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Abstract 

Regulation of cell size is controlled by multiple biochemical pathways, such as the 

mammalian target of rapamycin (mTOR) signalling pathway and the transcription 

factor Myc. The loss of tightly regulated control of cell size is known to be associated 

with multiple diseases such as cancer. Understanding how key molecular components 

in such pathways is necessary to elucidate the mechanisms behind cell size control. 

Since pathways consist of large networks of interacting molecules, changes in the 

expression of such molecules may have a large impact on the signalling cascade 

output, therefore investigating the impact of how the growth-regulating signalling 

cascade is affected by hampering expression of effectors involved in the pathway is 

of great interest. This thesis shows that chemical and siRNA downregulation of central 

pathway effectors of the mTOR pathway reduces cell size and volume, which also 

change the cell cycle distribution. Furthermore, RNAseq analysis from a dataset 

similar to our experiments showed that differentially expressed genes from cells 

exposed to rapamycin seem to be involved in ribosomal biogenesis and metabolism.  

We observed that over-expression of Myc lead to notable increases in cell size and 

volume which were linked to higher levels of protein and rRNA content. RNAseq 

analysis of this cells showed that differentially expressed genes seemed to be involved 

in different cellular mechanisms related to cell size. Remarkably, Myc over expressing 

cells that were exposed to the mTOR inhibitor Rapamycin had a size like non-treated 

cells but with higher content of protein and rRNA. Sequencing analysis from these 

cells revealed many down-regulated genes involved in cell metabolism, translation, 

and other cellular process. A combination of Rapamycin and the rRNA synthesis 

inhibitor, Actinomycin D reduced the size and rRNA content of the Myc overexpressing 

cells, suggesting that ribosome biogenesis could be the mechanism behind the size 

control. To identify an alternative effector involved in cell size and ribosome 

biogenesis, we show that incubation of cells with a p38 MAPK inhibitor further reduces 

cell size and rRNA content, suggesting a possible interaction between the 

PI3K/AKT/mTOR pathway, with the p38 MAPK pathway and Myc.  
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Chapter 1: Introduction 

 

1.1 Cell Size 

 
The question ‘does size matter?’ is one that has occupied researchers and humanity 

for a long time, and we can appreciate its importance when we see how living 

organisms can be found in many sizes and shapes. Take animals for example; there 

are gigantic 30-meter blue whales and tiny 0.5 mm tardigrades. Adult animals result 

from multiple rounds of cell proliferation, growth and remodelling that takes place 

during development, and its overall size depends on the number and size of its cells 

(Lloyd, 2013). The average size of any animal cell is ~10-20 μm in diameter; this small 

size allows for a large surface area to volume ratio which permits efficient transport of 

materials in and out of the cell. If cells were too large, the transportation would be 

inefficient and incapable of sustaining the metabolic needs of the cell. For this reason, 

large animals consist of more cells rather than bigger cells (Conlon and Raff, 1999). 

In multicellular organisms, growth, proliferation, and survival are  differentially 

regulated in multiple tissues (Alberts, 1998).  A mammalian cell cultured in vitro 

surrounded by nutrients will not enter the cell cycle or add mass in the absence of a 

mitogens or growth factors, respectively (Rathmell et al., 2000).  

 

The human body is made of around 30 trillion cells, all with different functions and 

sizes (Bianconi et al., 2013). Size can be related to function, for example, in 

metabolically active organs like the liver, cells are larger in size than in more static 

tissues (Schmidt and Schibler, 1995). The size of a cell can change under certain 

circumstances; B cells shrink at a particular stage of maturation, only to expand in the 

following stage, and then become small again in the next (Cancro, 2004). 

Chondrocytes increase their volume by 10 to 20 fold during hypertrophic bone growth 

(Cooper et al., 2013).  
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1.2 Cell Size Regulation 

Cell growth is understood as mass accumulations that results in increased cell size. 

Cells can accumulate water (which complies 70% of the cell’s weight), ions, small 

molecules and other complex macromolecules (composed mainly of four basic 

building blocks: amino acids, carbohydrates, nucleotides and lipids). Proteins make 

up for 18% of total mammalian cell weight. 

The regulation of protein synthesis is therefore an important step in increase of cell 

size. Proteins are synthesized in the cytoplasm by the ribosome. An ordinary 

eukaryotic cell has millions of ribosomes capable of adding amino acids to a 

polypeptide. In this cell, protein synthesis begins by associating the messenger RNA 

(mRNA) to the ribosomes, which is controlled by regulatory factors known as “initiating 

factors”. When the cell is stimulated by external cues, growth factors, which are small 

peptides that bind receptors on the extracellular surface of cells and activate 

intracellular signalling pathways, activate the initiation factors. 

Protein synthesis is a very energetically costly project for the cell and for this reason 

the cells have mechanisms for integrating and controlling both nutrient and protein 

synthesis pathways.  

The growth-signalling network is an ancient mechanism that is evolutionarily 

conserved in eukaryotic cells. It is centrally regulated by the kinase protein target of 

Rapamycin (TOR), which in yeast, is regulated solely by nutrient availability in the 

surrounding environment, most importantly amino acids, followed by secondary 

signals from glucose metabolism.  

In unicellular organisms such as yeast, cell growth and proliferation are mostly 

controlled by the extracellular nutritional environment, which allows a direct coupling 

of resources to cell generation (Lloyd, 2013).  

In multicellular organisms, however, growth proliferation, and survival need to be 

differentially regulated in multiple tissues, so additional levels of control are required 

(Alberts, 1998). A mammalian cell sitting in a culture dish surrounded by nutrients will 

not enter the cell cycle or add mass in the absence of a mitogen or growth factor, 
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respectively (Rathmell et al., 2000). In proliferating animal cells, growth and cell cycle 

progression are independent processes, each governed by extracellular cues. 

According to this view, size itself is not actively controlled, but merely results from the 

independent control of the rates of cell growth and cell division (Conlon et al., 2001, 

Conlon and Raff, 2003) 

 

1.2 Drugs for Cell Size Discovery 

 

To understand the function of the pathways that govern the cell size regulation, 

multiple drugs have been developed with the aim to downregulate key components of 

these pathways.  

 

1.2.1 Rapamycin  

 

In 1964 a Canadian expedition to the South Pacific Island of Rapa Nui (known as 

Easter Island) collected soil samples to identify novel antimicrobial agents. From these 

samples, Streptomyces hygroscopicus produced a novel antimicrobial agent with 

antifungal, immunosuppressive, and antitumor properties. Rapamycin (also known as 

sirolimus and later marketed under the trade name Rapamune by Pfizer) is a 

macrocyclic lactone (Figure 1.1) (Sehgal et al., 1975). 

 

Rapamycin was later found to be effective as an immunosuppressant with anti-

proliferative properties in humans (Heitman et al., 1991, Sehgal, 2003). Rapamycin 

binds to mTOR and prevents the phosphorylation of its downstream substrates p70 

ribosomal protein S6 kinase (RPS6K) and eukaryotic translation initiation factor 4E-

binding protein 1 (4EBP1). Rapamycin associates with its intracellular receptor, FK 

506-bining protein of 12 kDa (FKBP12), and the resulting complex interacts with the 

FKP12-Rapamycin binding (FRB) domain located in the C-terminus of mTOR 

(Dowling et al., 2010b, Li et al., 2014). 

 

 

 



 4  
 

 

Figure 1.1 Rapamycin Molecule. Sirolimus or Rapamycin is a molecule originally found to 

be secreted by Streptomyces hygroscopicus as an antifungal compound and later found to be 

capable of hampering mTOR’s kinase activity. Image obtained from the Selleckchem 

catalogue. 

 

 

1.2.2 LY294002 

 

LY294002 has been identified as a pan-class PI3K inhibitor by competing ATP binding 

sites to inhibit the catalytic subunit of PI3K (Ihle and Powis, 2010). The perturbation of 

the PI3K/AKT axis has been shown in different malignancies, giving it an importance 

as a possible target for therapy. The compound 2-(4-morpholinyl)-8-phenylchrome (2-

morpholino-8-phenyl4H-1-benzopyran-4-one, also known as LY294002 (figure n), 

was found to be a selective inhibitor of PI3K with a 2.7 fold greater potency than the 

bioflavonoid quercetin (Vlahos et al., 1994).  

 

LY294002 (Figure 1.2) has been identified as a pan-class PI3K inhibitor by competing 

with ATP binding sites to inhibit the catalytic subunit of PI3K (Ihle and Powis, 2010). 

PI3Ks (phosphatidylinositol 3-kinases) are lipid kinases responsible for the 

phosphorylation of phosphatidylinositol on the D3 position of their inositol ring.  

 

These enzymes have a critical role in the life, death, growth proliferation, metabolism 

and diverse cell functions (Engelman et al., 2006). The PI3K is made up of 14 enzymes 
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that are divided into four classes, I to IV, of which the class I PI3Ks are the most 

studied (Vanhaesebroeck and Waterfield, 1999). In order to hamper PI3K’s activity, 

the compound 2-(4-morpholinyl)-8-phenylchrome (2-morpholino-8-phenyl4H-1-

benzopyran-4-one, also known as LY294002 was utilized, as it has been found to be 

a selective inhibitor of PI3K with a 2.7 fold greater potency than the bioflavonoid 

quercetin (Vlahos et al., 1994). 

 

 

Figure 1.2 The PI3K inhibitor LY294002. The PI3K inhibitor competes for ATP binding sites 

to inhibit the catalytic subunit of PI3K. Image obtained from the Selleckchem catalogue. 

 

 

1.2.3 AZD5363  

AKT is one of the frequently deregulated proteins in cancer, a key node in the mTOR 

signalling network, with multiple substrates that mediate processes as diverse as cell 

proliferation, resistance to apoptosis, and glucose and fatty acid metabolism (Wendel 

et al., 2004). AZD5363 is a potent pan-AKT kinase inhibitor developed by Astra 

Zeneca with pharmacodynamic properties consistent with the mechanism of action of 

an AKT inhibitor in vivo. In isolated enzyme assays, AZD5363 inhibited all 3 isoforms 

of AKT, and its activity in cells was determined by its ability to inhibit the 

phosphorylation of its substrates PRAS40 and GSK3β, S6 and 4EBP1.  

 

Protein kinase B (PKB, also known as AKT) is a key node in the signalling network, 

with multiple substrates that mediate processes as diverse as cell proliferation, 

resistance to apoptosis, and glucose and fatty acid metabolism (Wendel et al., 2004). 
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To block AKT’s activity, the inhibitor AZD5363 was used; AZD5363 is a potent pan-

AKT kinase inhibitor (Figure 1.3), developed by Astra Zeneca with pharmacodynamic 

properties consistent with the mechanism of action of an AKT inhibitor in vivo.  

 

 

Figure 1.3 AZD5363 structure. AZD5363, [(S)-4-amino-N-[1-(4-chlorophenyl)-3-

hydroxypropyl]-1-(7H-pyrrolo[2,3-d]pyrimidin-4-yl)piperidine-4-carboxamide also known as 

Capivasertib. Image obtained from the Selleckchem catalogue. 

 

In isolated enzyme assays, AZD5363 inhibited all 3 isoforms of AKT, and its activity in 

cells was determined by its ability to inhibit the phosphorylation of its substrates 

PRAS40 and GSK3β, S6 and 4EBP1.  

 

1.2.4 Actinomycin D 

 

Actinomycin D (Act D) is a polypeptide antibiotic isolated from the genus 

Streptomyces. Act D is also one of the oldest chemotherapy drugs, commonly used to 

treat different types of cancer (Bensaude, 2011, Cortes et al., 2016, Lu et al., 2015). 

Act D binds to DNA, preferentially intercalating into GC rich sequences and stabilising 

topoisomerase-I DNA covalent complexes that prevent RNA polymerase progression. 

(Perry and Kelley, 1970). It is widely used as a transcription inhibitor. RNA polymerase 

I, which is catalysing ribosomal RNA transcription, is most sensitive to lower 

concentrations of Act D (IC 50, 0.05 μg/mL); followed by RNAP II a (0.5 μg/mL) and a 

less sensitive RNAP III (about 5 μg/mL). Low concentrations of Act D block 
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transcription of RNA polymerase I and induce nucleolar stress by interfering with 

ribosome biogenesis (Chen and Jiang, 2004, Liu et al., 2016b).  

 

 

 

1.2.4 SB203580 

 

P38α is an interesting pharmaceutical target because of its important role in 

inflammatory diseases such as psoriasis, arthritis or chronic obstructive pulmonary 

disease. SB203580 was the first p38 mitogen-activated protein kinase (MAPK) 

inhibitor to be identified that binds competitively at the ATP-binding pocket (Zhang et 

al., 2007, Kumar et al., 2003, Cuenda et al., 1995, Wrobleski and Doweyko, 2005). It 

has been widely used to assess the role of p38 MAPK in a wide array of biological 

systems, including its antiproliferative activity (Lali et al., 2000), the p38 MAPK 

pathway’s influence on inflammation (Gao et al., 2019), and epithelial-to-

mesenchymal transition (Yan et al., 2016). 

 

1.3 Measuring the Cell Size 

  

To understand more adequately the process behind cell size regulation, and the 

physical changes in the cells driven by these processes, we must rely on multiple 

approcheas and technologies:  

 

 

1.3.1 Moxi Z 

 

Moxi Z  is an automated cell counter that uses the Coulter Principle (Graham, 2013) 

to count and measure the size of different types of cells. Electric current is passed 

through a small hole (Cell Sensing Zone) in a thin-film membrane. Cells flow through 

the CSZ causing momentary increases in measured voltage that are directly 

proportional to cell or particle volume. Thousands of cells are measured during a single 
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test and the size of each cell is plotted and saved in histogram format. Total volumetric 

counts are determined by precisely measuring the volume of fluid being analysed.  

In order to analyse cells in the Moxi Z, these must first be resuspended, and from this, 

75 μl of the sample are carefully added to the Moxi Z cassette, followed by waiting for 

the machine to detect the sample and fit a curve.  

 

 

 

1.3.2 Flow cytometry 

 
Flow cytometry is a technology that measures physical characteristics of biological or 

nonbiological single particles as they flow in a fluid stream through a beam of light.  

A flow cytometer is made up of three main systems: fluidics, optics and electronics. 

The purpose of the fluidics system is to transport particles in a fluid stream to the laser 

beam for interrogation.  

 

Light scattering occurs when a particle deflects incident laser light. The extent to which 

this occurs depends on the physical properties of the particle, to be precise, its size 

and internal complexity. Forward-scattered light (FSC) is proportional to cell-surface 

area or size (Figure 1.4). FSC is a measurement of mostly diffracted light and is 

detected just off the axis of the incident laser beam in the forward direction by a 

photodiode. Side-scattered light (SSC) is affected by cell granularity or internal 

complexity. SSC is a measurement of mostly refracted and reflected light that occurs 

at any interface within the cell where there is a change in refractive index. SSC is 

collected at approximately 90 degrees to the laser beam by a collection lens and then 

redirected by a beam splitter to the appropriate detector.  
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Figure 1.4 How light scattering gives information of the cell’s biology. When light is 

deflected in a side scattered fashion (SSC) information on the granularity of the cell can be 

obtain. The forward scattered light gives us a proxy measurement for cell size. 

 

The optical system consists of excitation optics and collection optics. Once a cell or 

particle passes through the laser light, emitted SSC and fluorescence signals are 

diverted to the photomultiplier tubes (PMTs), and a photodiode collects the FSC 

signals. PMTs detect fluorescence signals, which are often weak. The specificity of a 

detector for a particular fluorescent dye is optimized by placing a filter in front of the 

PMT, which allows only a narrow range of wavelengths to reach the detector. This 

spectral band of light is close to the emission peak of the fluorescent dye. Such filters 

are called bandpass (BP) filters. 

 

Light signals are generated as particles pass through the laser beam in a fluid stream. 

These signals are converted to electronic signals by photodetectors and then assigned 

a channel number on a data plot. The photodiode is less sensitive to light signals than 

the PMTs and thus is used to detect the stronger FSC signal. PMTs are used to detect 

the weaker signals generated by SSC and fluorescence.  

 

Data can be analysed using a gate, which is a numerical or graphical boundary that 

can be used to define the characteristics of particles to include for further analysis. 

For every signal (electromagnetic pulse) which passes into a detector, there are three 

characteristics which can be recorded: Height, width, and area. 
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In order to remove spurious doublets that can be detrimental to analyses, a forward 

scatter height (FSC-H) vs forward scatter area (FSC-A) gate is drawn. Doublets will 

have double the area and width values of single cells whilst the height is roughly the 

same. Therefore, disproportions between height, width and area can be used to 

identify doublets (Shapiro, 1981, Shapiro, 2003, Wersto et al., 2001, Watson, 2004) 

 

1.4 Staining the Nucleic Acid of the Cells 

 

 

1.4.1 Hoechst 33342 

 

The assessment of cell cycle distribution of cells is important for studying different 

things such as growth differentiation, senescence, apoptosis, and even understanding 

disease. During cell cycle progression, proliferating cells sequentially undergo a 

transition from G1 to S to G2 to M phases for synthesis of DNA (Malumbres and 

Barbacid, 2009). A simple approach to analyse cell cycle status is to measure cellular 

DNA content at a single time point. This reveals a snapshot of cell cycle status among 

three distinct groups (G0/G1, S, and G2/M (Darzynkiewicz and Huang, 2004). 

 

The most widely used chemical that fluorescently label DNA is the Hoechst 33342 

dye, which comprises a group of benzamide dyes consisting of Hoechst 33342, 33258 

and 34580 that were designed by the German company Hoechst AG back in 1970. 

 

These dyes are excited by UV light (~360 nm) of xenon or mercury-arc lamps or UV 

lasers and emit a broad spectrum of blue light with a maximum excitation in the 460 

nm region. These dyes bind to the minor groove of the DNA molecule, preferentially 

to adenine-thymine (A-T) regions (Mazzini and Danova, 2017, Pjura et al., 1987). 

Hoechst 33342 (Figure 1.5) is used for specifically staining the nuclei of living or 

fixed cells and tissues, which helps to sort cells based on their DNA content 

(Darzynkiewicz et al., 2017, Kim and Sederstrom, 2015). 
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Figure 1.5 Hoechst 33342. The structure of the Hoechst 33342 (2'-[4-ethoxyphenyl]-5-[4-

methyl-1-piperazinyl]-2,5'-bi-1H-benzimidazole trihydrochloride trihydrate) molecule. Image 

taken from abcam catalogue.  

The assessment of cell cycle distribution of cells is important for studying different 

things such as growth differentiation, senescence, apoptosis, and even understanding 

disease. During cell cycle progression, proliferating cells sequentially undergo a 

transition from G1 to S to G2 to M phases for synthesis of DNA (Malumbres and 

Barbacid, 2009). A simple approach to analyse cell cycle status is to measure cellular 

DNA content at a single time point. This reveals a snapshot of cell cycle status among 

three distinct groups (G0/G1, S, and G2/M (Darzynkiewicz and Huang, 2004). 

 

The most widely used chemical that fluorescently label DNA is the Hoechst 33342 

dye, which comprises a group of benzamide dyes consisting of Hoechst 33342, 33258 

and 34580 that were designed by the German company Hoechst AG back in 1970. 

 

1.4.2 Pyronin Y to stain the dsRNA 

 

Pyronin Y (PY) (Figure 1.6) was proposed to bind to nucleic acids after it was observed 

that treatment with ribonuclease removed its staining (Kurnick, 1955b, Kurnick, 

1955a). It is a cationic environment-sensitive probe used to label endogenous double-

stranded RNA (dsRNA) including mRNA, tRNA and ribosomal RNA (rRNA). Taking 

advantage of the fact that PY exhibits fluorescence, the dye has been adapted as an 

RNA stain in both fluorescent microscopy and flow cytometry (Kapuscinski and 

Darzynkiewicz, 1987). Pyronin alone can stain both DNA and RNA. However, in the 
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presence of a DNA dye such as Hoechst 33342 it can specifically stain RNA (Shapiro, 

1981, Darzynkiewicz et al., 1987, Andrews et al., 2013). 

 

 

Figure 1.6 Pyronin Y. The chemical structure of Pyronin Y. Image taken from the sigma 

Aldrich catalogue. 

 
Recently, the Pyronin Y/Hoechst 33342 combination has been used to detect G0 

phase cells, as these have a lower level of RNA compared to active cells that are in 

G1, S, G2 or M phases. (Kim and Sederstrom, 2015). By combining RNA and DNA 

quantitation it is possible to discriminate between cell populations with the same DNA 

content and to assess their translational activity, cell proliferation and differentiation 

status (El-Naggar, 2004). Pyronin Y was also used to show that mTORC1 activation 

in B cells enhances Ribosome biogenesis (Ersching et al., 2017). 

 

1.4 The physiological effects of cell size and its 

dysregulation  

 

As discussed before, cells need to regulate their growth, and this may be linked to 

their function. Kidney epithelial cells for example, modulate their size in response to 

rates of fluid flow in the nephron ducts, sensed by mechanical shear on the primary 

cilium (Boehlke et al., 2010). Lymphocytes rapidly grow larger after exposure to 

cytokines or Toll-Like-Receptor (TLR) stimulation (Abbas et al., 2018)  and pancreatic 

beta cells increase their size by over 25% during pregnancy, in response to increased 

insulin demand (Dhawan et al., 2007). It was found that the rate of insulin production 

of individual rat beta cells is more strongly correlated with cell size than with metabolic 
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activity (Giordano et al., 1993). Cells probably have an “adequate size” in which they 

are the most efficient. A deviation of this size would break the homeostasis of the cells’ 

actions. For example, beta cells from mice that lack S6K1 are smaller and secrete less 

insulin per cell when compared to normal beta cells. This could be due to a reduction 

in membrane surface available, leading to hypoinsulinemia. On the other hand, 

treating wild-type beta cells with Rapamycin, neither changed beta cell size, nor 

affected insulin secretion. This could indicate that reduced insulin secretion might 

result from a size defect rather than the absence of S6K1(Pende et al., 2000, Fabian 

et al., 1993). Furthermore, mice expressing constitutively active protein kinase AKT1 

have larger beta cells than wild type mice and an increased rate of insulin secretion 

(Bernal-Mizrachi et al., 2001). 

 

Clear differences in gene expression between large and small adipocytes suggest that 

cell size influences adipocyte biology (Farnier et al., 2002). Cellular enlargement by 

increasing cell surface area and modifying interactions between the cell and its 

extracellular matrix activates the β1-integrin/ERK signalling pathway that modulates 

several transcription factors (Farnier et al., 2003). Large adipocytes display a marked 

increase in the activity of fatty acid synthase and lipoprotein lipase. These changes 

are further manifested in the altered metabolic activity of large adipocytes and found 

that large adipocytes have higher rates of lipid synthesis (Smith, 1971, Smith and 

Jacobsson, 1973). However, the increased metabolic efficiency of large adipocytes 

comes at a price. Larger cells are less sensitive to the stimulating effects of insulin on 

glucose uptake, the oxidation of glucose to CO2 (Salans et al., 1968) and the uptake 

of triglyceride fatty acids (Nestel et al., 1969). The balance between metabolic capacity 

that scales positively with adipocyte size and insulin sensitivity that scales negatively 

with size implies an optimal adipocytes size. Supporting this idea, increased adipocyte 

size, rather than total body fat, is associated with insulin resistance in obesity and is a 

risk factor for development of type II diabetes mellitus (Guilherme et al., 2008). 

 

Changes in cell size have also been linked to transcriptional and metabolic changes 

in other cell types, including hepatocytes and erythrocytes (Gregory, 2002, Miettinen 

et al., 2014)  
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While cancer is a disease of deregulated proliferation, in clinical histology it is the size 

of cancer cells that renders their appearance distinct from the surrounding tissue (Kufe 

et al., 2003). Malignant tumour cells are both larger and more variable in size than 

normal cells. Pleomorphism, the increased variability in cell size and shape, is a 

histological characteristic of many malignant lesions (Majno and Joris, 2004). 

 

The loss of cell size regularity in cancer cells also occurs when cell lines of normal and 

neoplastic origin are grown in matching culture conditions, indicating that the 

increased size variability in cancer is cell-autonomous and not a product of the tumour 

microenvironment. When epidermoid carcinoma cell lines were classified based on 

cell size variability, only the highly heterogeneous lines initiated tumours upon hetero- 

transplantation into mice (Caspersson et al., 1963). These experiments raise the 

question of whether aberrant regulation of cell size has a role in tumorigenesis, 

although increased cell size variability may also be a mere correlate of tumour biology 

(perhaps the result of aneuploidy), and further experiments are warranted to resolve 

this question.  

 

 

1.5 Noise in Gene Expression 

 

Despite careful design and computer simulation, building a gene circuit in vivo may 

still be challenging due to transcriptional noise or stochastic fluctuations in cellular 

processes. 

 

The term “noise” in gene expression is used to refer to the measured level of variation 

in gene expression among cells, regardless of source, within a supposedly identical 

population (Dennis Tu, 2006). 

 

A cell increases its size and content to split into two daughter cells but, even though 

they are both clonal copies, it is impossible for them to receive the exact amount of 

the original content and if they did receive exactly one copy of a particular transcription 

factor, each will perform a Brownian random walk through its cellular volume before 

finding its target promoter and activating gene expression, rendering it statistically 
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impossible for both genes to become activated at the same time, further amplifying 

the phenotypic difference between the two daughter cells (Munsky et al., 2012). One 

of the first encounters of noise within a synthetic gene circuit was the one experienced 

by the “repressilator”; a synthetic network of repressors that was capable of producing 

oscillations in gene expression. The authors found that the oscillations were subject 

to fluctuations in their period and magnitude and conjectured that stochastic effects in 

gene expression were causing loss of coordination amongst cells (Elowitz and Leibler, 

2000). Stochastic noise has been divided in two kinds, intrinsic noise which mainly 

involves the stochasticity of biochemical interactions relevant for gene expression, and 

extrinsic noise which arises from fluctuations of the environment, as well as cell size, 

its shape and cell cycle stage (Elowitz et al., 2002, Entrevan, 2013).  

 

1.6 Cell size variability as a Cause of Extrinsic 

Noise  

 

To design more predictable and stable synthetic genetic circuits, we need to 

understand the different sources of biological noise. Extrinsic noise is one of the main 

sources of gene stochasticity, therefore our goal is to analyse one of the possible 

causes of extrinsic noise, cell size variability. Little attention has been paid to the 

biological origins of extrinsic variability (Volfson et al., 2006). It has been noted that 

one of the main sources of extrinsic noise is cell volume (Raj and van Oudenaarden, 

2008). Isolation of a yeast cell population by homogenous size showed that total noise 

was reduce by around 25% (Raser and O'Shea, 2004). 

 

Even in an isogenic population, every cell is unique and larger cells need to produce 

and maintain more components than small cells. As the half-lives of transcripts and 

proteins are limited, there is a constant need to replace these molecules, and the 

demand for such replacement scales with cell size (Marguerat and Bahler, 2012). 

Mammalian cells exhibit large variability in cell volume, and they must compensate for 

differences in DNA concentration in order to maintain constant concentration of gene 

expression. Individual cells globally control transcription to compensate for variability 

in the ratio of DNA to cellular content. These compensatory mechanisms help to 
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maintain the concentration of mRNA in the cell, which is presumably useful from the 

perspective of the cell because the rates of most chemical reactions in the cell depend 

on concentrations rather than absolute number (Padovan-Merhar et al., 2015). As 

mentioned before, biochemical reaction rates depend on the concentration of 

reactants and enzymes. Thus, proper cellular concentrations must be maintained 

despite volume variations (Padovan-Merhar et al., 2015). The number of biomolecules 

in a cell is linked to its size, therefore, changes in overall molecule numbers associated 

with an imbalance in the production or degradations in size changes could affect 

concentrations of regulators that ultimately will affect global dynamics of biochemical 

networks involved in the cellular fate (Shahrezaei and Swain, 2008). 

 
 
 

1.7 Cells used in this study 

 

1.7.1 HEK293 

 
The human embryonic 293 cell line was stablished in 1973 by Alex van der Eb’s 

laboratory in the Netherlands (Shaw et al., 2002) by exposing primary embryonic 

kidney cell culture of an aborted embryo to the mechanically sheared DNA of 

adenovirus type 5 (AD5) (Graham et al., 1977). The 293-cell line and its derivates 

have been the most frequently used cells after HeLa in cell biology studies and after 

CHO in biotechnology, sometimes incorrectly supposed as a non-tumorigenic or even 

a “normal” human cell line. It has been hypothesized that 293 cells originated from the 

embryonic adrenal precursor structure (adrenal medulla), which closely associated 

with the kidney during development and of the neural crest ectodermal origin (Lin et 

al., 2014). The 293T cell line contains the SV40 large T-antigen, which allows the 

episomal replication of transfected plasmids containing the SV40 origin of replication. 

The HEK293FT is a fast growing variant of the HEK293T variant, designed for lentiviral 

production  (Stepanenko and Dmitrenko, 2015).HEK293 cells are fed with 10% FBS-

containing DMEM with 1% Penicillin-Streptomycin. 
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1.7.2 HeLa  

 

The first cell line to be grown continuously in a laboratory was the HeLa cell line 

(Masters, 2002). The cell line was established by George Grey from cervical cancer 

originated in an African American patient named Henrietta Lacks (and hence the name 

HeLa). To this day, most of our knowledge of cellular and biochemical processes 

comes from this cell line (Schepers, 1992). The cell line keeps being used because of 

its stable genome after years of cultivation (Macville et al., 1999). HeLa cells have 

from 76 to 80 chromosomes (Heng, 2013). HeLa cells grow very rapidly even 

compared to other cancer cells, with a doubling time of around 24 hours. This unlimited 

replication capacity is because of HeLa cells’ high telomerase activity (Sfeir and de 

Lange, 2012). 

 

1.7.3 U2OS 

 

Normal epithelial cells show a limited capacity to grow and proliferate in culture 

conditions and for this reason Pontén & Saksela established the 2T cell line, obtained 

from a 15-year-old patient’s osteosarcoma derived from an amputated leg in 1964 

(Ponten and Saksela, 1967). This  resulted in the U2OS cells which are one of the first 

ever cell lines created and of the most used in research (Niforou et al., 2008). This cell 

line has showed chromosomal instability (Bayani et al., 2003). Contrary to other more 

aggressive osteosarcoma cell lines, U2OS cells have functional p53 and Rb tumour 

suppressor genes and, perhaps for this reason, have the lowest level of chromosomal 

numerical variation (Wesierska-Gadek and Schmid, 2005, Zhu, 2005, Isfort et al., 

1995).  

 

1.8 A quick overview of this thesis 

 

In this thesis we will dissect the involvement of multiple biological pathways involved 

in mammalian cell growth control by inhibiting the action of multiple regulators of the 

mTOR pathway. We will analyse the sequencing data belonging to cells with 

downregulated mTOR pathway to elucidate which genes are affected by this 
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treatment. We will also discuss the effects of the overexpression of the transcription 

factor Myc on mammalian cell growth and a combination of this with the 

downregulation of the mTOR pathway. RNA sequencing data from these cells will be 

analysed to further dissect the genes differentialy expressed and their functions. Our 

goal is to understand the pathways involved in the control of mammalian cell size 

regulation.    
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Chapter 2: Materials and Methods  

2.1 Materials  

 

2.1.1 Bacterial Strains 

 

Escherichia coli DHα5 strains used to clone the Myc plasmid were purchased from 

ThermoFisher Scientific (Massachusets, USA). 

 

2.1.2 Human Cell Lines 

 

HEK293 cells were provided by Dr Daniel Hebenstreit (School of Life Sciences, 

University of Warwick). HeLa cells were provided by Dr Keith Leppard (School of Life 

Science, University of Warwick). MycER U2OS cells were kindly provided by Dr 

Stefano Campaner (Instituto Italiano di Tecnologia). 

 

2.1.3 Specific Kits 

 

 
Table 2.1 Kits. Different Kits used in the thesis. 

Method/Aim Kit Name Manufacturer 

RNA Extraction RNeasy Micro 
Kit (50) 

Qiagen 

Plasmid Extraction QIAprep Spin 
Miniprep Kit (50) 

Qiagen 

Transfection 
Reagent 

jetPRIME Polyplus 
Transfection 
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2.1.4 Culture Media 

 

Dulbelcco’s Modified Eagle’s Medium (DMEM), Luria-Bertani (LB) broth (LB), 

Penicilin-streptomycin, Phosphate-Buffered Saline (PBS) and trypsin were provided 

by the School of Life Science’s Media Preparation Room. Tetracycline-free Foetal 

Bovine Serum (FBS) was purchased from Labtech International Ltd. East Sussex, UK. 

 

2.1.5 Drugs 

 

Rapamycin Ready Made Solution in DMSO, Actinomycin D Ready Made solution in 

DMSO, Puromycin dihydrochloride Ready Made Solution and 4-Hydroxytamoxifen 

Ready Made Solution in Ethanol were purchased from Sigma-Aldrich (Merck). 

LY294002 and SB203580 were purchased from Cell Signal Technology. AZD5363 

was purchased from Selleckchem.  

 

2.1.6 Nucleic Acid Stains 

 

Hoechst 33342 (20mM solution in water) was purchased from Stratech. Pyronin Y (1 

g) was purchased from Sigma (Merck). 

 

2.1.7 Antibodies 

 

Monoclonal anti-c-Myc antibody 9E10 produced in Mouse and Anti-Puromycin, clone 

12D10, Alexa Fluor 647 Conjugated Antibody were purchased from Sigma (Merck). 

GAPDH Monoclonal antibody produced in Mouse was purchased from Proteintech. 

Goat anti-mouse IgG-HRP sc-2031 was purchased from Santa Cruz Biotechnology. 
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2.1.8 silencing RNAs (siRNAs) 

 

SignalSilence Control siRNA Unconjugated (C-) #6568, SignalSilence Akt siRNA I 

#6211 and SignalSilence p70/85 S6 Kinase siRNA I #6566 were purchased from 

Cell Signaling Technology. 

 

2.1.9 Plasmids 

 

pMyc was purchased from Addgene (Addgene plasmid # 42142; 

http://n2t.net/addgene: 42142; RRID: Addgene_42142). 

 

 

Figure 2.1 pMyc-GFP plasmid. The full length of c-Myc protein coding DNA fragment was 

inserted in the 5’ end of GFP under the control of the cytomegalovirus (CMV) promoter. Image 

taken from (Addgene plasmid # 42142; http://n2t.net/addgene:42142 ; RRID:Addgene_42142) 

 

 

 

http://n2t.net/addgene
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2.1.10 Western Blot 

 

XT Tricine 20X Running buffer and Nitrocellulose Membrane 0.45 μm were purchased 

from Bio Rad. Pre-cast RunBlue SDS Gel 4-12% were purchased from Expedeon 

(now part of abcam). Pierce ECL Western Blotting Substrate (for detection of HRP), 

Pierce RIPA buffer, and Halt phosphatase inhibitor cocktail (100X) were purchased 

from Thermo Scientific.  

 

2.2 Methods 

 

2.2.1 Bacterial Growth and Storage  

 

E. coli strains were grown on either liquid or solid LB media produced and provided by 

the School of Life Science’s Media Preparation Room, at 37oC. 

 

2.2.2 Bacterial Transformation 

 

Bacterial strains, microtubes and 200-250 ng of DNA (per transformation) are placed 

on ice. 50 μL of competent cells are added to the DNA and are mixed by pipetting 

gently (avoiding vortex). The mixture is then placed on ice for 30 minutes. Afterwards, 

the mixture is heat shocked at 42 oC for 40 seconds. Then, 950 μL of LB media at 

room temperature is added to the mixture and placed in an incubator at 37 oC shaking 

at 250 revolutions per minute (rpm) for 1 hour. Afterwards, 50 μL to 100 μL of cells are 

spread in LB agar plates with selective antibiotics and incubated overnight for further 

analysis.  

 

2.2.3 Plasmid Extraction 

 

Plasmid extraction was performed using a QIAprep Spin Miniprep Kit (50) by QIAgen 

following the manufacturer instructions.   
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2.2.4 Transfection 

 

Transfection of both siRNAs and Plasmid was performed using the jetPRIME 

transfection reagent from the Polyplus company. 100,000 cells are seeded in 6 well 

dishes in a total of 2 mL complete growth medium. The next day, a final concentration 

of 50 nM siRNA, or 4 μg of plasmid are mixed with 200 μl of jetPRIME buffer in a sterile 

microtube, the mixture is vortexed for 15 seconds and then 4μl of jetPRIME regent is 

added. The mixture is vortexed for 5 seconds and then incubated for 10 minutes at 

room temperature. After the incubation, the mixture is added to each well and cells 

are brought back to the incubator for further analysis. 

 

 

2.2.5 Mammalian Cell Culture 

 

To start (or restart) a cell culture, cells are removed from the liquid nitrogen storage 

and placed into dry ice (or the container of liquid nitrogen), this is to keep them cool 

whilst transferring them to the cell culture room. Then cells are rapidly thawed by 

placing them in a 37oC water bath (ideally with gentle agitation) for 1-2 minutes. The 

vial must be wiped with 70 % Ethanol or IMS to decontaminate, the vial contents are 

slowly transferred into 10ml of Growth Medium into a sterile falcon tube (15 or 50ml), 

the cells are then centrifuged at 500 x g for 5 minutes. The supernatant is removed, 

the cell pellet is resuspended in the desired volume of pre-warmed growth medium at 

37 oC and this is finally transferred into a flask or plate for culture.  

 

Once cells have reached confluency, they must be passed to another flask or plate. 

The media is removed from the flask where cells are cultured, and cells are rinsed with 

PBS to wash away the remnants of anti-trypsin protein. Cells are incubated in trypsin-

EDTA for 5 minutes at 37 oC (mechanical stress can be applied to help cells detach) 

and then quenched with growth medium. Cells are transferred to a falcon tube and 

centrifuged at 500 x g for 5 minutes, followed by removal of the medium. Then the 

pellet is resuspended in fresh growth medium and seeded at the desired concentration 

in a flask or dish. 
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2.2.6 Pharmacological Treatments 

 

The pharmacological treatments follow a similar strategy, with the main variation being 

the type of drug and/or their concentration. The drugs and concentrations were 

selected based on other research using the same drugs in concentrations with similar 

ranges (Choi et al., 2016, Liao et al., 2019) (Table 2.2). 

 

Table 2.2 Drugs. Table of different drugs and concentrations used in the thesis.  

Drug Concentration 

Rapamycin 1 M, 5 M, 10 M and 20 M 

LY294002 5 M, 10 M and 20 M 

AZD5363 5 M, 10 M and 20 M 

4-Hydroxytamoxifen 1 M 

Actinomycin D 100 ng/mL 

SB203580 15 M 

 

In a six-well plate, 100,000 cells are seeded per well in 10% FBS-containing DMEM, 

then the drug to be utilized is added to the experimental wells along with the equivalent 

volumes of DMSO/Ethanol as a vehicle control. Cells are then incubated for 24 hours 

at 37oC in 5% CO2 to let Rapamycin affect the cells. After 24 hours, the growth medium 

is removed, and the cells are rinsed with PBS to wash away Rapamycin. Cells are 

then incubated with trypsin-EDTA for 5 min at 37o. After the five minutes, trypsin is 

quenched with complete growth medium, and the cells are resuspended and 

deposited into 1.5ml microtubes which are then pelleted at 500 x g for 5 minutes. The 

media is removed, and the pellet is washed in room temperature PBS three times and 

then resuspended in PBS-4% FBS and then analysed by flow cytometry or Moxi Z. 
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2.2.7 Flow Cytometry 

 

Flow cytometry analysis was recorded on a BD LSRFortessa Cell Analyser flow 

cytometer. Cell size was collected using the FSC channel, DNA content was captured 

by illuminating the Hoechst 33342 dye using a 20 mW UV355 laser, signal was 

collected through 355 nm long-pass and 450/50 nm band-pass filters. Green 

fluorescent protein signal (GFP) was captured by using a 50 mW, Blue 488 nm laser 

collecting through a 488 nm long-pass and 530/30 nm band-pass filters. Pyronin Y 

was recorded using a 50 mW Yellow-Green 561 nm laser, collecting data through a 

561 long-pass and a 710/50 band-pass filters. The signal from the anti-puromycin 

antibody was collected using a 40 mW Red 640 nm laser colleting through a 640 long-

pass and a 670/30 short-bandpass filters. All the data is recorded with the area, width 

and height option.  

 

The data was analysed using the software FlowJo 8.7.  

 

In order to remove spurious doublets that can be detrimental to analyses, a forward 

scatter height (FSC-H) vs forward scatter area (FSC-A) gate is drawn. Doublets will 

have double the area and width values of single cells whilst the height is roughly the 

same. Therefore, disproportions between height, width and area can be used to 

identify doublets.  

 

Once the doublets have been eliminated, gates for the appropriate channel can be 

drawn to extract the mean values of fluorescence for each desired channel. 

Graphical representations of the fluorescence values can be plotted using the 

histograms option.  

 

A Watson Pragmatic cell cycle analysis was performed using the FlowJo software to 

identify the Cell Cycle distribution. To perform this analysis the data from samples 
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stained with Hoechst 33342 dye was recorded using the 355 nm long-pass and 450/50 

nm band-pass filters and in linear scale.  

 

2.2.8 Staining Nucleic Acids 

 

Cells in complete growth medium are incubated with 10 μg/mL Hoechst 33342 dye for 

15 minutes at 37 oC, (anything longer than 20 minutes will prove to be toxic to the 

cells). If cell cycle is to be analysed, washed in PBS, and incubated with trypsin for 5 

minutes at 37 oC, and then the reaction is quenched with complete DMEM. Cells are 

resuspended and then centrifuged at 500 x g. The pellet of cells is subsequently 

washed in PBS and centrifuged at 500 x g, then cells are prepared for flow cytometry. 

 

If cells are to be stained with Pyronin Y, the cells are firstly stained with Hoechst 33342 

for 15 minutes, washed in PBS and then incubated with 4 μg/mL of Pyronin Y dye for 

45 minutes at 37 oC in complete growth medium. Afterwards, cells are incubated with 

trypsin-EDTA for 5 min at 37oC. After five minutes trypsin is quenched with complete 

growth medium and the cells are resuspended and transferred into 1.5ml microtubes, 

which are then pelleted at 500 x g for 5 minutes. The media is removed, and the pellet 

is resuspended in PBS-4% FBS and then analysed with flow cytometry  

 
To detect Pyronin Y’s capacity to bind to RNA, growth medium is removed, cells are 

washed in PBS, incubated for with trypsin-EDTA for 5 min at 37oC, then trypsin is 

quenched with complete growth medium, cells are transferred into microtubes, they 

are pelleted and resuspended in PBS. After this, cells are pelleted and resuspended 

in 4% PFA-PBS for 20 minutes at room temperature, washed and incubated for 1 hour 

at 37 oC with RNase A. After the time has passed, cells are pelleted, resuspend in 

PBS and taken to flow cytometry.  

 

Hoechst 33342 dye is excited at 350 nm and its emission can be recorded between 

440 and 480 nm. Pyronin Y optimal excitation is at 550 nm and its optimal emission is 

around 575 nm. 
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2.2.9 SUnSET 

 

100,000 cells are seeded in 6 well dishes in a total of 2 mL complete growth medium. 

On the day of the experiment, negative control cells are incubated for 30 minutes with 

100 μg cycloheximide then, cells are incubated for 10 minutes with puromycin 

(Puromycin Pulse) afterwards, cells are incubated in trypsin for 5 minutes at 37 oC, 

washed with PBS and then re-seeded in a six-well dish with 5% FBS,1% Penicillin-

streptomycin DMEM for 30 minutes (Chase). After 30 minutes, the cells are 

resuspended with either DMEM or ice-cold PBS and collected, then washed in PBS-

4% FBS and incubated with 50 μl PBS-4% FBS + 2 μl 12D10 Anti-Puromycin Antibody 

for 1 hour in ice covered from light. After one hour, cells are resuspended and washed 

in PBS-4% FBS twice and finally surface proteins and antibodies are fixed with PBS-

2% Paraformaldehyde (PFA) and stored at 4 oC protected from light until analysis.  

 

2.2.10 Western Blot 

 

Cells are previously grown in a 6-well plate, growth medium is removed, and cells are 

washed twice with ice-cold PBS. Then, 130 μl of ice-cold Pierce RIPA buffer is added 

to the cells, along with 1.6 μl of Halt phosphatase inhibitor cocktail (100X). Cells are 

then lysed and transferred to a 1.5 mL microtube, which is then centrifuged at 14,000g 

for 15 minutes. After that, the supernatant is collected. The protein content is quantified 

using the Pierce BCA Protein Assay Kit by measuring absorbance at 562 nm on an 

Infinite M Nano TECAN plate reader. 

 

The lysate is mixed with Leammli buffer and boiled at 100oC for 5 minutes to denature 

the protein. A total of 30 μg of protein were loaded on a precast 4-12% RunBlue™ 

Tricine SDS gel along with 2 μl of molecular weight ladder, and then run for 1-2 hours 

at 100 V. After that, the gel is transferred onto a nitrocellulose membrane by semi-wet 

transfer for 15 minutes at 15 V in a Trans-Blot SD Semi-Dry Transfer cell from Bio 

Rad. The membrane is then blocked in 5% fat-free milk-PBS-Tween for 1 hour at room 

temperature. Afterwards, the membrane is incubated in 1:1000 primary antibody 

overnight at 4 oC. As a control GAPDH Monoclonal antibody produced in Mouse was 
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used, and Monoclonal anti-c-Myc antibody 9E10 produced in Mouse to detect Myc. 

The next day, the membrane is washed 3 times with PBS-Tween and then incubated 

with 1:10,000 Goat anti-mouse IgG-HRP sc-2031secondary antibody, at room 

temperature. Once the incubation has ended, the membrane is washed in PBS-Tween 

for 5 minutes in agitation, 3 times. Next, the membrane is incubated in a 1:1 solution 

A and B buffers from the Pierce ECL Western Blotting Substrate and taken to the 

ImageQuant LAS 4000 to analyse for chemiluminescence. 

 

 

 

 

2.2.11 RNA Extraction 

 

RNA extraction was performed using the RNeasy Micro Kit (50) by QIAGEN and 

following the manufacturer’s instructions.  

 

 

 

 

2.2.12 RNA sequencing & sequencing analysis 

 

For RNA sequencing analysis in Chapter 4, 20 μl of RNA (20ng/μl) from MycER U2OS 

cells were sent to the Novogene Europe Company (United Kingdom) for library 

preparation and sequencing. Sequencing was performed on a NovaSeq 6000 system.  

 

For Chapter 3, the dataset from Gene Expression Omnibus: GSE130006 (Liao et al., 

2019)  was used for analysis. It consists from high-throughput RNA-sequencing were 

performed on HeLa cells treated with DMSO (as control) and 1 μM Rapamycin. The 

sequencing generated more than 30 million reads for each sample. 

 

All raw fastq files were downloaded from the Novogene server (Chapter 4) or from the 

Gene Expression Omnibus (Chapter 3). Quality assessment was performed using 

FastQC (https://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Trimming of 

adapter sequences was carried out using the function trim_galore (trim_galore --fastqc 

--paired A$i\_1.fq.gz A$i\_2.fq.gz).  

https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
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The paired-end RNAseq files were aligned to the reference genome (H. sapiens, 

GRCh38) using Hisat2 alignment program: 

(hisat2 -x /<Directory>/<reference genome>/ -1 A$i\_1_val_1.fq.gz -2 A$i\_2_val_2.fq.gz -S 

A$i.sam --thread 20) and generating SAM files as a result.  

 

SAM files generated by Hisat2 where then converted to BAM files, sorted and indexed 

using these three samtools commands: (samtools view -S -b A$i.sam > A$i.bam) (samtools 

sort A1.bam A1.sorted) (samtools index A1.sorted.bam) generating indexed SAM files which 

were used to create Gene counts. 

 

Then Gene counts were generated using LiBiNorm software 

 (LiBiNorm count -z -r pos -i gene_name -s no A$i.sorted.bam 

~/<directory>/2_aligned/Homo_sapiens.GRCh38.77.gtf > A$i.txt)  

 

An input .txt file, made up from the metadata information, was created to identify the 

samples and their treatment for the analysis.  

 

The DESeq function in RStudio (Version 1.3.1093) takes the raw counts produced in 

LiBiNorm and performs a default analysis where estimation of size factors and 

estimation of dispersion were determined to extract the differentially expressed genes 

(DEGs). Wald test was used for differential expression analysis, and we used adjusted 

p-value (padj) <0.05 as a threshold.  

 

Volcano plots were drawn by using the Enhanced Volcano package in R. The volcano 

plot is constructed by plotting the negative log of the p-value on the y-axis (usually 

base 10). This results in data points with low p-values (highly significant) appearing 

toward the top of the plot. The x-axis is the log of the fold change between the two 

conditions. The cut-off thresholds were defined by adjusted p-value (padj) <0.05 and 

a log2Fold change cut-off of 2 in datasets form chapter 4 and a log2Fold change cut-

off of 1 in dataset from chapter 3.  
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Scatter X-Y plots were produced using R package. It plots the log2 of the replicate 

average of two of the treatments against each other. Genes where the adjusted p-

value is less than 0.05 are marked in red.  

 

Gene Ontology analysis was performed using datasets containing either a mix of  both 

upregulated and downregulated differentially expressed genes unless specified 

otherwise.  

 

GO analysis was performed using the topGo package on the genes that were found 

to be differentially expressed between conditions to determine which GO terms 

arranged by biological process are associated with them. Using the Genetable 

function a summary table with the results of the analysis was generated which was 

then plotted using ggplot2 in a bubble plot.  

 

Other platforms were also used to perform Gene Ontology term analysis: 

 

g:Profiler: (https://biit.cs.ut.ee/gprofiler/gost) 

 

GOrilla: (http://cbl-gorilla.cs.technion.ac.il) 

 

Enrirchr: (https://maayanlab.cloud/Enrichr/) 

 

 

 

 

 

 

 

 

 

https://biit.cs.ut.ee/gprofiler/gost
http://cbl-gorilla.cs.technion.ac.il/
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Chapter 3: Chemical 

manipulation of a size regulating 

pathway in mammalian cell lines 

and its effects.  

 

3.1 Introduction  

 

3.1.1 The PI3K/AKT/mTOR Pathway Regulates Cell 

Growth  

 

Cell growth (mass accumulation) and proliferation (cell division) are separated (yet 

very close) processes that require specific mitogens or growth factors in order to either 

add mass or trigger cell cycle (Conlon et al., 2001). 

 

The best-characterized regulatory pathway that controls cell growth is the 

IGF/PI3K/AKT/mTORC1 pathway. This evolutionarily conserved pathway has been 

shown to be a major regulator of cell growth and thus a key determinant of cell size; 

moreover, artificial activation of this pathway can promote additional growth. Insulin 

Growth Factor (IGF) is a classic example of a limiting growth factor that acts both 

systematically and at local tissue levels. Overexpression during development results 

in larger animals, mainly due to increases in cell size, and overexpression in the adult 

can result in cell hypertrophy. Binding of IGF to its receptor activates multiple signalling 

pathways, but key to regulating cell growth is the activation of the PI3K/AKT/mTORC1 

axis with mTORC1, a central mediator of the signal from the growth factor to biogenic 

pathways. In addition, mTORC1 integrates inputs from at least four other major cues 
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that can affect cell growth – stress, energy status, oxygen, and amino acid levels- and 

thus acts as a signalling node at which energetic and stress signals can modulate 

growth factor signals  (Laplante and Sabatini, 2012).  

 

The mTOR pathway controls cell growth in response to energy, nutrients, growth 

factors and other environmental cues (Lloyd, 2013). Central to the pathway is the 

mTOR protein, which belongs to the phosphoinositide 3-kinase (PI3K) related protein 

kinase family. mTOR assembles into two complexes with distinct inputs and 

downstream effects, mTOR complex 1 (mTORC1) and mTOR complex 2 (mTORC2). 

mTORC1 regulates cell growth by promoting ribosome biogenesis and autophagy, its 

activation requires nutrients and amino acids, whilst mTORC2 responds primarily to 

growth factors, promoting cell cycle entry, cell survival, actin cytoskeleton polarization 

and anabolic output (Yang et al., 2013). In mammalian cells, protein synthesis and cell 

growth are regulated by mTOR pathway and it has been observed that serum 

starvation leads to decrease in p70S6K and 4EBP1 phosphorylation, key downstream 

regulators of mTOR pathways, which is consistent with mTOR downregulation 

(Pirkmajer and Chibalin, 2011) (Foster and Fingar, 2010). 

 

Signalling to induce rpS6 phosphorylation by growth factors starts by activation of the 

respective receptor tyrosine kinase. This in turn leads to activation of class I 

phosphatidylinositol-3kinase (PI3K); PI3K converts the lipid phosphatidylinositol-4,5-

P2 (PIP2) into phosphatidylinositol-3,4,5-P3 (PIP3), in a reaction that can be reversed 

by the PIP3 phosphatase PTEN (phosphatase and tensin homolog detected from 

chromosome 10) (Leslie and Downes, 2002). PIP3 recruits both 3-phsphoinositide-

dependent kinase 1 (PDK1) and AKT (also known as protein kinase B (PKB)) to the 

plasma membrane (Brazil and Hemmings, 2001, Rameh and Cantley, 1999), and 

PDK1 phosphorylates and activates AKT, which in turn phosphorylates tuberous 

sclerosis complex 2 (TSC2) at multiple sites (Inoki et al., 2002). This phosphorylation 

blocks the ability of TSC2, while residing within the TSC1-TSC2 tumour suppressor 

dimer, to act as a GTPase-activating protein (GAP) for Rheb (Ras-homolog enriched 

in brain), thereby allowing Rheb-GTP to accumulate and operate as an activator of the 

Rapamycin-sensitive mammalian TOR complex 1 (mTORC1) (Avruch et al., 2006). 

The latter is consisting of target of Rapamycin (TOR), RAPTOR (regulatory associated 

protein of TOR), LST8 and PRAS40 (Proline-rich AKT substrate 40kDa). 
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AKT can also activate mTORC1 independently of TSC1-TSC2 by phosphorylating 

PRAS40, thereby relieving the PRAS40-mediated inhibition of mTORC1.  

 

Active mTORC1 phosphorylates two translational regulators, S6 Kinases (S6K) and 

eukaryotic initiation factor 4E (eIF4E)-binding protein (4EBP1, 2 and 3). Activation of 

S6Ks requires phosphorylation by PDK1 in a reaction that does not need binding of 

PDK1 to PIP3. Finally, activated S6K phosphorylates rpS6, as well as many other 

substrates (Figure 3.1). mTORC1 phosphorylates the S6Ks 1&2, contributing to their 

activation. S6Ks in turn phosphorylates several proteins linked to mRNA translation, 

including ribosomal protein S6, eEF2 (eukaryotic elongation factor 2) kinase, eIF4B 

(eukaryotic initiation factor 4B) and Pdcd4 (programmed cell death 4). S6K-mediated 

phosphorylation of eEF2 kinase inhibits its activity, which promotes translation 

elongation.  

 

eIF4B and Pdcd4 are positive and negative regulators of the RNA helicase eIF4A 

(Shahbazian et al., 2006). eIF4A helps to unravel secondary structure in the 5’-

untranslated regions (5’UTRs) of mRNAs. Such secondary structure inhibits efficient 

translation and occurs in a number of mRNAs that encode key regulators of cellular 

functions. eIF4A is recruited to the 5’-end of the mRNA through its interaction with the 

scaffold protein eIF4G. In turn, eIF4G is brought to the mRNA through its interaction 

with eIF4E, the protein that binds the 5’-terminal 7-methylguanosine “cap” structure 

(Proud, 2009). 

 

The association of eIF4G with eIF4E is regulated through another substrate of 

mTORC1, the 4EBPs (eIF4E-binding proteins) that, when bound to eIF4E, prevent 

eIF4E’s association with eIF4G (since eIF4G occupies overlapping sites in eIF4E). 

Phosphorylation by mTORC1 disrupts binding of 4EBP1 to the eIF4E, allowing the 

latter protein to bind to eIF4G. Once eIF4E is bound to the 5’end of the mRNA, this 

allows the recruitment of eIF4A and other partners for eIF4G, such as PABP [poly(A)-

tail-binding protein]. The complex of eIF4E, eIF4G and eIF4A is often termed “eIF4”. 

Recent results have demonstrated that 4EBPs are involved in the control of cell 

proliferation by mTORC1, probably because they affect (impair) the translation of 

proteins required for cell cycle progression (Dowling et al., 2010a). 
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Figure 3.1 The PI3K/AKT/mTOR signaling pathway. The mTOR pathway plays a major role 

in many pathways involved in multiple cell fates, including cell growth, proliferation, translation, 

cell cycle progression, apoptosis, and others. Image obtained from Cell Technology. 
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3.2 Results 

 

3.2.1 Inhibition of PI3K and AKT reduces Mammalian 

Cell Size.  

 
As mentioned before, the PI3K/AKT/mTOR pathway is central to cell size control. In 

order to manipulate mammalian cell size, it was decided to chemically impair two 

central components of this pathway; PI3K and AKT, both up-regulators of the central 

protein mTOR (Lloyd, 2013). 

 

Asynchronous HEK293 cells were incubated with increasing concentrations of both 

AZD5363 and LY294002 for 24 hours in complete growth media, afterwards the cells 

were resuspended, washed, and analysed using flow cytometry for cell size using the 

parameter forward scatter area (FSCA) which is a measure of relative cell size. 

HEK293 cells exposed to 5 μΜ, 10 μΜ and 30 μΜ of both LY294002 and AZD5363 

showed a notable reduction of cell size according to FSCA measurements with no 

apparent difference between the concentration when compared to non-treated 

controls (Figure 3.2). 

 

 

Figure 3.2 The PI3K and AKT inhibitors reduce the size of HEK293 cells. HEK293 cells 

were exposed to rising concentrations of LY294002 and AZD5363 inhibitors. A) Bar plots of 
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HEK293 cells exposed to increasing concentrations of AZD5363 and LY294002 and then 

analysed with flow cytometry. B) Representative histograms generated in Flow Jo of 

LY294002 and AZD5363 treatments compared to controls. Arbitrary Units (A.U.). Data shown 

are mean values ± standard deviations (N = 3 independent biological replicates). Statistical 

significance was assessed by ANOVA with Tukey’s test, Asterisks represent the p-value: * p 

< 0.05, ** p < 0.01, *** p < 0.001, **** p <  0.0001. 

 

To see if the effect observed before was not exclusive to HEK293 cells, we exposed 

HeLa cells to 5 μΜ, 10 μΜ and 30 μΜ of LY294002 and AZD5363 inhibitors separately 

for 24 hours and then they were analysed with flow cytometry and the changes in cell 

size were as well visualized by means of the FSCA. HeLa cells exposed to both 

inhibitors showed a reduction of cell size when compared to non-treated cells. The 

greater effect was observed in cells exposed to LY294002 followed by AZD5363 

exposure (Figure 3.3). 

 

HEK293 cells showed a slightly larger cell reduction than HeLa cells. 

 

 

 

Figure 3.3 Incubation with the PI3K and AKT inhibitors reduces HeLa cell size. HeLa 

cells were exposed to increasing concentrations of LY294002 and AZD5363 inhibitors. A) Bar 

plots of HEK293 cells exposed to increasing concentrations of AZD5363 and LY294002 and 

then analysed with flow cytometry. B) Representative histograms generated in Flow Jo of 

LY294002 and AZD5363 treatments compared to controls. Arbitrary Units (A.U.). Data shown 

are mean values ± standard deviations (N = 3 independent biological replicates). Statistical 
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significance was assessed by ANOVA with Tukey’s test, Asterisks represent the p-value: * p 

< 0.05, ** p < 0.01, *** p < 0.001,  ****p <  0.0001. 

 

These results show that chemically blocking the activity of both P3IK and AKT caused 

cell size reduction in both HEK293 and HeLa cells. This reduction could be due to 

different reasons, including changes in the cell cycle distribution of the cell population. 

Unfortunately, when the last measurements were taken, the cells were not stained for 

a cell cycle analysis and the AKT inhibitor was not available anymore; for this reason, 

we focused the next assays on the LY294002 inhibitor. 

 

3.2.2 Inhibition of PI3K by LY294002 changes the cell 

cycle distribution and cell size independently of 

mammalian cell lines.  

 
In order to understand the mechanisms underlying the effects of LY294002 on cell 

size, both HeLa and HEK293 cells were incubated with 30 μΜ of the PI3K inhibitor for 

24 hours at 37 C, then stained with 10 μΜ of the DNA stain Hoechst 33342 for 10 

minutes and washed with PBS and resuspended to be analysed by flow cytometer, 

using the FSCA as a cell size indicator and the UV355 channel to detect the Cell Cycle 

distribution.  

 

Both HEK293 (Figure 3.4 A) and HeLa (Figure 3.4 B) cells exposed to 30 μΜ were 

smaller than non-treated cells as expected. 
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Figure 3.4 Mammalian cell size is reduced by high concentration of LY294002. A) Bar 

plots of HEK293 cells were exposed to 30 μΜ of LY294002 and then analysed with flow 

cytometry, representative histograms of cytometry size data. B) Bar plots representing size 

changes in HeLa cells after exposure to LY294002, representative histograms of the effects 

on cell size analysed by flow cytometry. Arbitrary Units (A.U.). Data shown are mean 

values ± standard deviations (N = 3 independent biological replicates). Statistical significance 

was assessed by ANOVA with Tukey’s test, Asterisks represent the p-value: * p < 0.05, ** p < 

0.01, *** p < 0.001,  ****p <  0.0001. 

 

As the PI3K/AKT/mTOR pathway is intimately related to cell cycle, it was important to 

analyse the effects of this inhibitor on the distribution of the cells in their cell cycle 

stages. 

 

The PI3K inhibitor LY294002 showed a significative increase in the proportion of cells 

in G1; in asynchronous non-treated and control HEK293 around 48% of the population 

is in G1, whereas this population increases 55% and we can see a reduction of around 

5% of the population of cells in S phase after treatment, compared to the controls 

(Figure 3.5 A). HeLa cells seemed the most susceptible to the effects of LY294002 on 

cell cycle changes. On asynchronous non-treated and control cells, the population of 

these in G1 is around 45% whereas in the treated cells it rises to an average of 66%, 

with a reduction of cells in S phase from 31% in control cells to 15% for LY294002-

treated cells and another 5% reduction in G2 phase cells (Figure 3.5 B). 
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Figure 3.5 The Cell Cycle distribution of Mammalian cells change with exposure to 

LY294002. Cell cycle distribution of A) HEK293 or B) HeLa cells exposed to 30 μΜ LY294002 

for 24 hours. Blue colour represents G1 phase, Red represents S phase and Green represents 

G2/M phase. Cell cycle distribution was obtained by Watson Pragmatic cell cycle analysis in 

Flow Jo.  

 

 

As mentioned before, exposure of asynchronous HEK293 cells to LY294002 

increased the population of G1 cells. To verify that this wasn’t the reason why treated 

cells were smaller, by using Hoechst 33342 we were able to measure the G1 and G2 

cell population’s size by FSCA. We observed that G1 treated cells were overall smaller 

than non-treated (Figure 3.6 A), the same applied to G2 cells (3.6 B). 
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Figure 3.6 LY294002 treated cells are overall smaller. A) HEK293 G1 cells exposed to 30 

μΜ of LY294002 are smaller than controls. B) HEK293 G2 cells from an asynchronous 

population exposed to 30μΜ of LY294002 are smaller compared to controls. Arbitrary Units 

(A.U.). Data shown are mean values ± standard deviations (N = 3 independent biological 

replicates). Statistical significance was assessed by ANOVA with Tukey’s test, Asterisks 

represent the p-value: * p < 0.05, ** p < 0.01, *** p < 0.001,  ****p <  0.0001. 

 

 

HeLa cells also showed a shift in their cell cycle distribution, with G1 having more cells. 

They were also analysed using flow cytometry to determine the G1 and G2 cell size 

by FSCA. We observed that G1 treated cells were overall smaller than non-treated 

(Figure 3.7 A), the same applied to G2 cells (3.7 B). 
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Figure 3.7 HeLa cells exposed to 30 μΜ LY294002 treated cells are overall smaller. A) 

HeLa G1 cells exposed to 30 μΜ of LY294002 are smaller than controls. B) HeLa G2 cells 

from an asynchronous population exposed to 30 μΜ of LY294002 are smaller compared to 

controls. Arbitrary Units (A.U.). Data shown are mean values ± standard deviations (N = 3 

independent biological replicates). Statistical significance was assessed by ANOVA with 

Tukey’s test, Asterisks represent the p-value: * p < 0.05, ** p < 0.01, *** p < 0.001,  ****p <  

0.0001. 

 

 
This shows that inhibiting PI3K has strong effects on the mechanisms controlling the 

cell size by altering the cell cycle distribution of these cells and shrinking all the cells, 

no matter in which stage of the cell cycle they were.  

 

3.2.3 The Macrolide Rapamycin affects mammalian 

cell lines’ size 

 

We can see that manipulation of the PI3K/AKT/mTOR pathway results in changes in 

the cell size and the cell cycle. In order to understand the mechanisms underlying this 
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and the control of cell size variability, it was decided to interfere with the central node 

of the size-regulating pathway, mTOR.  

 

To be more precise with the effects of the chemical inhibition of mTOR on cell size, 

the cells’ diameters (μm) and volumes (pL) were assessed by using the Moxi Z 

automated cell counter.  

 

HEK293 cells were exposed to increasing concentrations of a 100 nM, 500 nM and 1 

μΜ of Rapamycin for 24 hours and then analysed through the Moxi Z cell counter, 

where it was observed that the diameter of the cells exposed to Rapamycin was 

reduced by 10% compared with non-treated or control cells (Figure 3.8A), whilst the 

volume reduced approximately 28% on treated cells (Figure 3.8B). 

 

 
Figure 3.8 Rapamycin reduces the volume and diameter of HEK293 cells. HEK293 cells 

exposed to varying concentrations of Rapamycin were measured by Moxi Z. A) Cell diameter 

shows smaller cells when exposed to Rapamycin not necessarily in a concentration manner. 

B) Cell volume of cells exposed to Rapamycin is reduced. Statistical significance was 

assessed by ANOVA with Tukey’s test, ns = non-significant, * p < 0.05, ** p < 0.01, *** p < 

0.001,  ****p <  0.0001. Data shown are mean values ± standard deviations (N = 3 independent 

biological replicates). Box and whiskers plots calculated in GraphPad Prim, selecting the Min 

to Max option, the line in the middle of the box is the median.  

 

HeLa cells were also exposed to increasing concentrations of Rapamycin for 24 hours 

and analysed in the Moxi Z coulter counter. After exposure to Rapamycin the diameter 
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reduced approximately 7% comparing to the non-treated and control cells (Figure 

3.9A). The volume on the other hand showed a reduction of around 21% on 

Rapamycin-treated cells compared to non-treated cells (Figure 3.9B).  

 
 
 

 
Figure 3.9 Rapamycin reduces the diameter and volume of HeLa cells. HeLa cells 

exposed to increasing concentrations of Rapamycin were measured by Moxi Z. A) Diameter 

is reduced when cells are exposed to Rapamycin in a concentration dependent manner. B) 

Volume of cells exposed to Rapamycin is reduced not in a concentration dependent manner. 

Statistical significance was assessed by ANOVA with Tukey’s test, ns = non-significant, * p < 

0.05, ** p < 0.01, *** p < 0.001,  ****p <  0.0001. Data shown are mean values ± standard 

deviations (N = 3 independent biological replicates).  Box and whiskers plots calculated in 

GraphPad Prim, selecting the Min to Max option, the line in the middle of the box is the median. 

 

The cells were taken to the flow cytometer to analyse their size and cell cycle 

distribution by means of the forward scatter area and UV channel respectively, to 

compare size changes with those obtained by Moxi Z and see if there was a positive 

correlation. At the same time, this would allow us to gate specific cell cycle stages and 

obtain the size changes in those cells.  

 

Although both cell types showed an overall reduction of cell size, HEK293 cells were 

slightly more affected (Figure 3.10A) than HeLa cells (Figure 3.10B) when compared 

to non-treated cells.  
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Figure 3.10 Rapamycin reduces the size of mammalian cells measured by flow 

cytometry. Two mammalian cell lines were exposed to increasing concentrations (100 nM, 

500 nM and 1 μΜ) of Rapamycin and then analysed with flow cytometry. A)  Bar plots and 

representative histograms displaying size changes in HEK293 cells after exposure to 

Rapamycin. B) Bar plots and representative histograms indicating size changes in HeLa cells 

after Rapamycin incubation. Arbitrary Units (A.U.). Data shown are mean values ± standard 

deviations (N = 3 independent biological replicates). Statistical significance was assessed by 

ANOVA with Tukey’s test, Asterisks represent the p-value: * p < 0.05, ** p < 0.01, *** p < 

0.001,  ****p <  0.0001. 
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To assure that FSCA is indeed a proxy for cell size, a correlation between both cell 

lines’ diameters and FSCA values were plotted, where, indeed, the forward scatter 

channel has a positive correlation with the measurements of diameter by the Moxi Z 

counter (Figure 3.11 A&B). 

 

 

Figure 3.11 Cell Size measurements by flow cytometry correlate with diameter 

measurements taken by Moxi Z. Correlation between Diameter and FSCA. A) HeLa cells 

show a correlation between both values, with r = 0.9487. B) HEK293 cells show a correlation 

between both values with r = 0.9245. 

 

3.2.4 Rapamycin affects the cell cycle distribution 

 

Since cell cycle is intimately related to mTOR, it was of importance to analyse the 

impact of Rapamycin treatment on both HEK293 and HeLa cells.  

 

HEK293 cells exposed to Rapamycin showed a slight accumulation of cells in G1, 

from an average of 47% in non-treated and control cells, to 55% in Rapamycin-treated 

cells. The cells accumulated in G1 probably are derived from the 5% reduction of the 

population of cells in S phase in non-treated cells compared to Rapamycin-treated 

cells (Figure 3.12A). HeLa cells showed an increment as well in the population of cells 

in G1, changing from a 44% of the non-treated and control cells in G1, to 52% of cells 

exposed to Rapamycin. In contrast to HEK293 cells, the shift in cell cycle distribution 

seemed to come from G2 cells, where in non-treated cells the population is 25% 
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whereas in Rapamycin treated cells the population of cells in G2 phase is only 15% 

(Figure 3.12B). 

 

 
Figure 3.12 Cell Cycle Distribution changes in Cells treated with Rapamycin. Cell cycle 

distribution of A) HEK293 or B) HeLa cells exposed to 1 μΜ Rapamycin for 24 hours. Blue 

colour represents G1 phase, Red represents S phase and Green represents G2/M phase. Cell 

cycle distribution was obtained by Watson Pragmatic cell cycle analysis in Flow Jo. Data 

shown are mean values ± standard deviations (N = 3 independent biological replicates). 

 
 

3.2.5 Rapamycin reduces the size of the cells 

independently of the cell cycle distribution.  

 

To further understand the effects of Rapamycin on HEK293 and HeLa cells upon cell 

size, it was necessary to corroborate if Rapamycin’s size reduction was because of 

the increment of the number of cells in G1 or if it was indeed an effect upon the cells 
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in all stages of the cell cycle. Both cell types were stained with the DNA stain 

Hoechst 33342 and then the cells belonging to G1 and G2 phases were gated, and 

their size was extracted.  

 

As expected HEK293 cells in both G1 and G2 affected by Rapamycin were smaller 

than non-treated a cell (Figure 3.13).  

 

 
Figure 3.13 Rapamycin treated HEK293 cells are overall smaller. HEK293 cells treated 

for 24 hours with 1 μΜ Rapamycin were analysed by flow cytometry using the UV355 channel 

to gate them by their cell cycle distribution. A) Bar plot and representative histogram from 

FSCA channel data of G1 Size HeLa cells from both control and Rapamycin treated groups, 

Rapamycin G2 cells are smaller than controls.   B) Bar plot and representative histogram from 

FSCA channel data of G2 HeLa cells gated from both control and Rapamycin treated samples. 

Arbitrary Units (A.U.). Data shown are mean values ± standard deviations (N = 3 independent 

biological replicates). Statistical significance was assessed by ANOVA with Tukey’s test, 

Asterisks represent the p-value: * p < 0.05, ** p < 0.01, *** p < 0.001, ****p <  0.0001. 
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The G1 and G2 populations from HeLa cells exposed to Rapamycin were also 

smaller when compared to the non-treated cells (Figure 3.14).  

 

 

 
Figure 3.14 Asynchronous HeLa cells exposed to 1 μΜ of Rapamycin cells are overall 

smaller. HeLa cells treated for 24 hours with 1 μΜ Rapamycin were analysed by flow 

cytometry using the UV355 channel to gate them by their cell cycle distribution. A) Bar plot 

and representative histogram from FSCA channel data of G1 HeLa cells from both control and 

Rapamycin treated groups, Rapamycin G2 cells are smaller than controls. B) Bar plot and 

representative histogram from FSCA channel data of G2 HeLa cells gated from both control 

and Rapamycin treated samples Arbitrary Units (A.U.). Data shown are mean 

values ± standard deviations (N = 3 independent biological replicates). Statistical significance 

was assessed by ANOVA with Tukey’s test, Asterisks represent the p-value: * p < 0.05, ** p < 

0.01, *** p < 0.001,  ****p <  0.0001. 
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3.2.6 siRNA knockdown of mTOR’s effector 

 

Given the fact that chemically inhibiting the upstream regulators of the 

PI3K/AKT/mTOR pathway produced smaller cells, it was considered to interfere with 

AKT and a downstream effector of the pathway, the mTOR effector S6K, by using 

siRNA technology. Since HEK293 are known to be easier to transfect, these cells were 

selected for the procedure. HEK293 cells were transfected with anti S6K and anti AKT 

siRNA independently to explore their effects on cell size. Both siRNAs reduced the 

cell size with anti-S6K having a slightly stronger effect than anti AKT (Figure 3.15). 

 

 

Figure 3.15 HEK293 cells size is reduced when transfected with siRNAs aimed at 

PI3K/AKT/mTOR Pathway. Boxplot representing the results from HEK293 cells transfected 

with siRNAs against S6K protein, AKT and Negative control (C-). Arbitrary Units (A.U.). C- is 

a negative control consisting of a siRNA that does not lead to the specific degradation of any 

cellular message.  Statistical significance was assessed by ANOVA with Tukey’s test, * p < 

0.05, ** p < 0.01, *** p < 0.001,  ****p <  0.0001. Data shown are mean values ± standard 
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deviations (N = 3 independent biological replicates). Box and whiskers plots calculated in 

GraphPad Prim, selecting the Min to Max option, the line in the middle of the box is the median. 

 

Blocking effectors of the mTOR pathway using siRNAs further confirms what has been 

observed before with chemical inhibitors; interruption of the PI3K/AKT/mTOR pathway 

will result in cell size reduction.  

 

 
 
 

3.2.7 RNAseq analysis of HeLa cells exposed to 

Rapamycin.  

 

In order to further understand the possible mechanisms and gene regulation involved 

in Rapamycin’s effect upon cell size, we analysed data from mRNA profiles of HeLa 

cells treated with DMSO and Rapamycin generated by RNA sequencing using Illumina 

technology. A general RNAseq pipeline was followed using a dataset from Gene 

Expression Omnibus: GSE130006 (Liao et al., 2019).    

 

 

3.2.7.1 Quality Analysis of the Data  

 

Scatterplots of counts from the different samples’ replicates were plotted as a quality 

control. We observed that replicates closely correlate with each other (Figure 3.16A). 

A Principal Component Analysis (PCA) plot was generated primarily for quality control 

purposes. We can observe replicates clustering closer and variability between the 

different conditions (Figure 3.16B).  
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Figure 3.16 Quality check plots generated from the GSE130006 dataset. A) replicates 

seem to correlate relatively well between each other. B) PCA of the dataset  

 

Clustering and visualization can be useful in data quality assessment and quality 

control, for this reason a heatmap of all the differentially expressed genes (those that 

meet a p(adjusted) value of < 0.05) is shown (Figure 3.17). The heatmap displays 

changes in gene expression between samples, with each row representing a gene 

and each column a sample. Red colour represents upregulated genes, blue 

represents downregulated genes and yellow represents unchanged expression.   
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Figure 3.17 Heatmap of the differentially expressed genes of HeLa cells exposed to 

Rapamycin. Heatmap differentially expressed genes among the 4 samples of the analysis. 

The data is from regularized log (rlog) transformation. Red = upregulated, Blue = 

downregulated and Yellow = no change.  

 

3.2.7.2 Extraction of Differentially Expressed Genes  

Differentially expressed genes between the different conditions were visualised in a 

volcano plot with a log2Fold cut-off of 1 and a p-value (padj) <0.05 as a threshold, 

showing differentially expressed genes. It is noticeable that there do not seem to be 

many differentially expressed genes (Figure 3.18). 
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Figure 3.18 Volcano plot showing differentially expressed genes in the Rapamycin 

dataset. Volcano plot generated using the Enhanced Volcano package in R, showing the 

highly significant data points with the lowest P-values in blue, large magnitude fold-changes 

in green and those genes with both characteristics in red.  

 

Scatter (XY) plots of condition comparisons were also generated (Figure 3.19), this 

figure shows the differentially expressed genes between control (DMSO) samples and 

treated (Rapamycin) samples coloured in red. 462 genes were found to be 

differentially expressed. The top 20 downregulated DE genes are presented (Table 

3.1) as well as the Top 20 upregulated DE genes (Table 3.2). 
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Figure 3.19 XY Scatter plot of HeLa cell RNAseq data. Scatter plot of treated (Rapamycin) 

vs control (DMSO) differentially expressed genes (shown in red).  

 

 
Table 3.1 Top 20 Downregulated Differentially Expressed Genes in Rapamycin-treated 

HeLa cells. The 20 most downegulated differentially expressed genes from HeLa cells 

exposed to Rapamycin compared to control cells are shown in the table, arranged by their 

lower p-adjusted value.  

genes log2FoldChange padj 

HSPA8 -0.67195898 9.08E-33 

DDX21 -0.59669261 5.20E-13 

NCL -0.425664311 9.82E-13 

HSPD1 -0.429362277 2.28E-12 

HSP90AA1 -0.354399428 2.36E-12 

CCT5 -0.426234281 2.64E-12 

HSP90AB1 -0.328487704 4.32E-10 

KPNB1 -0.398781476 7.15E-10 

DNAJA1 -0.51659948 3.39E-09 

HSPH1 -0.539254246 6.08E-09 

CCT2 -0.440085104 1.37E-08 

CCT6A -0.373786519 1.80E-08 

NOLC1 -0.469078591 2.04E-08 

NOP2 -0.540085589 7.09E-08 

STIP1 -0.403549909 3.31E-07 

TARS -0.344621375 4.54E-07 

BRIX1 -0.473113052 1.43E-06 

CHORDC1 -0.563693916 1.84E-06 

DKC1 -0.485526049 2.31E-06 

EIF4A1 -0.277626781 2.63E-06 
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Table 3.2 Top 20 Upregulated Differentially Expressed Genes in Rapamycin-treated 

HeLa cells. The 20 most expressed differentially expressed genes from HeLa cells exposed 

to Rapamycin compared to control cells are shown in the table, arranged by their lower p-

adjusted value.   

genes log2FoldChange padj 

EEF1A1 0.382825933 9.37E-17 

ULK1 0.687905563 7.45E-13 

EEF2 0.415461857 9.82E-13 

RPL13A 0.415309173 7.92E-12 

PLEC 0.410052938 9.88E-11 

MT2A 0.742376368 1.27E-10 

WISP2 0.481796447 1.34E-08 

CTSD 0.457926327 3.67E-08 

RPL3 0.354397421 3.67E-08 

TM4SF1 0.307297943 3.67E-08 

TXNIP 0.540718024 1.21E-07 

HBP1 0.600089213 3.31E-07 

H1FX 0.492873041 4.54E-07 

UBALD2 1.066172352 9.85E-07 

NDRG1 0.434185565 1.22E-06 

ABTB1 0.90853739 2.62E-06 

GABARAPL1 0.418535015 3.57E-06 

NBR1 0.475299831 4.70E-06 

ALDH3B1 0.583076323 9.36E-06 

PBXIP1 0.638203864 1.02E-05 
 

 

3.2.7.3 GO Analysis 

 

GO analysis was performed using the topGo package on a dataset of genes that were 

found to be differentially expressed between conditions, comprising of both 

upregulated and downregulated genes to determine which GO terms arranged by 

biological process are associated with the effects of the Rapamycin treatment on HeLa 

cells. The top 20 Go terms enriched by the DEG’s were plotted (Figure 3.20). 
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Figure 3.20 Top Gene Ontology terms from Rapamycin treated cells are related to 

Translation. List of Gene Ontology terms enrichment of HeLa cells exposed to Rapamycin. 

Graph produced by Top20 GO terms obtained using TopGO and then plotted with ggplot2, 

bubble size represents the genes annotated and coloration represents enrichment.  

 

 

The top 4 most enriched Gene Ontology terms enriched of HeLa cells exposed to 

Rapamycin are GO:0006413 Translational initiation, GO:0022613 Ribonucleoprotein 

complex biogenesis, GO: 0006412 translation and GO:0043043 peptide biosynthetic 

process. All of these terms are related to each other by the process of translation and 

therefore mass accumulation. This plot showing the top Gene Ontology terms based 

on differentially expressed genes allows us to visualize the possible mechanisms 

behind the observed effects after Rapamycin treatment.  

 

A similar result was observed when an enrichment analysis was performed using the 

g:Profiler server and the g:GOst tool (Reimand et al., 2016)(Figure 3.21). 
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Figure 3.21 Gene Ontology Term enrichment by g:Profiler from Rapamycin treated HeLa 

cells point to Translation. List of the most enriched Gene Ontology terms from HeLa cells 

exposed to Rapamycin. The most enriched term is GO:0006413 Translational initiation, the 

rest of the terms are related to protein synthesis. Graph produced by g:Profiler 

(https://biit.cs.ut.ee/gprofiler/gost). 

 
 

3.3 Discussion  

 
The PI3K/AKT/mTOR pathway is a highly conserved evolutionary mechanism to 

regulate multiple important cell functions, such as cell size, cell cycle and metabolism. 

We have used two different inhibitors of this regulatory pathway; LY294002 and 

AZD5363 to assess the effects of chemically impairing it. The PI3K inhibitor LY294002 

has been used in therapies for many maladies related to inflammation, such as 

Tourette syndrome, where its administration hinders the PI3K/AKT mediated 

neuroinflammation pathway (Hongyan et al., 2017). It has also been observed to 

prevent the development of myocardial injury induced in autoimmune myocarditis (Liu 

et al., 2016a). LY294002 has also been explored as a cancer treatment in combination 

with oxaliplatin where it showed promising results inhibiting proliferation of gastric 

cancer (Liu et al., 2011) and on its own was capable to inhibit proliferation of 

esophageal squamous cell carcinoma (ESCC) cells (Hou et al., 2018). 

 

The AKT protein kinase transduces signals from growth factors to downstream targets, 

phosphorylating many effectors, including MDM2 (mouse double minute 2 homolog), 

GSK3, FOXO, p27 and TSC2, leading to cell growth, survival and proliferation 

https://biit.cs.ut.ee/gprofiler/gost
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(Hennessy et al., 2005) (Yudushkin, 2019) (Noorolyai et al., 2019). This AKT activation 

increases cancer cell survival and resistance to apoptosis induced by drugs (Choi et 

al., 2014). AZD5363 is an oral small-molecule, new generation drug that potentially 

inhibits all three isoforms of the protein kinase B (AKT) proteins: AKT1, AKT2 and 

AKT3 (Davies et al., 2012) (Addie et al., 2013) (Maynard et al., 2013) (Sommer et al., 

2013) and has been tested as an anticancer drug in models for various tumours, such 

as breast cancer, prostate cancer, and leukaemia (Ribas et al., 2015) (Lamoureux et 

al., 2013) (Lamoureux and Zoubeidi, 2013) (Meja et al., 2014).  

 

We observed that both LY294002 and AZD5363 caused a general impact on cellular 

growth regulation, as cells showed a reduction of their cell size when analysed by flow 

cytometry without an apparent significance between the concentrations used.  

 

Interestingly, Choi et al observed that in AZD5363-treated cells, the levels of 

phosphorylated activated AKT (pAKT) increased. Since pAKT positively correlates 

with cancer growth and survival, the authors co-treated LY294002 with AZD5363 to 

reduce the levels of pAKT (Choi et al., 2016) and demonstrated that the effectivity of 

these drugs on the pathway were reinforced when used in combination.  

 

Our work showed that HeLa and HEK293 cells treated with 30 μΜ LY294002 not only 

had their overall size reduced, but they also accumulated in G1, something that was 

seen as well by Xing et al, where the authors noted that the proportion of G1 gastric 

cancer cells treated with LY294002 went from 48% at 0 hours of treatment to 75%  

after 24 hours (Xing et al., 2008). Given the fact that both PI3K and AKT are upstream 

regulators of mTOR, a known cell size regulator, it is no surprise that these chemicals 

were able to cause the cell shrinkage, however, it is important to notice that there is 

evidence showing that LY294002 might not be as specific as expected, as it was 

shown to inhibit not only PI3K but also mTOR and the DNA-dependent protein kinase 

(DNA-PK) (Brunn et al., 1996), as well as other protein kinases, such as CK2 (casein 

kinase 2) and Pim-1. Furthermore, other PI3K-independent effects directly attributed 

to LY294002 have been reported, for example inhibition of Ca2+ signalling, NF-kB 

(Gharbi et al., 2007). 

 



 59  
 

As LY294002 seems to have a broader effect on several proteins, it was considered 

to approach the outcome of Rapamycin treatment on both HEK293 and HeLa cell 

lines, as Rapamycin seems to only target the mTOR protein.  

 

To properly determine the efficacy of the Rapamycin treatments, western blots 

showing the expression of phospho-4EBP and phospho-S6K should be performed. 

These western blots would consist of the protein extracts from both Rapamycin treated 

and non-treated cells. The signal from p-4EBP and p-S6K would be non-present in 

Rapamycin treated samples, whereas control samples would have shown a signal. A 

similar procedure should be performed to determine the effects of the siRNA 

treatments in this case, antibodies against S6K and AKT proteins would suffice to 

show the effectiveness of the siRNA transfection.  

 

 

This time, cell size was also analysed using a Moxi Z cell counter, which can measure 

both the average diameter and volume of cells. HeLa and HEK293 cells showed a 

reduction of their diameter and volume after being exposed to 1 μΜ Rapamycin for 24 

hours, and the effect seemed slightly higher in HEK293 cells than in HeLa cells. 

Interestingly, the Human Protein Atlas shows a higher RNA expression of mTOR in 

HeLa cells, compared to HEK293 cells 

(https://www.proteinatlas.org/ENSG00000198793-MTOR/cell#rna), however, more 

experimental work would be needed to prove this. Nonetheless, the overall size of 

both cell types was also shown to be reduced by flow cytometry, a result like that of 

Fingar et al., where the authors engineered a rat.1a-derived cell line (RT16.15) to 

overexpress p16, which made the cells accumulate in G1 and keep gaining mass. 

Exposure of these cells to both Rapamycin and LY294002 showed a reduction of their 

cell size. The same applied to asynchronous U2OS that were exposed for 72 hours to 

both chemicals and showed a reduced cell size by means of flow cytometry (Fingar et 

al., 2002). Interestingly, they also observed that overexpression of both eIF4E and 

S6K1 showed a 5% size increase compared to their controls, prompting the idea that 

both mTORC1 effectors were responsible for the effects on cell size. 

 

 

 

https://www.proteinatlas.org/ENSG00000198793-MTOR/cell#rna
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mTORC1 relays nutrient, energy and growth signals to drive cell growth through 

promotion of anabolic process such as protein synthesis (Tee, 2018), regulating 

protein translation through an array of translation factors that include 4EBP1 and S6K1 

(Schalm et al., 2003). S6K has been implicated as an important regulator of cell and 

body size, for this reason we used siRNA directed to this protein in HEK293 cells which 

showed a reduction of 20% of their size. The result observed in HEK293 cells is similar 

to what has been observed in S6K1 -/- mice, which have a reduced size in all of their 

organs (Shima et al., 1998), and smaller pancreatic β cells (Pende et al., 2000, 

Ohanna et al., 2005). One of the known multiple substrates of S6K is rpS6 

phosphorylation, which has been observed to be directly involved in the control of cell 

size. Thus, a wide variety of cell types derived from rpS6p-/- mice are significantly 

smaller than their wild type counterparts. Another effector of S6K1 linked to cell size 

is SKAR, a specific binding partner of S6K1, but not S6K2, which is a nuclear protein 

with homology to the Aly/REF family of RNA binding proteins and which has been 

proposed to couple transcription with pre-mRNA splicing and mRNA export. When 

SKAR was downregulated by RNAi, cell size reduction was observed by flow 

cytometry (Richardson et al., 2004). It is expected then that interfering with upstream 

regulators of the PI3K/AKT/mTOR pathway would result in the impairment of its 

effectors and this in turn would result in loss of mass accumulation and cell size 

reduction.  

 

This aligns well with results obtained from the RNAseq analysis performed on 

Rapamycin treated HeLa cells, where the most enriched Gene Ontology terms pointed 

towards alterations in the translation initiation process, translation, and ribosome 

biogenesis. As mentioned before, an effector of mTOR is the protein 4EBP1, which 

acts as a negative regulator of cap-dependant protein translation by binding to eIF4E 

and thus preventing the translation of mRNAs involved in cell growth (Beretta et al., 

1996). mTORC1, however, phosphorylates 4EBP1, allowing the binding of the eIF4G 

to eIF4E which then permits translation initiation. As part of the eIF4F complex, eIF4A 

has RNA helicase activity that unwinds the secondary structure within the 5’-

untranslated region (5’UTR) of the mRNA to help the efficacy of ribosome scanning to 

the start codon. Via mTORC1, S6K1 further enhances the RNA helicase activity of 

eIF4A by phosphorylating eIF4B on Ser4222 (Raught et al., 2004). The length and 

degree of secondary structure within the 5’-UTR contributes to the dependency of 
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these mRNAs on mTORC1 and the availability of eIF4F (Siddiqui and Sonenberg, 

2015). Examples of mRNAs involved in cell growth that are highly dependent on eIF4F 

include the MYC proto-oncogene, bHLH transcription factor (MYC) and cyclin D1 

(CCND1) (Graff et al., 2007), genes known to mediate cell size and proliferation.  

 

We can find several eukaryotic initiation factors to be amongst the genes differentially 

expressed when HeLa cells are exposed to Rapamycin, therefore it is logical to relate 

the effects observed in cell size to the alteration of these intermediates of protein 

translation being altered through the drug treatment.  

 

In addition to controlling the activity of the translational machinery, the cells’ capacity 

to accumulate mass is also regulated by the number of ribosomes they have (Tee, 

2018). Regulation of ribosome biogenesis by mTORC1 ensures a rapid growth and it 

does so by promoting the activities of the RNA polymerases that make ribosomal RNA 

(polymerase I and III) and by stimulating the translation of mRNAs for ribosomal 

proteins (Mayer et al., 2004). These mRNAs contain a 5’-terminal oligopyrimidine tract 

(5’-TOP) (Terada et al., 1994, Jefferies et al., 1997) that impairs their translation under 

basal conditions, this impairment being overcome when the mTORC1 pathway is 

activated. 5’TOP mRNAs are sensitive to Rapamycin and are found to be dependent 

on S6K1. Over 75% of the proteins involved in ribosomal biogenesis are estimated to 

be controlled by S6K1 (Chauvin et al., 2014). In a recent study, high resolution 

ribosomal profiling identified 144 mRNAs that were sensitive to mTORC1 inhibitors. 

Only 68% of these mRNAs possessed putative 5’-TOP tracts, while 63% contained a 

newly discovered cis-regulatory pyrimidine-rich translational element (PRTE). Rather 

than being dependent on S6K1, PRTE mRNAs were found to be highly sensitive to 

4EBP1. Many of the mTORC1-sensitive target genes uncovered by Hsieh et al were 

ribosomal proteins (Hsieh et al., 2012) which highlights the critical involvement of 

mTORC1 in the generation of new ribosomes. Loss of just the 4EBP family of 

translational repressors is sufficient to render TOP and TOP-like mRNA translation 

resistant to the mTOR inhibitor Torin 1. Loss of this interaction diminishes the capacity 

of eIF4E to bind TOP and TOP-like mRNAs much more than other mRNAs, explaining 

why mTOR inhibition selectively supresses their translation (Thoreen et al., 2012). 

This would explain why ribosome biogenesis and overall translation are the Gene 

Ontology terms affected by Rapamycin treatment. Ablation of these pathways will 
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have a profound negative effect on cell size, leading to cell shrinking upon reduction 

of the mass accumulation mechanisms. 

 

In addition, Rapamycin blocks cell proliferation by preventing progression into S-phase 

(Huo et al., 2011), which would explain the accumulation of cells in G1. 

 

As it has been stated, the measurement of cell diameter and volume by Moxi Z has 

shown that cell size is diminished when these are exposed to the mTOR pathway 

inhibitors. However as mentioned before, Rapamycin is known to prevent progression 

into S-phase, ultimately accumulating cells in G1. To make sure that the size changes 

that we were observing weren’t because of this G1 “arrest”, we analysed the cell cycle 

distribution of the cell by flow cytometry, then by gating the G1 and G2 population of 

the inhibitor-exposed cells and control cells, comparing the sizes of both populations.  

We saw that Rapamycin exposed G1 and G2 cells were overall smaller than untreated 

control cells, showing that even if there were accumulations in the G1 population of 

cells (which are smaller than G2 cells) these G1 cells exposed to the inhibitor were 

smaller than non-exposed G1 cells, thereby demonstrating that by blocking the mTOR 

pathway, cells were getting smaller in a mass-related way and not only by changes in 

the cell cycle.  

 

At the end we have demonstrated the influence of the PI3K/AKT/mTOR in the 

regulation of cell size, by ablating multiple important nodes that regulate the cell’s 

growth. Furthermore, we analysed gene expression in HeLa cells exposed to 

Rapamycin, which demonstrated how translation and ribosomal biogenesis was 

affected by blocking mTOR and subsequentially reducing mass accumulation. This 

ultimately shows how important the mTOR pathway is in the regulation of the 

mammalian cell growth by regulating ribosome biogenesis, translational components 

and multiple metabolic processes. This explains why this pathway is so often observed 

to be dysregulated in multiple diseases, whether it is up or downregulated.  

 

We have observed that disrupting the PI3K/AKT/mTOR pathway produces smaller 

cells. In order to understand how to control cell size, it was decided to manipulate a 

different regulator of cell size, the Myc transcription factor.  
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Chapter 4: Overexpression of Myc 

and its effects on cellular size  

 

4.1 Introduction  

 
Another major regulator of biogenic pathways is the transcription factor Myc, which 

has been associated with increased cell growth and metabolic reprogramming 

required for the latter.  

 

During 1960-1970, four avian retroviruses capable of causing tumours in chicken were 

isolated. When analysed, they possessed a common genetic element that, when 

deleted, the transformation capabilities of the virus were crippled. This oncogene was 

named v-Myc, for myelocytomatosis, and was shown to have a cellular homolog in 

uninfected vertebrae cells denoted c-Myc (cellular Myc) (Conacci-Sorrell et al., 2014). 

The c-Myc gene is the prototype for a family of proteins that are conserved in 

metazoans (Hartl et al., 2010) and in similar form and function in premetazoan 

organisms (Young et al., 2011). In mammalian cells, Myc proteins come from three 

different gene family members- c-Myc, N-myc and L-myc- which function similarly but 

have different patterns of expression, especially in different types of cancer; c-Myc is 

expressed broadly in blood-borne and solid tumours, N-myc is frequently 

overexpressed in solid cancers of neural origin, such as neuroblastoma and glioma, 

and L-myc is found in small cell lung carcinoma (Nesbit et al., 1998). 

 

Myc contains several highly conserved regions amongst its three paralogs: An N-

terminal transactivation domain (TAD), a C-terminal region of 100 amino acid carboxy-

terminal region comprising the basic-helix-loop-helix leucine zipper (bHLHZ) domain, 

and a DNA-binding domain(Carabet et al., 2018). 

 



 64  
 

 

Members of this bHLHZ domain form homo- and heterodimers with themselves and 

with other members of the family. Myc usually binds to Max through the bHLHZ motif 

which is required for DNA-protein interactions (Adhikary and Eilers, 2005). The 

Myc/Max heterodimer recruits a chromatin modifying complex (TRRAP, CGN5, TIP60 

and TIP48) and activates transcription by binding to the conserved E-box DNA 

sequence (CACGTG) located in the transcriptional regulatory region of target genes 

(Figure 4.1) (Pelengaris et al., 2002). When the Myc/Max heterodimer binds to a 

proximal gene promoter sequence, it releases transcriptionally paused RNA 

polymerases and catalyses transcriptional elongation (Rahl et al., 2010). 

 

 

Figure 4.1 Myc releases RNA Pol II from Pausing.  Myc associates with its partner Max, 

binds to E-boxes and forms a heterodimer which then recruits the chromatin modifying 

complex, subsequently releasing the  RNA Pol II from pausing. 

 
 
 

Myc is estimated to be involved in 20% of all human cancers as well as to influence 

up to 15% of all genes. Myc target genes are involved in different intermediary steps 

of metabolism from glycolysis and glutaminolysis to nucleotide and lipid synthesis. 

(Dang et al., 2006). One of its functions is its ability to promote cell proliferation and 

inhibit cell differentiation (Gandarillas and Watt, 1997). In order to promote entrance 

to S-phase of the cell cycle, Myc can regulate the expression of cyclins D1 and D2, 

CDK4 and cyclin B1 (Fernandez et al., 2003, Li et al., 2003). This increased 

proliferation would require an increment in protein synthesis, which has been observed 

in c-Myc overexpressing cells when compared to knockout cells (Mateyak et al., 1997). 
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Smaller keratinocytes can be observed in mice in which Myc has been knocked out in 

the epidermis (Zanet et al., 2005). In addition, in Myc -/- mice, there are significantly 

lower number of granulocytes, B and T lymphocytes, but an increased number of 

megakaryocytic progenitors in bone and spleens. However, the latter cells seem to be 

smaller in size and lower in ploidy than normal control mice (Guo et al., 2009). 

 

Myc is normally not expressed in the adult heart, however its expression is rapidly 

upregulated in response to hypertrophic stimuli. Artificial overexpression of Myc in 

myocytes produced changes in size, protein synthesis and cell cycle re-entry (Xiao et 

al., 2001). Amongst the overexpressed genes associated to c-Myc expression are 

several ribosomal RNAs and ribosome biogenesis proteins (Schlosser et al., 2003).  

 

 

4.1.1 Myc as a Transcription Amplifier 

In normal cells, Myc proteins appear to integrate environmental signals in order to 

modulate many processes, including proliferation, growth, apoptosis, metabolism, and 

differentiation. Myc proteins are nuclear proteins and, as such, may have several 

functions; however, there is consensus in the field that one major activity is to regulate 

transcription (Wolf et al., 2015). In the last decade, growing interest in dissecting the 

mechanism by which Myc is able to transform cells and direct gene expression in their 

healthy counterparts has led groups to propose a new hypothesis that involves a 

general amplification of transcription by supraphysiological levels of Myc expression. 

In 2003, Li et al. showed that DNA binding of Myc correlated with transcription activity 

throughout the genome, and this led them to propose a system in which Myc plays a 

general role in the regulation of global gene expression in Burkitt lymphoma cells (Li 

et al., 2003).  Almost ten years later, Lin et al. used the human P493-6 Burkitt’s 

lymphoma cell line to investigate the effects of increased levels of Myc on its genome 

wide occupancy and on gene expression. The results showed that Myc generally 

occupies the core promoter of actively transcribed genes, as evidenced by 

co/occupancy with RNA Pol II, as similarly observed by Li et al. Not only promoters, 

but enhancers associated with active genes become occupied by Myc in cells with 

elevated levels of the factor, and a 1.5 fold increase in total RNA levels was observed 

(Lin et al., 2012). In that same year, Nie et al. observed that, after B cell activation with 

LPS, a Myc early response expression caused a redistribution of RNA pol II from 
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promoters into gene bodies, suggesting that Myc is a universal amplifier of 

transcription that releases RNA pol II from pausing, with around 40 – 50% of the Myc 

B cell target genes overlapping with those from Lin et al., 2013. They proposed that a 

sustained Myc overexpression in cancer would leave cells in a state of chronic 

overdrive through all cellular networks (Nie et al., 2012). These experiments have 

resulted in the proposal of a system in which, at physiological levels, Myc binds mainly 

to active promoters pre-marked by H3K4me3 and RNA pol II, and, when 

overexpressed, the level of Myc that is bound to promoters increases, with more 

promoters being occupied and Myc starting to bind to larger numbers of distal sites. 

At highest levels, Myc can be crosslinked at almost all active promoters and enhancers 

in the genome in a phenomenon deemed “Invasion” (Figure 4.2). During invasion, 

binding is less selective and includes E-box variants that have lower affinity for Myc-

Max and, in extreme cases, other sequences, suggesting the union can be less 

specific.  

 

 

Figure 4.2 Representation of increased binding frequencies with increasing Myc 

concentrations. Examples of Myc ChIP-seq tracks for a high-affinity Myc binding site 

(nucleolin (Ncl)) and a low-affinity Myc binding site (paired box 5 (Pax5)) are show. Image 

obtained  from (Sabo et al 2014). 

 

The structures of DNA-bound Myc-Max show that basic residues mediate contacts not 

only with specific DNA bases but also with its backbone, allowing for significant non-
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sequence specific binding. Mechanism-wise, initial interactions with open chromatin 

domains (both promoters or enhancers) are facilitated by interactions with chromatin-

associated proteins by sequence-independent engagement of the Myc-Max dimer on 

the double helix and local scanning of the DNA sequence, leading to stabilization on 

medium-to-high affinity binding sites (E-boxes or variants). Myc overexpression 

increases binding probability, leading to enhanced crosslinking at all open regulatory 

elements (invasion), yet preserves the relative binding hierarchy between high and 

low affinity sites (Figure 4.3)  (Kress et al., 2015, Wolf et al., 2015).  

 

 

Figure 4.3 Schematic model for the stepwise recruitment of Myc-Max on chromatin. A) 

E-boxes in a closed chromatin context are inaccessible to Myc/Max B) Protein-protein 

interaction, C) non-sequence specific protein-DNA interactions, allowing D) a local scanning 

of the DNA sequence and stabilization on consensus binding motifs if present. Image taken 

from (Kress et al., 2015) 

 

Sabò et al observed promoter invasion by Myc in a mouse model that progressively 

develops B cell lymphoma. They proposed that whether associated with RNA 

amplification, Myc drove the differential expression of distinct subsets of target genes. 
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Hence, although having the potential to interact with all active regulatory elements in 

the genome, Myc does not directly act as a global transcriptional amplifier. Instead, 

Myc activates and represses transcription of discrete gene sets, leading to changes in 

cellular state that can in turn feedback on global RNA production and turnover (Sabo 

et al., 2014). RNA amplification is most consistently interpretable as a late, indirect 

consequence of Myc activation, mediated by a selective, yet complex set of target 

genes (Tesi et al., 2019).  

 

Whether Myc acts as a universal transcriptional amplifier or not, the evidence does 

point at a general increase in RNA production in the cells in which Myc has been 

upregulated, which consequently leads to changes in metabolism, cell growth and cell 

cycle, ultimately leading to a deviation from homeostasis. 

 

4.1.2. The MycER system  

 

Inducible systems which fused hormone-binding domain (HBD) of steroid receptors to 

intracellular proteins have been used before to control the activity of different proteins 

(Figure 4.4). In the absence of hormone, the HBD maintains the heterologous proteins 

in an inactive state due to HBD-fusion proteins bound to polypeptides, including 

Hsp90. Once treating the cells with a ligand, this repression is reversed (Figure 4.5) 

(Picard, 1993). The HBD of the human oestrogen receptor (ER) has been widely used 

because of the lower price of its ligand and the fact that many cells naturally lack this 

receptor. However, this HBD has significant practical drawbacks as a switch; most in 

vitro experimental systems use media containing phenol red, a weak agonist of ER, 

and serum which usually contains oestrogen (Danielian et al., 1993). To overcome 

these problems, Littlewood et al used the mutant murine oestrogen receptor G525R. 

This mutant no longer binds E2, but remains responsive to activation by the synthetic 

steroid 4-hydroxytamoxifen (4-OHT). Littlewood et al., fused the human c-Myc protein 

to the mutant HBD of the murine ER which showed a 1000-fold lower affinity to 

oestrogen than the wild type, whilst maintaining its affinity to 4-OHT (Littlewood et al., 

1995). 
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Figure 4.4 Chimeric MycER architecture. The mutant hormone domain of the murine 

oestrogen receptor (amino acids 281-599 containing a single amino acid change from glycine 

to arginine at position 525) was fused at the C-terminus of the human c-Myc protein (amino 

acids 1-435) to form c-MycER. This fusion replaces the C-terminal four amino acids of c-Myc 

immediately adjacent to the bHLHZ with two amino acids (DP) generated by the insertion of a 

BamHI site to facilitate fusion with ER. Image taken from (Littlewood et al., 1995). 

 

The MycER system has proven useful to study different c-Myc gene targets (Eilers et 

al., 1989). It has been used to show that Myc requires a specific threshold to induce 

proliferation (Murphy et al., 2008). Gandarillas et al. demonstrated that, in human 

keratinocytes, c-Myc did not stimulate apoptosis or proliferation but differentiation of 

the cells by using MycER (Gandarillas and Watt, 1997). By overexpressing MycER in 

Rat1 cells for prolonged periods, it was shown that c-Myc caused irreversible 

chromosomal aberrations in these cells (Fukasawa et al., 1997). The MycER system 

has also been used on U2SO cells to show that Myc disrupts the circadian clock and 

metabolism in cancer cells (Stine et al., 2015) as well as to prove that the cohesion 

complex is dispensable for Myc-dependent transcription but essential to prevent Myc-

induced replicative stress (Rohban et al., 2017). 

 

The MycER system used here was expressed in U2OS cells (kindly donated by Dr. 

Stefano Campaner from the Instituto Italiano di Tecnologia). These cells were 

produced by transducing U2OS cells with a pBabe-puro retrovirus encoding a 

puromycin resistant gene for selection and the MycER chimeric construct expressed 

under the control of the retroviral 5’ LTR (Rohban et al., 2017, Gandarillas and Watt, 

1997, Littlewood et al., 1995). 
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Figure 4.5 MycER Mechanism. A) MycER is a hormone binding domain fused to c-Myc,  B) 

it is synthesized in cells but remains inactive, bound to hsp90, C) unless 4-hydroxytamoxifen 

is given to cells, which activates the transcription factor.  

 

4.1.4. Using SUnSET to analyse translation  

 

Traditionally, translation has been analysed utilising radioactively labelled amino acids 

which requires specialized laboratory protocols and procedures to deal with 

radioactive samples. In 2009 Schmidt et al designed a technique to monitor and 

quantify global protein synthesis, utilizing puromycin in a technique known as Surface 

Sensing of Translation (SUnSET). Puromycin is a structural analogue of aminoacyl-

transfer RNA (aminoacyl-tRNA; specifically, tyrosyl-tRNA) and, as such, it can be 

incorporated into elongating peptides chains via the formation of a peptide bond. 

However, whereas aminoacyl-tRNAs contain a hydrolysable ester bond between their 

tRNA ribose moiety and the attached amino acid molecule, puromycin has a non-

hydrolysable amide bond in the equivalent position. Thus, the binding of puromycin to 

a growing peptide chain prevents a new peptide bond from being formed with the next 

aminoacyl-tRNA. Therefore, puromycin binding results in the termination of peptide 

elongation, and leads to the release of the truncated puromycin bound peptide from 

the ribosome. When used in minimal amounts, puromycin incorporation in newly 
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synthesized protein directly reflects the rate of mRNA translation in vitro (Figure 4.6). 

Schmidt et al used monoclonal 12D10 antibodies that detect puromycin to directly 

monitor translation; using standard immunochemical methods and flow cytometry, 

they compared puromycin detection to classical radioactive methionine and cysteine 

labelling which showed comparable results(Schmidt et al., 2009). SUnSET has been 

used to measure  in vivo relative rates of protein synthesis in skeletal muscle and other 

tissues (Goodman and Hornberger, 2013). Using an ex vivo approach, Deliu et al 

labelled newly synthesized peptides in Drosophila larvae with puromycin and used 

SUnSET to detect changes in protein synthesis induced by the TORC1 pathway and 

the transcription factor dMyc (Deliu et al., 2017). Applying the SUnSET assay, Ravi et 

al measured the cardiac protein synthesis in mice of different ages and successfully 

tracked the increase of synthesis during the different stages of a model for pathological 

hypertrophy (Ravi et al., 2018). SUnSET was also used to determine the presence of 

fully functional ribosomes and their general location in the presynaptic compartment 

of mice (Scarnati et al., 2018). 

 

 

Figure 4.6 SUnSET Mechanism. A) Puromycin’s structure is like that of tyrosyl-tRNA B) 

Incorporation of puromycin into the nascent peptide. Image taken from (Goodman and 

Hornberger, 2013) 
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SUnSET has not only been used in animal cells. In order to understand if proteasome 

inhibition in plants supresses protein synthesis, Hoewyk treated Arabidopsis plants 

with cycloheximide and measured the levels of newly synthesized proteins in root and 

shoot tissue (Van Hoewyk, 2016). 

 

4.2 Results 

 

4.2.1 C-Myc Plasmid reduced cell size  

 

To further dissect the pathways involved in cell size regulation it was decided to 

increase the expression of the Myc protein. The first attempt to overexpress Myc was 

through transfecting the PCDNA3-MYC-GFP into HeLa cells. 

 

24 hours after transfection, cells were visualized on a fluorescent microscope to verify 

the expression of Myc, which, as expected, was observed to be expressed in the cell 

nucleus (Figure 4.7). 

 

 

Figure 4.7 Myc-GFP is accumulated in the cell nuclei. Fluorescent signal of c-Myc GFP 

was observed inside the nuclei of HeLa cells.  
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4.2.2 Myc-GFP expressing cells are still smaller than 

controls 

 

HeLa cells that expressed Myc were identified by the GFP signal. These cells, 

paradoxically, seemed slightly smaller than those that were not transfected (Figure 

4.8A). The expression of Myc could be detected as early as 4 hours (Figure 4.8B), and 

cells seemed to be smaller even then already. 

 

 

Figure 4.8 PCDNA3-MYC-GFP expressing cells are smaller. Transfected HeLa cells are 

smaller than controls. A) Representative histogram from HeLa cells transfected and non-

transfected with GFP-Myc. B) Measurements from HeLa cells expressing Myc or not at 

different timepoints. Myc-expressing cells (in red) are smaller than non-expressing cells (blue). 

Data shown are mean values ± standard deviations (N = 3 independent biological replicates). 

 

4.2.3 Myc Plasmid is only expressed in G1 cells  

 

When analysing the expression of Myc with regards of the cell cycle distribution, it was 

found that Myc was only being expressed in G1 cells (Figure 4.9). 
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Figure 4.9 Myc is expressed mainly in G1 cells. The expression of Myc could only be 

detected in G1 cells. A) histogram of Myc-GFP expressing cells shows them distributed mostly 

in G1 phase, B) Histogram of normal HeLa cell cycle distribution. Data shown are mean 

values ± standard deviations (N = 3 independent biological replicates). 

 

Since Myc is only being expressed in G1 cells and these cells tend to be inherently 

smaller than cells in G2, the size of G1 cells expressing Myc (Myc +) was compared 

with that from G1 cells non-transfected (Myc -).  This revealed that G1 cells expressing 

the Myc-GFP plasmid were still smaller than G1 cells from the non-transfected 

population (Figure 4.10). 

 

 
Figure 4.10 G1 cells comparison. Comparison of G1 cells of both Myc+ and Myc – HeLa 

cell line. Data shown are mean values ± standard deviations (N = 3 independent biological 

replicates). 

The expression of this plasmid proved to be difficult, and the results were unconvincing 

considering the theorical Myc capacity to increase cell mass. For this reason, it was 

decided to change the system for Myc expression.  
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4.2.4 MycER is expressed in U2OS cells 

 

To have a more homogenous expression of Myc in mammalian cells, it was decided 

to use the MycER system. This system consists of a hormone binding domain (HBD) 

of a steroid receptor which is fused to the protein of interest. Littlewood et al used the 

mutant murine oestrogen receptor G525R, which no longer binds oestrogen, yet 

remains responsive to activation by the synthetic steroid 4-hydroxytamoxifen (4-OHT) 

(Littlewood et al., 1995). Once the cells are exposed to 4-OHT they activate the 

already synthetised Myc. 

 

A western blot was performed on U2OS MycER cells exposed to 4-OHT for 24 hours, 

as well as on Raji cells as these are derived from Burkitt’s lymphoma, known to 

express high levels of Myc (Nishikura et al., 1985).  

 

MycER was identified at ~97kDa and normal Myc was shown at around ~50kDa, as 

expected, MycER was only identified in U2OS cells, and not in Raji cells (Figure 4.11)  
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Figure 4.11 Myc-ER Western blot. A band at ~97kDa can be observed in U2OS cells, 

confirming the presence of the MycER construct. Another band at ~50kDa is observed in both 

U2OS and Raji cell lines, and corresponds to Myc. 

 

4.2.5 MycER overexpression increases cell size in 

U2OS cells 

The MycER U2OS cell line was exposed to 1 μΜ of 4-OHT for 24 hours in order to 

overexpress Myc, then they were analysed by both flow cytometry and Moxi Z coulter 

counter in order to analyse its effects on cell size. 

 

It was observed that cells exposed to 4-OHT and analysed by flow cytometry 

increased their size compared to control cells (Figure 4.12 A), and when measured in 

the Moxi Z cell counter, cells with activated Myc showed a diameter 7% larger (Figure 

4.9 B) and 22% more volume (Figure 4.12 C) than control cells.  

 

 

Figure 4.12 MYC overexpressing cells are larger. MycER U2OS cells incubated with 1 μΜ 

4-OHT for 24 hours. A) Bar plots from cells analysed by flow cytometry and histograms 

representative of the data. B) Boxplots of values representing volume data from U2OS cells 
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treated with 4-OHT measured by Moxi Z. C) Boxplots of values representing diameter data 

from U2OS cells treated with 4-OHT measured by Moxi Z. Arbitrary Units (A.U.). Data shown 

are mean values ± standard deviations (N = 3 independent biological replicates). Statistical 

significance was assessed by ANOVA with Tukey’s test, Asterisks represent the p-value: * p 

< 0.05, ** p < 0.01, *** p < 0.001,  ****p <  0.0001. Box and whiskers plots calculated in 

GraphPad Prim, selecting the Min to Max option, the line in the middle of the box is the median. 

 

 

4.2.6 Myc’s overexpression rescues cell size from 

Serum Starvation 

 

Since U2OS cells forced to overexpress Myc showed an increment in cell size, it was 

decided to test Myc’s overexpression effect upon cells that have been serum starved.  

Cells were incubated with 1 μΜ of 4-OHT and were either seeded with DMEM 

containing 10% FBS or with just DMEM without FBS for 24 hours and then analysed 

through both flow cytometry and Moxi Z cell counter. As expected, serum starved cells 

showed a cell size reduction, whereas those given 4-OHT and incubated complete 

media were larger than control cells. However, cells that were both serum-starved and 

4-OHT incubated were able to maintain the same size as control cells (Figure 4.13). 
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Figure 4.13 MycER cells increase their cell size. A) Bar plots representing MycER U2OS 

cells either serum starved or fed analysed by flow cytometry. B) Representative histograms 

from data generated by flow cytometry. Serum fed (S+), Serum Starved (S-), Serum fed and 

Ethanol control (S+ EtOH), Serum Starved and Ethanol control (S- EtOH), Serum starved cells 

incubated with 4-OHT (S-OHT) and Serum fed cells incubated with 4-OHT (S+ 4-OHT). 

Arbitrary Units (A.U.). Data shown are mean values ± standard deviations (N = 3 independent 

biological replicates). Statistical significance was assessed by ANOVA with Tukey’s test, 

Asterisks represent the p-value: * p < 0.05, ** p < 0.01, *** p < 0.001, ****p <  0.0001. 

 

When measured by Moxi Z cell counter, serum starved U2OS cells showed a reduction 

of ~7% of their diameter (figure 4.14 A) and 30% of their volume (Figure 4.14 B), whilst 

cells both starved and incubated with 4-OHT resisted the effects of serum starvation 

and maintained a similar diameter and volume to that of control cells (Figure 4.14 A & 

B). 

 

 

 

 

Figure 4.14 Myc overexpression rescues cells from Serum Starvation cell size 

reduction. Boxplot representing data from MycER U2OS cells serum starved or fed analysed 

by Moxi Z. A) Serum starved cells’ diameter was reduced, whilst Myc overexpressing serum 

starved cells kept their diameter similar to serum fed controls. B) Serum starved cells 

drastically reduced their cell volume compared to cells incubated with FBS, whilst Myc 

overexpressing starved cells kept a similar volume to that of the serum fed cells. Statistical 
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significance was assessed by ANOVA with Tukey’s test, ns = non-significant, * p < 0.05, ** p 

< 0.01, *** p < 0.001,  ****p <  0.0001. Data shown are mean values ± standard deviations 

(N = 3 independent biological replicates). Box and whiskers plots calculated in GraphPad 

Prim, selecting the Min to Max option, the line in the middle of the box is the median. 

 

4.2.7 Myc overexpression rescues cells from the 

effects of Rapamycin.  

 

Myc has been shown to be involved in the control of cell growth in multiple models, by 

targeting multiple size-related mechanisms and pathways. For this reason, Myc 

overexpression effects were tested in cells where downregulation of the mTOR 

pathway was induced by chemical inhibition. 

 

MycER U2OS cells were incubated for 24 hours with 1μΜ 4-OHT to induce an 

accumulation and activation of Myc and then exposed to 1μΜ Rapamycin. The effects 

on cell size were analysed by both flow cytometry and Moxi Z cell counter.  

 

As expected, U2OS cells exposed to Rapamycin had a cell size reduction of around 

20% compared to control cells (Figure 4.15 A & B). Surprisingly, cells both exposed to 

Rapamycin and 4-OHT resisted the shrinking effects of the drug, maintaining a similar 

size to non-treated controls (Figure 4.15 A & C).  
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Figure 4.15 Myc overexpression rescues cells from Rapamycin effects. MycER U2OS 

cells incubated with 4-OHT were analysed by flow cytometry. A) Bar plot shows the effects of 

treatments with Rapamycin, OHT or both. B) Representative histograms of cells exposed 

Rapamycin show shows U2OS cells exposed are smaller than controls. C) Representative 

histograms of cells exposed to 4-OHT are larger than controls and cells exposed to both 

Rapamycin and 4-OHT are similar to controls. Arbitrary Units (A.U.). Data shown are mean 

values ± standard deviations (N = 3 independent biological replicates). Statistical significance 

was assessed by ANOVA with Tukey’s test, Asterisks represent the p-value: * p < 0.05, ** p < 

0.01, *** p < 0.001,  ****p <  0.0001. 

 

A similar effect can be observed when cells’ diameter and volume are measured with 

the Moxi Z cell counter; MycER U2OS cells only exposed to Rapamycin show a 

decrement of around 10% of their diameter (Figure 4.16 A) and 30% of their volume 

(Figure 4.16 B). On the other hand, cells exposed to Rapamycin that were at the same 

time incubated with 4-OHT had a diameter (Figure 4.16 A) and volume (Figure 4.16 

B) similar to the control cells.  

 

 

Figure 4.16 U2OS cells measured by Moxi. MycER U2OS cells induced by 4-OHT and 

exposed to Rapamycin were measured by Moxi Z. A) Cell volume shows bigger cells when 

exposed to 4-OHT and smaller when exposed to Rapamycin. B) Cell diameter of cells exposed 
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to 4-OHT and Rapamycin. Statistical significance was assessed by ANOVA with Tukey’s test, 

ns = non-significant, * p < 0.05, ** p < 0.01, *** p < 0.001, ****p <  0.0001. Data shown are 

mean values ± standard deviations (N = 3 independent biological replicates). Box and 

whiskers plots calculated in GraphPad Prim, selecting the Min to Max option, the line in the 

middle of the box is the median. 

 

4.2.8 Cell cycle is impacted by Rapamycin, Myc 

overexpression or both. 

 

Cell size is tightly related to cell cycle; therefore, the next step was to analyse the cell 

cycle distribution of MycER cells exposed to Rapamycin and 4-OHT (Figure 4.17).  

 

Asynchronous U2OS cells were exposed to both Rapamycin and 4-OHT as mentioned 

before, then they were stained using Hoechst 33342 dye to analyse their cell cycle 

distribution by flow cytometry using the UV355 channel. 

 

 

Figure 4.17 Cell Cycle distribution changes with Rapamycin and 4-OHT treatments. Cell 

cycle distribution of cells exposed to Rapamycin, 4-OHT or both. Rapamycin treated cells 

increased their proportion of cells in G1, whilst those treated with 4-OHT had a reduced 
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proportion of G1 cells. Those treated with both chemicals showed a similar cell cycle 

distribution to control cells. Cell cycle distribution was obtained by Watson Pragmatic cell cycle 

analysis in Flow Jo. Data shown are mean values ± standard deviations (N = 3 independent 

biological replicates). 

 

U2OS cells that were exposed to Rapamycin, showed an increment of the percentage 

of cells in G1, from 33% in control cells to 45% in treated cells, exposure to Rapamycin 

changed the proportion of cells in S phase from ~49% in control cells, to ~37% in 

treated cells. G2 proportions of cells had a lesser impact with only 1% reduction from 

cells exposed to Rapamycin compared to the controls. 

 

MycER activation with 4-OHT produced a reduction of the proportion of cells in G1, 

from 33% in control cells to 22% in 4-OHT exposed cells. Induced overexpression of 

Myc produced an increment of cells in S phase from 49% in control cells to 55% 4-

OHT induced cells. The proportion of cells exposed to 4-OHT increased to ~21% from 

15% of control cells.  

 

On the other hand, U2OS cells exposed to both Rapamycin and 4-OHT showed an 

almost identical cell cycle distribution in all cell cycle phases when compared to control 

cells.  

 

4.2.9 G1 phase an G2/M phase cell size changes upon 

Myc overexpression, Rapamycin exposure or both. 

 

Given the fact that Myc overexpression and Rapamycin incubation produced changes 

in the cell cycle distribution, we had to exclude the possibility that the effects on cell 

size are because of the overall shifts in the cell cycle distribution. Both G1 and G2/M 

cells were gated using the UV355 channel, and information of their cell size was 

extracted using the FSCA channel (Figure 4.18).  
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Figure 4.18 U2OS MycER G1 and G2/M size changes. U2OS MycER cells were exposed 

to Rapamycin, 4-OHT or both, then gated in G1 and G2/M phases and their size was 

extracted. A) Bar plots from G1 cells exposed to Rapamycin, 4-OHT or both. Rapamycin only 

produced smaller cells whereas 4-OHT inductions produced larger cells. Cells exposed to 

both 4-OHT and Rapamycin showed a similar size to control cells. B) Bar plots from G2 cells 

exposed to Rapamycin, 4-OHT or both. Rapamycin only produced smaller cells whereas 4-

OHT inductions produced larger cells. Cells exposed to both 4-OHT and Rapamycin showed 

a similar size to control cells. Arbitrary Units (A.U.). Data shown are mean values ± standard 

deviations (N = 3 independent biological replicates). Statistical significance was assessed by 

ANOVA with Tukey’s test, Asterisks represent the p-value: * p < 0.05, ** p < 0.01, *** p < 

0.001,  ****p <  0.0001. 

 

Even though both Rapamycin exposure and Myc overexpression caused changes in 

the cell cycle distribution, the effects observed on cell size were not due to these 

changes and more likely due to growth effects on cells. We can observe that both G1 

and G2 cells from Rapamycin treatments were smaller than control cells whereas 

those incubated with 4-OHT to induce Myc overexpression were overall larger than 

controls and Rapamycin treated cells. On the other hand, G1 and G2 cells that had a 

forced Myc overexpression and then were incubated with Rapamycin showed a similar 

size to that of the controls.  

 

4.2.10 MycER induced cells increased ribosomal RNA  
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As observed before, Myc acts as a regulator of cell growth. One of the ways Myc can 

control cell size is by increasing the cell’s biomass, which includes increasing the 

synthesis of ribosomes and proteins, amongst other macromolecules.  

 

In order to measure ribosomal RNA content of the cells by flow cytometry, cells were 

stained with Pyronin Y (Kapuscinski and Darzynkiewicz, 1987). 

 

To prove that Pyronin Y signal came from RNA, cells were incubated with RNase A 

and analysed by flow cytometry (Figure 4.19).  

 

 

 

 

Figure 4.19 Pyronin Stains dsRNA. U2OS MycER cells were stained with Hoechst 33342 

(H), Pyronin Y (P) or both, as well as incubated with RNase A, then stained with Pyronin Y. 

Signal is higher in Pyronin Y-only stained cells and lowers when co-incubated with Hoechst 

33342 dye. Arbitrary Units (A.U.). Data shown are mean values ± standard deviations (N = 3 

independent biological replicates). Statistical significance was assessed by ANOVA with 

Tukey’s test, Asterisks represent the p-value: * p < 0.05, ** p < 0.01, *** p < 0.001,  ****p <  

0.0001. 
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Non-stained cells and Hoechst 33342-stained cells showed an insignificant 

background signal, cells stained with Pyronin Y showed a greater signal, and those 

stained with both Hoechst 33342 stain and Pyronin Y showed a lower signal than 

Pyronin Y only. This could be because of Pyronin Y’s capacity to bind to both DNA 

and dsRNA, this way, Hoechst 33342 stain would bind to DNA before Pyronin Y and 

reduce the signal detected.  

 

In order to measure the effects on rRNA synthesis after exposure of U2OS cells to 

Rapamycin, 4-OHT incubation or both, cells were stained with Pyronin Y after 

treatments and analysed by flow cytometry as previously described (Figure 4.20).  

 

 

Figure 4.20 Myc Overexpression increases rRNA content. MycER U2OS cells exposed to 

Rapamycin and 4-OHT show different levels of Pyronin Y signal determined by flow cytometry. 

A) Bar plots from U2OS cells exposed to Rapamycin, 4-OHT or both. Rapamycin reduced 

Pyronin Y signal whilst Myc overexpression increased it. B) Representative histogram from 

flow cytometry data of treatments. Arbitrary Units (A.U.). Data shown are mean 

values ± standard deviations (N = 3 independent biological replicates). Statistical significance 

was assessed by ANOVA with Tukey’s test, Asterisks represent the p-value: * p < 0.05, ** p < 

0.01, *** p < 0.001,  ****p <  0.0001. 

 

U2OS cells that were only exposed to Rapamycin showed a reduction of the Pyronin 

Y signal when compared to control cells, on the other hand U2OS cells that were 
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incubated with 4-OHT and therefore had an overexpression of Myc showed a higher 

signal. Interestingly, cells exposed to both Rapamycin and 4-OHT have a higher signal 

of Pyronin Y as well. This could highlight a possible way by which Myc overexpressing 

cells resist the size reducing effects of Rapamycin, by having a greater number of 

ribosomes that are already translating proteins even when mTOR’s function has been 

abrogated in the presence of Rapamycin. 

 

 

 

4.2.11 Myc overexpression increases protein content   

 

We observed that U2OS cells treated with Rapamycin, induced with 4-OHT or both, 

reduced, increased, or maintained their Pyronin Y signal respectively. For this reason, 

it was decided to observe the effects of these on protein content. To measure total 

protein content by flow cytometry, the Surface Sensing of Translation (SUnSET) 

technique was performed on U2OS MycER cells. Broadly, SUnSET requires cells to 

be given a pulse of Puromycin, a structural analogue of tRNA, which is incorporated 

into elongating peptide chains, some of which are transported to the cell membrane. 

Then, by using a fluorescent conjugated anti-puromycin antibody, the translation rate 

can be visualized by flow cytometry.  

 

U2OS cells were incubated with  puromycin and exposed to different chase times in 

order to determine the best incubation time (Figure 4.21) to obtain an adequate signal, 

similar to Schmidt et al (Schmidt et al., 2009). 
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Figure 4.21 SUnSET timepoints. MycER U2OS cells were given a 10-minute pulse and 

chased for different time points. Background fluorescence was also observed in puromycin or 

antibody only treated cells. The cells were then analysed by flow cytometry. Non-stained (NS), 

Puromycin (Puro), Antibody only (Ab only), Cycloheximide (CHX), 10 minute chase (C10), 30 

minute chase (C30) and 50 minutes chase (C50) MFI = Mean fluorescent intensity. Arbitrary 

Units (A.U.). Data shown are mean values ± standard deviations (N = 3 independent biological 

replicates). Statistical significance was assessed by ANOVA with Tukey’s test, Asterisks 

represent the p-value: * p < 0.05, ** p < 0.01, *** p < 0.001,  ****p <  0.0001. 

 

 

U2OS cells were then exposed to Rapamycin, incubated with 4-OHT to induce Myc’s 

overexpression or a combination of both and then fed puromycin and chased for 30 

minutes (Figure 4.22). 
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Figure 4.22 Protein translation increases with Myc forced expression. MycER U2OS cells 

exposed to Rapamycin and 4-OHT show different levels of anti-puromycin signal determined 

by flow cytometry. Bar plots from U2OS cells exposed to Rapamycin, 4-OHT or both. 

Rapamycin reduced anti-puromycin antibody signal whilst Myc overexpression increased it. 

Arbitrary Units (A.U.). Data shown are mean values ± standard deviations (N = 3 independent 

biological replicates). Statistical significance was assessed by ANOVA with Tukey’s test, 

Asterisks represent the p-value: * p < 0.05, ** p < 0.01, *** p < 0.001,  ****p <  0.0001. 

 

U2OS cells exposed to Rapamycin showed a reduction of the puromycin signal when 

compared to the control cells, whilst those that were activated Myc overexpression 

had a two-fold increase of the puromycin signal. Interestingly, like what was observed 

in the Pyrionin Y signal. U2OS cells that were both exposed to Rapamycin and 

incubated with 4-OHT showed an anti-puromycin signal slightly larger than that of 

control cells.  

 

Overall, we can observe that Myc over expressing cells are larger and have a higher 

rRNA and protein content. The opposite can be observed in Rapamycin treatments, 

with smaller cells that have less rRNA and protein content. Notably, when cells 

overexpressing Myc were incubated with the mTOR inhibitor, their size remained like 

non-treated cells, and the rRNA and protein content was slightly higher than non-

treated cells.  
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4.2.12 RNAseq analysis of U2OS cells.  

 

To identify the possible mechanisms regulating the changes in size observed before, 

we decided to evaluate gene expression on the U2OS cells. We proceeded to extract 

total RNA from U2OS control cells, Rapamycin exposed U2OS cells and 4-OHT 

induced U2OS cells and sent the total RNA to Novogene Europe for library preparation 

and sequencing using the NovaSeq 6000 system.  

 

4.2.12.1 Quality Analysis of the Data  

We made scatterplots of counts from the different samples replicates as a quality 

control and observed that replicates closely correlate with each other (Figure 4.23).  

 

  

Figure 4.23 Quality check plots generated from the U2OS RNAseq. Replicates seem to 

correlate relatively well between each other in all samples. A) Replicate scatter plots of EtOH 

vs Rap dataset, B) Replicate scatter plot of EtOH vs OHT, C) Replicate scatterplot of OHT vs 

OHT_Rap dataset and D) Replicate scatter plot of EtOH vs OHT_Rap dataset. 

 

A principal component analysis (PCA) was generated for quality control purposes. We 

can observe that Rapamycin + OHT is very different from the other samples and the 

replicates are very similar. The total variance in the data is captured by PC1 and PC2 

(Figure 4.24)  
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Figure 4.24 PCA plot from U2OS samples. 3 samples (Rapamycin, EtOH and 4-OHT cells 

express less variability. 4-OHT + Rapamycin samples present the highest variability amongst 

the samples.  

 

Heatmaps from the three samples showing the DE genes were drawn for quality 

purposes (Figure 4.25). We can observe the changes in the signature of gene 

expression amongst samples depending on the treatments that they were exposed to. 

The colour coding is as follows; Red = upregulated genes, Blue = downregulated 

genes and Yellow = No change in gene expression.  
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Figure 4.25 Heatmap of the most significant differentially expressed genes. Heatmap of 

the most highly expressed genes among the 4 datasets of the analysis. The data has been 

subjected to regularized log (rlog) transformation. A) EtOH vs Rapamycin, B) EtOH vs OHT 

and C) OHT vs OHT Rap. Red = upregulated, Blue = downregulated and Yellow = No change.  
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4.2.12.2 Differentially Expressed Genes and Volcano Plot 

 

A volcano plot was drawn using the Enhanced Volcano package in R, showing 

differentially expressed genes from different datasets. Red dots in the volcano plot 

represent genes that have a p-value (padj) <0.05 and surpass the log2fold 2 cut-off as 

a threshold. Rapamycin exposed cells show both upregulated and downregulated 

genes (Figure 4.26 A), 4-OHT cells show more upregulated genes than downregulated 

Figure 4.26 B), and Myc overexpressing cells show a larger number of genes to be 

downregulated (Figure 4.26 C). 

 

 

 

Figure 4.26  Volcano plot showing differentially expressed genes in the different U2OS 

dataset. Volcano plot generated using the Enhanced Volcano package in R, showing the 

highly significant data points with the lowest P-values in blue, large magnitude fold-changes 

in green and those genes with both characteristics in red. A) Volcano plot representing EtOH 

vs Rap dataset, B) Volcano plot representing EtOH vs OHT dataset, C) Volcano plot 

representing the OHT vs OHT_Rap dataset, and d) Volcano plot showing the DE genes in the 

EtOH vs OHT_Rap dataset. 
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The top 20 upregulated (Table 4.1) and downregulated (Table 4.2) differentially expressed 

genes from the different samples were shown. 

 

Table 4.1 Top 20 Upregulated Genes. Tables showing the top 20 upregulated genes from 

sequencing samples. Genes are arranged by p-value (padj) <0.05. 
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Table 4.2 Top 20 Downregulated Genes. Tables showing the top 20 downregulated genes 

from sequencing samples. Genes are arranged by p-value (padj) <0.05. 

 

 

 

Scatter (XY) plots of condition comparisons were generated to show the differentially 

expressed genes (in red) of the different datasets (Figure 4.27).  Figure 4.27C shows 

the differentially expressed genes between Myc overexpressing U2OS cells and Myc 

overexpressing cells exposed to Rapamycin. A total of 5404 genes were found to be 

differentially expressed with most of them downregulated. This could be caused by a 

feedback mechanism involving downregulation of genes driven by Myc in combination 

with the downregulatory effects of Rapamycin.  
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Figure 4.27 XY Scatter plot of U2OS samples. A) Scatter plot of the EtOH vs Rap dataset 

highlighting 1468 differentially expressed genes in red, B) Scatter plot of the EtOH vs OHT 

dataset, highlighting 2243 differentially expressed genes in red, C) Scatter plot representing 

the 4-OHT vs 4-OHT +Rap data set highlighting 5404 differentially expressed genes in red, 

and D) Scatter plot representing the EtOH vs 4-OHT + Rap data set highlighting  4927 DE 

genes in red.  

 

4.2.12.3 Gene Ontology Analysis of MycER U2OS Cells 

A Gene Ontology tool analysis critically depends on using the most-up to date GO 

annotations. Hence, we used several tools to perform our GO analysis. The softwares 

used were: topGo package in R, the g:Profiler server; 

(https://biit.cs.ut.ee/gprofiler/gost), and the Enrichr software 

(https://maayanlab.cloud/Enrichr/). 

 

The GO enrichment analysis was performed in the different samples, starting with 

U2OS cells exposed to Rapamycin, using topGo (Figure 4.28). 

 

 

https://biit.cs.ut.ee/gprofiler/gost
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Figure 4.28 Top 20 BP Gene Ontology term enrichment of control U2OS cells vs 

Rapamycin. List of Gene Ontology terms enrichment of U2OS cells exposed to Rapamycin 

show terms related to Metabolism and Cell Growth. Graph produced by Top20 GO terms 

obtained using TopGO and then plotted with ggplot2, bubble size represents the numbers of 

genes annotated and coloration represents enrichment.  

 

The top 5 most enriched Gene Ontology terms from U2OS cells exposed to 

Rapamycin are GO:0071840 Cellular component organization or biogenesis, 

GO:0044237 Cellular metabolic process, GO: 0016043 Cellular component 

organization, GO:1901564 Organonitrogen compound metabolic process and 

GO:0042254 Ribosome biogenesis. These terms seemed to be related to metabolic 

processes involved in mass accumulation.  

 

The list of differentially expressed genes from Rapamycin exposed U2OS cells were 

also submitted in the g:Profiler server, using the g:GOst enrichment tool (Figure 4.29) 

which showed results similar to those observed using topGO.  
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Figure 4.29 Top 20 Biological Process Gene Ontology term enrichment of U2OS cells 

exposed to Rapamycin. Differentially expressed genes from Rapamycin treated U2OS cells 

were submitted to Gene Ontology analysis in the g:Profiler platform, where it showed different 

terms associated with metabolic processes and ribosome biogenesis to be the most enriched 

terms. 

 

Gene Ontology enrichment analysis performed by Enrichr shows a similar result to 

that observed on HeLa cells exposed to Rapamycin where translation and ribosome-

related process where the most significant enriched terms, again associating with 

protein synthesis (Figure 4.30). This result could vary from the others because Enrichr 

constantly updates the gene-set libraries used (Kuleshov et al., 2016).  
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Figure 4.30 Top 10 Biological Process Gene Ontology term enrichment of U2OS cells 

exposed to RapaMycin by Enrichr. Differentially expressed genes from Rapamycin treated 

U2OS cells were submitted to Gene Ontology analysis in the Enrichr platform, where it showed 

Translation to be the most significant term enriched.  

Datasets of downregulated DE genes from both HeLa and U2OS cells treated with 

Rapamycin were used to generate a Venn diagram (http://genevenn.sourceforge.net) 

showing that amongst both datasets there were 110 genes in common (Figure 4.31).  

 

 

Figure 4.31 Venn Diagram of DE genes. Venn diagram showing the number of DE genes in 

datasets from both U2OS and HeLa cells.  
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These genes were used to perform a GO term analysis using gProfiler. We show the top 20 

GO terms from the downregulated genes in common between HeLa and U2OS cells exposed 

to Rapamycin (Figure 4.32). Amongst the list of GO terms associated with the list of 

downregulated genes, we can observe Ribosome biogenesis and ribonucleoprotein complex 

biogenesis. 

 

 

Figure 4.32 Top 20 GO terms from downregulated genes from both HeLa and U2OS 

cells. A list of 110 shared downregulated DE genes from datasets of HeLa and U2OS cells 

exposed to Rapamycin was used to produce GO terms that associated these gene. Ribosome 

biogenesis figures amongst the GO terms. 

 

Datasets containing the DE upregulated genes from both HeLa and U2OS cells 

exposed to Rapamycin were used to generate a Venn diagram of the shared 

upregulated genes between both cell types, showing 98 shared genes between cells 

(Figure 4.33). 
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Figure 4.33 Venn diagram of upregulated DE genes from HeLa and U2OS cells exposed 

to Rapamycin. A Venn diagram showing 98 DE upregulated genes shared between datasets 

from U2OS and HeLa cells exposed to Rapamycin  

 

The 98 genes shared between both datasets were used in gProfiler to generate a 

GO term list with the top 20 GO terms associated to the upregulated genes based on 

biological processes (Figure 4.34). Amongst the GO terms from upregulated genes, 

we can find some related to autophagy and mitochondrion disassembly. 
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Figure 4.34 Top 20 GO terms from upregulated DE genes between HeLa and U2OS cells. 

Different Gene Ontology terms from upregulated DE genes from HeLa and U2OS cells 

datasets. Several terms belong to autophagy because of Rapamycin treatment.  

 

Next, DE genes from U2OS cells with activated Myc from incubation with 4-OHT, were 

submitted to Gene Ontology analysis in multiple platforms to observe which significant 

mechanisms could drive the effects observed. 

 

Gene Ontology analysis was performed on MycER U2OS cells induced by 4-OHT, 

using topGo package in R, and the Top 20 GO terms were plotted using ggplot2 

(Figure 4.35). 
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Figure 4.35 Top 20 BP Gene Ontology term enrichment of U2OS cells incubated with 4-

OHT. List of Gene Ontology terms enrichment of U2OS cells exposed to 4-OHT show terms 

related to Cellular component biosynthesis. Graph produced by the top 20 GO terms obtained 

using TopGO and then plotted with ggplot2. Bubble size represents the number of genes 

annotated and coloration represents enrichment.  

 

The top 5 most enriched Gene Ontology terms enriched of U2OS cells induced with 

4-OHT are GO:0071840 Cellular component organization or biogenesis, 

GO:00160043 Cellular component organization, GO: 0051128 Regulation of cellular 

component, GO:0051179 Localization and GO:0044085 Cellular component 

biogenesis.  

 

All the terms are related to the synthesis and accumulation of biological components 

of the cell. Next, we used the list of DE expressed genes from 4-OHT induced cells 

and performed Gene Ontology term enrichment using the g:GOst tool in the g:Profiler 

server (Figure 4.36). 
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Figure 4.36 Top 20 Biological Process Gene Ontology term enrichment of U2OS cells 

induced with 4-OHT. Differentially expressed genes from 4-OHT induced U2OS cells were 

submitted to Gene Ontology analysis in the g:Profiler platform, where it showed Biological 

Process terms associated with ‘cellular component’ biosynthesis. 

 

The results observed in g:Profiler were similar to those obtained using TopGO, with 

‘cellular component’ biosynthesis being the most enriched term.  

 

GO enrichment was also performed using the Enrichr software where we can observe 

different terms involved in cell growth, metabolism and rRNA processing (Figure 4.37) 

 

 

Figure 4.37 Top 9 Biological Process Gene Ontology term enrichment of U2OS cells 

exposed to 4-OHT by Enrichr. Differentially expressed genes from 4-OHT induced U2OS 

cells were submitted to Gene Ontology analysis in the Enrichr platform, where it showed 
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enriched terms to be associated with different cellular components biosynthesis, including 

regulation of cell growth.  

 

Again, we used the GOrilla tool to perform enrichment analysis from the 4-OHT 

induced cells’ DE genes.  The most enriched terms were similar to those observed in 

Enricher, topGO and g:Profiler.  

 

The results coming from different platforms show that upon Myc overexpression, the 

U2OS cells’ differentially expressed genes were found to be related to Gene Ontology 

terms associated with processes that result in synthesis of constituent 

macromolecules, and biogenesis of cellular components.  

 

Observing these results from the different platforms, we can infer that the differentially 

expressed genes in response to Myc overexpression are indeed involved in 

mechanisms that regulate growth, by increasing the synthesis of macromolecules and 

different cellular components that ultimately could possibly explain the increment of 

cell size observed in U2OS cells induced by 4-OHT. 

 

An interesting effect was observed when Myc overexpressing U2OS cells were 

exposed to Rapamycin, where the cells maintained a similar size to that of non-treated 

and control cells. To elucidate the possible mechanisms underlying this effect, we 

analysed the DE genes from these cells in different Gene Ontology enrichment 

platforms. 

 

Gene Ontology analysis was performed on DE genes from Myc overexpressing cells 

exposed to Rapamycin using TopGo package in R, and the Top 20 GO terms were 

plotted using ggplot2 (Figure 4.38). 
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Figure 4.38 Top 20 BP Gene Ontology term enrichment of Myc overexpressing U2OS 

cells exposed to RapaMycin. List of Gene Ontology terms enrichment of Myc 

overexpressing U2OS cells exposed to RapaMycin show terms related to Cellular component 

biosynthesis. Graph produced by the top 20 GO terms obtained using TopGO and then plotted 

with ggplot2. The bubble size represents the number of genes annotated and coloration 

represents enrichment.  

 

The top 5 most enriched GO terms generated by TopGo were GO:0071840 cellular 

component organization or biogenesis, GO:0006996 organelle organization, 

GO:0044237 cellular metabolic process, GO:0016043 cellular component 

organization and GO:0044085 cellular component biogenesis. All these terms are 

related to those observed in U2OS cells overexpressing Myc.  

 

Again, GO terms were obtained using the g:Profiler server (Figure 4.39).  
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Figure 4.39 Top 20 Biological Process Gene Ontology term enrichment of Myc 

overexpressing U2OS cells exposed to Rapamycin. Differentially expressed genes from 

Rapamycin treated U2OS cells overexpressing Myc were submitted to Gene Ontology 

analyasis in the g:Profiler platform, where it showed cellular metabolic processes the most 

enriched term.  

 

The results produced by g:Profiler listed ‘cellular metabolic process’ as the most 

enriched term, followed by ‘component biogenesis’ and other metabolic processes, 

similar to that observed in Myc overexpressing cells. However, it also shows terms 

involving processes in the ER, such as GO:0006614 SRP-dependent co-translational 

protein targeting to membrane and GO:0045047 protein targeting to ER. 

 

When the differentially expressed genes from the Myc overexpressing cells exposed 

to Rapamycin were submitted to the Enrichr software, we observed similar results 

(Figure 4.40). 
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Figure 4.40 Top 10 Biological Process Gene Ontology term enrichment of Myc 

overexpressing U2OS cells exposed to Rapamycin by Enrichr. Differentially expressed 

genes from Rapamycin treated U2OS Myc-overexpressing cells were submitted to Gene 

Ontology analysis in the Enrichr platform, where it showed SRP-dependent co-translational 

protein targeting to membrane to be the most significant term enriched, followed by protein 

targeting to ER.  

 

 

An interesting observation is that by plotting a heatmap representing the ribosomal 

protein genes, we can observe that Myc overexpressing cells that were exposed to 

Rapamycin seem to have slightly more transcripts from RP than the former without 

Rapamycin; on the other hand, we can observe that mitochondrial ribosomal proteins 

are more expressed in the latter (Figure 4.41). 
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Figure 4.41 Heatmaps of DEG’s associated with different GO Terms from Ribosomal 

Biogenesis. The heatmap shows different genes involved in the GO term Ribosomal 

Biogenesis.  
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Analysis from datasets of DE genes from a comparison between control U2OS vs Myc 

activated (by 4-OHT) and exposed to Rapamycin U2OS cells threw interesting results.  

 

A list of upregulated DE genes was used in gProfiler to produce the top 20 Biological 

Process Gene Ontology Terms (Figure 4.42). The observed Gene Ontology terms are 

associated with the upregulated genes from Myc activated and Rapamycin incubated 

cells seem to be related with ribosome biogenesis and other rRNA related process.  

 

 

Figure 4.42 Top 20 Biological Process Gene Ontology Terms. A list of the DE upregulated 

genes from control vs 4-OHT + Rapamycin U2OS cells was used to produce Gene Ontology 

Terms. The Top GO terms are related to Ribosome biogenesis.  

 

Using a list of DE downregulated genes from the same experiment the top 20 Gene Ontology 

terms were produced in gProfiler (Figure 4.43). We can observe that several Gene Ontology 

terms relate with cytoskeletal terms, along with other structural-related terms.   
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Figure 4.43 Top 20 Biological Component terms from DE Downregulated Genes. A list 

of DE downregulated genes from Myc activated + Rapamycin exposure U2OS was used to 

obtain the top Gene Ontology terms associated to these genes. The top Gene Ontology terms 

relate to cytoskeletal organization.  

 

 

4.3 Discussion  

 

To understand the effects of Myc in the cell size regulation, a Myc-GFP expression 

plasmid was transfected in HeLa cells however, the effect observed on the cells was 

the opposite of what was expected. When analysed by flow cytometry, it was noted 

that cells expressing a GFP signal (and therefore Myc) were smaller than un-

transfected cells. When the cells were analysed by their DNA content (cell cycle 

distribution), it was noted that only the cells in G1 phase expressed Myc, which could 

in part explain why only smaller cells showed a Myc-GFP signal. To properly 

understand this phenomenon, a GFP-only plasmid control should have been added to 

the experiment. If the GFP plasmid was transfected and again only smaller (and G1 

phase) showed the signal, this would probably mean that the plasmid itself could be 

toxic for the cells and causing a cell cycle arrest, which would show that it wasn’t a 
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direct effect of Myc’s expression. Nonetheless, if the GFP-expressing cells are of 

normal size, then Myc’s expression would perhaps be responsible for a cell cycle 

arrest in HeLa cells. More experiments would be required to elucidate this 

phenomenon.  

 

After an unsuccessful result with the transfection of the Myc-GFP plasmid, it was 

decided to proceed with the more stable MycER system. The U2OS cell line containing 

the MycER construct on its genome was kindly gifted by Dr Stefano Campaner from 

the Instituto Italiano di Tecnologia. 

 

This cell line continuously expresses the Myc protein fused to the oestrogen receptor 

(MycER) which is inactivated unless the cells are induced with 4-hydroxy tamoxifen 

(4-OHT).  

 

4-Hydroxitamoxifen is known to be a less than a friendly molecule for cells, as it is 

normally used to inhibit proliferation of Oestrogen receptor+ (ER+) breast cancer cells. 

It has also been shown to induce a dose-dependent transient increase in cell 

proliferation in the mammary epithelium of mouse cells (Shehata et al., 2014). For 

these reasons it is important to consider other alternatives and controls for 4-OHT 

treatments. If possible, we could have a non-transformed (no MycER) U2OS cells and 

exposed them to 4-OHT to visualize if any side effect from the 4-OHT would arise. 

Another alternative could be the use of a T-REx system where a potent CMV 

promoter can drive a strong expression of a cloned Myc gene that can be repressed 

upon addition of Tetracycline  

(https://www.thermofisher.com/order/catalog/product/K103001#/K103001). 

 

In order to demonstrate the presence of the MycER construct in the U2OS cells, we 

proceeded to perform total protein extraction on these and on Raji cells as they are 

derived from a Burkitt’s lymphoma and known to express high levels of Myc (Nishikura 

et al., 1985). As observed by others, a band of ~ 97 kDa was detected only for U2OS 

cells bearing the MycER construct (Gandarillas and Watt, 1997, Littlewood et al., 

1995).  
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A strong induction of Myc was forced on U2OS cells upon incubation with 1 μΜ 4-OHT 

which then were analysed by both Moxi Z and Flow cytometry to analyse the changes 

in their cell size. Myc overexpression was shown to increase ~11 % of the size by flow 

cytometry along with an increment of 10% diameter and ~22 % volume. This is in line 

with the idea that Myc is an evolutionarily conserved growth control master regulator 

(Grifoni and Bellosta, 2015, Young et al., 2011, Gallant, 2013). In Drosophila, dMyc 

expression levels correlate with cell size, where dMyc mutants generate smaller flies 

and, on the other hand, increased expression of dMyc in Drosophila imaginal disc cells 

increased their size (Arabi et al., 2005, Gallant et al., 1996, Johnston et al., 1999).  

 

In mammalian cells, loss and gain of Myc function has been associated with 

diminished and enhanced cell growth, respectively (Sansom et al., 2007). The Murine 

model of lymphomagenesis (Eμ-myc mice) which features the expression of a Myc 

transgene under control of the Ig heavy chain enhancer (Eμ) has been used to show 

how this malignancy with enhanced Myc expression produces larger B cells than 

normal cells (Iritani and Eisenman, 1999, Sabo et al., 2014). The same can be 

observed with the P493-6 cell line, which possesses conditional Myc expression and 

increases its size upon Myc induction (Schuhmacher et al., 1999). Myc has also been 

shown to increase cell size of chicken embryo limb cells when analysed through flow 

cytometry (Piedra et al., 2002) and a high expression of Myc in liver cells in vivo also 

resulted in significant cell size increment (Kim et al., 2010). This overall shows the 

importance of Myc as a positive regulator of growth in cells. Our results are in line with 

what has been observed before, with U2OS cells induced to overexpress Myc 

increasing their size significantly. 

 

Nonetheless, cells that were induced with 4-OHT but serum starved were able to 

maintain the same size as the uninduced and non-starved U2OS cells, a similar 

behaviour as that observed in 493-6 cells overexpressing Myc yet not incubated with 

foetal calf serum (Schuhmacher et al., 1999). 

 

As cell size is tightly related to cell cycle, we analysed the cell cycle distribution of 

U2OS cells upon Myc induction by 4-OHT. Our results showed that the proportion of 

cells in G1 reduced whilst that of S phase and G2 increased. This is similar to what 

was observed by Eilers et al, where rat fibroblast expressing the MycER construct 
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increased their S phase population upon 24 hours of induction (Eilers et al., 1989). In 

P493-6 cell lines it has been shown that reduction of Myc expression can lead cells 

into a G0/G1 cell cycle arrest and upon its re-expression cells start cycling again (Pajic 

et al., 2000). It is known that Myc can induce DNA replication through the activation 

and induction of Cyclin E/CDK2 and therefore transit from G1 to S phase (Baluchamy 

et al., 2003, Santoni-Rugiu et al., 2000) as well as trigger rapid hyperphosphorylation 

of the Rb protein which further allows activation of both cyclinD1 and cyclin E-

associated kinase activities (Steiner et al., 1995, Riley et al., 1994).  

 

As expected, Myc induction produced larger cells independently of the cell cycle 

distribution; this mass accumulation could be driven by the transcription factor’s 

capacity to enhance total cellular RNA content (Sabo et al., 2014) of which 80% is 

rRNA. Ribosome biogenesis represents the most expensive, complex, finely tuned, 

multi-step process that the cell must carry-out; therefore, it happens to be one of the 

most intricately regulated and controlled (Pelletier et al., 2018). 

 

Arabi et al noticed that, by inhibiting the proteasome, Myc accumulated within the 

nucleoli, which indicated that Myc has nucleolar functions (Arabi et al., 2003). Myc and 

Max interact in nucleoli associating with ribosomal DNA after recruitment of the Myc 

cofactor TRRAP, which subsequently recruits RNA Polymerase I (Pol I), starting rDNA 

transcription (Arabi et al., 2005). In both D. melanogaster and mammalian cells, Myc 

positively regulates the synthesis of rRNA by Pol I and may do so by direct or indirect 

mechanisms (Grandori et al., 2005, Arabi et al., 2005, Wall et al., 2008, Poortinga et 

al., 2004). Based on this, U2OS cells were stained with Pyronin Y to measure the 

levels of rRNA by flow cytometry. As expected, Myc induced cells had twice as much 

rRNA than the control cells, which agrees with the notion that net RNA synthesis is 

markedly decreased in Myc null cells (Mateyak et al., 1997). As Myc is an important 

regulator of cell growth as well as of RNA synthesis, and ribosomal RNA constitutes 

the bulk of cellular RNA, it makes sense that this is a driver of the mass accumulation 

in the cell.  

 

Along with the increased synthesis of rRNA in the U2OS cells, we observed that global 

protein synthesis was doubled in those cells induced with 4-OHT. This is consistent 

with what has been observed by several groups in different cell lines; COS7 cells 
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carrying the MycER chimera increased their translation rate by 50% upon addition of 

oestradiol (Eilers et al., 1989). An obvious increase in total protein synthesis was 

recorded in MycER NIH3T3 cells upon 4-OHT addition (De Benedetti and Graff, 2004) 

and mouse promyelocyte cells expressing MycER exhibited high levels of 35S 

methionine incorporation (Wall et al., 2008). This boost of protein synthesis could be 

explained by the fact that Myc regulates several aspects of protein synthesis such as 

increasing ribosome biogenesis, tRNA levels and key factors involved in translation 

initiation elongation.  

 

To detect changes in translation we opted to use the SUnSET technique because it 

would allow us to have a single cell resolution by analysing with flow cytometry 

however, a big caveat of this technique is the price. Using SUnSET for flow cytometry 

requires a lot of optimizations for the antibody’s right concentration, nowadays most 

people use SUnSET in combination with western blot which makes it cheaper but 

sacrifices the single cell resolution. Alternative techniques can be used to analyse the 

translation of the cells, such as 35S metabolic labelling, although very reliable it comes 

with the caveats of sacrificing the single cell resolution and the requirement of a 

specific radiation handling facility (Schmidt et al., 2009). This could be avoided by 

using non-radioactive alternatives now on the market. Another approach is to use 

polysome profiling which would give us a snapshot of the translation status of the cells, 

those under Rapamycin treatments would probably show a higher abundance of 

monosomes rather than polysomes (McGlincy and Ingolia, 2017). This can also be 

scaled up to ribosome profiling which would allow us to calculate translation efficiency 

by comparing the abundance of mRNA to the abundance of ribosomes that translate 

this mRNA allowing us to learn which transcripts translate better than others 

(Spealman et al., 2016).  

 

 

 

mRNA translation can be separated into three distinct stages: initiation, elongation and 

termination. The translational initiation phase begins with recruitment of a 43S 

ribosomal complex to the 5’-methylguanosine-cap of the mRNA, then it scans along 

the mRNA until it encounters the first start codon and ends with joining of 60S large 

ribosomal subunit. The cap-dependent ribosomal binding step is thought to be rate-
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limiting. This step is stimulated by eukaryotic initiation factor (eIF) 4F, a complex 

consisting of three subunits: eIF4E, the least abundant of all initiation factors (Duncan 

et al., 1987) which binds directly to the mRNA cap structure; eIF4A an RNA helicase 

that prepares the mRNA template for ribosome loading; and eIF4G, a large molecular 

scaffold that bridges the 43 ribosome preinitiation complex to the mRNA.  

 

All three members of eIF4F as well as other initiation factors, including eIF2 and eIF3 

subunits are under Myc regulation. 

 

eIF4AI, eIF3E and eIF4G1 are bona fide Myc targets, suggesting that the way Myc 

stimulates translation may be through its ability to up-regulate the rate-limiting step of 

translation initiation (Lin et al., 2008) (Schlosser et al., 2003, Cole and Cowling, 2009). 

A coordinated increase in all three subunits of eIF4F has been observed when Myc 

activity is stimulated (Lin et al., 2009). Hence, Myc potentiates the whole protein 

biosynthetic apparatus underlying its potent ability to drive cell growth (Kress et al., 

2015). 

 

Furthermore, by analysing the Gene Ontology enrichment from the DEG’s of cells 

overexpressing Myc, we can observe a trend towards the biosynthesis of constituent 

macromolecules, and assembly, or disassembly of cellular components, which is 

clearly associated to the different processes involved in the regulation of cell growth. 

As cells grow, Myc induces processes that enable synthesis of new cellular 

components such as ribosomes, nucleotides, and lipids. These components are used 

to produce numerous cellular organelles including mitochondria, which are essential 

for high levels of ATP production in support of a growing cell. In addition to respiration, 

mitochondria mediate many biosynthetic pathways (Wallace, 2012). Myc has been 

shown to induce mitochondrial biogenesis apparently through the direct activation of 

genes involved in mitochondrial biogenesis(Graves et al., 2012, Liu et al., 2008, 

Morrish and Hockenbery, 2014), specifically PGC-1B (Morrish and Hockenbery, 2014) 

as well as by increasing the iron transporter, the transferrin receptor (TRFC), which is 

essential for mitochondrial biogenesis(O'Donnell et al., 2006).  

 

We can observe that lipid biosynthesis is amongst the GO terms enriched in the Myc 

overexpressing cells. This could be another process by which size is controlled, as a 
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growing cell needs to synthesize the different lipids that constitute the cell membrane 

and that of different organelles. Myc has been observed to induce fatty acid synthesis 

partially by using glucose carbons and turning them into phosphoglycerate that is then 

used as the backbone for lipid synthesis (Morrish et al., 2010, Cantor and Sabatini, 

2012). Myc also regulates acetyl-CoA carboxylase (ACACA), fatty acid synthetase 

(FASN) and stearoyl-CoA (SCD), all key enzymes in lipid metabolism (Zeller et al., 

2003). 

 

Overall, cells overexpressing Myc are larger and have greater amounts of rRNA and 

protein than normal U2OS cells. Interestingly, we must consider the possibility that if 

done in a different order would this be the same case. Would Myc activation rescue 

cells previously incubated with Rapamycin? Based on the results observed in this 

work, we can see that Rapamycin tends to downregulate genes involve in ribosomal 

biogenesis and consequently a reduction of cell size, if Rapamycin is washed away 

and Myc is activated (via 4-OHT), we could perhaps observe that cells could return to 

a size similar to the control cells, as Myc could increase the ribosome biogenesis 

previously hampered by Rapamycin. If, however, Rapamycin continues to be 

exposed, it is possible that the toxic effects of the drug would eventually end up 

triggering cell death. More experiments would be required to further understand the 

effects of this possible phenomenon.  

 

The Myc pathway seems to function along the PI3K/mTOR pathway by regulating 

many of the important aspects of cell growth and metabolism (Ersching et al., 2017). 

It is important to study the crosstalk between these pathways, as many maladies are 

driven by mutations, translocations or other problematic changes that alter the fine 

balance that exists between the two, one example being Burkitt lymphoma cells; these 

are Myc-driven lymphomas that can show a high dependence on the PI3K activity at 

the point that apoptosis is induced by LY294002 incubation (Spender and Inman, 

2014). At the same time, Myc is known to downregulate the mTOR-negative regulator 

TSC2 (Ravitz et al., 2007). Interestingly, mTOR inhibition diminished tumorigenesis in 

the Eμ-myc transgenic mouse lymphoma model (Wall et al., 2013). 

  

Rapamycin exposed U2OS cells showed a behaviour like that previously discussed in 

HeLa cells. The HeLa dataset was produced by incubating cells with 1 μM Rapamycin 
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like the U2OS cells, but only for 10 hours, unlike our experiment for 24 hours. 

Nevertheless, when comparing both datasets DE downregulated genes, we can 

observe that they share genes involved in ribosomal biogenesis, proving the 

importance of mTOR in the regulation of cell growth through ribosomal biogenesis. 

Amongst the DE upregulated genes, we can observe an increase in genes associated 

with autophagy, an effect caused by Rapamycin (Liao et al., 2019). 

 

Remarkably, U2OS cells that had previously activated Myc and then exposed to 

Rapamycin, did not have the major increment of cell size seen with 4-OHT induced 

cells, nor were they affected the same way as Rapamycin exposure only. Rather, 

these cells were able to maintain a size similar to untreated U2OS cells. Nevertheless, 

their rRNA and protein content was higher than control cells’, yet less than that of Myc 

overexpressing cells.  

 

The Gene Ontology enrichment from these cells pointed towards cellular metabolic 

processes and component biogenesis. As mentioned before, Myc controls different 

metabolic processes which can be subsequently affected by Rapamycin treatment.  

 

 

Enhanced metabolic capacity of a growing cell is essential for biomass accumulation 

and the ability of Myc to induce glycolysis and glutaminolysis supports the cell’s need 

for ATP and building blocks (Osthus et al., 2000, Hu et al., 2011, Dang, 2013). In 

addition to its ability to stimulate glucose uptake and glycolysis, Myc also stimulates 

glutamine consumption and metabolism by intervening at  transcriptional and 

posttranscriptional levels (Gao et al., 2009). It does so by inducing the expression of 

glutamine transporters SLC1A5 and SLC7A5 (DeBerardinis and Cheng, 2010, Le et 

al., 2012), increasing glutaminolysis by four-fold, and thus repurposing glutamine to 

convert it to proline (Liu et al., 2012).  Amongst the downregulated genes found in the 

Myc induced U2OS cells exposed to Rapamycin, we can find the sodium-dependent 

glucose co-transporter SLC5A2, the amino acid transporters SLC3A1 and SLC1A5, 

and SHMT2, an enzyme that converts serine to glycine required for both nucleotide 

and amino acid biosynthesis. It is important to point out that glucose deprivation could 

cause an imbalanced synthesis of rRNA and ribosomal proteins, resulting in the 

activation of p53 and growth arrest (Drygin et al., 2010, Lippman and Broach, 2009) 
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Not only do glucose and glutamine contribute to the synthesis of glycoproteins and 

complex carbohydrates of a growing cell, but they are also involved in the production 

of lipids for membrane production (Cantor and Sabatini, 2012). 

 

This could in part explain why Myc overexpressing cells exposed to Rapamycin did 

not have the same phenotype as those solely expressing Myc. Rapamycin could have 

affected multiple metabolic effectors and translational regulators that ultimately lead to 

a slight reduction of the cell size. 

 

Perhaps the ER stress caused by the accumulation of unfolded proteins via Myc 

overexpression could also be triggering a quality control pathway that involves the 

Signal recognition particle (SRP), which correlates with the GO enrichment term 

related to proteins targeting the ER. If mutant proteins do not fold properly or fail to be 

delivered to the appropriate cellular compartment, they can be degraded by the 

proteasome. However, this mechanism doesn’t prevent continued production of the 

mutant gene product. Karamyshev et al. propose that when mutant signal sequences 

fail to bind to the signal recognition particle (SRP) at the ribosome exit site, the nascent 

chain instead contacts Argonaute 2 (Ago2), and the mutant mRNAs are specifically 

degraded.    

 

Perhaps this mechanism could protect the cell for stress induced by protein 

accumulation driven by Myc overexpression. As mentioned before this could be a 

mechanism that would aid transforming cells in their survival. However, more 

experimental evidence is required to confirm this. 

 

Interestingly, when analysing the GO terms from upregulated genes from Myc 

activated and Rapamycin exposed cells compared to control cells, we can see that 

the terms related mostly to ribosomal biogenesis and other rRNA processing terms. 

Which helps us to think that perhaps there’s an alternative mechanism driving 

ribosomal biogenesis if mTOR is being downregulated by Rapamycin. Perhaps this 

maintenance of ribosomal biogenesis could be aiding the cells exposed to rapamycin 

to keep a cell size similar to those untreated control cells.  
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Overall, we have observed that U2OS cells’ growth control can be manipulated 

depending on which node of the pathways is altered; Rapamycin incubation produced 

smaller cells by hampering mTOR’s function, downgrading translation, ribosomal 

synthesis, and different anabolic processes which ended up affecting mass 

accumulation. On the other hand, Myc overexpression contributed to an enlarged 

phenotype, by increasing the metabolic activity of the cell, increasing synthesis of 

macromolecules necessary for the assembly of different organelles, increasing rRNA 

synthesis to build up more ribosomes and directly and indirectly affecting translation 

rates. The interplay between both pathways interestingly showed that, even though 

Rapamycin hampered metabolic effectors, the continuous expression of Myc kept the 

cell size like controls.  

 

Both Myc and mTOR pathways seem to interconnect and cooperate to supply 

downstream effectors to alleviate disruptions in the cell’s homeostasis. It is important 

to further dissect how both pathways might interact with each other in order to 

comprehend how cell growth is regulated. 

 

 

 

 

 

  



 120  
 

 
 

Chapter 5: Inhibiting ribosomal 

synthesis impacts the Rapamycin 

resistance effect of Myc 

activation. 
 

 

5.1 Introduction 

 

5.1.1 Ribosomal biosynthesis drives cell size  

 

 
As it was observed in the last chapter, U2OS cells that were only exposed to 

Rapamycin shrank. However, those that were previously allowed to accumulate Myc 

by 4-OHT induction and then were exposed to Rapamycin, were able to maintain a 

size similar to non-treated cells. Given the fact that Myc’s capacity to regulate growth 

is heavily based on its ability to stimulate ribosomal biosynthesis, it was decided to 

explore this possibility. Analysing sequencing results from these cells, we noted that 

ribosomal proteins were slightly more upregulated in Myc induced U2OS cells 

exposed to Rapamycin than those only induced with 4-OHT, which fuels this 

supposition.  

 

Induction of ribosome biogenesis is thought to be an evolutionarily conserved function 

of Myc (Brown et al., 2008). In mammalian cells, the 5.8S, 18S, and 28S rRNAs are 

encoded by genes activated by Myc. These genes are arranged in repeats that cluster 

in the nucleolus, which are enriched for E-box motifs to which Myc eventually binds, 
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aiding in their transcription. (Arabi et al., 2005, Grandori et al., 2005, Lin et al., 2012, 

Schlosser et al., 2003).  

 

UBF (upstream binding factor) binds to rDNA on multiple sites allowing the preinitiation 

complex assembly and remodelling of rDNA chromatin. Selectivity factor 1 (SL1/TIF-

1B) interacts with UBF, binding to rDNA promoter sequences. Rrn3 (also known as 

TIF-1A) interacts with the UBF/SL1 complex and recruits Pol I, initiation transcription 

(Russell and Zomerdijk, 2005). 

 

Myc can regulate Pol I activity by increasing UBF’s abundance, allowing rRNA 

transcription (Poortinga et al., 2004, Poortinga et al., 2011).  

 

In Drosophila, dMyc increases the expression of Pol I subunits and cofactors, which 

increase rDNA transcription and ribosome biogenesis. On the other hand, decreased 

dMyc expression in larvae downregulated rDNA transcription and decreased nucleolar 

size, which evidences decreased ribosome production (Grewal et al., 2005). 

 

The transactivation domain of Myc is required for increased rDNA transcription and 

the carboxy-terminal regions including the basic region at residues 355-368 are 

important for nucleolar localization (Campbell and White, 2014). 

 

In order to drive expression of its target genes, RNA Pol III recruits the RNA Pol-III-

specific transcription factors TFIIIC and TFIIIB. TFIIIC does not have high affinity to 

the 5S rRNA promoter. For this reason, TFIIIA must be bound first to recruit TFIIIC. 

Once TFIIIC is bound, TFIIIB recognises its binding site upstream of the transcription 

start site. TFIIIB recruits RNA Pol III and transcription can start (Schramm and 

Hernandez, 2002). 

 

The level of RNA Pol III products such as B2 RNA and tRNAs are decreased in 

fibroblasts deficient for Myc, but rapidly up-regulated on MycER induction (Gomez-

Roman et al., 2003), a similar behaviour observed in B cells, cardiomyocytes and 

hepatocytes (Lin et al., 2012, Goodfellow et al., 2006, Shukla and Kumar, 2012). 
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Induction of tRNA synthesis was also seen in vivo when MycER was activated in 

transgenic mice (Goodfellow and White, 2007). Conversely, depletion of Myc by RNAi 

led to decreased expression of RNA Pol III products (Felton-Edkins et al., 2003, Owen 

et al., 2010). dMyc overexpression stimulated RNA Pol III transcription, whereas 

knockdown had the opposite effect (Steiger et al., 2008). 

 

Myc has been detected at tRNA, 5S rRNA and other RNA Pol III-transcribed genes in 

numerous cell types (Felton-Edkins et al., 2003, Gomez-Roman et al., 2006, Lin et al., 

2012).  

 

Increased protein synthesis and activity of RNA Pol I and RNA Pol III are found in 

cardiomyocyte hypertrophy, a phenomenon associated with cardiac pathologies. It 

has been observed that these cells require increased RNA Pol I transcription to grow 

and Myc expression was sufficient for growth whilst chemical inhibition of Myc/Max 

prevented it (Goodfellow et al., 2006). The level of the TFIIIB subunit Brf1 is rate-

limiting for RNA Pol III transcription in these cells and hypertrophy also induced Brf1 

expression (Ernens et al., 2006). 

 

5.1.2 Cell size and p38 MAPK signalling 

 

The mammalian p38 MAPK pathway participates in numerous biological processes, 

including the regulation of cell cycle checkpoints. In response to DNA damage or 

oxidative stress, p38 is activated and induces a cell cycle arrest (Thornton and Rincon, 

2009, Ambrosino and Nebreda, 2001). 

 

The first member of the p38 MAPK family was independently identified as a 38 kDa 

protein (p38) (Han et al., 1994).  Additional p38 MAPK family members, which are 

approximately 60% identical in their amino acid sequences, were named P38β 

(MAPK11), p38γ (ERK6 or MAPK12 and p38δ (MAPK13) (Jiang et al., 1996, Lechner 

et al., 1996, Mertens et al., 1996, Goedert et al., 1997, Jiang et al., 1997, Enslen et 

al., 1998). P38α is ubiquitously expressed at significant levels in most cell types. 
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The activation of MAPK requires phosphorylation on a flexible loop termed the 

phosphorylation lip or activation loop. These phosphorylations induce conformational 

reorganizations that relieve steric blocking and stabilize the activation loop in an open 

and extended conformation, facilitating substrate binding.  

 

P38 MAPKs are activated by dual phosphorylation in the activation loop sequence 

Thr-Gly-Tyr. In response to appropriate stimuli, threonine and tyrosine residues can 

be phosphorylated by three dual specificity MKKs/MAP2K (MAPK kinases). MKK6 can 

phosphorylate the four p38 MAPK family members, whereas MKK3 activates P38α, 

p38γ and p38δ but not P38β. Both MKK3 and MKK6 are highly specific for p38 MAPKs 

(Jiang et al., 1997, Alonso et al., 2000). In addition, P38α can also be phosphorylated 

by MKK4, an activator of the JNK pathway (Doza et al., 1995, Matsuzawa et al., 2008). 

Upregulation of the p38 MAPK pathway can lead to increased cell size (Clerk et al., 

1998, Kudoh et al., 1998, Molnar et al., 1997, Lopez-Aviles et al., 2005, Cully et al., 

2010).  

 

It has been shown that p38 is activated by hyperosmotic conditions that shrink cell 

volume (Han et al., 1994, Moriguchi et al., 1996, New and Han, 1998). Defects in cell 

size and growth were previously implicated with perturbations of p38 in mammalian 

tissues such as liver, bone and heart (Tormos et al., 2013, Thouverey and Caverzasio, 

2015, Gonzalez-Teran et al., 2016). Mice lacking p38γ and/or p38δ have higher levels 

of the mTOR inhibitor DEPTOR, resulting in lower mTOR activity (Nishida et al., 2004). 

Liu et al observed a decrease in size following p38 inhibition. However, this reduction 

in size was not attributed to mTOR inhibition, as this would slow down cellular growth 

rates. Instead, it is proposed that p38 inhibition reduces cell size by shortening the 

duration of growth G1 (Liu et al., 2018). 

 

 

5.2 Results 

 
In order to determine if ribosomal synthesis was the reason that Myc overexpressing 

cells managed to maintain a size similar to controls, U2OS cells were allowed Myc 

accumulation by inducing cells with 4-OHT for 24 hours and then were incubated with 
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both Rapamycin and Actinomycin D, a known RNA Pol I inhibitor at very low 

concentrations. 

 

Incubation with 100 ng of Actinomycin D only reduced the size of control cells. 

However, in Myc overexpressing cells, it had a slight effect that was not deemed 

significant (Figure 5.1). 

 

Remarkably, the combination of Rapamycin and Actinomycin D reduced the size of 

cells with acivated Myc. (Figure 5.1). 

 

 

 

Figure 5.1 Myc Overexpression inhibitor resistance is abolished by combination of 

Rapamycin with a RNA Pol I inhibitor. MycER U2OS cells exposed to Actinomycin D have 

a reduce size when analysed by flow cytometry. A) Bar plots from U2OS cells exposed to 

Rapamycin, 4-OHT or both. Myc overexpressing cells exposed to both Rapamycin and 

Actinomycin D had a reduced size. B) Representative histogram from flow cytometry data of 

treatments. Arbitrary Units (A.U.). Data shown are mean values ± standard deviations (N = 3 

independent biological replicates). Statistical significance was assessed by ANOVA with 

Tukey’s test, Asterisks represent the p-value: * p < 0.05, ** p < 0.01, *** p < 0.001, ****p <  

0.0001. 
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Since Actinomycin D in combination with Rapamycin was able to produce a cell size 

reduction in cells overexpressing Myc, it was then proceeded to analyse the rRNA 

content of the cells by staining with Pyronin Y.  

 

As expected, all the cells treated with the RNA Pol I inhibitor had a reduced signal 

from Pyronin Y staining (Figure 5.2), pointing to the possibility that rRNA biosynthesis 

could contribute to the cell size control in Myc overexpressing cells.  

 

 

 

 

 

Figure 5.2 Ribosomal RNA signal was reduced by a RNA Pol I inhibitor. MycER U2OS 

cells exposed to Actinomycin D and 4-OHT show different levels of Pyronin Y signal 

determined by flow cytometry. A) Bar plots from U2OS cells exposed to Rapamycin, 4-OHT, 

Actinomycin D or a combination. Actinomycin D reduced Pyronin Y signal whilst Myc 

overexpression increased it. A combination of Rapamycin and Actinomycin D strongly reduced 

the Pyronin Y signal from U2OS cells overexpressing Myc. B) Representative histogram from 

flow cytometry data of treatments. Arbitrary Units (A.U.). Data shown are mean 

values ± standard deviations (N = 3 independent biological replicates). Statistical significance 

was assessed by ANOVA with Tukey’s test, Asterisks represent the p-value: * p < 0.05, ** p < 

0.01, *** p < 0.001,  ****p <  0.0001. 
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Given the fact that Myc overexpressing cells were able to maintain a size similar to 

controls when the mTOR pathway was downregulated, it was hypothesized that 

ribosomal synthesis was the driving force that allowed cells to hamper the effects of 

Rapamycin exposure. 

 

After observing that a combination of Rapamycin and Actinomycin D was able to break 

the growth control, it was interesting to think of a possible alternative route that could 

keep the ribosomal synthesis active.  

 

Given the fact that p38 MAPK has been observed to be associated with size control, 

we explored the possibility of p38 aiding the ribosomal synthesis or the growth control 

in U2OS cells. 

 

We incubated Myc overexpressing U2OS cells with both Rapamycin and the p38 

MAPK inhibitor SB203580 to analyse if this combination was able to reduce their size. 

Exposure to SB203580 produced a size reduction in control cells and in 4-OHT 

induced cells. A combination of both Rapamycin and SB203580 reduced the size of 

cells overexpressing Myc (Figure 5.3). 

 

 

 

 

Figure 5.3 Incubation with a p38 MAPK inhibitor reduces cell size. MycER U2OS cells 

exposed to SB203580 have a reduce size when analysed by flow cytometry. A) Bar plots from 
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U2OS cells exposed to Rapamycin, 4-OHT, SB203580 or a combination. Myc overexpressing 

cells exposed to both Rapamycin and the p38 inhibitor had a reduced size. B) Representative 

histogram from flow cytometry data of treatments. Arbitrary Units (A.U.). Data shown are mean 

values ± standard deviations (N = 3 independent biological replicates). Statistical significance 

was assessed by ANOVA with Tukey’s test, Asterisks represent the p-value: * p < 0.05, ** p < 

0.01, *** p < 0.001, ****p < 0.0001. 

 

After observing that the p38 inhibitor was able to reduce cell size, it was interesting to 

observe if this effect was related to rRNA reduction as well. For this reason, cells were 

again treated with the chemical inhibitors, stained with Pyronin Y and analysed by flow 

cytometry (Figure 5.4). 

 

 

 

Figure 5.4 Incubation with a p38 MAPK inhibitor reduced ribosomal RNA signal. MycER 

U2OS cells exposed to SB203580 and 4-OHT show different levels of Pyronin Y signal 

determined by flow cytometry. A) Bar plots from U2OS cells exposed to Rapamycin, 4-OHT, 

SB203580 or a combination. The p38 MAPK inhibitor reduced Pyronin Y signal whilst Myc 

overexpression increased it. A combination of Rapamycin and SB203580 strongly reduced 

the Pyronin Y signal from U2OS cells overexpressing Myc. B) Representative histogram from 

flow cytometry data of treatments. Arbitrary Units (A.U.). Data shown are mean 

values ± standard deviations (N = 3 independent biological replicates). Statistical significance 

was assessed by ANOVA with Tukey’s test, Asterisks represent the p-value: * p < 0.05, ** p < 

0.01, *** p < 0.001,  ****p <  0.0001. 
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Surprisingly, cells incubated with SB203580 had a lower signal from Pyronin Y. This 

could serve as evidence of the p38 MAPK pathway’s involvement in an alternative 

Ribosomal biogenesis route to be analysed. 

 

 

5.3 Discussion 

 
Over the last chapters we have observed that ablation of the PI3K/AKT/mTOR 

pathway directly impacts the cells’ growth in a negative manner, producing smaller 

cells in return. On the other hand, we can observe that those cells that overexpress 

Myc are larger in diameter and volume and possess higher amounts of rRNA and 

proteins.  

 

Since Myc is a positive regulator of growth, like the mTOR pathway, it was interesting 

to observe that upon Rapamycin incubation, cells overexpressing Myc did not maintain 

the enlarged phenotype but nonetheless were not completely shrunk as those not 

overexpressing Myc but exposed to the mTOR inhibitor.  

 

Given the fact that both mTOR and Myc cooperate in controlling growth through 

ribosomal synthesis(Ersching et al., 2017), we hypothesise that ribosomal biogenesis 

is the driving force for biomass accumulation. Cells not expressing Myc have a 

markedly decreased rRNA synthesis (Mateyak et al., 1997). This can be observed in 

terminal granulocyte differentiation, where cells are observed to exhibit a significant 

loss in cellular mass (Poortinga et al., 2004, Wall et al., 2008) which is guided by 

reduction of RNA Pol I on rDNA and subsequent diminished levels of rRNA synthesis, 

all guided by downregulation of Myc (Poortinga et al., 2011).  

 

This highlights the important relationship between Myc and rRNA synthesis, and how 

this is highly associated with cell size control. At the same time this could explain why 

inhibition of RNA Pol I by Actinomycin D reduced the size of U2OS cells and specially 

of those incubated with both Rapamycin and Actinomycin D. 
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It is important to note that Actimonycin D was used in a concentration that is known to 

only affect RNA polymerase I however, given the fact that the incubation period was 

that of 24 hours, stress events and even cell death must be consider when analysing 

these results. It would be necessary to use an Annexin V conjugate to detect death 

cells and analyse if the results are affected by this. Perhaps this issue could be 

overcome by incubating cells for a shorter time, to reduce cell death.  

 

Another issue arises if we consider that the prolonged exposure to Actinomycin D 

might affect total mRNA synthesis and not only rRNA. Considering that the exposure 

is of 24 hours, there will be a point in which ribosomal content will be depleted and this 

could affect the translation of other mRNAs. Another problem would be that 

Actinomycin D could affect RNA pol II as well, even at lower concentrations, if this was 

the case, we could possibly detect this by incubating cells with the modified nucleotide 

ethynyl uridine (EU), which can be used to detect recently synthesised RNA by flow 

cytometry. If Pol II is affected by Actinomycin D’s lower concentration we should see 

that the EU signal from treated cells is far lower than non-treated controls. Another 

simpler option could be the use of RT-PCR to detect whether Actinomycin D treatment 

is downregulating specific mRNAs or just rRNA. 

 

Myc over expressing cells exposed to Rapamycin were able to maintain a similar size 

to control cells. Upon disruption of rRNA synthesis we observed that these cells 

reduced their size more than when only incubated with Rapamycin. For this reason, it 

was in our interest to find an mTOR-independent route that could control cell size 

through ribosome biogenesis.  

 

Since irregularities with the p38 MAPK have previously been linked to growth defects 

in multiple mammalian tissues (Tormos et al., 2013, Thouverey and Caverzasio, 2015, 

Gonzalez-Teran et al., 2016), and its upregulation has been observed to lead to 

increased cell size (Clerk et al., 1998, Kudoh et al., 1998, Molnar et al., 1997, Lopez-

Aviles et al., 2005, Cully et al., 2010), we decided to explore the possibility that 

chemical inhibition of p38 along with that of mTOR would affect ribosome biogenesis 

and cell size.  
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Incubation with SB203580 produced a reduction of size in U2OS cells, and 

interestingly, incubation with the p38 inhibitor and Rapamycin was able to reduce the 

growth from U2OS cells overexpressing Myc. 

 

There is evidence from other systems of p38 mediated translational regulation acting 

via direct phosphorylation of MAPK-interacting Kinases (MNKs), which then leads to 

phosphorylation of eIF4E and initiation of 5’-7-methylguanosine cap-dependent 

translation (Yamagiwa et al., 2003). 

 

Notably, p38 has been shown to be activated when cells shrink (Han et al., 1994, 

Moriguchi et al., 1996, New and Han, 1998). Liu et al found as well that small cells 

display higher levels of p38 activity, and that these cells also remained in G1 for longer 

periods of time. Inhibition of p38 led to loss of the compensatory G1 length extension 

in small cells, resulting in faster proliferation, smaller cell size and increased 

heterogeneity in size. This suggests a model where the p38 MAPK pathway functions 

downstream of a cell size sensing process and feeds information about cell size to 

regulators of the cell cycle (Liu et al., 2018).  

 

It would be interesting to test in future experiments if the model by Liu et al., proposing 

that p38 delays G1 for compensatory mechanisms after cells shrank, could be related 

to ribosomal synthesis, as co-incubation of both Rapamycin and SB203580 produced 

smaller cells, and reduced rRNA synthesis. 

 

SB203580 has also been observed to decrease the levels of cell glucose (Antonescu 

et al., 2005) which, as we have mentioned before, can also be associated with 

downregulation of ribosomal synthesis through the PI3K/AKT/mTOR pathway.  

 

Remarkably, Bora et al in an investigation yet to be published (currently found in the 

bioRxiv under doi: /10.1101/2020.11.30.403931) found significant p38-MAPK 

mediated regulation of protein translation and rRNA processing. The p38 inhibition 

was associated with profound changes in the proteome and the transcriptome of 

translation related genes, including overall reduced levels of translation, transcription 

and rRNA processing. 
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Insights from other cell culture-based studies implicate MYBBP1A in transcriptional 

repression of rRNA gene expression and as a facilitator of pre-rRNA transcript 

processing, with depletion of MYBBP1A resulting in the accumulation of unprocessed 

rRNA precursors (Hochstatter et al., 2012). Bora et al suggest MYBBP1A (under 

regulation of p38) may act as a checkpoint agent enabling switching from a 

homeostatic balance in cellular protein synthesis and the coordination of a functionally 

important translational response to externally provided differentiation cues (via 

posttranscriptional regulation of rRNAs levels available for functional ribosome 

biogenesis). This hypothesis is strengthened by reports, in other models, describing 

MYBBP1A specific functions related to rRNA expression and processing during the 

cellular stress response (Kumazawa et al., 2015, Ono et al., 2014). 

 

MYBBP1A is a predominantly nucleolar protein with reported roles in the negative 

regulation of RNA polymerase I dependent rRNA gene transcription, co-transcriptional 

rRNA processing and ribosome biogenesis (Hochstatter et al., 2012, Tan et al., 2012), 

p53 tetramerization, cell senescence and apoptosis (Kumazawa et al., 2015, Ono et 

al., 2014). 

 

The accumulation of ribosomal protein transcripts observed in our RNAseq analysis 

of Myc overexpressing U2OS cells exposed to Rapamycin does not necessarily reflect 

the status of the ribosomal protein levels in the cell. Bora et al., observed that RP 

transcripts were upregulated, but at the same time these ribosomal proteins were 

down regulated at the translation level, suggesting that their accumulation was 

probably due to overall impaired levels of translation. 

 

Disturbances in ribosome biogenesis, as a result of altered signalling or stress, arrest 

the pre-rRNA maturation process resulting in an increased pool of ribosomal proteins. 

This accumulation results in the inhibition of protein synthesis and cell cycle arrest 

through the activation of p53 (Bibikova et al., 2014, Danilova and Gazda, 2015). 

 

This observed accumulation of RPs in U2OS cells was perhaps because of the stress 

caused by treatment with Rapamycin or even by the continuous expression of Myc, 

which could have caused stress in the balance of ribosomal protein synthesis. 
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RPL5 and RPL11 have been found to be extremely important in sensing ribosomal 

stress. RPL11 has been shown not only to induce p53 transactivation, but also to bind 

Myc within the Myc box II domain and inhibit its association with TRRAP, thereby 

reducing histone acetylation and Myc-dependent transcription. Thus, the Myc-RPL11 

circuit functions in a negative-feedback mode ((Dai et al., 2007, van Riggelen and 

Felsher, 2010). 

 

An interesting observation is that many tumours rely on Myc’s enhanced protein and 

ribosome synthesis capacities; studies in Eμ-Myc mice have shown that when these 

mice are crossbred with mice containing haploinsufficiencies of the genes coding 

RPL24 or RPL38, the rate of lymphomagenesis was reduced, which indicates that a 

reduction in protein synthesis, due to reduced expression of necessary RPs, was 

enough to counteract Myc induced transformation (Barna et al., 2008). 

 

We have observed that Myc’s increased capacity to upregulate ribosomal synthesis 

was driving the cells’ mechanism to regulate growth even under Rapamycin treatment. 

Once a RNA Pol I inhibitor was incubated along with the mTOR inhibitor, Myc was not 

able to maintain a size similar to control cells, given that rRNA synthesis was strongly 

reduced.  

 

At the same time, an alternative mechanism for cell size control is suggested by 

proposing that p38 plays a role in mass accumulation, probably as suggested by 

delaying G1 in smaller cells and at the same time interacting with the rRNA synthesis 

machinery and translation.  

 

To conclude we have produced diagrams that summarise the biological phenomenon 

observed in this study. The first diagram shows how the mTOR pathway regulates cell 

size through ribosome biogenesis (Figure 5.5) and how Rapamycin blocks this, 

producing smaller cells in the process. The second diagrams shows the balance 

between Myc and the mTOR pathway in promoting cell growth, and how Rapamycin 

in conjunction with Actinomycin D or SB203580 block Myc’s capacity to maintain a 

“normal” size (Figure 5.6). 
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Figure 5.5 The mTOR pathway – Rapamycin relationship. The diagrams shows the way 

the mTOR pathway promotes cell growth and proliferation. At the same time, the capacity of 

Rapamycin to block these effects. 

 

 

Figure 5.6 Myc induced-ribosome biogenesis drives cell size regulation. The diagram 

shows the interaction between different drugs that hamper ribosome biogenesis and the 

effects on cell size. It is proposed that p38 could be driving ribosome biogenesis alternatively 

of mTOR.   
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Chapter 6 Conclusions. 

 The control of cell size is a very important matter. Cells that are too small tend to be 

more sensitive towards apoptosis, have limited biosynthetic capacities and spend 

more energy maintaining ionic gradients, whereas too large cells have a reduced 

surface area for nutrient exchange, spend more energy on transcription of cytoskeletal 

genes to maintain the structural challenges of an enlarged size, and there is a 

cytoplasm dilution (Neurohr et al., 2019). Disease can arise from dysregulation of the 

pathways controlling cell size (Jiang and Liu, 2008, Ruggero, 2009).  

 

Cell size is also known to be a source of extrinsic noise; as transcripts scale with size, 

understanding growth mechanisms is important to design more reliable gene circuits. 

It is for this reason that it is important to further dissect the interactions that occur 

between these pathways.  

 

We have observed that suppression of an individual member of the PI3K/AKT/mTOR 

pathway is enough to produce a smaller mammalian cell phenotype and alter its 

proliferation. Furthermore, dissecting the gene expression of cells challenged with 

Rapamycin, it was observed that the main events affected were those related to 

protein accumulation through the translation machinery and ribosome biogenesis. An 

interesting fact is that increased protein synthesis and cell growth are critical for 

tumorigenesis (Montanaro et al., 2008, White, 2008).  

 

Tumour cells are generally larger than normal cells and contain more and bigger 

nucleoli, a phenotype indicative of increased ribosome synthesis (Busch et al., 1963, 

Pahuja et al., 2003, Arora et al., 2003). The key mechanism observed to be 

dysregulated in many maladies is Myc, which has been traditionally associated with 

growth and proliferation.  

 

We analysed the effects of overexpressing Myc on U2OS cells and observed that upon 

its induction, the cells showed an increased size when analysed by flow cytometry, 
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which was further corroborated by measurements of their volume and diameter. The 

cells’ cell cycle distribution was also affected.  

 

In tumour cells Myc-dependent increases in protein synthesis augment cell growth and 

this effect is coupled to increased cell cycle progression and cell survival. This mass 

accumulation is also achieved by its ability to promote ribosome biogenesis (Ruggero 

and Pandolfi, 2003, Barna et al., 2008, Poortinga et al., 2004, Grandori et al., 2005). 

When analysing the gene response to overexpressing Myc, we observe that cellular 

component biogenesis, arrangements in the cytoskeleton and different biosynthetic 

processes were altered. These are biological processes that play important roles in 

cell size regulation. 

 

To analyse how these pathways interact with each other, cells were allowed to 

accumulate Myc and then were challenged with Rapamycin, which led to cells 

maintaining a “normal size”, similar to the non-treated cells. This interesting behaviour 

was further analysed by measuring their ribosomal RNA and protein content with flow 

cytometry. Surprisingly, we could observe that the levels of both protein and rRNA 

were slightly higher than those of non-treated cells, yet lower than Myc overexpressing 

cells. This biomass “leftover” accumulation led us to think that the mechanism 

underlying the shrinkage resistance was driven by ribosomal synthesis.  

 

It is interesting to notice that when gene expression of Myc overexpressing cells 

exposed to Rapamycin was analysed, there was evidence of altered metabolic 

processes, which could be associated with the response to Rapamycin treatment. 

Myc over expressing cells incubated with both Rapamycin and Actinomycin D had a 

smaller size than those only exposed to Rapamycin. This demonstrates that rRNA 

synthesis was involved in the size control. 

 

Considering that an alternative route could be driving this mechanism, we consulted 

the literature and found that p38 MAPK has been associated with cell size control and 

does not tend to be directly involved with Myc. For this reason, we tried a similar 

strategy by combining Rapamycin treatment with SB203580, an inhibitor of p38 

MAPK. This reduced both the cell size and the rRNA content of the cells, further 

showing an interaction of p38 with ribosomal synthesis.  
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Interestingly, Liu et al suggest that p38 MAPK functions as a growth control 

mechanism by sensing cell size and delaying the G1/S transition (Liu et al., 2018). 

The G1 phase is the decisive moment where the cell accumulates most of its biomass 

in order to go through replication of DNA. It would be interesting to test in future 

experiments if p38 could interact with other molecules that could sense the ribosomal 

content (and with it, cell size) and regulate the G1/S transition. 

 

We therefore consider that regulation of cell size comes with an interaction between 

different pathways that ultimately leads to maintaining the levels of ribosomal 

biogenesis. Understanding the mechanisms behind cell size control is very important 

as this process is involved in multiple issues, like disease, or transcriptional noise. 

 

In the case of disease, multiple cancers are dependent on Myc over expression, which 

leads to larger nucleoli, increased ribosome biogenesis, increased protein synthesis  

(Montanaro et al., 2008, White, 2008, Busch et al., 1963)  and consequentially larger 

tumour cells than their healthier counterparts. For this reason, different 

pharmacological strategies targeting the growth control mechanisms are being 

developed and a deeper knowledge of cell size regulation is necessary. 

 

At the end, we consider that if cell size and its variability are to be understood and 

controlled, we must first dissect the molecular sensors regulating growth control, which 

we propose to interact with ribosomal synthesis.  

 

Our original goal was to manipulate cell size  to reduce transcriptional noise, however, 

given multiple circumstances including the 2019 SARS CoV2 pandemic, many of our 

planned experiments were forced to be suspended and the project had to adapt and 

take a different path. 
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