

In MCF7 cells I could observe a number of senescence-associated phenotypes upon 

ICEC0942 treatment. These include cell cycle arrest, an increase in cell size and an 

increase in SA b-gal activity. This indicates that ICEC0942 can induce senescence in 

this cancer cell line. However, it is important to note that a longer treatment with 

ICEC0942 was needed for some of these markers of senescence to be detected at 

similar levels to RPE1 cells. MCF7 cells are documented to have a population doubling 

Figure 6.8: Torin1 blocks the increase in SA b-gal activity induced by ICEC0942 
in MCF7 cells. Flow cytometry data from one experiment, detecting SA b-gal activity 
with the fluorescent b-gal substrate, C12FDG, in MCF7 cells treated with 5 nM of 
Torin1 as a positive control (A), or treated with 180 nM of ICEC0942 alone or 180 nM 
of ICEC0942 and 5 nM of Torin1 (B) for 6 days. C12FDG fluorescence is plotted 
against cell number. 
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time of 29 hours (www.ATCC.org), whereas RPE1 hTERT cells have been shown to 

have a population doubling time of 14-24 hours (Uetake and Sluder, 2004). However, 

despite MCF7 cells potentially having a slower cell cycle, this difference in time until 

senescence induction is most likely a consequence of MCF7 being a cancer cell line and 

potentially deficient in some of the molecular pathways that enforce senescence. For 

example, p16INK4a protein expression has been reported to be lost in MCF7 cells (Zhou 

et al., 2005). Senescence induction may therefore take longer in these cells. 

I also wanted to determine whether the mTOR signalling pathway was implicated in 

ICEC0942-induced senescence in MCF7 cells, as it was in RPE1 cells. I carried out 

experiments using the mTOR inhibitor Torin1 to test this. MCF7 cells appear to be more 

sensitive to Torin1 than RPE1 cells, as when I used 25 nM of Torin1, the concentration 

I use in RPE1 cells, I observed high levels of cell death in MCF7 cells. I therefore used 

5 nM of Torin1 in MCF7 cells, which was tolerated much better. 

 

When MCF7 cells were treated with ICEC0942 and Torin1 in combination, a number of 

senescence-associated phenotypes observed upon ICEC0942 treatment were partially 

rescued. This included inhibition of cell proliferation, increased cell size and increased 

SA b-gal activity. This suggests that MCF7 cells also need active mTOR signalling in 

order for ICEC0942 to effectively induce senescence in these cells. 

 

Altogether this data suggests that ICEC0942 is able to induce senescence in a cancer 

cell line, MCF7 cells, in a mTOR-dependent manner. Further experiments are needed to 

confirm this, also in a panel of cancer cell lines, and to establish the mechanism 

underlying the link between ICEC0942-induced senescence and the mTOR signalling 

pathway.  
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7. Discussion 
 
The aim of my PhD was to investigate the mechanism of action of a novel CDK7 inhibitor, 

ICEC0942. This drug, developed by the Ali lab at Imperial College London, had 

previously been shown to inhibit the growth of a number of cancer cell types and is 

currently in Phase I/II clinical trials (Patel et al., 2018; Sava et al., 2019). However, the 

mechanism by which ICEC0942 causes inhibition of cell proliferation was largely 

unknown, which limited the ability to stratify patients for future clinical trials and to direct 

combinatorial treatments with existing anti-cancer drugs. 

 

My work demonstrates that ICEC0942 has a distinct mechanism of action to a more well-

studied CDK7 inhibitor THZ1, which has been documented to induce apoptosis in cells 

through inhibition of transcription (Chipumuro et al., 2014; Christensen et al., 2014; 

Kwiatkowski et al., 2014; Wang et al., 2015; Jiang et al., 2017; Zhong et al., 2019). Whilst 

THZ1 also induces apoptosis in non-transformed RPE1 cells, ICEC0942 induces a 

permanent exit from the cell cycle, with cells displaying phenotypic characteristics of 

senescence.  

 

Both ICEC0942 and THZ1 were included in a genome-wide CRISPR knock-out 

chemogenetic screen conducted by the Tyers lab at the University of Montreal. This 

screen confirmed that ICEC0942 and THZ1 acted via distinct mechanisms of action, as 

there was very little overlap between the positive and negative interactors of both drugs, 

and the associated GO terms. In particular, it provided more evidence that THZ1 inhibits 

cell growth by inducing apoptosis but that ICEC0942 does not. This screen also revealed 

that positive regulation of the mTOR signalling pathway was correlated with ICEC0942 

efficacy.  

 

We decided to follow up on this result with experiments using the mTOR inhibitor Torin1. 

When the mTOR signalling pathway was inhibited in RPE1 cells treated with ICEC0942, 

a partial rescue of the ICEC0942-induced senescence-associated phenotypes was 

observed. This strongly suggests that ICEC0942 is more effective in inducing 

senescence when the mTOR signalling pathway is active. 

 

As ICEC0942 is in Phase I/II clinical trials as an anti-cancer drug, it was important to 

show that ICEC0942 could also induce senescence in cancer cells. I demonstrated that 

phenotypic characteristics of senescence could also be observed upon ICEC0942 

treatment in MCF7 cells, a breast cancer cell line. In addition to this, some of these 
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phenotypes of senescence were partially rescued in MCF7 cells when they were also 

treated with Torin1. This indicates that active mTOR signalling is also required in cancer 

cells for ICEC0942 to effectively induce senescence. 

 

The work presented in this thesis has important implications for the clinical use of 

ICEC0942 as an anti-cancer drug. Further to this, it potentially contributes to our 

understanding of senescence induction, which can impact a number of fields of research, 

including our fundamental understanding of cell cycle control, ageing, tissue remodelling 

and disease.  

  

7.1. ICEC0942 and THZ1 have distinct mechanisms of action 
Throughout this thesis I have compared ICEC0942 to a more well-studied CDK7 

inhibitor, THZ1. THZ1 has been demonstrated to reduce cell proliferation and induce 

apoptosis in a number of different cancer types (Chipumuro et al., 2014; Christensen et 

al., 2014; Wang et al., 2015; Jiang et al., 2017; Zhong et al., 2019). Previous work 

showed that ICEC0942 inhibited the growth of a number of breast cancer cells and 

inhibited tumour growth in mouse xenograft models of breast and colorectal cancer. This 

study also claimed that ICEC0942 induced apoptosis (Patel et al., 2018). I carried out 

experiments in the non-transformed cell line, RPE1 cells, to more fully understand how 

ICEC0942 inhibits cell proliferation and investigate whether it affects cells in the same 

way as THZ1. 

 

In chapter 3 of this thesis I demonstrate that ICEC0942 and THZ1 both potently inhibit 

the proliferation of RPE1 cells at nanomolar concentrations. As has been previously 

demonstrated, THZ1 induced apoptosis in these cells (Chipumuro et al., 2014; 

Christensen et al., 2014; Wang et al., 2015; Jiang et al., 2017; Zhong et al., 2019), 

however, in contrast to this, ICEC0942 treatment caused lower levels of apoptosis than 

THZ1. In line with this, treatment with THZ1 causes an increase in levels of proteins 

involved in the DDR, so it seems likely that THZ1 causes some form of damage that 

eventually leads to apoptosis, whilst there wasn’t an increase in levels of DDR proteins 

in response to ICEC0942 treatment. The data presented in chapters 3 and 4 shows that 

ICEC0942 actually causes cells to irreversibly arrest with a G1 phase DNA content. 

These cells also display a number of senescence-associated phenotypes, which 

indicates that these cells have entered a senescent state. These markers of senescence 

are largely absent in THZ1-treated RPE1 cells. Therefore, we can conclude that 

ICEC0942 and THZ1 inhibit cellular proliferation through distinct mechanisms of action. 

ICEC0942 does this through induction of senescence, whereas THZ1 induces apoptosis. 
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Data that further supports this hypothesis is presented in chapter 5, where the results 

from the genome-wide CRISPR knock-out chemogenetic screen carried out by the Tyers 

lab are presented. There was very little overlap between the positive and negative 

interactors of both drugs, and the associated GO terms, which further suggests that they 

affect cells in different ways. Additionally, the top positive interactors of THZ1 possessed 

a strong apoptosis signature, which is in line with experimental data showing that THZ1 

induces apoptosis. This apoptosis signature was completely absent amongst the top 

interactors with ICEC0942, providing further evidence that the main way in which 

ICEC0942 inhibits proliferation is not through apoptosis.  

 

Data in chapter 3 shows that both drugs appear to impact upon the CDK7-dependent 

roles in the regulation of RNA polymerase II-mediated transcription and cell cycle 

progression. This study did not determine the relative contributions that the inhibition of 

both of these cellular processes had on the effects observed in cells treated with 

ICEC0942 or THZ1. This is something that future work could focus on. 

 

Having said this, it does appear that THZ1 inhibits transcription more strongly than 

ICEC0942, with some indications that it inhibits transcription at the chromatin level. 

Interestingly heterochromatic structures, similar to SAHFs, form in some cells treated 

with THZ1. Although these structures share a number of characteristics with SAHFs, 

they are unlikely to be true SAHFs, as I have demonstrated that THZ1-treated cells do 

not undergo senescence. Despite this, the presence of these structure suggests that the 

expression of some genes is very strongly repressed in these cells. This is perhaps what 

is causing the damage we observe in THZ1-treated cells, leading to apoptosis. 

 

A recent study proposed a role for CDK7 in mediating the phosphorylation of the CTD of 

RNA polymerase II that frees it from phase-separated clusters, allowing it to carry out 

transcription elongation (Boehning et al., 2018; Fisher, 2019). Perhaps THZ1, through 

inhibition of CDK7, may prevent this phosphorylation event from occurring, stopping 

these RNA polymerase II clusters from dissolving. This may lead to the profound 

inhibition of transcription observed upon THZ1 treatment. Further experiments could be 

carried out to determine if this is the case.  

 

THZ1 is known to also covalently bind to and inhibit CDK12/13 (Kwiatkowski et al., 2014; 

Zhang et al., 2016; Olson et al., 2019). This could the part of the reason why THZ1 

inhibits transcription so strongly, as CDK12 and 13 are also thought to play important 

roles in phosphorylation of the CTD of RNA polymerase II and in gene transcription 

(Zhang et al., 2016). It is also likely to be underlying the differences in mechanism of 
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action observed between the two CDK7 inhibitors in my study. A study using a more 

specific CDK7 inhibitor, YKL-5-124, showed that this compound affected cells differently 

to THZ1. Cells treated with YKL-5-124 arrested at the G1/S transition, but apoptosis was 

not induced in these cells and RNA polymerase II CTD phosphorylation was unaffected 

in these cells. This suggests that some of the affects observed upon THZ1 treatment are 

not a consequence of CDK7 inhibition solely (Olson et al., 2019).  

 

Overall my data suggests that ICEC0942 may be a more selective CDK7 inhibitor than 

THZ1. Therefore, the effects observed in cells upon ICEC0942 treatment may reflect 

more accurately the cellular consequences of CDK7 inhibition than THZ1 treatment. In 

the past, THZ1 has been used to understand the role of CDK7 in transcription (Coin and 

Egly, 2015), but ICEC0942 may be a more useful tool to understand the function of 

CDK7.  
 

7.2. ICEC0942 induces senescence 
In this thesis I have presented evidence that ICEC0942 induces senescence. I have 

demonstrated that cells treated with ICEC0942 display a number of phenotypes 

associated with senescence including a stable cell cycle arrest, increased SA b-gal 

activity and increased cell size. There is also an increase in levels of p21CIP1, a CDKi 

involved in senescence induction. 

 

Reported phenotypes of senescent cells are very heterogenous and many features 

associated with senescent cells can also be present in other conditions. Consequently a 

combination of different approaches is normally used when attempting to identify 

senescent cells (Hernandez-Segura, Nehme and Demaria, 2018). I have taken this 

approach with my own work, and although it is very likely that ICEC0942 induces 

senescence, as there is no definitive marker of senescence we cannot say this for 

certain. However, in chapter 4 I present data showing that cells treated with ICEC0942 

for 2 days cannot resume proliferation after ICEC0942 is removed, even 5 days after the 

drug had been washed out of cells, (figure 4.7), which strongly suggests that ICEC0942 

does induce senescence. 

 

In cells treated with ICEC0942, there is an absence of certain markers of senescence 

such as activation of the DDR and an increase in p16INK4a levels (Hernandez-Segura, 

Nehme and Demaria, 2018; Herranz and Gil, 2018). However, it should be pointed out 

that the effector mechanisms of senescence are different between different forms of 

senescence and that interpretation of senescence markers should be seen in a context 
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dependent manner (Salama et al., 2014). DNA damage is at the basis of many forms of 

senescence (Calcinotto et al., 2019), but doesn’t appear to be induced upon ICEC0942 

treatment. This perhaps means that the senescence induced by ICEC0942 is distinct to 

many other forms of senescence.  

 

One way in which ICEC0942 is likely to cause senescence is through its effect on CDK 

activity. Upon ICEC0942 treatment cells arrest with a G1 phase DNA content. I have 

demonstrated in chapter 4 that ICEC0942 inhibits the activity of cell cycle CDKs and it 

seems likely that this is the mechanism by which ICEC0942 induces cell cycle arrest. 

Through inhibition of CDK7, ICEC0942 prevents the activation of cell cycle CDKs 

through T-loop phosphorylation. Given that CDK7 is the CAK and is responsible for 

activation of all cell cycle CDKs, it is likely that this would cause cell cycle arrest, as all 

of the cell cycle CDKs would be less able to effectively drive cell cycle progression. If 

this is the case, ICEC0942 would be acting downstream of the DDR and p16INK4a and 

p21CIP1, by directly inhibiting cell cycle CDK activity, as depicted in figure 7.1. 

Consequently, upregulation of these factors may not be required in ICEC0942-induced 

senescence.  

 

 

Interestingly, although I do not observe upregulation of p53 or p16INK4a upon ICEC0942 

treatment, there is an increase in p21CIP1 levels and a decrease in the levels of 

phosphorylated Rb. This could indicate that these factors are required for ICEC0942-

Figure 7.1: Which cellular factors are required for ICEC0942-induced 
senescence? ICEC0942 is likely to induce senescence by inhibiting cell progression 
through inhibition of cell cycle CDK activity. Therefore, it may act downstream of p53, 
p21CIP1 and p16INK4a, factors that are normally required to induce the stable cell cycle 
arrest characteristic of senescence. However, it is not known whether these factors or 
factors further downstream, such as Rb, are required for ICEC0942 to effectively 
induce senescence in cells. Figure adapted from (Herranz and Gil, 2018; McHugh and 
Gil, 2018). 
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induced senescence. Here, I only examined Rb phosphorylation at serine residues 807 

and 811. These phosphorylations are carried out by CDK4, but CDK2 also 

phosphorylates Rb at different residues to inactivate Rb (Zarkowska and Mittnacht, 

1997). Therefore, examination of levels of phosphorylated Rb residues that are carried 

out by CDK2 should also be done. This may reveal whether ICEC0942 has a different 

effect on the different cell cycle CDKs. Future work could be carried out that focusses 

upon determining the cellular factors that need to be present for ICEC0942 to be able to 

induce, or maintain, senescence in cells.   

 

Another prominent feature of senescence I did not examine was the Senescence 

Associated Secretory Pathway (SASP). The SASP is the mixture of cytokines, 

chemokines, extracellular matrix proteases, growth factors, and other signalling 

molecules secreted by senescent cells (Herranz and Gil, 2018). I could have used an 

enzyme-linked immunosorbent assay (ELISA) to detect a number of SASP factors in 

the conditioned media of ICEC0942-treated cells, including IL-6, IL-8, and MMP-3 

(Rodier, 2013).  

 

However it should be noted that the SASP is very heterogenous and its specific 

composition varies depending on cell type and importantly the senescence inducer 

(Hernandez-Segura, Nehme and Demaria, 2018; Herranz and Gil, 2018). The DDR is 

thought to be a critical regulator of the SASP (Salama et al., 2014; Herranz and Gil, 

2018). In fact it has been shown that DDR signalling is required for the secretion of IL-6 

and IL-8 (Rodier et al., 2009; Pazolli et al., 2012), although expression of another SASP 

factor, osteopontin, is insensitive to this (Pazolli et al., 2012). It may be therefore hard to 

predict whether ICEC0942 does induce a SASP and if it does, what the composition of 

the SASP could be. The SASP is known to have pro-tumorigenic effects as well as anti-

tumorigenic effects (Herranz and Gil, 2018), and so it is important to determine whether 

cells that undergo senescence due to ICEC0942 treatment have a SASP, as this could 

have implications for the clinical use of ICEC0942.  

 

It should also be confirmed whether ICEC0942 induces a stable, irreversible form of 

senescence. More recently it has been proposed that senescence is a dynamic multi-

step process, involving senescence initiation, early senescence and late senescence 

(Herranz and Gil, 2018). Senescence may be reversible in the early stages, but not at 

the later stages (Zeng, Shen and Liu, 2018; Lee and Schmitt, 2019). For instance, one 

study showed that inactivation of Rb could reverse senescence induced by expression 

of a viral protein 2 days after senescence induction, but not 5 days after (Kang et al., 

2004). It is important to determine whether ICEC0942-treated cells enter the late stages 
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of senescence and how long cells must be treated with ICEC0942 for this to happen. It 

has been speculated that senescence-associated chromatin remodelling is associated 

with stable senescence (Lee and Schmitt, 2019), so this could be investigated further in 

the future. The experiment presented in chapter 4 demonstrating that cells treated with 

ICEC0942 for 2 days do not resume proliferation, even 5 days after ICEC0942 has been 

removed (figure 4.7), does go some way to prove that ICEC0942 induces the irreversible 

cell cycle arrest associated with stable senescence, but experiments could be carried 

out looking at later timepoints after ICEC0942 removal. It is important to determine 

whether ICEC0942 induces an irreversible form of senescence as this could have 

implications for its clinical use.  

 

7.3. Active mTOR signalling is required for ICEC0942-induced senescence 
In the genome-wide CRISPR knock-out chemogenetic screen presented in chapter 5, 

positive regulators of mTOR signalling were detected as positive interactors of 

ICEC0942 and negative regulators of mTOR signalling were detected as negative 

interactors of ICEC0942. Prior to the screen we had no plans to investigate the mTOR 

signalling pathway in ICEC0942-treated cells, so this unbiased approach provided 

valuable insights in the mechanism of action of ICEC0942. 

 

Following up from the screen I carried out experiments using Torin1 to inhibit the mTOR 

signalling pathway. Torin1 did cause inhibition of the mTOR signalling pathway in RPE1 

cells and led to the partial rescue of the senescence-associated phenotypes observed 

upon ICEC0942 treatment in these cells. This indicates that senescence induction upon 

ICEC0942 treatment is more effective in cells where the mTOR signalling pathway is 

active. Whilst these data convincingly confirm the screen results, alternatively I could 

have used siRNAs or CRISPR-Cas9 to knock-down components of the mTOR 

complexes that came up in the screen, and/or over-expressed these to confirm that 

mTOR activity is required for ICEC0942-induced senescence.  

 

More work needs to be done to understand the link between ICEC0942-induced 

senescence and mTOR signalling. It is known that mTOR signalling is involved in 

geroconversion, converting a cell cycle arrest into senescence. In normal conditions, 

mitogens and growth factors stimulate cells to grow in size and to enter the cell cycle. 

During cell proliferation the increase in cell mass is balanced out by cell division. 

However in circumstances where the cell cycle is arrested but growth continues to be 

stimulated, geroconversion occurs, which converts the cell cycle arrest into senescence 

(Blagosklonny, 2012).  
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Previously it has been shown that when p21CIP1 expression is induced in the presence of 

serum, cells undergo senescence and irreversibly lose their proliferative potential. In 

these cells, the mTOR signalling pathway was shown to be active and the cells were 

hypertrophic. However, if the mTOR signalling pathway was inhibited in these cells, 

either through the use of rapamycin or through serum starvation, cells maintained a slim 

morphology and underwent quiescence but not senescence. This showed that growth 

stimulation, mediated by active mTOR signalling, coupled with cell cycle arrest can lead 

to senescence. (Demidenko and Blagosklonny, 2008). The same group also replicated 

these results with Palbociclib, a CDK4/6 inhibitor, and suggested that the main role of 

p21CIP1 and p16INK4a was to bring about a cell cycle arrest, which then required active 

mTOR signalling for senescence induction (Leontieva and Blagosklonny, 2013).  

 

A recent study offered an explanation as to why an increase in cell size could lead to a 

permanent cell cycle arrest. It proposed that when cell size gets beyond a certain 

threshold there is impaired gene induction, cell signalling and cell cycle progression, and 

this leads to a permanent cell cycle arrest. This is thought to be because nucleic acid 

and protein biosynthesis does not scale with increased cell volume beyond a certain 

point. The ratio of DNA to cytoplasm in these cells is outside of the optimal range that 

allows for normal cell function and this leads to the permanent cell cycle arrest 

associated with senescence (Neurohr et al., 2019). 

 

Upon ICEC0942 treatment I observe both cell cycle arrest and an increase in cell size. 

When the mTOR signalling pathway is inhibited with Torin1 in cells treated with 

ICEC0942, the increase in cell size is partially blocked and cell proliferation occurs.  It 

therefore seems likely that cell division and cell growth is uncoupled in cells treated with 

ICEC0942 and that in this condition the mTOR signalling pathway is mediating 

geroconversion. This working model of how ICEC0942 and the mTOR signalling 

pathway interact to induce senescence in cells is presented in figure 7.2. Future work 

will focus upon establishing whether this hypothesis is correct. 

 

7.4. ICEC0942 induces senescence in cancer cells in a mTOR-dependent 
manner 
ICEC0942 is in Phase I/II clinical trials as an anti-cancer drug (Sava et al., 2019). 

Therefore, it was critical for us to investigate whether or not ICEC0942 could induce 

senescence in cancer cells, as this could have important implications for the clinical use 



 
 
 

144 

of ICEC0942. I carried out experiments in MCF7 cells, a breast cancer cell line (Smith et 

al., 2017), using ICEC0942 to see whether it could induce senescence in these cells. 

 

 

Upon ICEC0942 treatment I observed a number of senescence-associated phenotypes 

in MCF7 cells, including cell cycle arrest, an increase in SA b-gal activity and an increase 

in cell size. When cells were also treated with Torin1, to inhibit the mTOR signalling 

pathway, I observed a partial rescue of some these phenotypes, which suggested that 

ICEC0942 induced senescence in this breast cancer cell line in a mTOR-dependent 

manner. 

 

These results are preliminary and should be verified in other cancer cell lines. However, 

they do have some implications for the clinical use of ICEC0942. First of all, if ICEC0942 

can induce senescence in cancer cells specifically this could be a useful treatment 

strategy for some cancer patients. Senescence induction in cancer cells would lead to 

persistent cytostasis of these cells, preventing further tumour growth (Ewald et al., 2010). 

This could help to reduce tumour mass before surgery or could be combined with other 

approaches to help to clear tumour cells (Nardella et al., 2011). Using ICEC0942 as a 

cytostatic agent could also lead to stable disease in cancer patients, turning cancer into 

a chronic condition that is controlled not cured (Rixe and Fojo, 2007; Gatenby, 2009). A 

number of approaches are already being developed that aim to achieve this in cancer 

cells selectively and these are termed pro-senescence therapies. It had already been 

proposed that drugs that inhibit CDKs could achieve this (Calcinotto et al., 2019), but to 

our knowledge CDK7 inhibition has not previously been demonstrated to induce 

senescence. As a cytostatic agent, ICEC0942 could also help to prevent treatment 

B A C 

Figure 7.2: Uncoupling of cell division and cell growth leads to ICEC0942-
induced senescence. (A) In proliferating cells, cell growth is coupled with cell 
division. (B) ICEC0942 causes cell cycle arrest, preventing cell division. In cells 
where the mTOR signalling pathway is active cell growth is still stimulated. This 
uncoupling between cell division and cell growth leads to senescence induction. (C) 
In cells where cell division is inhibited with ICEC0942 and cell growth is inhibited 
with Torin1 senescence is not induced and cells continue to proliferate. Figure 
created with BioRender (www.biorender.com).     
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resistance from developing in cancer patients. By limiting cell division it could therefore 

prevent any mutations that promote treatment resistance from occurring (Rodriguez-

Brenes, Wodarz and Ayala, 2015). 

 

There are a number of barriers that need to be overcome before CDK7 could potentially 

be used in the clinic as a pro-senescence therapy. Firstly, we need to ensure that 

ICEC0942 induces senescence in cancer cells specifically. The original study describing 

ICEC0942 showed that this drug inhibited the growth of a number of breast cancer cell 

lines at lower doses than a non-tumorigenic breast epithelial cell line, MCF10A, and 

primary human mammary epithelial cells (HMECs), which does suggest that cancer cell 

lines have a greater sensitivity to ICEC0942 (Patel et al., 2018). This is could be due to 

the fact that cancer cells become more reliant upon the cellular processes regulated by 

CDK7 and are therefore more sensitive to CDK7 inhibition (Fisher, 2019). Previous 

studies have focussed on the reliance of cancer cells on the role of CDK7 in the 

regulation of transcription (Chipumuro et al., 2014; Christensen et al., 2014; Kwiatkowski 

et al., 2014; Wang et al., 2015; Jiang et al., 2017), but it is also known that cancer cells 

are more sensitive than normal cells to inhibition of cell cycle CDKs (Patel et al., 2018). 

Further to this, cell growth in cancer cells is deregulated and extensive rewiring occurs 

within cancer cells to support this (Jones and Thompson, 2009). Therefore, if cell 

proliferation is inhibited through inhibition of CDK7, cancer cells may continue to grow 

regardless and senescence may be induced in cancer cells at a quicker rate than in 

normal cells upon ICEC0942 treatment. 

 

In my study RPE1 cells, a non-transformed cell line, also seemed to be quite sensitive 

to ICEC0942. The GI50 concentration I determined for ICEC0942 in RPE1 cells was 120 

nM, which was similar to the GI50 concentration for ICEC0942 previously determined in 

MCF7 cells, 180 nM. It was also lower than the GI50 concentrations of ICEC0942 

determined in MCF10A and HMEC cells in this study (Patel et al., 2018). Differences in 

growth rates between the cell lines could possibly be underlying this. I should carry out 

experiments in non-transformed breast cells, like MCF10A or HMECs, in order to 

determine whether ICEC0942 can induce senescence at lower doses in cancer cells 

than non-transformed cells, when the cells have a more similar tissue origin to one 

another. It should perhaps be noted that some cell types may be more sensitive to 

ICEC0942 inhibition than others, but given that ICEC0942 is well tolerated by mice and 

causes minimal side-effects in these animals (Patel et al., 2018) this perhaps isn’t an 

issue. 
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It is also important for us to understand the cellular factors that are needed to effect 

senescence induction upon ICEC0942 treatment. This is particularly important in the 

context of cancer cells, as it is known that a number of genes encoding proteins important 

for senescence induction, such as p53, Rb and the INK4a/ARF locus, are commonly 

mutated in cancer (Dimri, 2005). However, senescence has been previously induced in 

cancer cells with mutant p53 and Rb (Zeng, Shen and Liu, 2018), which suggests that 

some factors are dispensable for senescence induction in cancer cells. Future work 

could be carried out to determine whether certain mutations common in cancer cells 

block ICEC0942-induced senescence.  

 

We can also begin to consider how ICEC0942 could be used in the clinic most effectively.  

Endocrine therapies, such as tamoxifen or fulvestrant have been shown to inhibit tumour 

growth in ER-positive breast cancer patients (Xu and Sun, 2010; Javanmoghadam et al., 

2016). Previous work has shown that when MCF7 cells were treated with ICEC0942 and 

endocrine therapies, such as tamoxifen or fulvestrant, in combination, greater inhibition 

of growth was observed than for any of the agents on their own (Patel et al., 2018). This 

indicates that combining ICEC0942 with endocrine therapies in ER-positive breast 

cancer may have clinical benefit and in fact a Phase Ib/II study is planned that will treat 

patients with hormone-receptor positive and HER-negative breast cancer with ICEC0942 

and fulvestrant (Carrick Therapeutics Limited, 2017). One of the ways the ER is thought 

to promote tumour growth is by promoting cell division. However, the ER is also known 

to act through the PI3K pathway (Javanmoghadam et al., 2016), so it is possible that it 

may also affect cell size regulation. It is important for us to understand how endocrine 

therapies affect cells and whether they would interact with ICEC0942 to further promote 

senescence induction or would impair the ability of ICEC0942 to induce senescence. 

The combined effect of ICEC0942 and endocrine therapies on senescence induction in 

our system should therefore be tested. 

 

It may also be beneficial to treat patients with a combination of ICEC0942 and senolytic 

agents, which could remove senescent tumour cells (Calcinotto et al., 2019). This could 

have multiple positive effects. As well as eliminating tumour cells that have become 

senescent, it could also limit the effects of a SASP that these cells may possess, which 

may have pro-tumorigenic effects. This could prevent tumour relapse and metastasis. 

The clearing of senescent cells could also reduce the effects of cancer-related fatigue, a 

syndrome that is commonly experienced by patients undergoing chemoradiotherapy, but 

has also been shown to occur in mice when there is an accumulation of senescent cells 

in normal tissue (Calcinotto et al., 2019).  In order to combine ICEC0942 with senolytics, 

the phenotype of the senescent cells that are generated by ICEC0942 must be well-
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characterised to allow the selection of a senolytic agent that targets a feature that is 

specific to these cells, such as apoptosis resistance or a reliance on FOXO4 for viability 

(Calcinotto et al., 2019). 

 

Our work has also potentially identified a class of drugs that ICEC0942 should not be 

used in combination with. mTOR signalling is involved in the regulation of a variety of 

fundamental cell processes including growth, proliferation, survival and metabolism, and 

deregulation of this signalling pathway is observed in a number of human diseases, 

including cancer. In fact, it has been reported that mTOR signalling is aberrantly 

overactivated in more than 70% of cancers. It is therefore unsurprising that therapies are 

being developed that target the mTOR signalling pathway in a number of different types 

of cancers (Tian, Li and Zhang, 2019). Although benefits are being observed in patients 

participating in clinical trials of these drugs (Tian, Li and Zhang, 2019), we believe 

ICEC0942 would be more effective in patients not treated with these drugs. As I have 

demonstrated in chapters 5 and 6 of this thesis, inhibition of the mTOR signalling 

pathway impairs the ability of ICEC0942 to induce senescence. Therefore, it is likely that 

ICEC0942 would be less effective in patients that are also been treated with drugs that 

inhibit this signalling pathway at some level.  

 

Importantly my work suggests that ICEC0942 may be more effective in patients with 

cancers that have hyperactivation of the mTOR signalling pathway. This is something I 

will explore as a potential future research opportunity. 

 

7.5. Future research opportunities  
CDK7 is known to have roles in the regulation of RNA polymerase II-mediated 

transcription and cell cycle progression (Schacter and Fisher, 2013). However, in this 

study I did not investigate whether ICEC0942 or THZ1 impacted on one of these roles 

more than the other and therefore led to the effects we observed in cells treated with 

these drugs. The cellular effects of ICEC0942 or THZ1 could even be a consequence of 

the combined inhibition of these two cellular processes.  
 
In order to understand this in more depth, future experiments could be carried out in cells 

bearing phospho-site mutations in the relevant residues of the CTD of RNA polymerase 

II or the T-loops of cell cycle CDKs. One study carried out experiments in the fission 

yeast Schizosaccharomyces pombe where serine 2 and/or serine 7 of the RNA 

polymerase II CTD were substituted for non-phosphorylatable alanines or 

phosphomimetic glutamic acid to understand how modifications of these residues affect 

gene expression (Inada et al., 2016). I could treat cells bearing phosphomimetic 
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substitutions in cell cycle CDKs with ICEC0942 or THZ1 to see how only inhibition of 

transcription by the drugs affects the cells and vice versa. However, it is likely such 

substitutions would have large impacts upon cells that may make results from these 

experiments hard to interpret. Alternatively, we could compare the effects that ICEC0942 

and THZ1 have to either CDK or RNA polymerase II inhibitors. For instance, we could 

treat cells with CDK inhibitors, such as Palbociclib (CDK4/6 inhibitor), RO-3306 (CDK1 

inhibitor), roscovitine (mainly CDK2 inhibitor) or a combination of these to establish if 

CDK inhibition alone can induces senescence similarly to ICEC0942.  
 
Further to this it is also important to understand more about the nature of the ICEC0942-

induced senescence. Senescence induction is believed to controlled by the p16INK4a/Rb 

and p53/p21CIP1 pathways (Herranz and Gil, 2018). Although I did examine the cellular 

levels of these factors in response to ICEC0942, we still do not understand which factors 

ICEC0942-induced senescence is dependent on. In order to understand this further, 

p16INK4a, Rb, p21CIP1 and p53, could be individually knocked down in cells by siRNA to 

see whether ICEC0942-induced senescence induction is affected by their loss.   

 

This work will be important, particularly in the context of ICEC0942 being used as an 

anti-cancer drug. As genes encoding factors involved in senescence induction can be 

mutated in cancer (Dimri, 2005), this may render those cancer cells insensitive to 

ICEC0942, or these mutations could be acquired during treatment and promote relapse. 

If we are able to determine which factors are essential for ICEC0942-induced 

senescence we may be able to predict in which cancer cell types ICEC0942 would be 

effective and/or predict resistance. For example, if it is determined that Rb is necessary 

for ICEC0942-induced senescence, we could predict that ICEC0942 would not be 

effective in Rb-deficient cancers. In order to understand further in which cancer types 

ICEC0942 may or may not be effective, we could also test the ability of ICEC0942 to 

induce senescence in a diverse panel of cancer cell lines possessing different mutations.  

 

Another avenue of investigation that could be further pursued in the future is to establish 

in more detail the role of cell size (growth) in ICEC0942-induced senescence. To 

investigate this, we could use a microscope system that has fluorescence capability and 

an interferometer that is able to measure the mass of single cells. This could allow us to 

measure both the intensity of a fluorescent signal and the mass of single cells. With this 

system we could carry out live cell imaging, analysing the mass and cell cycle 

progression of single cells. Here we could use a cell line routinely used in the de Bruin 

lab, the RPE1 PCNA-Ruby p21CIP1-GFP cell line, which has p21CIP1 and PCNA 

endogenously tagged with fluorescent markers. These proteins act as markers of cell 
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cycle progression and this would allow us to quantify the relationship between increase 

in cell mass (cell size) and cell cycle exit at the single cell level. By determining whether 

one of these events precedes the other, this can tell us more about whether there is a 

causal relationship between the two. 

 

We could also test whether the increase in cell size observed upon ICEC0942 treatment 

causes dilution of the cytoplasm and whether this leads to senescence. To do this we 

could use genetically encoded multimeric nanoparticles (GEMs). GEMs are 

homomultimeric scaffolds fused to a fluorescent protein that self-assemble into bright, 

stable particles of defined size and shape. Studying their motion through a material, such 

as cytoplasm, allows you to infer properties about that material, such as its 

viscosity, elasticity, structure, or dynamics (Delarue et al., 2018). In a recent study, 

senescence was induced in cells using Doxorubicin or Palbociclib. These cells increased 

in size and GEMs were shown to diffuse at a higher rate in these cells. This was thought 

to show that the cytoplasm is more dilute in these large cells (Neurohr et al., 2019). We 

could use GEMs in ICEC0942-treated cells to see whether this is also the case during 

ICEC0942-induced senescence and whether cytoplasm dilution or the senescent state 

precedes the other. These future studies into the mechanism of ICEC0942-induced 

senescence may further the general understanding of the relationship between cell size 

and senescence.  

 

Future work could also take a more translational direction by investigating whether 

ICEC0942 is more effective in cancers in which the mTOR signalling pathway is 

hyperactivated. In breast cancer components of the PI3K/PTEN/Akt/mTORC1 kinase 

cascade have been shown to be aberrantly expressed frequently (Mccubrey et al., 2016). 

Most of these genetic alterations are upstream of mTOR, and lead to hyperactivation of 

mTOR signalling. For instance, PIK3CA mutations occur in 20-50% of breast cancers 

(Tian, Li and Zhang, 2019). PIK3CA is the gene encoding the catalytic sub-unit of PI3K, 

p110α, and mutations of this gene can result in hyperactivation of the PI3K pathway 

(Mayer, 2013). However mTOR expression is also correlated with poor prognosis in 

breast cancer (Tian, Li and Zhang, 2019). Although clinical trials have demonstrated that 

inhibitors of the mTOR signalling pathway can yield clinical benefits in breast cancer 

patients, the data presented in chapters 5 and 6 of this thesis suggests that activation of 

this signalling cascade may lead to more effective induction of senescence upon 

ICEC0942 treatment. Overall the correlation between high levels of activation of the 

mTOR signalling pathway and the sensitivity to ICEC0942 in cancer cells should be 

determined to establish the clinical relevance of my work. 
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To study this, we could use a panel of breast cell lines that include non-transformed cell 

lines and cancer cell lines representing three sub-types of breast cancer (Table 7.1). We 

could measure whether there are differences in the ability of ICEC0942 to induce 

senescence in these cell lines and whether this correlates with the mutational status of 

the mTOR signalling pathway of these cells. This work also has the potential to establish 

whether hyperactivation of the mTOR signalling pathway would be a good biomarker of 

ICEC0942 sensitivity in patients.  
 

 
7.6. Summary 
The work presented in this thesis provides more detail about the mechanism of action of 

the CDK7 inhibitor ICEC0942. It demonstrates that ICEC0942 inhibits cell proliferation 

through induction of senescence, a mechanism of action which has not been previously 

described for a CDK7 inhibitor. A genome-wide CRISPR knock-out chemogenetic screen 

further provided valuable insights into ICEC0942’s mechanism of action and revealed 

that the mTOR signalling pathway plays a key role in ICEC0942-induced senescence 

induction, a finding that was validated by a set of follow-up experiments. 

 

These findings have the potential to guide the clinical use of ICEC0942, by allowing 

patient stratification and the identification of other anti-cancer therapies that ICEC0942 

should or shouldn’t be used in combination with. As a cytostatic drug, ICEC0942 could 

be a key tool in helping to prevent treatment resistance from occurring, which is currently 

an important barrier to the long-term success of many anti-cancer treatments (Al-

Lazikani, Banerji and Workman, 2012; Sabnis and Bivona, 2019). Further to this 

ICEC0942 could also provide the opportunity to better understand the function of CDK7 

and the nature of senescence, a cell state that is involved in ageing and in age-related 

Table 7.1: Panel of breast cell lines to test if there is a correlation between 
hyper-activation of the mTOR signalling pathway and ICEC0942 sensitivity. 
Presented here is a variety of breast cell lines, including non-transformed cells and 
cells derived from three different subtypes of breast cancer. Some cell lines have no 
defects in the mTOR signalling pathway (-), but some lines have activating mutations 
or overexpression of components (in green) or loss of negative regulators (in red). 
Both types of defects lead to overactivation of the mTOR signalling pathway. Data 
presented from (Smith et al. 2017). 
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diseases, but also plays a physiological role during embryogenesis and wound repair 

(Herranz and Gil, 2018; Calcinotto et al., 2019). 

 

Future work should focus on a better understanding of how ICEC0942 induces 

senescence and the cellular factors necessary for this. It should also investigate how my 

work could direct the use of ICEC0942 in the clinic, particularly in terms of patient 

stratification and which other treatments it could potentially be combined with to yield the 

biggest clinical benefits possible. 
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