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Abstract 11 
 

Abstract 
 
 
Ribosome biogenesis is an essential biological process that is required for 

cell division and growth. Cancer cells alter their physiology in order to meet 

their excessive growth demands and therefore maintain abnormal 

metabolism and homeostasis. Under normal conditions, ribosome biogenesis 

is tightly regulated to maintain adequate ribosomal content of the cell. 

However, several oncogenes promote this process and elevated ribosome 

biogenesis is often found in cancer cells, where it can support the high 

biosynthetic demand of these cells. Hence, ribosome biogenesis is a process 

that might provide candidate targets for therapeutic intervention. The main 

aim of this research was to assess whether inhibition of late stage biogenesis 

of the 60S ribosomal subunit would result in tumour suppressive responses 

in normal and cancer cells. We focused upon two GTPases, EFL1 and LSG1, 

that catalyse the last two cytoplasmic reactions in the maturation of the 60S 

subunit. 

 

We observed that RNAi-based silencing of the GTPases in human lung 

fibroblasts triggered growth arrest and senescence, which was mediated by 

the p16 and p53 pathways. Inhibition of these pathways revealed that loss of 

p53 could bypass the senescence response. However, when cells were 

plated at low density, knockdown of LSG1 conferred a tumour suppressive 

response, even in the absence of p53. Knockdown of LSG1 in MCF-10A 

mammary epithelial cells that lack the p16 locus also induced a robust 

senescence response and this was also observed in transformed derivatives 

of MCF-10A cells. Preliminary data obtained in a 3D mammosphere culture 

model also revealed that inhibition of 60S maturation could elicit an 
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antiproliferative response. Taken together, these data indicate that at least 

some cancer cells would be responsive to a therapy based upon inhibition of 

60S subunit biogenesis. 

 

We further characterised the senescence response that was obtained 

through knockdown of LSG1 by performing gene expression analysis. This 

revealed a minimal Senescence-Associated Secretory Phenotype (SASP) 

that was restricted to members of the TGF-β family and lacked the canonical 

pro-inflammatory cytokines and chemokines that are found in the SASP of 

cells undergoing oncogene-induced senescence (OIS). Surprisingly, we also 

observed a dramatic increase in expression of multiple genes in the 

cholesterol biosynthesis pathway, although inhibition of this pathway 

indicated that cholesterol biosynthesis was not required for the senescence 

response.  

 

Further insight into the mechanisms of induction of the ribosomal stress 

senescence response was sought through pilot CRISPR screen and reverse 

phase protein array (RPPA) analyses. These revealed some interesting leads 

that will direct future studies. 
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Lay reader summary 
 
 
Ribosomes are complex molecular machines that carry out protein synthesis 

and are essential for all living cells. The process of manufacturing new 

ribosomes, ribosome biogenesis, is tightly controlled in normal cells. 

However, cancer cells are very demanding in resources and usually alter 

their physiological processes in order to meet these demands, survive and 

expand. Genes that drive cancer, known as oncogenes, also promote 

ribosome biogenesis in order to support the excessive cancer cell growth and 

division rates. Hence, ribosome biogenesis might be a rate-limiting process in 

cancer and therefore a potential target for therapy. This study focused upon 

three factors, named EFL1, LSG1 and SBDS, which are involved in the 

biogenesis of ribosomes and could be promising targets as cancer 

therapeutics. EFL1 and LSG1 are enzymes, which means that their structure 

includes sites against which drugs could potentially be designed. SBDS is a 

factor directly related to cell growth, as mutated SBDS causes a disease 

called Shwachman Diamond Syndrome (SDS), in which several types of cells 

fail to grow properly in patients.  

 

The first aim of this study was to investigate whether inhibition of the 

ribosome biogenesis factors would have an impact on cell division. The 

results showed that normal and cancerous cells responded by halting cell 

division and entering a state of irreversible “arrest” that is called senescence 

and is emerging as a potential weapon in cancer therapy. In this state, the 

cells retain many normal functions, but activate several genes that prevent 

cell division.
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The next aim was to shed light into the therapeutic utility of inhibition of 

ribosome biogenesis. For this purpose, the ribosome biogenesis factors were 

inhibited in a 3-dimensional breast cancer model, which is thought to be more 

representative of a real clinical condition. This experiment indicated that 

interfering with ribosome biogenesis might confer growth defects in 

cancerous tissues, thus preventing cancer from progressing.  

 

The final aim was to elucidate the mechanism that underlies this response. 

Advanced analyses of protein levels and screening of the whole genome 

were implemented and revealed some interesting leads that will direct future 

studies. Overall, this study presented a novel role for inhibition of ribosome 

biogenesis as a promising strategy in tackling cancer. 
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1.1 The ribosome biogenesis machinery 

Ribosomes are highly conserved nucleoprotein complexes that carry out 

translation in the cell. Translation is a vital process that converts the genetic 

information encoded in the messenger RNA (mRNA) into polypeptide chains. 

The translationally active 80S eukaryotic ribosome is composed of two 

distinct subunits: the small, 40S, subunit containing the 18S ribosomal RNA 

(rRNA) and 32 ribosomal proteins (RPs) and the large, 60S, subunit 

containing the 5S, 5.8S and 28S rRNAs and 46 RPs [1]. 

 

In accordance with the highly conserved structure of the ribosomal particles, 

the key steps of ribosome biogenesis are evolutionarily conserved too [2]. 

Ribosome biogenesis follows a series of strictly coordinated steps that can 

be briefly summarised as follows: transcription of the 47S pre-rRNA by the 

RNA polymerase I (RNA pol I); covalent modifications and processing of the 

pre-rRNA for the generation of the mature 18S, 5.8S and 28S rRNAs; import 

of the 5S rRNA to the nucleolus after its transcription by RNA polymerase III 

(RNA pol III); import of the RPs to the nucleolus; assembly of the rRNAs with 

the RPs to form the nascent 40S and 60S subunits and migration of the 

ribosomal subunits from the nucleolus through the nucleoplasm and nuclear 

pores to the cytoplasm for the final maturation steps and assembly into the 

80S ribosome (Figure 1.1) [1], [3]. rRNA synthesis is a rate-limiting step of 

ribosome formation [4]. In mammals, its initiation requires the assembly of a 

multiprotein complex at the rDNA promoter containing RNA Pol I and the 

following factors: Transcription Initiation Factor I A (TIF-IA), Selectivity factor 

1 (SL1) and Upstream Binding Factor (UBF) [5]. For the transcription of the 

5S rRNA by the RNA Pol III the transcription factors TFIIIC and TFIIIB are 

necessary [6], [7]. 
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Ribosome biogenesis starts in the nucleolus with the transcription of a 

polycistronic precursor 47S pre-RNA by RNA pol I (Figure 1.1) [8], [9]. 

Following transcription, the nascent pre-rRNA is modified by about 150 non-

ribosomal proteins and 75 small nucleolar ribonucleoprotein particles 

(snoRNPs) [10], [11]. Small subunit ribosomal proteins (RPSs) and other 

factors assemble with the pre-RNA to initiate co-transcriptional formation of 

the 40S subunit. A site-specific cleavage leads to the separation of the 40S 

pre-ribosome and the remaining pre-RNA assembles with large subunit 

ribosomal proteins (RPLs) and non-ribosomal factors leading to the formation 

of the pre-60S particle [10]. The ribosomal protein mRNAs are transcribed in 

the nucleus by RNA polymerase II (RNA pol II) and translated in the 

cytoplasm [12]. Studies in yeast have revealed a diverse amount of non-

ribosomal trans-acting factors that facilitate the formation of the pre-40S and 

pre-60S complexes, through RNA cleavage and base modifications, folding 

or assembly [10], [13]. Most of these factors are removed and recycled 

before the release of the nascent subunits from the nucleolus and a few are 

removed in the nucleoplasm, thus simplifying the non-ribosomal composition 

of the two early complexes prior to export to the cytoplasm. Some factors are 

maintained on the pre-60S subunits because they are required for export 

through the nuclear pore and are therefore not removed until the cytoplasmic 

maturation stages. Among these proteins are the adapters/anti-association 

factors Eukaryotic translation Initiation Factor 6 (eIF6) and NMD3, which are 

discussed in more detail below. 
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Figure 1.1 The events of ribosome biogenesis 
Ribosome biogenesis is a multistep process that begins in the nucleolus and ends in the 
cytoplasm. RNA pol I transcribes the 47S pre-rRNA in the nucleolus, which is subsequently 
processed to form the 18S, 5.8S and 28S rRNAs. These rRNAs combine with ribosomal 
proteins and form the pre-60S and pre-40S subunits in the nucleus. RNA pol II carries out 
the transcription of the ribosomal protein RNA, while RNA pol III is responsible for the 
transcription of the 5S rRNA. The two pre-complexes are exported to the cytoplasm where 
the final maturation stages take place and they finally assemble into the 80S, translationally 
active complex. Adapted from van Riggelen et al., 2010 [14]. 
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1.1.1 60S ribosome maturation 

During the last steps of ribosome biogenesis, the pre-60S ribosomal subunit 

exits the nucleus through the nuclear pore and is released into the cytoplasm 

where the final maturation events take place. According to studies performed 

on Saccharomyces cerevisiae, the Translation initiation factor 6 (Tif6, the 

yeast orthologue of mammalian eIF6) is a nucleolar factor, essential for 60S 

biogenesis and export to the cytoplasm [15]. However, Tif6 acts as an anti-

association factor by residing at the inter-subunit interface, thus preventing 

generation of the 80S complex by blocking the joining of the 60S with the 40S 

subunit [16]. Therefore, Tif6 (or eIF6) removal from nascent 60S subunits is 

required in order to allow the final assembly and formation of mature 80S 

ribosomes [17]. This is accomplished in a reaction catalysed by the 

Guanosine triphosphatase (GTPase) Elongation Factor-Like 1 (EFL1), a 

structural homolog of the eukaryotic translation Elongation Factor 2 (eEF2). 

According to the most recent model, the Shwachman-Bodian-Diamond 

Syndrome (SBDS) factor (the ortholog of the yeast Sdo1) couples the 60S-

dependent guanosine triphosphate (GTP) hydrolysis by EFL1 to the 

dissociation of eIF6 through conformational changes that disrupt and 

destabilise the bonding of eIF6 to the 60S ribosome. After its removal, eIF6 is 

recycled to the nucleus and the EFL1 and SBDS factors are released back 

into the cytoplasm (Figure 1.2) [18], [19], [20]. 

 

According to studies in yeast, NMD3 is a 60S anti-association factor 

analogous to eIF6 whose removal is a prerequisite for 80S assembly to 

occur. In particular, NMD3 binds to newly-made pre-60S subunits in the 

nucleoplasm and recruits the export receptor Chromosomal Maintenance 1 

(CRM1) to facilitate passage of the complex through the nuclear pore [21]–

[23]. Once in the cytoplasm, the GTPase LSG1 and the co-factor ribosomal 
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Protein L10 (RPL10) are recruited to the pre-60S complex. It is proposed that 

the GTPase activity of LSG1 supports accommodation of the RPL10 

structural factor on the 60S ribosome, as a late assembly event, allowing the 

ribosome to relax into a more open position. This state of altered 

conformation leads to release of NMD3 (Figure 1.2) [23], [24]. The LSG1 

reaction resembles the aforementioned EFL1 reaction. Since LSG1 mutants 

do not lead to accumulation of eIF6 on the 60S ribosome, whilst Sdo1 

mutants lead to accumulation of NMD3, it seems that the release of eIF6 

occurs first and the removal of NMD3 follows with both reactions required to 

prepare the 60S ribosomal subunits for translation [24]. This order of events 

was supported by studies in mammalian cells [19], but has recently been 

challenged in yeast [25]. Collectively, these reports may indicate a layer of 

flexibility in the order of the reactions of cytoplasmic 60S subunit maturation. 

 

 
 
Figure 1.2 The late cytoplasmic reactions of 60S subunit maturation  
The cytoplasmic pre-60S subunit carries the anti-association factors eIF6 and NMD3. 
Recruitment of the factor SBDS and the GTPase EFL1 leads to eviction of eIF6 in a reaction 
catalysed by hydrolysis of GTP. SBDS stimulates GTP hydrolysis by EFL1, which induces a 
rotation in the structure of SBDS, leading in conformational changes and eIF6 release. 
RPL10 and the GTPase LSG1 then bind to the subunit leading to eviction of NMD3, again 
catalysed by GTP hydrolysis. RPL10 is retained on the 60S subunit and the mature 80S 
ribosome is formed. (Adapted from Hedges et al., 2005 and Finch et al., 2011 [19], [24])
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1.2 Ribosomopathies 

Considering that transcription for ribosome biogenesis monopolises some 

80% of the global transcription in yeast cells [26] and the large number of 

ribosomal proteins required, it becomes clear that ribosome biogenesis is a 

metabolically demanding endeavor. Ribosome biogenesis is important for cell 

growth, proliferation and differentiation. Therefore, tight control over the 

several ribosome biogenesis stages is essential. Impairment of these stages 

can lead to severe defects described as ribosomopathies [27]. 

 

Mutations in the Treacher Collins-Franceschetti syndrome 1 (TCOF1) gene, 

which encodes the nucleolar phosphoprotein TREACLE, involved in RNA 

transcription and processing and pre-ribosomal exit from the nucleus, give 

rise to the autosomal-recessive Treacher Collins Syndrome (TCS) [28]. TCS 

manifests with severe growth defects, most notably craniofacial dysmorphia. 

The pathology of TCS is governed by p53-dependent apoptosis in the  

neuroepithelium [29]. p53 is a critical tumour suppression transcription factor, 

negatively regulated by Mouse Double Minute 2 (MDM2) [30], introduced in 

detail in section 1.3. Based on the current model in TCS, TCOF1 

haploinsufficiency causes perturbation of ribosome biogenesis [31], which 

induces p53 stabilisation (through an unknown mechanism) and 

Gap1/Mitosis (G1/M) cell cycle arrest (presented in section 1.3) and 

apoptosis in neuroepithelial and neural crest cells. Notably, experiments 

involving genetic or pharmacological inhibition of p53 indicate that the 

pathophysiology of TCS is primarily due to p53-activation, rather than the 

underlying defect in ribosome biogenesis [29]. Diamond Blackfan Anemia 

(DBA) is a bone marrow failure syndrome that manifests with macrocytic 

anaemia, most frequently caused by heterozygous loss in the Ribosomal 
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Protein L19 (RPL19) gene [32]. Studies performed in zebrafish indicate that a 

p53-dependent mechanism underlies the

pathophysiology of the DBA syndrome [33]. Moreover, the 5q-syndrome, a 

subtype of Myelodysplastic Syndrome (MDS), caused by heterozygous loss 

of Ribosomal Protein S14 (RPS14) on chromosome 5q, also features severe 

anaemia [34].  p53 is elevated in both syndromes, mediating the growth 

dysfunctions. Using a novel mouse model, it has been shown that the 5q-

syndrome arises due to a p53-dependent mechanism [35]. Recapitulation of 

5q-syndrome pathologies in zebrafish by targeting rps19 and rps14 and 

subsequently administering leucine treatment, indicated a promising p53-

independent therapeutic strategy for anemia alleviation [36]. 

 

Another ribosomopathy is the Schwachman Diamond Syndrome (SDS) 

(Figure 1.3). SDS is an autosomal recessive disorder caused by acquisition 

of mutations that reside in the adjacent duplicated pseudogene of the SBDS 

gene. It is inherited due to gene conversion that occurs after aberrant 

homologous recombination between the SBDS gene and its pseudogene 

during meiosis.  The most frequent mutations are missense mutations and 

the most common of those leads to a premature stop codon [37]. In yeast, 

loss of the SBDS orthologue Sdo1 results in impaired release of Tif6 (the 

eIF6 orthologue), thereby causing 80S deficiency [38], [17]. In mammalian 

cells, however, Sbds loss leads to 60S accumulation without any visible 

change in 80S content [19]. SDS manifests with severe growth defects, 

including bone marrow failure, neutropenia, exocrine pancreatic dysfunction, 

skeletal, cognitive, endocrine, and cardiac abnormalities (Figure 1.3 B) [37], 

[39]. SDS patients are highly predisposed to progression to MDS and Acute 

Myeloid Leukemia (AML) before the age of 30 [40]. A recent study 

demonstrated that Sbds-deficient murine pancreas is characterised by p53-
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dependent senescence in the acinar cells, which involves the induction of 

Transforming growth factor-β (Tgf-β) and p15 pathways. This suggested that 

p53-dependent senescence underlies the pathology of the SDS syndrome 

[41] (Senescence is discussed in detail from section 1.6 onwards). 

Additionally, previous studies have shown that loss of Sbds (Sbds-/-) in mice 

causes early embryonic lethality, further highlighting the importance of SBDS 

for normal organismal development [42]. Hence, the perturbation of ribosome 

biogenesis and targeting of SBDS in particular can impact on cell growth and 

confer significant growth defects. 

 

Ribosomopathies exhibit paradoxical elements. Firstly, they present as 

hypoproliferative disorders manifesting with anemia and bone marrow 

dysfunction. However, they often predispose patients to a high cancer risk 

[43]. Therefore, understanding of the mechanisms that drive tumourigenesis 

in an otherwise growth-defective background might provide useful insights 

into cancer prevention in these patients. A recent study in yeast suggests a 

“selective pressure” model for the relationship between ribosomopathies and 

tumourigenesis. According to this model, aberrant ribosomal factors lead to 

an accumulation of deficient ribosomal subunits that should be removed by 

the Non-functional Ribosome Decay (NRD) apparatus, leading to a 

hypoproliferative effect. This leads to selective pressure on cells to generate 

genetic suppressors (e.g. loss or modification of p53) that bypass the 

ribosome quality control, thus restoring ribosome subunit abundance and 

reversing the proliferative defects [44]. As a result, the cells can make use of 

defective ribosomes and abnormal translation takes place, which might lead 

to tumourigenesis [43]. 
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Figure 1.3 Dysfunctional SBDS affects normal ribosome biogenesis and leads to 
Shwachman Diamond Syndrome (SDS) 

A. Mutated SBDS uncouples the EFL1-mediated GTP hydrolysis from eIF6 release on 
the ribosome, thus blocking the assembly of the two subunits into the 80S mature 
complex. This impairment leads to decreased levels of 80S ribosomes and to the 
development of SDS. 

B. Hypocellular bone marrow smear indicating neutropenia in SDS patients at 1 week 
of age (a, b). In (a) 3 normoblasts, 2 lymphocytes, and a differentiated granulocyte 
are observed. (b) shows 2 myelocytes and dyserythropoiesis signs, as indicated by 
a small cytoplasmic bridge between 2 adjacent normoblasts (arrow). (c) presents a 
radiograph of dysplastic hips and knees of an SDS 8-month-old patient. (Taken from 
Kuijpers, 2004 [45]) 
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1.3 Cell cycle and its regulation 

As will be discussed later, the interplay between ribosome biogenesis and 

oncogenes and tumour suppressors regulates cell growth and is implicated in 

tumourigenesis. The heart of this interplay is the regulation of the cell cycle 

and its effector pathways (Figure 1.4). In eukaryotes, the cell cycle is divided 

into four distinct phases: the Gap1 (G1) phase, where cells accumulate 

biomass; the Synthetic (S) phase, where DNA replication occurs; the Gap 2 

(G2) phase, where cells continue to grow and prepare for mitosis and finally 

the Mitosis (M) phase where the duplicated chromosomes are distributed to 

the daughter cells. Cytokinesis, which follows mitosis, ends cell division with 

the formation of the two daughter cells. An extra phase, named Gap0 (G0) or 

quiescence, represents the cell state of reversible withdrawal from the cell 

cycle due, for example, to high cell density or mitogen deprivation. 

Alternatively, cells may show irreversible cell cycle withdrawal into terminally 

differentiated or senescent states [46]. 

 

Cell cycle progression is controlled at distinct checkpoints that serve as 

sensors of abnormalities such as DNA damage and environmental cues such 

as contact inhibition or nutrient stress. Primary checkpoints include: S phase 

entry (G1–S checkpoint), mitosis entry (G2–M checkpoint) and the spindle 

checkpoint that regulates progression to anaphase [47]. Five families of 

proteins comprise the main machinery responsible for catalysing checkpoint 

passing and cell cycle transition: the cyclins, the Cyclin-Dependent Kinase 

(CDK) family of serine/threonine kinases, the CDK inhibitors (CKI), the 

tumour suppressors p53 and retinoblastoma protein (pRB) and the Anaphase 

Promoting Complex (APC) [48], [49]. In mammals, entry from the G0 to the 

G1 phase and commitment to cell cycle is governed by the cyclin D-CDK4, 

cyclin D-CDK6 and cyclin E-CDK2 [50] complexes, all of which phosphorylate 
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pRBs. Phosphorylation of the RB family proteins p107 and p130 releases the 

transcription factor E2F from the E2F-pRB repressor complex and thereby 

allows the transcription of E2F target genes (including cyclin E and cyclin A). 

The cyclin A-CDK2 complex initiates S phase and together with cyclin E-

CDK2 supervises the entry into and progression through the S phase by 

completing the phosphorylation of pRB, leading to further activation of E2F 

target genes [51]–[53]. Subsequently, the cyclin A-CDK1 and cyclin B-CDK1 

complexes control the G2-M checkpoint for progression through M phase, 

which is the last chance for repair of DNA replication errors [54], [55], [56], 

[47].   

 

The pRB tumour suppressor is a fundamental regulator of the cell cycle. 

pRB’s presence controls the G1/S phase transition in the cell cycle. Hypo-

phosphorylated pRB interacts with the cell cycle transcription factors of the 

E2F family to repress E2F-driven gene transcription required for the transition 

to S phase [57]. Phosphorylation of pRB by CDK4/6 and CDK2 dissociates 

the pRB-repressor complex, leading to the release of E2F, which is then 

active to drive the transcription of S-phase genes required for DNA 

replication [58]. The pRB pathway is heavily involved in tumourigenesis: loss 

of the tumour suppressor p16 and therefore lack of CDK inhibition, or cyclin 

overexpression leading to uncontrolled pRB phosphorylation and therefore 

cell cycle progression are frequently found in cancer [59], [60]. Furthermore, 

mutated pRB is found in many cancer cases including retinoblastoma, where 

it was first discovered [61], [62], and small-cell lung carcinoma [63], [64]. 

 

Another major regulator of the G1/S and G2/M checkpoints is the tumour 

suppressor protein p53. p53 responds to stresses, such as hyperproliferative 

signals, imbalance of ribosomal proteins, Reactive-Oxygen Species (ROS) 
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and DNA damage [65]. Once activated, it transcribes genes with an inhibitory 

role in cell cycle control, including the CKI WAF1/CIP1/p21 [66] and the 

growth arrest Growth Arrest and DNA Damage 45 (GADD45) gene [67]. 

Thus, p53 induces G1 arrest to provide the time for damage repair before 

entry to and progress through the cell cycle. Under excessive DNA damage, 

p53 triggers apoptosis, for instance through transcription of the pro-apoptotic 

B-cell lymphoma 2 (Bcl-2) family members Puma and Noxa [68], [69], [70]. In 

normal physiological conditions, p53 levels are negatively regulated by one of 

its target genes, the ubiquitin ligase MDM2, which mediates p53-

ubiquitination and proteasome-mediated degradation [30]. However, in many 

cancer cases p53 is deficient or MDM2 is overexpressed and therefore cell 

cycle control in response to checkpoint triggers is perturbed.  
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Figure 1.4 Cell cycle regulation 
The diagram presents the distinct cell cycle phases: G0 (rest phase), G1 (gap 1), S 
(synthesis), G2 (gap 2) and M (mitosis). The G1-S and G2-M checkpoints are also indicated. 
The Cyc/CDK complexes regulate the cell cycle. The protein pRB has a central role in cell 
cycle regulation: non-phosphorylated and hypo-phosphorylated pRB can bind to E2F, 
however its hyper-phosphorylation leads to E2F release. Growth signals and oncogenes 
induce the transition from the silent G0 to the G1 phase, through the activation of 
CycD/CDK4/6 that results in pRB phosphorylation and E2F-mediated transcription of 
essential cell cycle genes. Various cell cycle inhibitors, targets of p53, inhibit this process. 
CycE/CDK2 and CycA/CDK2 control the transition and progress into the S phase. These 
complexes may hyper-phosphorylate pRB and therefore further reinforce E2F activity and 
can also be inhibited by cell cycle inhibitors. Entry to the M phase is controlled by the 
CycB/CDK1 complex and subsequently by the CycA/CDK1 complex, while the APC complex 
negatively regulates cyclin A and B, leading to their proteasome-mediated degradation. 
(Adapted from Herrup and Yang, 2007 [71]) 
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1.4 Ribosome biogenesis in cell growth and cancer 

Cell proliferation is required for cell division and clonal expansion. Cell growth 

is usually coupled to cell proliferation to control the cell mass required for cell 

division [72]. Increase in cell number and mass requires protein synthesis 

and a constant supply of new ribosomes to support this. In rapidly dividing 

cells, it has been estimated that ribosome biogenesis represents the major 

metabolic demand [3], [73]. Since ribosome biogenesis is tightly linked to cell 

proliferation and the cell cycle [74], [75], [76], it needs to be coordinately 

regulated in order to maintain cell homeostasis and ensure normal 

proliferation. This may explain why many genes that control cell cycle are 

also regulators of ribosome biogenesis and translation. The avian 

myelocytomatosis viral oncogene homolog (MYC) [77], [78], [14], [79], [80], 

mammalian Target Of Rapamycin (mTOR) [81], [82], [9], pRB [83] and Rat 

Sarcoma Viral Oncogene Homolog (RAS) (via ERK) [84], [85] belong to these 

regulators. 

 

Many cancers are characterised by uncontrolled proliferation and therefore 

cancer cells often undergo metabolic reprogramming in order to meet their 

tremendous metabolic demands and support neoplastic proliferation [86], 

[87]. Several studies have reported that ribosome biogenesis is upregulated 

in cancer in order to serve the elevated requirements for proteins and cellular 

mass [88]. As early as the 1970s, changes in nucleolar size, which directly 

represents the level of RNA pol I transcription, were recognised as a marker 

of cell transformation [89]. It is not surprising that the argyrophilic nucleolar 

organiser region (AgNOR) stain, a silver stain that specifically binds 

complexes of rDNA-rRNA and proteins and therefore reflects rRNA 

abundance, has long been used for cancer staging and prognosis [90]. It is 
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likely that the high demand for protein synthesis in cancer cells drives high 

rates of ribosynthetic activity. 

 

Nowadays, there is compelling evidence that oncogenes upregulate 

ribosome biogenesis, in order to promote neoplastic transformation [81], [83], 

[84],[72]–[76], [78], [81]. Meanwhile, tumour suppressors function in the 

opposite direction [3], [91]. In particular, mitogens and growth factors that 

stimulate cell proliferation also activate RNA pol I and RNA pol III 

transcription through the Mitogen-Activated Protein Kinase (MAPK)/ERK 

pathway (Figure 1.5) [84]. Furthermore, according to one proposed model, 

MYC can be activated and modulate ribosome biogenesis, through 

engagement of the Phosphatidylinositol 3-kinase (PI3K)/AKT/Protein S6 

Kinase (S6K) pathway [92], [93]. This is accomplished via recruitment of SL1 

to promoters of Pol I, through activation of Pol II transcription, and promoting 

Pol III transcription by activating TFIIIB. Based on another model, MYC 

exerts its effect on ribosome biogenesis via activation of transcription from 

the UBF promoter [94]. Therefore, it is suggested that MYC might induce 

tumourigenesis through regulation of ribosome biogenesis and consequent 

protein synthesis [14]. Moreover, mTOR can be stimulated by growth factors 

through the PI3K/AKT/S6K pathway and therefore induce transcription by 

RNA pol I by activating UBF and TIF-IA [9]. Additionally, AKT impinges on 

several steps related to translation, from ribosome biogenesis to translation 

initiation and elongation. Specifically, oncogenic AKT activation controls 

these processes through activation of the mTOR complex 1 (mTORC1), 

which phosphorylates the ribosomal protein S6K1/2 and the 4E-binding 

proteins (4E-BPs), thereby resulting in increased translation [95].  
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On the contrary, tumour suppressors downregulate ribosome biogenesis 

(Figure 1.5). Specifically, active, non-phosphorylated pRB not only inhibits 

cell cycle transition from G1 to S phase, but also decreases RNA pol I and III-

mediated rRNA transcription by binding to UBF and TFIIIB, respectively [96]–

[98]. Moreover, rRNA transcription can be inhibited by the tumour 

suppressors p53 and PTEN [99], [100]. p53 represses RNA pol I by binding 

SL1 and thereby preventing the assembly of the critical UBF-SL1-Pol I 

initiation complex on the rDNA promoter [99]. Similarly, the Phosphatase and 

tensin homolog (PTEN) disrupts the initiation complex by inducing SL1 

dissociation [100]. Overall, oncogene activation, for instance through 

overexpression of MYC, and inactivation of tumour suppressors that are 

commonly found in cancer [87], [101] combine to enhance ribosome 

biogenesis. We hypothesised that mimicking tumour suppressor function by 

perturbing ribosome biogenesis could be a promising approach to target 

cancer. 
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Figure 1.5 Regulation of rDNA transcription by oncogenic and tumour suppressor 
signalling pathways 
Several oncogenic and tumour suppressive pathways converge to control ribosome 
biogenesis through regulation of the RNA pol I initiation complex synthesis and assembly.  In 
particular, oncogenic signals via the ERK or mTOR/S6K1 pathways promote ribosome 
biogenesis through regulating UBF and TIFIA. On the contrary, tumour suppressive 
pathways such as p53 and PTEN, downregulate ribosome biogenesis via the inhibition of 
SLI and TIFIA. These pathways are not limited to the control of RNA pol I, but are also 
involved in the regulation of RP synthesis by RNA pol II and 5S synthesis by RNA pol III. 
(Adapted from Hein et al., 2013 [102]) 
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1.4.1 Increased ribosome biogenesis in cancer 

As described above, whilst promotion of ribosome biogenesis might not 

cause cancer, it facilitates neoplastic transformation, as a large body of 

research has shown. Targeting of F-Box and Leucine-Rich Repeat Protein 10 

(FBXL10), a repressor of rRNA transcription, in HeLa cells promotes 

proliferation. Interestingly, this factor is found decreased in highly aggressive 

brain tumours [103]. Moreover, studies have demonstrated that breast cancer 

cells acquire an aggressive phenotype that is facilitated by increase in the 

rate of ribosome biogenesis [104]. Similarly, targeting of the ribosomal gene 

repressor MTG16a in breast epithelial cells caused increased ribosome 

biogenesis and induced cell morphology typical of early neoplastic 

transformation [105]. Strong evidence that upregulated ribosome biogenesis 

is implicated in cancer progression was provided by studies in transgenic 

Eμ–Myc+/+ mice. Intercrossing with Ribosomal Protelin L24 (RPL24)+/− or 

Ribosomal Protein L38 (RPL38)+/− mice drastically reduced 

lymphomagenesis through counteracting Myc-induced upregulation of 

ribosome biogenesis [106], [107]. The above results illustrate the importance 

of ribosome synthesis in tumourigenesis and imply that ribosome biogenesis 

mediators might provide promising targets to inhibit tumourigenesis. 

 

The “nucleolar surveillance” theory relates cell cycle arrest through decrease 

in ribosome biosynthesis to p53 stabilisation and activation of a G1/S 

checkpoint through p21 [9], [44], [108]. In particular, perturbation of ribosome 

biogenesis leads to accumulation of unused RPs in the cytoplasm. These 

RPs have the ability to bind to MDM2, thus preventing its negative regulation 

and degradation of p53 in the proteasome. Thus far, this model has been 

demonstrated for the RPs L5 (RPL5), L11 (RPL11) and L23 (RPL23) (Figure 

1.6) [109]–[115]. As a result, p53 is stabilised and able to inhibit the cell 
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cycle. In the reversed scenario, enhanced ribosome biogenesis promotes 

p53 inactivation and triggers cell growth [116]. Notably, RPL11 

overexpression serves as a negative feedback mechanism that inhibits MYC 

activity and cell proliferation in human U2OS osteosarcoma cells [117]. 

According to these findings, the perturbation of ribosome biogenesis could 

potentially induce activation of tumour suppressors, such as p53, and restrict 

tumour progression. 

 

 
Figure 1.6 Ribosomal proteins regulate MDM2-p53 in response to cellular stress 
Ribosomal proteins have a role in coupling ribosomal (e.g. inhibition of rRNA synthesis) or 
oncogenic stress to p53 stabilisation. In normal conditions, the MDM2 ubiquitin ligase binds 
p53 and leads to its ubiquitination and proteasome-mediated degradation. Ribosomal stress 
or oncogenic signals may induce accumulation of ribosomal proteins (RPs) that inhibit the 
function of MDM2 and result in p53 stabilisation. p53 then exerts one or more of its functions, 
including cell cycle arrest, DNA repair, apoptosis and senescence. Oncogenic stress also 
induces the ARF tumour suppressor that in turn inhibits ribosome biogenesis resulting in 
accumulation of RPs, or directly interacts with MDM2. (Adapted from Goudarzi and 
Lindström, 2016 [118]) 
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1.5 Targeting ribosome biogenesis in cancer 

The understanding that ribosome biogenesis is accelerated by oncogenes 

and its increase might even be one of the causes of tumourigenesis suggests 

that interfering with this process might provide great benefits in a cancer 

therapy setting. Several groups have attempted to utilise ribosome 

biogenesis inhibition as a tool to halt cancer, as discussed below. 

 

Inhibition of RNA pol I activity has been the main focus in most of the past 

studies that target ribosome biogenesis. Since most growth signals tend to 

activate RNA pol I transcription, this approach seemed promising. Low dose 

actinomycin D was used in order to target RNA pol I, a strategy that induced 

reversible growth arrest in normal cells and enhanced the killing effect of 

chemotherapeutic agents in cancer cells, through p53 activation [119]. 

Notably, RNA pol I inhibition has been shown to be involved in the way 

several chemotherapeutic drugs exert their effect. The list of these drugs 

includes cisplatin, doxorubicin, camptothecin, homoharringtonine, 

temsirolimus, 5-FU, mitomycin C and irinotecan/topotecan [120], [121]. 

However, those drugs have the disadvantage of causing genomic damage 

and non-cancer-specific adverse effects. 

 

In 2011, researchers discovered the small molecule CX-5461 which 

specifically inhibits RNA pol I via disruption of the SL1-rDNA complex [122]. 

They showed that this compound confers antiproliferative effects on solid 

cancer cell lines. In particular, autophagy and senescence were triggered 

upon 24 hours of treatment. In recent studies, CX-5461 revealed its inhibitory 

properties in in vivo settings of pancreatic cancer and melanoma [122]. 

Subsequently, an elegant study demonstrated that CX-5461 induces p53-

dependent apoptosis in Eμ-Myc mouse lymphoma cells via activation of the 
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RP-Mdm2-p53 nucleolar surveillance pathway [123]. In particular, co-

immunoprecipitation experiments revealed that Rpl5 and Rpl11 were bound 

on Mdm2, leading to p53 dissociation and stabilisation. Notable was the cell 

death selectivity of this approach for malignant and pre-malignant B-

lymphoma cells in vivo, sparing the normal cells. Thus, the perturbation of 

ribosome biogenesis via CX-5461 can cause a cancer-cell specific p53-

dependent, non-genotoxic apoptotic response in haematopoietic 

malignancies [123]. In solid tumours, though, CX-5461 appears to exert its 

anti-proliferative effects through other mechanisms and not necessarily 

through p53 [122]. 

 

In 2010, a large-scale cell-based high-content screen led to the discovery of 

the small molecule BMH-21, a potent inhibitor of RNA pol I activity [124]. 

BMH-21 causes degradation of a catalytic RNA pol I subunit in the 

proteasome and therefore does not confer genotoxicity complications. 

Strikingly, BMH-21 exhibited anti-tumourigenic activity not only by activating 

the p53 pathway, but also independently of p53 [125]. Additionally, a very 

recent study demonstrated that oncogenic stress stimulates RNA pol I 

transcription and causes nucleolar stresses that induce cellular senescence 

[126]. According to this study, perturbation of ribosome biogenesis leads to 

senescence through a 5S ribonucleoprotein (RNP)-mediated p53 activation. 

The 5S RNP complex, comprised of the 5S rRNA and the proteins RPL5 and 

RPL11 [127], has been described before as essential for p53 activation [107], 

[128]. These results provided further insights into how aberrant ribosome 

biogenesis and nucleolar stresses can trigger growth arrest and potentially 

serve as anti-proliferative strategies. Overall, the above findings reinforce the 

idea that targeting ribosome biogenesis is a potent strategy for tackling 
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cancer, by suppressing such a vital cellular process either in a p53-

dependent or p53-independent manner.  

 

1.5.1 Targeting 60S ribosome maturation as a cancer therapy 

There is a large body of information and encouraging results available 

supporting the key role of ribosome biogenesis in tumourigenesis. However, 

major problems remain to be resolved. For instance, chemotherapeutic drugs 

that involve perturbation of RNA pol I activity confer severe genotoxic 

stresses and other adverse effects. Furthermore, the small molecules BMH-

21 and CX-5461 exert their anti-proliferative effects mainly by recruiting p53 

[123], [125], which is defective in more than 50% of cancer cases [76]. 

Hence, although this approach could be promising for treatment of the other 

half of the cases, new alternative approaches exploiting the potential of 

ribosome biogenesis perturbation engaging p53-independent mechanisms 

need to be identified. 

 

Members of the late maturation of the 60S ribosomal subunit have been 

proposed as potential mediators of tumourigenesis. Of particular interest has 

been the pre-60S ribosome factor eIF6, which is essential for pre-60S export 

from the nucleus to the cytoplasm, but needs to be released in order to allow 

80S assembly [16], [17]. In particular, studies have reported elevated 

expression of eIF6 in head and neck carcinomas and lymph node 

metastases [129], in colorectal cancer [130], lung metastases and acute 

promyelocytic leukemia [131]. Additionally, eIF6 is described as a rate-

limiting factor in tumourigenesis in humans and mice [132]. Specifically, in a 

soft agar assay for tumourigenesis, eIF6+/- transformed fibroblasts showed a 

decrease in colony formation [133]. Furthermore, eIF6 deficiency increased 

the survival of mouse models of lymphomagenesis [134]. Studies have 
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shown that eIF6 overexpression increases the motility and invasiveness of 

cancer cells by modulating the expression of certain proteins [135]. Hence, 

the critical ribosome biogenesis factor eIF6 is suggested as a potent 

pharmacological target in cancer therapeutics. However, the lack of catalytic 

activity renders eIF6 a difficult target for design of inhibitory drugs. 

 

As mentioned before, eIF6 removal from the 60S nascent subunits is 

required for the assembly of the translationally active 80S ribosomal 

complexes [16], [17], [132]. The factor SBDS is necessary for coupling the 

GTPase activity of EFL1 to the release of eIF6 [19]. Loss of this SBDS 

function has been suggested to be the cause of SDS that manifests with 

severe growth defects [19]. Hence, not only eIF6, but also SBDS, both 

participating in the same reaction at the late 60S ribosome maturation in the 

cytoplasm, seem to play a role in normal cell growth and/or proliferation.  

 

EFL1 is a structural homolog of eEF2 and the two molecules share a similar 

binding site on the 60S subunit. The yeast translation Elongation Factor 2 

(EF2) is already known to have naturally occurring inhibitors that interrupt its 

function in translation elongation. These inhibitors are the bacterial toxins 

Diphtheria toxin [136] and Pseudomonas exotoxin A [137] and the fungal 

sordarins [138]. Therefore, EFL1 is a molecule that not only participates in a 

reaction that is critical for cell growth but also, as a GTPase, confers potential 

druggability at its active site. Similarly, the GTPase LSG1 that is involved in 

the subsequent and analogue to the EFL1 reaction could be a potentially 

druggable candidate. Therefore, development of inhibitors against these 

GTPases could be a therapeutic strategy that should be non-genotoxic. 

Furthermore, since RNA pol I would not be inhibited, such a therapy may be 

p53-independent. 
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1.5.2 Future targeting strategy 

The GTPases EFL1 and LSG1 could serve as promising targets through 

development of inhibitors that bind in their catalytic sites. As mentioned 

earlier, we originally considered the EF2 inhibitors Diphtheria toxin [136], 

Pseudomonas exotoxin A [137] and sordarins [138] as molecules on which 

the development of EFL1 inhibitors could be based. However, translating 

these inhibitory mechanisms to EFL1 (or LSG1) appears to be highly 

improbable and there are reasons they cannot be used per se. The two 

toxins that inhibit EF2 do so by covalently attaching to a critical modified 

amino acid (histidine to diphthemide) [136], [137]. The absence of this amino 

acid from EFL1 prevents these compounds from inhibiting it and precludes 

development of EFL1 inhibitors based on these toxins. Moreover, a recent 

study showed that the sordarins show limited conservation of action even 

amongst yeast EF2 forms: they inhibit fungal protein synthesis by stabilising 

the ribosome/EF2 complex and therefore they bind both the EF2 and the 

ribosome [138]. However, the human ribosome structure significantly differs 

from the yeast one, thus rendering this interaction improbable.   

 

1.5.3 GTPase inhibition 

GTPases are involved in numerous diseases, therefore their targeting can be 

of widespread therapeutic value [139]. Large GTPases (like eEF2, EFL1 and 

LSG1) are enzymes that use the energy from GTP hydrolysis to modify their 

structure and that of interacting molecules and thus exert their activity. 

Increasing data show that GTPase targeting is a challenge, the reason being 

their high ligand affinity and the fact that the active site has very few 

distinctive features: this makes development of specific inhibitors difficult 

[140], [141]. However, emerging structural information about the interactions 

between the GTPases and their regulators and effectors has enabled 
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considerable progress [142], [143]. For instance, inhibitors have been 

developed that target the catalytic site of guanine nucleotide exchange 

factors (GEFs), thereby preventing the activation of their substrate GTPases 

[144], [145], although these inhibitors were not efficient in disease 

management. Nevertheless, a recent study has identified the GTPase RAS-

related GTP-binding protein 7 (Rab7) inhibitor, a small chemical molecule 2-

(benzoylcarbamothioylamino)-5,5-dimethyl-4,7-dihydrothieno[2,3-c]pyran-3-

carboxylic acid (PubChem CID 1067700) as an inhibitor of GTP binding 

[146], a finding that promises a brighter future for therapeutic GTPase 

targeting.  
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1.6 Cellular senescence 

Cellular senescence is described as a state of stable cell cycle arrest 

accompanied by metabolic activity, which is involved in several conditions 

such as cancer and ageing [147]–[149]. It was originally identified in 1961 as 

the finite proliferative capacity of normal human fibroblasts in culture [150]. 

Nowadays, emerging knowledge has revealed that cellular senescence is a 

pleiotropic effect caused by diverse stresses. Therefore, depending on the 

stimuli and the profile of the response, senescence will usually fall into one of 

the following categories: DNA damage-induced senescence, proliferative 

senescence, stress- or ROS-induced senescence, Oncogene-Induced 

Senescence (OIS) or developmental senescence [151]. 

 

1.7 Mechanisms of senescence 

Various stimuli are responsible for triggering senescence and, depending on 

the trigger, certain signalling pathways are engaged (Figure 1.7). p53 

resides at the heart of this response and most importantly the pathways of 

the CDK inhibitors p16 (or INK4A, encoded by the Cyclin Dependent Kinase 

Inhibitor 2A (CDKN2A) gene ), p15 (or INK4B, encoded by the Cyclin 

Dependent Kinase Inhibitor 2B (CDKN2B) gene), p21 (or WAF1, encoded by 

the Cyclin Dependent Kinase Inhibitor 1A (CDKN1A) gene) and p27 

(encoded by CDKN1B) [149], [151], [152]. Senescence-related growth arrest 

is the result of cell cycle inhibition caused by these CDK inhibitors. Most of 

these pathways converge upon the de-phosphorylation of pRB, which 

subsequently binds and de-activates E2F, thus resulting in cell cycle arrest 

[153]. However, the particular mechanism can vary depending on the 

subtype of senescence. 
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1.7.1 DNA damage-induced senescence 

DNA damage agents, such as chemotherapeutic drugs or UV radiation, 

induce DNA damage that can be sensed by the cell thus evoking a DNA 

Damage Response (DDR) (Figure 1.7). This DDR activates the Ataxia 

Telangiectasia Mutated (ATM) and Rad3-related (ATR) kinases, which 

activate the Checkpoint kinase 1 and 2 (CHK1 and CHK2) kinases which 

finally phosphorylate and activate p53 and Cell Division Cycle 25 (CDC25) 

[154]. As a consequence, p53 activates its downstream factor p21, which 

inhibits cyclin-CDK complexes and induces arrest [147]. In general, the DDR 

causes senescence and can also act as a core effector of other subtypes of 

senescence. 

 

1.7.2 Replicative senescence 

Replicative senescence in human cells in culture occurs as a result of 

telomere shortening (Figure 1.7). Telomeres are nucleoprotein complexes 

that consist of tandem repeat sequences (59-TTAGGG-39) and the 

multiprotein complex Telomeric Repeat Binding Factor 2 (TRF2, “shelterin”) 

located at the ends of chromosomes [155]. Although TRF2 protects 

chromosomal ends, it limits DNA repair when damage occurs elsewhere 

within telomeres [156]. Telomeres protect the chromosomes from 

deterioration, but become eroded and shortened after each round of 

replication. Telomerase is an enzyme responsible for maintaining the length 

of telomeres. However, human somatic cells lack telomerase [157]. When 

telomeres from cultured cells reach a certain minimum length, the cell senses 

DNA shortening as DNA damage, thus evoking a DDR. Therefore, the events 

following are similar to the ones involved in DNA damage-induced 

senescence. It is now known that the originally described senescence by 

Hayflick and Moorhead represents a subtype of replicative senescence [150]. 
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However, recent data demonstrate that telomere-induced senescence can 

occur irrespectively of telomere length [158] and that telomeres can serve as 

sensors of several types of stress [159]. 

 

Besides p53, the two products of the CDKN2A locus, p16 and the ADP 

Ribosylation Factor (ARF), are also involved in replicative senescence. p16 

inhibits CDK4 and CDK6, thereby inducing G1 cell cycle arrest, while ARF 

causes stabilisation of p53 by inactivating the MDM2 protein which under 

normal conditions leads to p53 degradation [161]. p16 is important for human 

replicative senescence (telomere-dependent) whereas ARF is important for 

mouse replicative senescence (telomere-independent) [162]. ROS generation 

and mitochondria dysfunction have been shown to be involved in telomere-

dependent senescence and have implications in ageing [162], [163]. In 

particular, mitochondrial function changes with age leading to ROS 

production increase [164] which impacts upon telomere length leading to 

senescence. Notably, mitochondria have been described as a prerequisite for 

senescence in ageing and therefore anti-ageing strategies through targeting 

mitochondria have been suggested [165], [166]. 

 

1.7.3 Oncogene-induced senescence 

Senescence can occur in response to oncogene activation (Figure 1.7). One 

of the earliest characterisations of senescence was the senescence induced 

by oncogenic Harvey RASV12 (HRASV12) or downstream effectors, for 

instance RAF, MAPK or the Promyelocytic Leukemia (PML) oncoprotein 

[167], [168], [169]. Although RAS was able to transform primary cells 

together with the collaborative activity of other tranformation factors, it 

induced growth arrest when transduced alone into cells, revealing oncogene-

induced senescence as a barrier to tumourigenesis. Notably, in addition to 
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the in vitro arrest, in vivo observations have also described OIS as an early 

barrier to the onset of cancer [170], [171]. 

 

Constitutively active oncogenic signalling by Ras induces a hyper-

proliferative response that triggers an S-phase-associated DDR, due to 

incomplete replication intermediates [156], [172]. Similar to their role in DNA 

damage-induced senescence, the p53 and p16 pathways are of critical 

importance in OIS [167]. Although the precise mechanisms of activation are 

unknown, these pathways might be activated as a response to the DNA 

damage caused by DNA hyper-replication [156], [172] or through the 

generation of reactive oxygen species (ROS) secondary to oncogene 

overexpression [173], [163]. In human cells, though, p16 activation (as a 

result of RAS overexpression) has a more profound role than in mice, as 

there have been reported cases of solely p16-dependent senescence in 

human cells [174], [175]. Overall, the OIS profile varies among different 

species. 

 

Additionally, inactivation of tumour suppressors can trigger senescence, 

through activation of associated oncogenic pathways. Previously described 

cases include loss of PTEN [176], which activates the PI3-kinase pathway 

and loss of Neurofibromin 1 (NF1) [177], which activates the RAS pathway. 
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1.7.4 Developmental senescence 

Recently, a new type of “programmed” cellular senescence, called 

developmental senescence, has been identified (Figure 1.7) [178], [179]. 

Similar to apoptosis, this type of senescence contributes to tissue remodeling 

during mammalian embryonic development. Developmental senescence 

shares features with OIS, however, it lacks the DDR [179]. It is regulated by 

the TGF-β/S mothers against decapentaplegic (SMAD) and PI3K/Forkhead 

Box O1 (FOXO) pathways [178] and the p21 (CDKN1A) and p15 (CDKN2B) 

senescence mediators [179]. This type of senescence is p53-independent, 

although p21 is a critical mediator [179]. Developmental senescence is 

characterised by a “primitive” secretory phenotype, that despite sharing a 

significant overlap with the OIS secretome, it lacks the core interleukins IL-6 

and IL-8 (the senescence-related secretome is discussed in detail in section 

1.9) [179], [180]. This primitive character may be due to the fact that 

developmental senescence serves as a temporary signalling process during 

particular developmental stages, whereas the pathological aspects of OIS 

required the establishment of more complex regulation, through additional 

mediators [179], [180]. Notably, developmentally programmed senescence is 

followed by macrophage infiltration, clearance of senescent cells, and tissue 

remodelling [178]. 
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Figure 1.7 Senescence signalling pathways 
Senescence is caused by various triggers that activate molecular cascades, which converge 
on the activation of cell cycle inhibitors and eventually the tumour suppressor protein pRB, 
through the inhibition of critical Cyclin (Cyc)/CDK complexes. These triggers can be divided 
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into damage-related and development-related. DNA damage and telomere loss stimulate a 
DDR, which activates p53 and its downstream target p21. Epigenetic derepression of the 
CDKN2A locus, that encodes p16 and ARF, has frequently been correlated with induction of 
senescence. ROS activate p16 and p53/p21 through the kinases MKK3 and MKK6. 
Oncogenic signalling or inactivation of tumour suppressors converge on p16 and p53 
activation via pathways involving the DDR or ARF. TGF-β is a Senescence Associated 
Secretory Phenotype (SASP) component and initiates a cascade resulting in the activation of 
p21, p27 and p15 through the SMAD effectors. Moreover, developmental signals induce 
programmed-senescence through p21, by recruiting the PI3K or TGF-β pathways, the DDR 
response or via oncogenes. (Adapted from Muñoz-Espín and Serrano, 2014 [181]) 
 
 
1.8 Identifying senescence 

In general, senescent cells can be distinguished from other non-dividing cells 

by a number of morphological features and markers. Some of the most 

frequent biomarkers are: cell cycle arrest, increased expression of tumour 

suppressors/cell cycle inhibitors, Senescence-Associated-β-galactosidase 

(SA-β-gal) activity [182], DNA damage response (DDR), nuclear 

heterochromatin foci and secreted molecules [151]. 

 

Morphologically, a senescent cell can often be recognised by its large and 

flat shape, multiple and/or large nuclei and extensive vacuolisation, as a 

result of unfolded protein-related stresses [149], however morphological 

variability exists. Although cells in HRASV12-, stress- and DNA damage-

induced senescence present a flat shape, B-Raf Proto-Oncogene- 

(BRAFE600) induced senescent cells develop a spindle-like morphology [183]. 

 

Cell cycle withdrawal is an indispensable feature of senescent cells. It 

involves high expression of tumour suppressors, the main ones being p16, 

p53, p21 and p15 [149]. Also, RB can be found accumulated in its hypo-

phosphorylated, active form [184]. However, general consensus dictates that 

these markers should not be used exclusively for senescence identification, 
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otherwise senescence could be confused with other physiological states, 

such as terminal differentiation [185]. Although senescence was initially 

described as an irreversible cell cycle arrest [168], [186], more recent studies 

indicate that re-entering the cycle may be possible. This might happen, for 

instance, through inactivation of p53 or expression of interleukins [187], 

[188], [180].  

 

The increase in lysosomal β-gal activity, which is encoded in the 

Galactosidase Beta 1 (GLB1) gene, is due to the expanded lysosomal 

compartment in senescent cells [189]. Therefore, although β-gal activity is 

detected at pH 4, its increase in senescence makes it detectable at the 

suboptimal pH 6 [189]. However, there is yet no physiological rationale for 

this marker. 

 

DNA damage-induced senescence is associated with the appearance of 

positive stain for γ-H2A Histone Family Member X (γ-H2AX) (a 

phosphorylated form of the histone variant H2AX) foci that can be detected 

by immunoassays [149]. Similarly, pST/Q positive foci indicate the 

phosphorylated substrate of the ATM/ATR kinases, a group of enzymes that 

respond to DNA damage [190]. 

 

Moreover, some senescent cells show abnormal DNA staining patterns, 

which is due to the formation of senescence-associated nuclear 

heterochromatin foci (SAHF) [191]. These foci represent cytologically 

detectable heterochromatin domains that contain pro-proliferative genes in a 

silent state [191]. Among these genes reside several transcriptional targets of 

E2F. The formation of SAHFs requires the function of the p16/pRB pathway. 

SAHFs are detected in some senescent human cells, but excluded from 
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mouse cells [192], [193]; they occur in a cell type- and insult-dependent 

manner, a notice that indicates they are dispensable for senescence [193]. 

Another attribute of senescence is a complex secretory phenotype, which is 

discussed in detail below. 

 

1.9 The senescence-associated secretory phenotype  

Senescent cells undergo major changes in the transcriptome and can 

express a cocktail of secreted factors that compose the senescence-

associated secretory phenotype (SASP). Among the SASP factors are pro-

inflammatory cytokines (e.g. the interleukins IL-1α, IL-1β, IL-6 and IL-8), 

chemokines (e.g. monocyte chemoattractant proteins (MCPs), macrophage 

inflammatory proteins (MIPs), C-X-C-motif ligands (CXCLs) and C-C-motif 

ligands (CCLs)), growth factors (e.g. TGF-β and granulocyte–macrophage 

colony-stimulating factor (GM-CSF)) and proteases [180], [194], [195], [196]. 

This mixture of factors triggers an inflammatory response, which is required 

for the clearance of senescence cells through phagocytosis [197], [198]. 

Studies have demonstrated that the SASP (and particularly TGF-β) can 

function in a paracrine and autocrine manner, thereby supporting the 

establishment, maintenance and reinforcement of senescence (senescence-

induced senescence) (Figure 1.8) [199]. 

 

1.9.1 SASP mechanism 

The induction of the SASP is dependent on a persistent DDR [200]. Notably, 

previous studies have demonstrated that p16/p21-mediated senescence that 

does not involve a DDR, lacks the SASP [201]. Similarly, developmental 

senescence, which is free of DDR, involves the expression of only a few 

SASP factors [179]. The SASP is regulated at a transcriptional level [180] 

and involves the transcription factors nuclear factor-κB (NF-κB) and 
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CCAAT/enhancer-binding protein-β (C/EBPβ) [180], [194], [202]. For 

instance, IL-6 has been identified as a target of C/EBPβ and its depletion 

abolishes the SASP and bypasses senescence [180]. Recent studies have 

shown that IL-1 is an upstream effector of these two transcription factors and 

therefore plays a key role [199]. In 2013, Acosta et al. demonstrated the 

critical role of the inflammasome, an innate immune molecular machine, in 

the regulation of the IL-1-mediated inflammatory response [199]. Therefore, 

the SASP is a complicated cocktail of many inflammatory mediators and 

elicits diverse effects. Notably, recent studies have indicated the existence of 

an alternative NOTCH1-driven secretory phenotype in OIS, in which TGF-β 

prevails and which does not involve inflammatory response [203]. NOTCH1 

inhibits C/EBPβ, the transcription factor of several inflammatory molecules, 

rendering the NOTCH1-secretome and the canonical SASP mutually 

exclusive. 

 

1.9.2 The TGF-B pathway 

TGF-β signalling controls a plethora of cellular processes, including cell 

proliferation, differentiation, apoptosis and senescence (SASP) (Figure 1.7) 

[204], [199]. This pathway generally inhibits growth and several TGF-β family 

members have been found mutated in cancer. The TGF-β family of cytokines 

is divided into the TGF-β/Activin/Nodal and the Bone Morphogenetic Protein 

(BMP)/Growth and Differentiation Factor (GDF)/Muelerian Inhibiting 

Substance (MIS) subfamilies. A TGF-β ligand activates the pathway by 

binding to and bringing together the type I and type II receptor 

serine/threonine kinases located at the cell membrane. The human TGF-β 

receptor serine/threonine kinase family comprises 12 members: 7 type I and 

5 type II which are organised in 3 domains: a C-terminal catalytic, a 

transmembrane and a N-terminal extracellular ligand binding domain [204]. 
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The receptor II causes phosphorylation of the receptor I kinase domain, 

which then transmits the signal through phosphorylation of the SMAD 

proteins. The SMAD family comprises eight SMAD proteins, functionally 

grouped into: the receptor-regulated SMAD (R-SMAD, 1, 2, 3, 5, and 8), the 

Co-mediator SMAD (Co-SMAD, 4) and the inhibitory SMAD (I- SMAD, 6 and 

7). The R-SMADs are phosphorylated and activated by the type I receptor 

kinases, heterotrimerised and form complexes with the Co-SMADs. Active 

SMAD complexes are translocated into the nucleus where they regulate the 

transcription of their target genes. The I-SMADs compete with other SMADs 

for receptor or Co-SMAD interaction or target the receptors for degradation, 

thereby repressing TGF-β signalling.  

 

1.9.3 SASP functions 

The SASP can trigger a variety of responses in neighboring cells and may 

contribute to the role of senescence in the pathophysiology of ageing and 

age-related disorders (Figure 1.8) [152]. The SASP inflammatory response 

can lead to the elimination of senescent cells with the paracrine and 

autocrine functions both playing key roles [199], [205], [206]. In addition, the 

SASP confers cell-autonomous tumour suppressive effects. Paracrine SASP 

can trigger anti-tumour immunity [198], [207]. In particular, it has been shown 

in a H-RAS driven liver cancer mouse model that reactivation of p53 induces 

senescence, but no apoptosis, accompanied by the SASP that triggers 

Natural Killer (NK) cell infiltration into the tumour area [197]. 

 

Nevertheless, the SASP also carries adverse properties, such as paracrine 

pro-oncogenic effects. In vitro studies using conditioned media, as well as in 

vivo studies, have shown that the SASP causes increase in the proliferation 

rate, invasion and migration of cancer cells and can modulate the 
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extracellular matrix through the pro-inflammatory cytokines IL-6 and IL-8, 

Vascular Endothelial Growth Factor (VEGF), and the Matrix Metallopeptidase 

3 (MMP3) [208], [209]. Also, TGF-β can act as a pro- or anti-proliferative 

factor on tumour cells depending on the stage of tumour progression [210]. 

Similarly, the effect of IL-6 on melanomagenesis depends on the stage of 

tumourigenesis [211], [212]. In general, the paracrine tumourigenic function 

of SASP seems to be more relevant to premalignant cells that have already 

acquired pro-oncogenic mutations [208]. Overall, it is thought that the SASP 

can confer differential outcomes, depending upon several factors, including 

its composition and the genetic profile of its targets. 

 

 
Figure 1.8 The functions of the SASP 
The schematic illustrates the distinct functions of SASP. SASP factors, such as IL-6 and IL-8, 
secreted by a senescent cell can reinforce senescence in the same cell, thus exerting an 
autocrine effect (a). The same factors may promote tumourigenesis in pre-malignant 
adjacent cells in a paracrine manner (b). The SASP can also have a paracrine 
immunomodulatory function and assist the clearance of senescent cells through activating 
the innate immune system (c). Additionally, the SASP can induce senescence in the 
neighbouring cells in a paracrine manner (d). (Adapted from Hoare and Narita, 2013 [213]) 
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1.10 Why was senescence selected during evolution? 

The contradictory functions of the SASP that were described earlier lead to a 

reasonable question: why did senescence arise in evolution? It is indeed 

peculiar how a process featuring inflammatory responses that can not only 

inhibit, but also promote oncogenesis and aging was selected. The apparent 

answer to this question could be that senescence rose as a mechanism of 

tumour suppression [214]. Although persistent senescence is contributing to 

aging, transient senescence has beneficial effects in proper early 

development, cancer inhibition, clearance of damaged cells (discussed in 

paragraph 1.12.1) and tissue repair. Considering these and according to the 

concept of antagonistic pleiotropy, natural selection cannot eliminate genes 

that promote early-life survival but also promote late-life frailty [214]. 

 

Emerging knowledge around programmed cellular senescence suggests the 

hypotheses that senescence might originally have arisen as a mechanism of 

embryonic development. This mechanism may have later adapted during 

evolution to perform its adult roles [178], [179]. 

 

An additional possible reason for selection and evolution is that senescence 

initially rose as a cell defense mechanism to external pathogens, such as 

bacteria and viruses. Pathogen-Associated Molecular Patterns (PAMPs) are 

derived from microorganisms and are detected by Pattern Recognition 

Receptor (PRR)-bearing cells of the innate immune system and epithelial 

cells. Also, there are Damage-Associated Molecular Patterns (DAMPs), 

which derive from cell damage, such as DNA damage, which viruses can 

induce. Both PAMPs and DAMPs bind to and are recognised by a range of 

specific receptors, such as Toll-Like Receptors (TLRs) and stimulate 

immunity [215]. Emerging research suggests that TLRs are involved in the 
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induction of pro-inflammatory senescence. Therefore, senescence might 

have evolved as a fail-safe defense mechanism that protects the cell from 

PAMPs and DAMPs, in order to restrict invasion by pathogenic organisms. 

 
1.11 Cellular metabolism in senescence: autophagy 

Considering the diverse array of bioactive factors secreted during 

senescence, it is perhaps unsurprising that senescence has been recently 

identified as a highly metabolically active state [216], [217]. Also, the 

enlarged size of senescent cells is reminiscent of a state of hypertrophy. In 

order to support their bioactive state, senescent cells need a constant flow of 

energy and building blocks [149]. 

 

Recent data suggest that autophagy is an effector mechanism of OIS and 

replicative senescence [218], [219], [220], [221]. Autophagy is a catabolic 

process in the cytoplasm that is required for the quality control of 

macromolecules and energy homeostasis under conditions of nutrient 

restriction. It can be general, facilitating bulk non-specific degradation, or 

specific for damaged organelles (eg. mitophagy, ribophagy).  Autophagy 

involves enclosure of organelles and macromolecules in double membranous 

autophagosomes and their degradation after fusion with lysosomes [222]. A 

basal level of autophagy is present in normal cells, however it can be 

triggered in response to stresses [223]. Autophagy seems to have 

controversial properties, both anti-tumourigenic and pro-tumourigenic [224]. 

 

Studies have demonstrated that autophagy is an adaptive response in 

replicative senescence, necessary for the elimination of products of oxidative 

stress [225]. In OIS, where a hyperproliferative phase is followed by the 

acute response of growth arrest, autophagy mediates this transition [223]. In 
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particular, this transition requires “cell remodelling” and activation of the 

secretory phenotype, which can be supported by protein turnover and 

macromolecule control that is carried out through autophagy. Indeed, 

autophagy is involved in the activation of NF-κB and release of the SASP 

interleukins IL-6 and IL-8 and the chemokine CXCL2 [219], [226]. According 

to the proposed mechanistic model, in H-RAS-induced OIS, autophagy-

repressive mTOR signalling is promoted during the mitotic phase, but a 

negative feedback loop represses it to allow autophagy to take place and 

promote senescence [227]. This interaction between senescence and 

autophagy underscores the role of autophagy in cancer and ageing. 

 

1.12 Senescence as a tumour suppressive mechanism 

Data from in vivo studies demonstrate the important role that senescence 

plays in preventing the expansion of clones of cells expressing activated 

oncogenes. In particular, senescence is observed during the early stages of 

lung and pancreatic tumorigenesis driven by the oncogene KRASG12V [228]. 

There is compelling evidence that oncogenic activation promotes the 

formation of pre-malignant lesions characterised by senescence [229]. 

Similarly, low-level expression of KRASG12V in the mammary glands in 

transgenic mice leads to hyper-proliferation, whereas high-level expression 

induces senescence [230]. Likewise, the loss of tumour suppressors, such as 

PTEN, leads to lesion formation where signs of senescence are observed 

[148]. Additionally, evidence of tumour cell senescence has been reported in 

humans, such as the melanocyte senescence associated with the presence 

of oncogenic BRAFV600E [231]. Overall, research has now demonstrated that 

senescence is often found in pre-malignant tumours, but is usually absent in 

more advanced tumours [228], [231], [232], suggesting a role for bypass of 

senescence in tumour progression. Further evidence comes from 
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experiments where loss of senescence mediators, such as INK4A, ARF and 

p53 abrogate senescence and allow cancer progression to the malignant 

stages. These observations propose a preventive role for the induction of 

senescence in cancer progression [171].  

 

Since senescence forms a barrier to tumourigenesis until it is bypassed, re-

establishment of senescence in advanced malignancies might represent a 

promising cancer therapeutic strategy. Studies focusing on restoring tumour 

suppressors or inactivating oncogenes with the aim to induce senescence in 

mouse models of cancer have yielded promising results [171]. p53 

restoration in mice characterised by loss of p53 caused significant tumour 

regression by inducing senescence, while sparing normal cells [197], [233]. 

Notably, the presence of immune cells in the lesion indicated an active pro-

inflammatory state, consistent with the induction of senescence. Similarly, 

there were cases where targeting of oncogenes (not necessarily the tumour-

initiating ones) restricted tumour growth through activating senescence [234]. 

These findings support the use of non-genotoxic therapeutic strategies that 

re-establish senescence through tumour suppressor restoration or oncogene 

suppression in cancer. In this perspective, the development of CDK4 

inhibitors, that mimic the effect of p16 and can induce senescence, has 

gained a lot of interest [235], [236]. In particular, palbociclib (PD-0332991, 

Pfizer) seems to be promising in mantle cell lymphoma [237], breast cancer 

[238] and liposarcomas [237], [238]. Moreover, LEE011 (Novartis) has also 

exhibited interesting preclinical activity in the treatment of neuroblastoma 

[236]. Efficient manipulation of the SASP and its anti-tumourigenic properties 

could also be beneficial in certain pro-senescent therapeutic contexts [229]. 
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Notably, even current anti-cancer therapies act, in part, through the induction 

of senescence. For instance, cyclophosphamide is shown to exert its anti-

tumourigenic effects by inducing senescence in murine c-MYC-driven 

lymphomas. Furthermore, biopsies from chemotherapy-treated human lung, 

breast and prostate cancers reveal activation of markers of senescence 

[195], [239]–[241]. However, this “therapy-induced senescence” depends on 

the function of both p16 and p53, tumour suppressor proteins that are 

normally lost or mutated in cancer [229]. 

 

1.12.1 Clearance of senescent cells 

Considering that senescent cells can potentially promote tumourigenesis in a 

paracrine manner through the SASP, application of pro-senescence 

therapies might confer the risk of relapse [195]. Therefore, it is important that 

pro-senescent approaches are combined with complementary approaches of 

senescent cell removal. DNA damage-induced senescent cells can be 

eliminated by the immune system, due to the recognition by T helper cells or 

the recruitment of inflammatory phagocytes through the SASP [197], [198], 

[214]. Therefore, co-administration of a DNA damaging agent at low level 

might assist with clearance of senescent cells, without widespread 

genotoxicity. Moreover, it is known that senescent cells sustain high levels of 

proteotoxicity, which requires a high lysosomal activity. Again, this could be 

an Achilles heel of senescent cells, because it renders them sensitive to 

chemical inhibitors of lysosomal ATPases [242].  

 

The elimination of already formed senescent cells is gaining interest, not only 

to alleviate age-related phenotypes, but also to prevent the pro-tumourigenic 

risk that pro-senescence therapies might confer. The dominant approaches 

are: specific targeting of senescent cells using cytolytic agents that are fused 
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with antibodies that recognise senescence epitopes or selective killing using 

properly designed senescent-specific small molecules [243]. The small-

molecule (senolytic) approach involves cell-based high-throughput screens 

for the identification of druggable molecules, the targeting of which would 

selectively kill senescent cells rather than normal cells. Recent studies 

utilised transcriptomic analysis in order to identify pro-survival networks that 

are activated in senescent cells [244]. Subsequently, senolytic drugs targeted 

those networks and resulted in selective killing of the senescent cells. In 

particular, dasatinib cleared senescent human fat cell progenitors and 

quercetin targeted senescent human endothelial cells and mouse BM-MSCs, 

while their combined function eliminated senescent Mouse Embryonic 

Fibroblasts (MEFs) [244]. Promising results with improvement of age-related 

phenotypes were derived from in vivo studies in several mouse models, 

including chronologically aged mice [245], [246]. Developing clinical trials to 

test such agents would be a challenge, due to the long time-course of the 

study [247], hence current studies are focusing on aged patients or use of 

animal models. Overall, the use of senolytics seems to be quite potent in 

alleviating age-related dysfunction and perhaps inhibiting tumour 

progression, and is therefore a promising avenue of research for future 

healthcare. 
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1.13 Summary 

Here, we have introduced the background literature of this study, the aim of 

which was to investigate the potential tumour suppressive responses that 

arise upon inhibition of 60S ribosome maturation. To sum up, ribosomes are 

ribonucleoprotein complexes that carry out protein synthesis and are 

essential for the cell. Ribosome biogenesis is a series of events that begin in 

the nucleolus with the transcription of the rRNA by the RNA pol I and III and 

end in the cytoplasm where the late maturation stages take place. This study 

focused on two late cytoplasmic reactions that catalyse the removal of anti-

association factors from the pre-60S subunit. In particular, the GTPase EFL1 

(with the joint function of SBDS) induces the release of the factor eIF6, and 

then the GTPase LSG1 catalyses the release of the factor NMD3. Only after 

these two reactions have occurred is the mature 60S subunit able to join the 

40S and give rise to the translationally active 80S ribosome. 
 

Disruption of several reactions during ribosome biogenesis leads to the 

development of severe growth defects, presenting in humans as syndromes 

called ribosomopathies. Shwachman Diamond Syndrome (SDS) is one such 

ribosomopathy and is caused by mutations in the SBDS gene. Notably, 

reports indicate that the pathophysiology of a number of these syndromes 

occurs through a p53-dependent mechanism.  

 

While ribosome biogenesis is strictly regulated in normal conditions, it is 

found deregulated in cancer. Several oncogenes, such as MYC and AKT, 

promote ribosome biogenesis, whereas tumour suppressors, such as p53 

and pRB, suppress it. A reason for this is to fuel the high protein and 

organelle material demands that the elevated proliferation levels in cancer 

require. These observations indicate the core role of ribosome biogenesis in 
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sustaining excessive cell growth and proliferation in cancer and led us, 

among others, to propose that targeting this process might elicit anti-

tumourigenic stresses. Although this area remains largely unexplored, 

promising data come from studies focusing on the initial events in the 

nucleolus. In particular, compounds that target RNA pol I-mediated 

transcription have been used in cancer studies, inducing apoptosis, 

autophagy or senescence in the cancer cells. However, in most cases the 

tumour suppression is achieved by engaging the p53 pathway, which is not 

functional in the majority of cancers. 

 

Senescence, a form of irreversible cell cycle arrest, is a phenomenon of 

increased scientific interest for its relation to tumour suppression. 

Senescence can be triggered by several stimulators, including DNA damage, 

oxidative stress, extensive replication, tumour suppressor loss and oncogene 

activation. It involves the secretion of a mixture of factors (SASP) that elicit 

pro-inflammatory effects. Pro-senescence therapies, where the induction of 

senescence is attempted in a cancer therapeutic context, by halting the cell 

cycle through tumour suppressor activation and utilising the anti-tumourigenic 

properties of SASP, are emerging. Such strategies would ideally be 

combined with clearance of the senescence cells, in order to avoid tumour 

relapse, and good progress is already being made in the field with the 

development of senolytic drugs. Therefore, identifying a possible link 

between ribosome maturation inhibition and induction of senescence would 

yield promising results with regard to cancer therapeutics. 
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All work was performed by the author, unless otherwise stated. 

 

2.1 Cell culture 

HEK 293 ET human embryonic kidney cells were a kind gift of Dr Felix 

Randow at the MRC Laboratory of Molecular Biology, Cambridge. MRC5 and 

IMR90 early passage primary human lung fibroblasts were purchased from 

the Culture Collection at Public Health England. Michigan Cancer Foundation 

7 (MCF7) human breast cancer cells, BJ and 3T3 human skin fibroblasts 

were provided by Dr Juan Carlos Acosta (CRUK Edinburgh Centre, IGMM, 

University of Edinburgh). All of these cells were cultured in Dulbecco’s 

Modified Eagle’s Medium (DMEM - Thermo Fisher, 41965) supplemented 

with 10% Fetal Bovine Serum (FBS - Thermo Fisher, 10270-106) and 1% 

Penicillin/Streptomycin (P/S). Squamous Cell Carcinoma (SCC-13) cells were 

also a kind gift of Dr Acosta. These cells were cultured in 75% DMEM 25% 

Ham’s F12 (Thermo Fisher, 31331-028) supplemented with 10% FBS, 1% 

P/S, 24μg/ml adenine, 0.38μM hydrocortisone, 5μg/ml insulin and 0.1μg/ml 

Epidermal Growth Factor (EGF). MCF-10A cells and their derivatives MCF-

10AαL and MCF-10Aδ, which had been transformed with the frameshift 

mutagen ICR191 [248], were a kind gift from Yuri Ionov (Roswell Park 

Cancer Institute, Buffalo, NY). These cells were cultured in DMEM/F12 

(Invitrogen, 21041-025) supplemented with 5% horse serum (Invitrogen, 

16050-122), 1% P/S, 20ng/ml EGF, 0.5mg/ml hydrocortisone and 10μg/ml 

insulin [249]. All cells were maintained between 20% and 90% confluence at 

37 °C, 5% CO2. 
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2.1.1 3D culture of mammospheres 

The MCF-10A derivatives MCF-10AαL and MCF-10Aδ were transduced with 

Tet-pLKO-puro carrying the inducible constructs for LSG1 and SBDS and 

selected with puromycin. These cells, harbouring the inducible constructs, 

were seeded on top of basement membrane matrix, named Matrigel (Cornig, 

354234), as previously described [249] and after 4 days, doxycycline was 

added at a final concentration of 2μg/ml. After a further 8-day period, the 

structures were fixed in 10% neutral buffered formalin and stained for Ki-67 

and E-cadherin overnight (o/n) at 4 °C. The following day, the 

mammospheres were stained with secondary antibody for 1 hour and 

counterstained with 4',6-diamidino-2-phenylindole (DAPI). Z-stack confocal 

images were taken with a Nikon NSTORM/A1+ microscope using the NIS-

Elements Microscope Imaging software. Analysis was performed by 

estimating the percentage of Ki-67 positive cells of at least 3 structures per 

condition. Similar procedures were followed for the MCF-10A and MCF7 3D 

cultures. 

 

2.1.2 Human keratinocytes and fibroblasts isolation 

Skin tissues were provided by collaborators at the Charlotte Proby group 

(Jacqui Wood Cancer Centre, Dundee). The samples were stored in 

transport medium (DMEM 10% serum, 0.1mg/ml streptomycin, 0.1mg/ml 

penicillin, 2.5μg/ml fungizone). Skin was cleared of fat, cut into very thin 

pieces and placed in 10cm dishes in dispase (Stem Cell Technologies, 

07923) diluted in RM+ medium (composition below) 1:10 with antibiotics 

(100μl Antibiotic-Antimycotic (ThermoFisher, 15240096) per 10ml of final 

solution). The samples were incubated for 16 hours at 4 °C, until the 

epidermis could easily be detached using tweezers. The epidermis was 

covered with RM+ medium, minced and transferred to a 50ml falcon tube 
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containing 20ml of 0.1% trypsin/EDTA (Ethylenediaminetetraacetic acid) in 

PE - PBS (Phosphate-buffered saline) with versene. The mix was incubated 

for 45 minutes at 37 °C with regular vortexing, 20ml of DMEM 10% FBS were 

added to it and the solution was mixed by pipetting. The mixture passed 

through a 70μm filter for the removal of undigested tissue and was 

centrifuged at 200g for 5 minutes. The supernatant was removed and 

resuspended in 5ml RM+. The cells were counted and plated in flasks, pre-

seeded with 3T3 feeder cells that had become post-mitotic after treatment 

with 7μg/ml Mitomycin C for 4 hours. RM+ medium: DMEM/HamF12 10% 

FBS, supplemented with 4μg/ml cholera toxin, 2μg/ml EGF, 1mg/ml 

hydrocortisone, 1mg/ml insulin, 1mg/ml transferrin and 0.2mg/ml 3,3′,5-

Triiodo-L-thyronine sodium salt. 

 

For the fibroblast isolation, the dermis was minced in DMEM with 2mg/ml 

collagenase and incubated for 30 minutes at 37 °C with regular vortexing. 

The pieces were spun down by centrifugation at 700rpm for 3 minutes and 

re-suspended in DMEM/10% FBS and 1% P/S. They were plated on 10cm 

dishes and removed when the dish surface had been covered by fibroblasts. 

 

2.2 shRNA design and cloning 

The Whitehead Institute for Biomedical Research small interfering RNA 

(siRNA) design tool (http://jura.wi.mit.edu/bioc/siRNAext/) was used to opt for 

the top-scoring 21-mer target sequences for our genes of interest. These 

oligos were run through NCBI’s BLAST program to minimise off-target 

effects. Short hairpin RNA (shRNA) design was conducted in compatibility 

with the lentiviral transfer vector pLKO.1 or Tet-LKO-puro (Table 2.1). 

Forward and reverse oligos (purchased from Sigma) were annealed and 

ligated into the viral transfer vector, then used to transform competent 
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bacteria cells (protocol at: http://www.addgene.org/tools/protocols/plko/). 

Successful clones were identified by restriction digestion and sequencing 

procedures. 

 

2.3 Viral transfer vectors  

The knockdown of the 60S maturation factors using lentivirus was carried out 

using the lentiviral non-inducible pLKO.1 or inducible Tet-pLKO-puro and 

pTRIPZ vectors, containing the silencing oligos. The pTRIPZ clones carrying 

the shRNA constructs were purchased from Dharmacon (Table 2.2). 

Induction of shRNA expression was elicited by administration of 2μg/ml 

Doxycycline. E6, E7 and E6E7 constructs cloned into the retroviral vector 

pLXSN were obtained from Dr Juan Carlos Acosta (CRUK Edinburgh Centre, 

IGMM, University of Edinburgh) and have been previously described [194]. 

shALK4, shALK5, shALK7 and shp53 cloned into the pGIPZ vector (Sigma) 

were also obtained from Dr Acosta and have been previously described 

[199]. Non-targeting control (NT), Inhibitor of Differentiation 2 (ID2), ID3, 

SMAD, Growth Differentiation Factor 7 (GDF7) and p53 guide RNAs (gRNAs) 

were cloned into the lentiCRISPRv2 (lenti Clustered Regularly Interspaced 

Short Palindromic Repeats v2) vector (Addgene, 52961) (Table 2.3) [250], 

[251]. This work was carried out with assistance from Dr Quintanilla (ECRC, 

University of Edinburgh). Dominant negative p53 (dnp53) (Genbank, 

KF766124), Kirsten RAS (KRASV12), flagged-LSG1, NM_V277F, recombinant 

eIF6 and NMD3 were expressed in the retroviral vector pM6P_Blast, which 

was a kind gift of Dr Felix Randow (MRC Laboratory of Molecular Biology, 

Cambridge), following conventional cloning procedures. Also, cells and 

lysates of IMR90 human lung fibroblasts expressing a 4-hydroxytamoxifen (4-

OHT)-inducible ER:STOP or ER:RAS chimeric fusion protein were a kind gift 
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of Dr Juan Carlos Acosta (CRUK Edinburgh Centre, IGMM, University of 

Edinburgh). 

 

2.3.1 Transfection for production of viral particles 

The production of viral particles was carried out by transfection of HEK 293 

ET cells. For lentiviral production the cells were transfected with the 

packaging vector psPAX2, the envelope vector pMD2.G encoding the 

envelope G glycoprotein of the vesicular stomatitis virus (VSV-G) (both from 

Addgene) and the viral transfer vector. For retroviral production, pGag-Pol 

was used instead of psPAX2. For Tet-pLKO.1, a 3rd generation viral 

production protocol was followed. In this case, psPAX2 was replaced with 

two packaging plasmids, pRRE (Rev responsive element) and pRSV 

(respiratory syncytial virus), provided by Dr Simon Wilkinson (CRUK 

Edinburgh Centre, IGMM, University of Edinburgh). Typically, 10μg of each 

plasmid was mixed with 80μl of polyethyleneimine (PEI – 1μg/μl) in a final 

volume of 500μl (the remainder being DMEM). This mix was added to a 75 

cm2 flask of cells at 70% confluence containing 10ml of their culture medium 

and incubated o/n. The following day, the medium was replaced with fresh 

culture medium. 24 hours after that, the lentiviral supernatant was harvested 

and stored at -80 °C or used directly for infection. Retroviral infections were 

conducted immediately after harvest of virus. 

 
 
2.3.2 Viral transduction 

The viral supernatant was mixed with polybrene (hexadimethrene bromide) at 

a final concentration of 5μg/ml. The viral mix was diluted with DMEM/10% 

FBS/1% P/S, typically at 3:10, filtered through a 0.45μm filter unit and used 

to infect the recipient cells at 40% confluence. 24 hours post-infection the 

medium was replaced with fresh medium and after another 24 hour period 
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the cells were split into selection in the appropriate antibiotic. Typically, 

puromycin was used at 1μg/ml and blasticidin at 5μg/ml for a period of 4-6 

days, until all uninfected control cells had died. The timepoints referred to in 

the text correspond to days post-infection. 

 

2.4 siRNA transfection 

Four SMARTpool siRNAs designed against each one of the genes of interest 

were purchased from Dharmacon and mixed together in RNase free buffer to 

be used as a pool. Plated cells were treated with a mix of medium containing 

the siRNA SmartPool at 50nM and 3.5% Hiperfect transfection reagent 

(Qiagen, 1029975). The siRNA sequences are listed in Table 2.4. For long-

term silencing, siRNA transfections were repeated every 3 days. 

 

2.5 Generation of NM_V277F 

According to studies conducted in yeast, for the generation of the predicted 

LSG1 suppressor mutant NMD3 NM_V277F the valine (V) residue at position 

277 would have to change to phenylalanine (F) [24], based upon sequence 

homology. This was achieved through site-directed mutagenesis based upon 

the Quikchange protocol (Stratagene). The M6P-Blast retroviral vector 

carrying the NMD3 gene was amplified and the product was digested with the 

restriction enzyme DpnI (Biolabs, R0176S) for removal of the non-mutated 

parental clone. The primers used were:  

Forward: CCAGATTTGTGTGTGTATTCGATTCACCAGTGCCATTCACCTC 

and Reverse: 

GAGGTGAATGGCACTGGTGAATCGAATACACACACAAATCTGG. The 

DNA product was gel-purified and transformed into XL1 Blue super-

competent bacteria (Agilent, 200130). 
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2.6 Western blotting 

The cells were lysed in cell lysis buffer (Cell Signaling, 9803S) supplemented 

with EDTA-free protease inhibitors for 10 minutes on ice. Protein content 

quantification and normalisation were performed by Bradford assay. Lysates 

were separated by Sodium dodecyl sulphate (SDS)-Polyacrylamide Gel 

Electrophoresis (PAGE) and transferred to polyvinylidene difluoride (PVDF) 

membrane in a wet-transfer manner. The membrane was incubated in 

blocking buffer (5% non-fat milk/ Tris-buffered saline (TBS)/0.1% Tween-20) 

for 1 hour at room temperature (RT) for the blocking of non-specific sites. 

Primary and HRP-linked secondary antibodies were diluted in blocking buffer. 

Primary antibody incubation was o/n, whereas secondary antibody lasted for 

1 hour at RT. The SuperSignal West Pico Chemiluminescent Substrate 

(Thermo Scientific, 34079) was used for signal development, which was 

digitally detected in a Biorad detector (731BR00785) and analysed using the 

software Image lab 4.1. A list of all antibodies used is provided in Table 2.5 

and 2.6. 

 

2.7 quantitative Polymerase Chain Reaction (qPCR) 

RNA was extracted using the RNeasy Mini kit (Qiagen, 74104) and reverse 

transcribed with the QScript enzyme (Quanta, 95048), according to the 

manufacturer’s protocol. The complementary DNA (cDNA) obtained was 

used as a template for qPCR. Primers were used at 200nM each in a total 

reaction volume of 20μl. SYBR Select Master Mix (Applied Biosystems, 

4472908) was used for the reaction, which was performed in a StepOne real 

time PCR system (Applied Biosciences), using the software StepOne v2.3. 

The primer oligos are listed in Table 2.7. 
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2.8 Cytochemical staining for Senescence Associated-β-

galactosidase (SA-β-gal)  

Cell fixation was performed in 0.5% glutaraldehyde/PBS for 15 minutes at 

RT. After fixation the cells were washed in 1 mM MgCl2/PBS at pH 6 and 

stained in staining solution (2mg/ml 5-bromo-4-chloro-3-indolyl-β-D-

galactopyranoside (Sigma, B4252), 1.64mg/ml K3FE(CN)6, 2.1mg/ml K4Fe 

(CN)6*3H2O in 1mM MgCl2 1, pH 6) during an o/n incubation at 37 °C. The 

lysosomal SA-β-gal activity was determined by the formation of a blue 

precipitate within the cytoplasm, as observed using inverted microscopy 

[182]. 

 

2.9 Immunofluorescence staining for High Content 

Microscopy 

The cells were fixed in 4% paraformaldehyde for 1 hour at RT. For the 

Bromodeoxyuridine (BrdU) staining, the cells had been treated with 50mM 

BrdU (Sigma, 858811) diluted in DMEM for 16 hours prior to fixation. Cell 

permeabilisation was performed in 0.2% Triton/PBS for 10 minutes, followed 

by blocking in 1% Bovine Serum Albumin (BSA)/0.2% fish gelatin/PBS for 1 

hour, at RT. The cells were incubated in primary antibody for 30 minutes and 

then in fluorescence-conjugated secondary antibody for 1 hour, at RT. Both 

antibodies were diluted in blocking solution (Tables 2.5, 2.6). The anti-BrdU 

solution was supplemented with 0.5U/μl DNAse (Sigma, D4527) and 1 mM 

MgCl2. For nuclear staining the cells were incubated in 1μg/ml DAPI/PBS 

solution for 30 minutes, at RT. PBS washes were performed between the 

staining steps. The samples were stored at 4 °C in PBS until they were 

imaged. Data from the stained plates were acquired using an ImageXpress 
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Micro High Content Imaging System (Molecular Devices). The high content 

microscope scans the plate, acquiring multiple images. Automated analysis 

of these images was performed using the software MetaXpress 5.1.0.46 

(Molecular Devices). 

 

2.10 O-Propargyl Puromycin (OPP) assay 

For the OPP assay the Click-iT Plus OPP Alexa Fluor 488 kit (ThermoFisher, 

C10456) was used, following the manufacturer’s protocol. Briefly, transduced 

MRC5 cells were labelled with 20μM OPP in dimethyl sulfoxide (DMSO) for 

30 minutes. OPP intensity detection was performed by standard 

immunofluorescence procedures, followed by high content microscopy. 

 

2.11 CRISPR growth assay by crystal violet staining 

CRISPR-mediated knockout of p53 in MRC5 cells was carried out using the 

vector lentiCRISPRv2 (Addgene, 52961) and sgRNAs for non-target (gNT) 

and p53 (gp53) (Table 2.3). Lentivirus for the lentiCRISPRv2 constructs and 

shLSG1, as well as retrovirus for KRASV12 was produced as described 

before. Gene disruption efficiency was assessed by western blotting. The 

cells were first transduced with lentiCRISPRv2 lentivirus and then with 

shLSG1 lentivirus or retrovirus for KRASV12. 5 days post-infection, the 

selected cells were seeded at a density of 100,000 cells per 10cm dish and 

cultured for 15 days. Fixation was performed in 1% glutaraldehyde/PBS for 1 

hour, while shaking, at RT. After a couple of PBS washes the plates were left 

to dry for 1 day. Staining was performed using 0.15% crystal violet/H2O for 2 

hours at RT, followed by washes with tap water. The dishes dried and photos 

were taken using a document scanner. For relative quantitation purposes the 

crystal violet was extracted in 1M acetic acid/H2O during an overnight 

incubation and the absorbance at 595nm was measured. 
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2.12 Polysome profiling 

11.5ml of 10%-50% sucrose gradients were poured into 12ml ultracentrifuge 

tubes and stored at 4 °C o/n. The sucrose solution was composed of sucrose 

dissolved in buffer of 20 mM Tris-HCl, pH 7.2, 250 mM KCl, 5mM 

dithiothreitol (DTT), 10 mM MgCl2, 0.5μg/ml heparin and 150μg/ml 

cycloheximide. The cells were lysed in lysis buffer composed of 10 mM Tris 

HCl, pH 7.2, 10 mM MgCl2, 150mM KCl, 150μg/ml cycloheximide, 0.5% 

Triton and 5mM DTT, supplemented with 100U/ml RNase inhibitors 

(Promega), by a 10-minute incubation on ice. The lysates were normalised 

for total RNA content based on their absorbance at A254 nm using a 

NanoDrop spectrophotometer. Equal RNA contents were loaded on the top of 

the sucrose gradient. Separation of the ribosomal particles was performed by 

ultracentrifugation at 41,000 rpm (Beckman SW41 rotor) for 80 minutes. 

Fractionation was performed using a Brandel fractionator and 0.25ml 

fractions were collected. The polysome profiles were detected by a UV 

monitor (Gilson) at A254 nm. For analysis of the polysome-associated 

mRNAs, polysomal fractions were pooled and the qPCR procedure described 

before was followed. For protein detection using poor antibodies, protein 

precipitation in 20% tetrachloric acid (TCA) was performed, followed by 

washes in acetone. 

 

2.13 Skin orthotopic mouse model  

16 immunodeficient (severe combined immunodeficiency, SCID) mice were 

used for the in vivo experiment. For the skin reconstitution, SCC-13 cells 

(human squamous cell carcinoma) transduced with the tet-on inducible 

vector plasmid pTRIPZ expressing the hairpins against LSG1, EFL1, SBDS 

and the control construct (as described before) were used (Table 2.2), as 
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well as BJ human fibroblasts. The mice were anaesthetised with 200μl of a 

ketamine/medetomidine preparation provided by the veterinary doctors, 

intraperitoneally. Once anaesthetised, the analgesia reagent Rymadil was 

administered subcutaneously. The backs of the mice were shaved and they 

were transferred to the operation room for the surgical procedure. All 

materials and tools were sterile and clean. A small cut on the back skin of the 

mouse using scissors enabled the insertion of a silicon chamber. Stiches 

around the chamber ensured its stability. A 200μl suspension of 5 million 

SCC-13 and 1 million BJ cells per mouse (4 mice per condition) was applied 

to the wound area through a piercing in the silicon chamber. Subcutaneous 

injection with antisedan slowly reversed the anaesthesia and the mice were 

placed back in cages. 1 week afterwards, the anaesthesia procedure was 

repeated, the sutures cut and the chamber removed. 33 days after that, when 

the skin had completely reconstituted and tumours had started forming, 

doxycycline (2μg/ml) was administered in the water of the animals. After 17 

days, the animals were sacrificed by CO2 administration and death was 

verified by cervical dislocation (Schedule 1). All patches of reconstituted skin, 

including any tumours were harvested in 4% paraformaldehyde fixative 

solution. 

 

The skin reconstitution and tumour growth/animal fitness were monitored 3 

times a week. The expression of the constructs upon doxycycline treatment 

was verified by visualising the fluorescence (a feature of the pTRIPZ vectors 

is coexpression of TurboRFP) of the reconstituted skin area through live 

imaging microscopy. All animal work was carried out at the animal unit of the 

Western General Hospital with the assistance of Mrs Morwenna Muir and in 

collaboration with Dr Núria Tarrats (CRUK Edinburgh Centre, IGMM, 

University of Edinburgh). 
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2.13.1 Histology and staining of skin sections 

Skin samples were fixed in 4% paraformaldehyde and embedded in paraffin. 

The embedded tissues were cut in sections 4μm thick using a microtome, 

placed on glass slides and stored at RT. For the Haematoxylin and Eosin 

staining (H&E), dewaxing was performed in xylene solutions and rehydration 

in 100%, 90%, 70%, 50% and 30% alcohol solutions followed by washes in 

water. The sections were stained in haematoxylin for 4 minutes. For 

differentiation the slides were incubated in 1% HCl in 70% alcohol for a few 

seconds. The development of the blue colour was achieved in lithium 

carbonate solution, within 10 seconds. The sections were stained in eosin for 

1 minute (a solution of 1% aqueous eosin and 1% ethanol at a ratio 3:1, 

0.05% glacial acetic acid) followed by 3 rinses in alcohol and then in xylene. 

3 washes in tap water were performed between the aqueous steps. The 

slides were mounted in distyrene-plasticiser-xylene (DPX) mounting medium 

and visualised using brightfield microscopy. The histology work was 

performed at the histology facility of IGMM, with the help of Mrs Allyson 

Ross. 

 

For immunofluorescence assays, the sections were re-hydrated as before 

and antigen retrieval was performed by microwave heating in 10mM sodium 

citrate buffer at pH 6 for 10 minutes. After PBS washing the sections were 

blocked in peroxidase solution (Dako, K4011) for 5 minutes, followed by 

washes with 0.1% Tween/PBS. Sections were incubated in primary antibody 

for 1 hour, in secondary for 30 minutes and counterstained in 1μg/ml 

DAPI/PBS, at RT. Vectashield (Vector laboratories, H-1200) was used for 

mounting. Imaging was performed using a Nikon NSTORM/A1+ confocal 

microscope and the NIS-Elements Microscope Imaging software. 
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2.14 Processing of bone marrow samples 

Bone marrow aspirates were collected by venipuncture in EDTA-treated 

collection tubes, shipped at ambient temperature from France (a kind gift of 

Dr Donadieu, Hospital Trousseau, Paris) and processed immediately upon 

arrival. For the lysis of the red blood cells, 0.5ml of sample was added into a 

tube containing 10ml ACK lysis buffer (155mM ammonium chloride, 10mM 

potassium bicarbonate, 0.1mM EDTA) and incubated for 5 minutes at RT. 

The lysate was centrifuged at 300g for 5 minutes at RT and the white blood 

cell precipitate was collected. It was mixed with 5ml 10% FCS/PBS (FCS 

served as the carrier protein) and centrifuged at 300g for 5 minutes, at RT. 

The precipitate was collected and re-suspended in 10% FCS/PBS. 4.5x104 

cells per glass slide were used for plating by centrifugation in a cytospin at 

800rpm for 3 minutes. 

 

2.15 Reverse phase protein microarray assay (RPPA) 

Cells were lysed, normalised and denatured by heating at 95 °C. 4 dilutions 

in 10% glycerol/PBS were prepared. Samples were printed in arrays 

consisting of 36 x 12 spots at a 500μm spot-to-spot distance. Array spotting 

was carried out with an Aushon 1740 Arrayer Platform using 2x185μM pins. 

2 deposition rounds were performed per feature. Sample dilution series were 

spotted in triplicate on each array, with 8 arrays per slide, on single pad Avid 

Nitrocellulose slides (Grace Biolabs). The RPPA slides were washed in 

deionized water, then incubated with antigen retrieval reagent (Reblot strong) 

for 15 minutes. The slides were washed again and placed in a ProPlate 

chamber filled with water. After 2 washes in PBST, slides were blocked in 

SuperBlock T20 (TBS) (Pierce/Thermo Scientific, 37536) for 10 minutes. The 

slides were washed in TBST (2 x 5 min) and incubated for 1 hour with 

primary antibody diluted 1:250 in SuperBlock. After 2 washes in TBST, the 
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slides were blocked again with SuperBlock for 10 minutes, washed again in 

TBST (3 x 5 minutes) and incubated with secondary antibody (Dylight-800-

labeled anti-species antibodies 1:2500 dilution in SuperBlock) for 30 minutes. 

After a couple of final washes the slides were left to dry at room temperature 

for 10 minutes prior to data acquisition. The arrays were imaged using an 

Innopsys 710 slide scanner. Non-specific signals were determined for each 

slide by omitting the first incubation step with primary antibody on 1 array per 

secondary antibody. Sample loading on arrays was determined by staining 

with fast-green dye and scanning at 800nm. Microarray images were 

analysed using the Mapix software (Innopsys) and for the analysis the 

fluorescence intensity for each spot on the array was measured. 

The list of antibodies used is provided in Table 2.8. 

 

Following lysis, the RPPA protocol and data analysis were performed by Mr 

Kenny MacLeod (Edinburgh Drug Discovery Unit, CRUK Edinburgh Centre). 

 

2.16 Transcriptomic analysis 

RNA was extracted using the RNeasy Mini kit (Qiagen, 74104). The RNA 

was submitted to the Genome analysis core at the Wellcome Trust Clinical 

Research Facility (Western General Hospital, Edinburgh) for AmpliSeq library 

preparation and IonTorrent sequencing. The data were analysed using the 

open access software Babelomics-5, developed by the Computational 

Genomics Department (http://babelomics.bioinfo.cipf.es). Hierarchical 

clustering analysis and visualisation were performed using the Cluster 3 

(Stanford University) and TreeView 3.0 tools (Princeton University). Dr Juan 

Carlos Acosta (CRUK Edinburgh Centre, IGMM, University of Edinburgh) 

supervised the analysis. The GSEA analysis was carried out by Dr Tamir 
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Chandra (MRC Human Genetics Unit, IGMM, University of Edinburgh) using 

the software GSEAPreranked developed at the Broad Institute. 

 

2.17 CRISPR screen 

2.17.1 Lentivirus CRISPR library production  

The GeCKOv2 Human libraries A and B, designed by the Zhang lab, were 

purchased from Addgene and were purified and cloned into the 

lentiCRISPRv2 plasmid according to the accompanying protocol 

(http://genome-engineering.org/gecko/?page_id=15) [250], [251]. The two 

libraries together were comprised of 123,411 unique gRNAs for the knockout 

of 19.050 human genes (6 gRNAS/gene in total). Endura electrocompetent 

cells (Lucigen, 60242) were transformed with the two libraries, separately, via 

electroporation. The successfully transformed libraries were amplified and 

maxipreped for DNA extraction. This DNA preparation was carried out by Mrs 

Rachel White (ECRC, University of Edinburgh).  

 

For the lentiviral production, 10μg of the transfer vector lentiCRISPRv2 

plasmid pool was mixed with 10μg of pMD2G (encoding the VSV-G 

envelope), 10μg of psPAX2 and 80μl of 1μg/μl polyethylenimine and the 

transfection was performed using HEK293T cells seeded in 10cm dishes, as 

described before. This work was carried out by Dr Andrea Quintanilla (CRUK 

Edinburgh Centre, IGMM, University of Edinburgh). 

 

2.17.2 Titration of CRISRv2 lentivirus 

HEK 293 ET cells were seeded in 6-well plates at a density of 35,000 

cells/well in 1,5ml of culture medium. The following CRISPRv2 library virus 

dilutions were prepared in culture media, including polybrene: 0μl, 0.01μl, 
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0.1μl, 1μl, 10μl, 100μl, 1ml. After 12 hours a further 1.5ml medium was 

added to each well. After 48 hours, the medium was replaced with 

puromycin-containing medium (1μg/ml). When the selection was complete, 

crystal violet staining was performed and the colonies were counted. Given 

that each colony corresponds to one infective viral particle, the number of 

viral particles per ml was calculated. Based on that estimate, the infections 

were performed at multiplicity of infection (MOI) 0.3, meaning that 3 viral 

particles would infect 10 cells. This work was performed by Dr Andrea 

Quintanilla (CRUK Edinburgh Centre, IGMM, University of Edinburgh). 

 

2.17.3 CRISPR genome-wide screen: infections 

The lentiviral libraries A and B were pooled together and used to infect MRC5 

cells at an MOI of 0.3. In this case, the library pool virus was mixed with 

culture medium in the appropriate ratio and added into each T175 flask. For 

this experiment, an initial population of 108 million cells was used (50 T175 

flasks).  The cells were selected in puromycin, then pooled together and split 

in equal amounts in order to be transduced with the retrovirus for shLSG1 

and Control, at a ratio of 2:10. An equal amount of the cell population was 

stored prior to infection as a control represention of the full library. The cells 

grew in selection antibiotics blasticidin and puromycin for a period of 2 

weeks. Then, the cells were harvested and pelleted for extraction of genomic 

DNA using the DNeasy Blood & Tissue Kit (Qiagen, 69504). The DNA from 

the samples and pure DNA library were amplified via nested PCR. The first 

PCR was performed for the addition of a priming site. The purification kit 

Qiagen 28104 was used and the primers were v2Adaptor forward: 

AATGGACTATCATATGCTTACCGTAACTTGAAAGTATTTCG and 

v2Adaptor reverse: 

TCTACTATTCTTTCCCCTGCACTGTTGTGGGCGATGTGCGCTCTG. A 
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second PCR was performed for the addition of a unique barcode per sample. 

The primers (Illumina) are provided in the Table 2.9. The final product was 

run in a 2% agarose gel and gel purified (Qiagen, 28704). This experiment 

was performed in collaboration with Dr Andrea Quintanilla (CRUK Edinburgh 

Centre, IGMM, University of Edinburgh). 

 

The amplified products were submitted to the Genome analysis core at the 

Wellcome Trust Clinical Research Facility (Western General Hospital, 

Edinburgh) for next generation sequencing. Count extraction from the raw 

sequencing data was performed by Dr Tamir Chandra (IGMM, University of 

Edinburgh). Dr Juan Carlos Acosta (CRUK Edinburgh Centre, IGMM, 

University of Edinburgh) supervised the analysis of the data. 

 

2.18 Data analysis 

For data analysis we used the Microsoft Excel 2011 (14.3.4) software, unless 

otherwise stated. In order to determine the statistical significance in 

experiments with biological replicates, the p value was calculated using a 

Student’s t-test, unless otherwise stated. The asterisks on top of the error 

bars represent the significance level based on the p value: * for p<0.05, ** for 

p<0.01 and *** for p<0.001. 
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2.19 Tables 
Table 2.1 shRNA oligo sequences 

shRNA 
name 

shRNA forward sequence 

Control CCGGTCCGCAGGTATGCACGCGTG 
shLSG1 CCGGTGGGCTACCCTAATGTTGGTACTCGAGTACCAACATTAGGGTAGC

CCATTTTTG 
shLSG1(a) CCGGTACGTTGGTGAATTGTATGGTCTCGAGACCATACAATTCACCAAC

GTATTTTTG 
shLSG1(b) CCGGTACGTTGGTGAATTGTATGGTCTCGAGACCATACAATTCACCAAC

GTATTTTTG 
shSBDS(a) CCGGAAGCTTGGATGATGTTCCTGACTCGAGTCAGGAACATCATCCAAG

CTTTTTTTG 
shSBDS(b) CCGGCTGCTTCCGAGAAATTGATGACTCGAGTCATCAATTTCTCGGAAG

CAGTTTTTG 
 
Table 2.2 shTRIPZ oligo sequences 

shTRIPZ Catalogue number 

shTRIPZ Non-Silencing control (NST) RHS4743 

shTRIPZ EFL1 RHS4740-EG79631 

shTRIPZ LSG1 RHS4740-EG55341 

shTRIPZ SBDS RHS4696-200704884 

 
Table 2.3 lentiCRISPRv2 sequences 

Oligo name Sequence  

gNT ACGGAGGCTAAGCGTCGCAA 

gp53 GAGCGCTGCTCAGATAGCGA 

gID2 TGCCCAGGCTGTGGTCCGAC 

gID3A AACGCAGTCTGGCCATCGCC 

gID3B TGTAGTCGATGACGCGCTGT 

gSMAD5 TACTTACAGAGGCAGATTTC 

gGDF7A CCACCTCGTCTGCGTCGTTA 

gGDF7B CGGCGCCGCGTCTGGTGCCA 

gMMP2A GCCGCACGGATGGCTACCGC 

gMMP2B TACAACAGCTGCACTGATAC 
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Table 2.4 siRNA sequences 

siRNA Sequence 
NTC UGGUUUACAUGUCGACUAA 
 UGGUUUACAUGUUGUGUGA 
 UGGUUUACAUGUUUUCUGA 
 UGGUUUACAUGUUUUCCUA 
siEFL1 ACAUGAAGCAUGUCGCUAU 
 ACAUGAACGCAGUACGAAA 
 AAAGAGAGAAGGUCGGGUA 
 GCCAGUAGAUACCGAGAUU 
siLSG1 GAAAUGACUUGCAGCGGAA 
 GCCAAUAAGGAGAACGUCA 
 AGGGAUGGUUCACGAGACA 
 AGAUAGUAGAUGCUCGAAA 
siSBDS UUAGAAAUCGUAUGUCUGA 
 GUAAGCAGAUUUUGACUAA 
 UCAAGGUCAUAGAAAGUGA 
 GAGAUGAGAAAUUUGAAUG 
 

Table 2.5 Primary antibodies 

Antibody Working dilution Company Catalogue number 
LSG1 1:1000 Proteintech 17750 
EFL1 1:1000 Proteintech 24729 
SBDS 1:10000 Abcam Ab128946 
RPL28 1:1000 Proteintech 16649 
BrdU 1:2000 Pharmingen 558599 
p53 1:100 Santa Cruz sc-126 
p16 1:500 Santa Cruz sc-56330 
p21 1:200 Sigma p1484 
pST/Q 1:100 Cell Signaling 2851 
IL-1α 1:100 R&D MAB200 
IL-1β 1:100 R&D MAB201 
IL-6 1:100 R&D AF206NA 
IL-8 1:100 R&D MAB208 
Ki67 1:200 Invitrogen 180191Z 
E-cadherin 1:200 BD Biosciences 612130 
LC3B 1:1000 Cell Signaling 2775 
tubulin 1:2000 Cell Signaling 2144 
β-actin 1:1000 Imgenex 5142A 
SQLE 1:300 Proteintech 12544-1-AP 
HMGCS1 1:1000 Proteintech 17643 
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Table 2.6 Secondary antibodies 

Antibody Working dilution Company Catalogue number 

Anti-rabbit 1:3000 Cell Signaling 70745 

Anti-mouse 1:3000 Cell Signaling 70765 

Mouse Alexa 488 1:400 Invitrogen A-11029 

Mouse Alexa 598 1:400 Invitrogen 58079A 

Rabbit Alexa 488 1:400 Invitrogen A-11008 

Goat Alexa 594 1:400 Invitrogen A-11080 

 

Table 2.7 Primer oligos for qPCR 

Target Primer forward/reverse 
p16 CGGTCGGAGGCCGATCCAG/ GCGCCGTGGAGCAGCAGCAGCT 
p21  CCTGTCACTGTCTTGTACCCT/ GCGTTTGGAGTGGTAGAAATCT 
IL-α AGTGCTGCTGAAGGAGATGCCTGA/ CCCCTGCCAAGCACACCCAGTA 
actin CATGTACGTTGCTATCCAGGC/ CTCCTTAATGTCACGCACGAT 
p15 GAATGCGCGAGGAGAACAAG/CCATCATCATGACCTGGATCG 
ALK4 GGGGGTCCAGGCTCTGCTGTGT/ACCATGCAGGCCCCATCTGTCT 
ALK5 TCTGCCACAACCGCACTGTCA/GGTAAACCTGAGCCAGAACCTGACG 
ID2 AGACCCGGGCAGAACCAGGC/TCAGAAGCCTGCAAGGACAGGATG 
ID3 GTACCCGGAGTCCCGAGAGGC/TGAGCTCGGCTGTCTGGATGGG 
SMAD5 CCGGCTCGCGAAAAGGAAG/GTTTCCAGCCCAACAATCGC 

 
 

Table 2.8 RPPA assay antibodies 

Antibody Supplier # 
Akt P Ser473 Cell Signaling Technologies 4060 
Akt P Thr308 Cell Signaling Technologies 2965 
AMPK alpha P Thr172 Cell Signaling Technologies 2535 
ATM/ATR Substrate P Ser/Thr Cell Signaling Technologies 2851 
beta-Catenin P Ser33,Ser37,Thr41 Cell Signaling Technologies 9561 
beta-Catenin P Thr41,Ser45 Cell Signaling Technologies 9565 
c-Jun P Ser73 Cell Signaling Technologies 9164 
c-Myc P Thr58,Ser62 Epitomics 1203-1 
CrkL P Tyr207 Cell Signaling Technologies 3181 
Bcl-2 P Ser70 Cell Signaling Technologies 2827 
Bim P Ser69 Cell Signaling Technologies 4585 
FAK1 P Y397 Cell Signaling Technologies 3283 
GSK-3-alpha/beta P Ser21/Ser9 Cell Signaling Technologies 9331 
HSP27 (HSPB1) P Ser78 Cell Signaling Technologies 2405 
IkB-alpha P Ser32 Cell Signaling Technologies 2859 
IKK alpha/beta P Ser176/Ser177 Cell Signaling Technologies 2078 
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IRS-1 P S636/639 Cell Signaling Technologies 2388 
JAK1 P Tyr1022,Thr1023 Invitrogen (Biosource) 44-422G 
MAPKAPK-2 P Thr334 Cell Signaling Technologies 3041 
MEK1/2 P Ser217/221 Cell Signaling Technologies 9154 
mTOR P Ser2448 Cell Signaling Technologies 2971 
mTOR P Ser2481 Millipore (Upstate) 09-343SP 
NFkB p65 Ser536 Cell Signaling Technologies 3033 
p38 MAPK PThr180,Tyr182 Cell Signaling Technologies 9211 
p44/42 MAPK (ERK1/2) P 
Thr202/Thr185,Tyr204/Tyr187 Cell Signaling Technologies 4370 
p53 P Ser15 Cell Signaling Technologies 9284 
p70 S6 Kinase P Thr389 Epitomics 1175-1 
p70 S6 Kinase P Thr421,Ser424 Cell Signaling Technologies 9204 
p90 S6 kinase (Rsk1-3) P 
Thr359,Ser363 Cell Signaling Technologies 9344 
PDK-1 P Ser241 Cell Signaling Technologies 3061 
PKA RII P Ser96 Epitomics 1151-1 
PKC (pan) P Ser660 (beta-2) Cell Signaling Technologies 9371 
PKC substrate P (R/K)X(S*)(Hyd)(R/k) Cell Signaling Technologies 2261 
PKC-alpha  P Thr638 Abcam ab32502 
PKC-gamma P Thr514 GeneTex GTX25778 
PKC-zeta/lambda P Thr410/403 Cell Signaling Technologies 9378 
PLC-gamma1 P Tyr783 Cell Signaling Technologies 2821 
S6 Ribosomal protein P 
Ser235,Ser236 Cell Signaling Technologies 2211 
S6 Ribosomal protein p Ser240,Ser244 Cell Signaling Technologies 2215 
SAPK/JNK P Thr183,Tyr185 Cell Signaling Technologies 4668 
SHP2 P Tyr542 Cell Signaling Technologies 3751 
Src (family) P Tyr416 Cell Signaling Technologies 2101 
Stat1 P Ser727 Invitrogen (Biosource) 44-382G 
Stat1 P Tyr701 Cell Signaling Technologies 9171 
Stat5  P Tyr694 Cell Signaling Technologies 9351 
Stat6 P Tyr641 Cell Signaling Technologies 9361 
Tau Phospho/non Phos ser 305 Epitomics 2368-1 
Tsc-2 (Tuberin) P Thr1462 Cell Signaling Technologies 3617 
Tyk2 P Tyr1054,Tyr1055 Cell Signaling Technologies 9321 
IGF-1R beta P Tyr1162,Tyr1163 Invitrogen (Biosource) 44-804G 
Akt Cell Signaling Technologies 9272 
AMPK alpha Cell Signaling Technologies 2532 
ATM Merck (Calbiochem) PC116 
beta-Catenin Cell Signaling Technologies 9562 
c-Jun N-term Epitomics 1254-1 
c-Myc Cell Signaling Technologies 5605 
Bcl-2 Epitomics 1017-1 
Bim Epitomics 1036 
FAK1   Cell Signaling Technologies 3285 
GSK-3-beta Cell Signaling Technologies 9315 
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Hexokinase Cell Signaling Technologies 2867 
IkB-alpha Cell Signaling Technologies 4812 
IRS-1 Cell Signaling Technologies 2382 
JAK1 Cell Signaling Technologies 3332 
MAPKAPK-2 Epitomics 1497-1 
MEK1/2 Cell Signaling Technologies 9122 
mTOR Cell Signaling Technologies 2972 
NFkB p105/p50 GeneTex GTX110585 
p38 MAPK Cell Signaling Technologies 9212 
p44/42 MAPK (ERK1/2) Cell Signaling Technologies 9102 
p53 Cell Signaling Technologies 9282 
p70 S6 Kinase Cell Signaling Technologies 9202 
p90 S6 kinase (Rsk1-3) Santa Cruz sc-231 
PDK-1 Cell Signaling Technologies 3062 
PKA Abcam ab26322 
PKC-zeta Cell Signaling Technologies 9372 
PLC-gamma1 Cell Signaling Technologies 2822 
PKM2  XP(R) Cell Signaling Technologies 4053 
S6 Ribosomal Protein Cell Signaling Technologies 2217 
SAPK/JNK (JNK2) Cell Signaling Technologies 9258 
Src  Cell Signaling Technologies 2109 
Stat3 Cell Signaling Technologies 12640 
Stat5 Invitrogen (Biosource) 44-368G 
Stat6 Cell Signaling Technologies 9362 
Tau  Epitomics 1178-1 
Tsc-2 (Tuberin) Cell Signaling Technologies 3612 
Histone H2A.X P Ser139 Millipore (Upstate) 05-636 
Stat3 P Tyr705 Cell Signaling Technologies 9138 
CrkL Cell Signaling Technologies 3182 
HSP27 (HSPB1) Cell Signaling Technologies 2402 
PKC-alpha Beckton Dickinson 610108 
Stat1 Cell Signaling Technologies 9176 

 
Table 2.9 Primers for nested PCR 

Condition Primer forward/reverse 
Control AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACG

CTCTTCCGATCTTAAGTAGAGTCTTGTGGAAAGGACGAAACACCG/ 
CAAGCAGAAGACGGCATACGAGATAAGTAGAGGTGACTGGAGTTC
AGACGTGTGCTCTTCCGATCTTTCTACTATTCTTTCCCCTGCACTGT 

Control (shLSG1) AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACG
CTCTTCCGATCTCGATCATGATCGTCTTGTGGAAAGGACGAAACAC
CG/ 
CAAGCAGAAGACGGCATACGAGATCATGATCGGTGACTGGAGTTC
AGACGTGTGCTCTTCCGATCTCGATTCTACTATTCTTTCCCCTGCAC
TGT 
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shLSG1 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACG
CTCTTCCGATCTTCGATCGTTACCATCTTGTGGAAAGGACGAAACA
CCG/ 
CAAGCAGAAGACGGCATACGAGATCGTTACCAGTGACTGGAGTTC
AGACGTGTGCTCTTCCGATCTTCGATTCTACTATTCTTTCCCCTGCA
CTGT 

Library A and B AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACG
CTCTTCCGATCTATCGATTCCTTGGTTCTTGTGGAAAGGACGAAAC
ACCG/ 
CAAGCAGAAGACGGCATACGAGATTCCTTGGTGTGACTGGAGTTCA
GACGTGTGCTCTTCCGATCTATCGATTCTACTATTCTTTCCCCTGCA
CTGT 
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About chapter 3 

Cancer cells alter several physiological processes in order to meet their 

growth demands while maintaining their homeostasis. Ribosome biogenesis 

is an essential biological process that is upregulated by oncogenes and is 

considered to support tumour progression. However, the potential of 

targeting ribosome biogenesis in cancer has been inadequately explored. In 

an approach to halt tumourigenesis, studies have attempted to impair 

ribosome biogenesis by inhibiting the initial events in the nucleolus, which 

leads to induction of p53-dependent apoptosis [122], [123], [252]. In this 

study we propose that the final ribosome maturation reactions in the 

cytoplasm should provide promising targets for cancer therapy. 

 

The first aim of this project was to address the question whether the inhibition 

of 60S maturation factors impacts upon cell growth and proliferation. Among 

these factors, the GTPases LSG1 and EFL1 are potentially druggable, while 

the SBDS gene is implicated in the ribosomopathy SDS that manifests with 

severe growth defects [37]. 

 

In order to address our scientific question we utilised the siRNA machinery to 

silence the 60S ribosome maturation factors in human lung fibroblasts and 

mammary epithelial cells, followed by examination of the biological effects in 

a series of in vitro experiments. The results presented in this chapter indicate 

that knockdown of LSG1, EFL1 or SBDS triggers growth arrest by activating 

canonical senescence pathways. Furthermore, the dependence on the p16 

and p53 pathways was examined in order to elucidate mechanistic aspects 

of the senescence response. This study suggests that the senescence 

response caused by downregulation of the ribosomal factors is p53-

dependent. However, the same approach might confer a distinct p53-
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independent tumour suppressive response. Overall, we recommend 

considering the GTPases LSG1 and EFL1 as key candidates in future pro-

senescence therapies in cancer. 

 

3.1 Experimental strategy 

The stable targeting of the 60S ribosome maturation factors was achieved 

using the shRNA machinery (Figure 3.1). Following the design of the shRNA 

oligos, they were cloned into a lentiviral (or retroviral) vector plasmid (mainly 

pLKO.1). Competent bacteria cells were transformed with the plasmids 

including the shRNA constructs. The shRNAs were delivered to the recipient 

cells by lentiviral infection, followed by selection for successful incorporation 

of the transgenes. A non-hairpin oligo insert, cloned into the pLKO.1 plasmid, 

was used as a control in all experiments of this chapter. 
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Figure 3.1 Experimental strategy of lentivirus-mediated cell transduction. 
The first step of the strategy is the design of oligos. Following that, the oligos are annealed 
and cloned into a vector plasmid. Competent bacteria are transformed with the vector 
plasmid and plated on 10cm agar plates containing the resistance antibiotic. The growing 
clones are selected and screened for the oligo insert. The positive clones are selected and 

Oligo	design	
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used to transfect the virus-producing cells. HEK 293 ET cells were used as packaging cells 
for transfection with three plasmids (2nd generation system): the vector plasmid, the 
packaging plasmid (gag/pol/rev/tat) and the envelope plasmid. After 48 hours the virus-
containing medium is harvested and can be either stored at -80°C or used for infecting the 
recipient cells. 48 hours post-infection, the recipient cells undergo antibiotic selection 
procedure to generate a successfully transduced population. 

 

 

3.2 LSG1 is commonly amplified in human cancer 

Cross-cancer alteration studies report that the GTPase LSG1 is amplified in a 

variety of human cancers (http://www.cbioportal.org). Notably, LSG1 

amplification rates reach the amplification frequency of MYC, one of the most 

commonly amplified oncogenes in cancer. Lung squamous cell carcinoma 

accounts for 30% of all lung cancers, the leading cause of cancer-related 

deaths in the western world. However, the genetic background of this cancer 

is poorly understood, thus developing a therapy remains a challenge [253]. 

The LSG1 gene is located in the 3q chromosome, amplification of which is 

the most common aberration in squamous lung cancer [254]. Indeed, in a 

cross-cancer alteration study LSG1 amplification represented 42.9% of the 

lung cancer cases studied. These data introduce LSG1 as a potential key 

target in a therapeutic strategy against cancers challenging to deal with, 

however its specific contribution to tumourigenesis is impossible to be 

assessed. 

 

KRAS is a driving oncogene for the majority of pancreatic, colorectal cancers 

and lung adenocarcinomas. Considering that ribosome biogenesis is 

elevated in cancer, we examined whether oncogenes, such as KRAS, could 

upregulate LSG1. In this study two cell model systems were used: MRC5 and 

IMR90 human lung fibroblasts. MRC5 cells were stably transduced with a 

KRASV12 construct and its corresponding control transgene, as described 
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before. IMR90-ER:RAS cells were expressing a chimeric fusion protein 

(Estrogen Receptor-RAS) that was activated upon 4-hydroxytamoxifen (4-

OHT) administration. ER:STOP (STOP) control cells were transduced with a 

chimeric fusion construct (Estrogen Receptor-RAS) with the only difference 

that a STOP codon was inserted right after the ER sequence. After a period 

of 8 days in culture the cells overexpressing KRASV12 showed elevated levels 

of LSG1 protein expression compared to their corresponding controls, as 

indicated by western blot analysis (Figure 3.2). This result suggests that 

LSG1 could be a downstream factor of KRAS, further emphasising its 

suitability as a potent target in tumourigenesis. Further discussion is provided 

at the end of this chapter. 

 

 
Figure 3.2 LSG1 amplification may be driven by oncogenes 
Western blot analysis for the detection of LSG1 protein expression levels in MRC5 control 
and KRASV12-transduced cells as well as IMR90 ER:STOP (control, where RAS expression 
is inhibited by the presence of a STOP codon before the RAS sequence) and ER:RAS cells 
treated with 500nM 4-OHT. The cells were harvested 8 days after KRASV12 transduction or 
4-OHT induction of the ER:RAS construct. RPL28 was used as a reference protein. The 
asterisk denotes a non-specific band in the LSG1 blot. 
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3.3 The downregulation of the 60S ribosome maturation 

factors LSG1 and SBDS by shRNAs triggers an acute 

senescence response 

Aiming to investigate the role of the 60S maturation factors in cell growth and 

proliferation, we designed shRNAs specific to the three factors EFL1, SBDS 

and LSG1. We were unable to achieve robust knockdown with the EFL1 

shRNAs, therefore we proceeded with the others. In this experiment, MRC5 

cells transduced with a hairpin against LSG1 (shLSG1) and 2 hairpins 

against SBDS (shSBDS(a) and shSBDS(b)) were used. The efficiency of the 

knockdown was assessed by western blotting (Figure 3.3 A). After a period 

of 7 days post-infection in culture the LSG1- and SBDS- silenced cells were 

characterised by lower density, compared to the control (non-silencing insert) 

cells, and altered morphology: big cell size, flat shape, enlarged fibroid 

cytoplasm, enriched in vacuoles (Figure 3.3 B). In order to further explore 

this observation, a BrdU incorporation assay was performed, followed by 

immunofluorescence and High Content Microscopy (HCM) for acquisition and 

analysis. The results demonstrated that LSG1 and SBDS knockdown induced 

a decrease in cell proliferation, thus establishing a cell growth arrest (Figure 

3.3 C). MRC5 cells transduced with KRASV12 were used as a positive control 

for decreased proliferation. 

 

Considering that the altered cell morphology presented typical morphological 

features of senescence [149], subsequent examination was performed by 

measuring Senescence-Associated-β-galactosidase (SA-β-gal) activity [182]. 

This is the most commonly used cytochemical assay for cellular senescence, 

allowing identification of positive cells by the formation of a blue-dyed 

precipitate in the acidic environment of the lysosomes. LSG1- and SBDS-
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deficient cells presented high levels of SA-β-gal, which were positively 

correlated to the low proliferation levels detected by BrdU staining (Figure 

3.4). Together, these observations strongly suggest an induction of cellular 

senescence. 

 
Figure 3.3 shRNA-mediated knockdown of LSG1 and SBDS induces growth arrest 

A. Western blot showing the efficiency of LSG1 and SBDS knockdown in MRC5 cells 
induced by the hairpins shLSG1, shSBDS(a) and shSBDS(b). A non-silencing 
construct was used as control. RPL28 is used as a reference protein. The asterisk 
denotes a non-specific band in the LSG1 blot. 

B. Representative images of the typical cellular features observed upon knockdown of 
the ribosome biogenesis factors, using phase contrast microscopy. As an example, 
cells of the shLSG1 condition are shown. Scale bar: 100μm. 

C. High content imaging analysis of BrdU incorporation and immunostaining in MRC5 
cells with LSG1 and SBDS downregulation. The cells were treated with 50mM BrdU 
for 16 hours. KRASV12-transduced cells were used as a positive control for growth 
arrest. The error bars represent the standard deviation (SD) of 3 technical replicates. 
Representative images for each condition are provided. Scale bar: 250μm. 
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Figure 3.4 The knockdown of LSG1 and SBDS causes senescence  

The Senescence-Associated β-galactosidase assay was performed 7 days post-infection. 
Images were taken using phase contrast microscopy and the number of cells that were 
positive for the blue precipitate was counted. The error bars represent the SD of 3 technical 
replicates. Representative images are provided. Scale bar: 100μm. 
 

 

Senescence is mainly controlled by the p16/pRB and p53/p21 signalling 

pathways [147]. We therefore set out to determine which of these pathways 

were involved in the senescence response to knockdown of the 60S 
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control for Oncogene Induced Senescence (OIS). Immunofluorescence 

staining and HCM revealed increased expression levels of the p16 and p21 

proteins under LSG1 and SBDS deficiency, following similar trends to the 

KRASV12 control (Figure 3.5 A, B). Notably, quantification of the mRNA 

levels of p16 and p21 by qPCR revealed high mRNA expression of these 

factors in senescence, therefore indicating that there might be regulation of 

these senescence effectors at the transcriptional level (Figure 3.6 C, D). 

However, marginal induction of p53 expression and mild induction DDR, 
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inducing senescence. The marginal p53 and pST/Q responses indicate that 

any genotoxic damage is a fraction of the one induced in OIS. 

 

Figure 3.5 Senescence induced by the knockdown of LSG1 and SBDS is 

accompanied by p16, p53 and p21 activation 

High content imaging analysis of p16 (A), p21 (B), p53 (C) and pST/Q (D) immunostaining in 
MRC5 cells with LSG1 and SBDS downregulation. Cells transduced with the non-silencing 
insert were used as negative control KRASV12-transduced cells were used as a positive 
control for senescence. The error bars represent the SD of 3 technical replicates. 
Representative images for p16 and p21 are provided. Scale bar: 250μm. 
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Figure 3.5 Senescence induced by the knockdown of LSG1 and SBDS is 
accompanied by p16 and p21 activation 
High content imaging analysis of p16 (A), p21 (B), p53 (C) and pST/Q (D) immunostaining in 
MRC5 cells with LSG1 and SBDS downregulation. Cells transduced with the non-silencing 
insert were used as negative control KRASV12-transduced cells were used as a positive 
control for senescence. The error bars represent the SD of 3 technical replicates. 
Representative images for p16 and p21 are provided. Scale bar: 250μm. 
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Figure 3.6 Induction of p16 and p21 mRNA in LSG1- and SBDS-knockdown-induced 
senescence  

A. Western blot analysis shows the knockdown of LSG1 by shLSG1 and shLSG1(a) 
and the knockdown of SBDS by shSBDS(a) and shSBDS(b). Cells transduced with 
the non-silencing insert were used as negative control. β-actin is used as a 
reference protein. 

B. The Senescence-Associated β-galactosidase assay was performed 7 days post-
infection. Images were taken using brightfield microscopy for the quantification of the 
positive cells. KRASV12-transduced cells were used as a positive control for 
senescence. The error bars represent the SD of 3 technical replicates. 

C. qRT-PCR for p16 and p21 was performed using mRNA extracted from cells with 
knockdown of LSG1 and SBDS. The graphs show the fold-change in expression 
levels as compared to the control. mRNA from KRASV12-transduced cells was used 
as a positive control for senescence. The error bars represent the SD of 3 technical 
replicates. 

 

 

Further studies were performed to assessing the role of the SASP in the 

senescent response and these are presented in chapter 5. 
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3.4 siRNA targeting of LSG1 and EFL1 and additional LSG1 

shRNAs induce a senescence response 

Although both factors LSG1 and SBDS take part in the same series of 

reactions and were therefore targeted in order to perturbate a single 

biological process, further examination was needed in order to confirm that 

the response to loss of LSG1 was specific. Therefore, siRNAs were used to 

target the maturation factor LSG1 and, for this approach, targeting of EFL1 

was also included. A pool of four siRNAs (siRNAp) per gene designed to 

target LSG1, EFL1 and SBDS (Dharmacon SMARTpools) was used in a 

conventional transfection procedure. A pool of four non-targeting constructs 

(NTCp) was used as a control. This approach also eliminated potential side 

effects that viral infection and antibiotic selection might confer. Western 

blotting analysis revealed the strong knockdown of LSG1 and EFL1 that was 

obtained (Figure 3.7 A). However, siSBDSp failed to induce sufficient 

knockdown of SBDS (similar to the knockdown induced by the hairpin), 

therefore we carried on only with the other two pools. In a period of 7 days, 

the LSG1- and EFL1-deficient cells had undergone proliferation arrest and 

senescence, as measured by BrdU incorporation, elevated SA-β-gal activity 

and p16/p21 expression (Figure 3.7 B-D). These results not only argue in 

favour of LSG1 specificity, but also introduce loss of the GTPase EFL1 as an 

inducer of the senescence response and consequently a potential target in a 

possible therapeutic setting in cancer. However, the more robust phenotype 

was obtained with LSG1 knockdown and accordingly LSG1 is the main focus 

of this study from this point onwards. 
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Figure 3.7  siRNA-mediated knockdown of EFL1 and LSG1 causes senescence 

A. Pools containing 4 different siRNAs per target were used for inducing knockdown of 
EFL1, LSG1 and SBDS in MRC5 cells. A non-targeting construct pool (NTCp) was 
used as a control. The western blot shows the efficiency of EFL1 and LSG1 
knockdown. The asterisk denotes a non-specific band in the LSG1 blot. 

B. High content imaging analysis of BrdU incorporation in MRC5 cells with EFL1 and 
LSG1 downregulation. The cells were treated with 50mM BrdU for 16 hours. The 
error bars represent the SD of 3 technical replicates. 

C. The Senescence-Associated β-galactosidase assay was performed 7 days post-
infection. Images were taken using brightfield microscopy and the number of cells 
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that were positive for the blue precipitate was counted. The error bars represent the 
SD of 3 technical replicates. Representative images are provided. Scale bar: 100μm. 

D. High content imaging analysis of p16 and p21 immunostaining in MRC5 cells with 
EFL1 and LSG1 downregulation. The error bars represent the s.e.m. of 3 technical 
replicates. 

 
 

Since our main focus will be on LSG1, we designed additional hairpins 

(shLSG1(a) and shLSG1(b)) targeting LSG1, in order to strengthen the 

argument that this phenotype is LSG1-specific. MRC5 cells transduced with 

these hairpins exhibited reduced levels of LSG1 (Figure 3.8 A) and entered 

senescence 7 days post-infection, as measured by SA-β-gal and BrdU 

incorporation (Figure 3.8 B, C).  
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Figure 3.8 Additional shRNAs against LSG1 induce senescence 

A. Western blot showing the efficiency in LSG1 knockdown in MRC5 cells induced by 
the hairpins shLSG1, shLSG1(a) and shLSG1(b). Cells transduced with the non-
silencing insert are used as a control. RPL28 is used as a reference protein. The 
asterisk denotes a non-specific band in the LSG1 blot. KRASV12 cells were used as a 
positive control for senescence. 

B. The Senescence-Associated β-galactosidase assay was performed 7 days post-
infection. Images were taken using phase contrast microscopy and the number of 
cells that were positive for the blue precipitate was counted. The error bars 
represent the SD of 3 technical replicates. Representative images are provided. 
Scale bar: 100μm 

C. High content imaging analysis of BrdU incorporation. KRASV12 cells were included as 
a positive control for proliferative arrest. The cells were treated with 50mM BrdU for 
16 hours. The error bars represent the SD of 3 technical replicates. 
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3.5 shLSG1-mediated senescence is p53-dependent but not 

p16-dependent 

Mutations of the p53 tumour suppression gene are of the most common 

genetic alterations in human cancer, counting at up to 50% of all cases [255]. 

For this reason, cancer therapies that do not depend upon the p53 pathway 

are highly preferable. Besides p53, p16 holds a high alteration frequency too, 

having an important role in preventing tumourigenesis. These two key 

regulators in cancer are also the main pathways through which senescence 

occurs [147]. Thus, next aim of this study was to investigate whether the 

senescence response triggered by loss of LSG1 is dependent on normal p53 

and/or p16/pRB pathway functionality, by evaluating the ability of the cells to 

retain their senescence profile after impairment of these core pathways. 

 

In a first approach the viral oncoproteins E6 and E7 were used to inhibit p53 

and pRB, (the tumour suppressor through the activation of which p16 exerts 

its function), respectively. E6 stimulates degradation of the tumour 

suppressor p53 protein [256]. E7 binds to pRB, thus sequestering it from E2F 

and allowing cell cycle progression. Besides that, studies have shown that 

E7 binding to pRB leads to pRB proteasome-mediated degradation [257]. 

The E6 and E7 cDNAs, and the corresponding vector control, were virally 

transduced into MRC5 cells individually (E6, E7) as well as in combination 

(E6E7). For control, we used cells transduced only with the empty vector of 

E6 and E7. Subsequently, LSG1 was silenced with shLSG1 in a second 

round of infection aiming at inducing the senescence response in a period of 

7 days. In this round of infections, transductions with a non-silencing 

construct were performed too. The efficient elimination of p53 protein levels 

due to E6-induced p53 degradation and the downregulation of LSG1 were 

assessed by western blotting (Figure 3.9 A). The BrdU proliferation assay 
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demonstrated that the perturbation of the p53 pathway by E6, as well as the 

concurrent perturbation of the p53 and p16 pathways by E6 and E7, 

respectively, induced a notable bypass of the shLSG1-driven cell growth 

arrest (Figure 3.9 B). However, the inhibition of p16 by E7 alone was 

insufficient to recover normal proliferation rates. In future replicates of this 

experiment the E6 and E7 transduction can be confirmed by western blotting 

and probing for these two oncoproteins. Moreover, western blot analysis for 

detection of pRB levels would further confirm the success of E7 function. 

 

In an alternative approach, we focused on the role of p53 in the induction of 

senescence by shLSG1. MRC5 cells were transduced with a mutant p53 that 

exerts a dominant negative effect (dn-p53) by preventing wild type p53 from 

binding to the promoter of its target genes, as well as with the corresponding 

empty vector control. The dn-p53 transgene was introduced to the recipient 

cells’ genome by retroviral infection. Subsequently, infection with shLSG1 

(and the corresponding non-silencing insert control) lentivirus induced 

knockdown of LSG1 with the aim to induce senescence (Figure 3.10). 

Notably, the expression of dn-p53 induced p53 stabilisation (Figure 3.10 A), 

which provides evidence that normal p53 function is perturbed due to the 

construct efficiently competing wild type (wt) p53 for binding to its target 

promoters [258]. The dn-p53 insert in shLSG1 cells abrogated the 

senescence-related growth arrest, as revealed by BrdU incorporation (Figure 

3.10 B). Overall, the above results illustrate that the acute senescence 

response caused by perturbation of the 60S ribosome maturation might be 

p53-dependent, but the p16 pathway seems not to be essential. 
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Figure 3.9 E6-driven p53 degradation, but not E7-driven inhibition of Rb, bypasses 
shLSG1-mediated senescence 

A. Western blot showing the knockdown of LSG1 and the expression of p53 protein in 
the following cells: Normal, Vector_Control (Vec-), Vector_shLSG1 (Vec+), 
E6_Control (E6-), E6_shLSG1 (E6+), E7_Control (E7-), E7_shLSG1 (E7+), 
E6E7_Control (E6E7-) and E6E7_shLSG1 (E6E7+). The effect of p53 inhibition by 
E6 is marked by lack of p53 expression. 

B. High content imaging analysis of BrdU incorporation in the aforementioned cells was 
performed. KRASV12 cells were included as a positive control for proliferative arrest. 
The cells were treated with 50mM BrdU for 16 hours. The error bars represent the 
SD of 3 technical replicates. 
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Figure 3.10 Dominant negative p53 transduction bypasses the shLSG1-mediated 
senescence 

A. Western blot showing the knockdown of LSG1 and the stabilisation of p53 through 
overexpression of dn-p53 mutant in MRC5 cells. The MRC5 cells used were: 
Vector_Control (Vec-), Vector_shLSG1 (Vec+), dn-p53_Control (dn-p53-), dn-
p53_shLSG1 (dn-p53+) and KRASV12. RPL28 is the reference protein. The asterisk 
denotes a non-specific band. 

B. High content imaging analysis of BrdU incorporation in the aforementioned cells was 
performed. KRASV12 cells were included as a positive control for proliferative arrest. 
The cells were treated with 50mM BrdU for 16 hours. The error bars represent the 
SD of 3 technical replicates. 
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3.6 LSG1 targeting elicits a tumour suppressive response in 

a p53-independent manner 

As discussed previously, ribosome biogenesis is upregulated by oncogenes 

and as shown in Figure 3.2 LSG1 expression is induced by KRAS. 

Considering these, we investigated the potential of LSG1 knockdown as a 

tumour-suppressive strategy in a p53-deficient context through conducting a 

focus formation assay. 

 

This experiment utilised the CRISPR (Clustered Regularly Interspaced Short 

Palindromic Repeats) gene modification machinery to induce knockout of the 

p53 gene. MRC5 cells were lentivirally transduced with a single guide RNA 

(sgRNA) for p53 (sgp53) and a non-targeting single guide construct (sgNT). 

The sgRNA oligos were sourced from GeCKO. Subsequently, both sgNT and 

shp53 cells were lentivirally transduced with shLSG1 (and the non-silencing 

control insert) to induce LSG1 knockdown. Stable expression of KRASV12 

served as a positive control for induction of senescence. The six conditions 

that were obtained (sgNT_Control, sgNT_shLSG1, sgNT_KRASV12, 

sgp53_Control, sgp53_shLSG1 and sgp53_KRASV12) were first screened for 

LSG1 and p53 downregulation by western blotting (Figure 3.11 A). Notably, 

p16 was elevated in response to LSG1 deficiency and particularly in KRASV12 

overexpression, indicating induction of senescence. On the contrary, high 

p16 expression levels were consistent in the KRASV12 even in absence of 

p53 (Figure 3.11 A). For the focus formation assay, 1x10^5 cells were 

seeded on 10cm dishes and cultured for a period of 20 days. The cultured 

cells were monitored on a daily basis for the detection of senescence 

morphology and possible hyperproliferative properties that would determine 

the termination of the experiment. Crystal violet staining on day 20 enabled 

the detection of foci generated from single cells that during this 20-day period 
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achieved bypass of senescence and started growing (Figure 3.11 B). 

Extraction of the absorbed crystal violet dye and measurement of the 

absorbance at 595nm provided a quantification of the result (Figure 3.11 B). 

Our data indicate that knockdown of p53 fails to abrogate the growth defect 

upon LSG1 loss and therefore induce significant focus formation. However, 

the sgp53 allows for higher growth and focus formation in the KRASV12 cells. 

Overall, these findings indicate that although LSG1 deficiency induces an 

acute stress p53-dependent senescence response, it presents a long-term 

tumour suppressive response, which can be p53-independent. This p53-

independence seems to be more robust for shLSG1-transduced over 

KRASV12-transduced cells, which could be due to the severe effects (p53-

dependent and -independent) that strong KRASV1 expression confers. A 

speculation could be that p53 absence is insufficient at reversing the diverse 

long-term stresses due to LSG1 loss, such as a possible ribosome depletion, 

that might have been acquired in the course of 20 days, thus failing to rescue 

normal growth and proliferation. This observation suggests that this approach 

could serve as a compelling strategy to halt tumourigenesis, without a 

requirement for a functional p53 pathway. 
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Figure 3.11 shLSG1 confers long-term tumour suppression even in the absence of 
p53 

A. Western blot showing the expression levels of LSG1, p53 and p16 in the following 
cell samples: sgNT_Control (sgNT-), sgNT_shLSG1 (sgNT+), sgNT_KRASV12, 
sgp53_Control (sgp53-), sgp53_shLSG1 (sgp53+) and sgp53_KRASV12. RPL28 is 
the reference protein. The asterisk denotes a non-specific band. 

B. Focus formation assay. Crystal violet staining and quantification was performed in 
the aforementioned cells cultured for 20 days. The colonies that were formed were 
dyed with crystal violet (dark purple). Representative images are provided. The 
crystal violet was extracted and the absorbance at 595 nm was measured (shown in 
the graph). This experiment was performed once. 
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3.7 The acute senescence response caused by LSG1 

knockdown is not triggered by translational insufficiency 

Ribosome biogenesis and translation are vital processes for normal cells and 

become more critical for cancer cells to meet their excessive metabolic 

needs. It is not surprising, therefore, that oncogenes stimulate ribosome 

biogenesis and translation. We hypothesised that perturbation of ribosome 

biogenesis through targeting the GTPase LSG1 could possibly lead to 80S 

ribosome deficiency, mature ribosome depletion or even translational 

insufficiency. With a view to addressing these questions, we performed 

polysome profiling – an analytical technique in which ribosomal subunits and 

particles are separated on the basis of size. MRC5 lysates from cells 

undergoing shLSG1-induced senescence, as well as the corresponding 

control sample and the KRASV12 OIS control were used (Figure 3.12). In this 

experimental setup the RNA content across the gradient was recorded by 

measuring the RNA absorbance at 260nm. The traces obtained illustrate the 

abundance of the several ribosomal components for each sample (Figure 

3.12 B). LSG1 knockdown did not appreciably affect the abundance of the 

40S and 60S subunits, nor the 80S monosomes. Furthermore, polysomal 

peaks were detected to the same level as they were in the KRASV12. Thus, 

this result implies that LSG1 deficiency triggers an acute senescence 

response that does not seem to involve abnormal ribosome content. 

 

In order to investigate the translation status of the cells, an assay based on 

OPP incorporation was conducted. OPP is incorporated into actively 

translating proteins causing translation termination and can then be detected 

by immunofluorescence procedures. Our analysis indicates that, contrary to 

impairment of translation, LSG1 knockdown impels a remarkable increase in 

translation rates, compared to the control (Figure 3.13 C). A reason for that 
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could be that translational “reprogramming” is required for producing critical 

factors to establish and sustain senescence. Consistent with this suggestion, 

OIS induced by KRASV12 also features increased levels of translation (Figure 

3.13 C), which has been shown to support the supply of SASP components 

[217], [259], [260]. 

 
Figure 3.12 shLSG1-triggered acute senescence does not impact upon the 
abundance of the 80S content 

A. Western blot presenting the protein levels of LSG1 in shLSG1 and control (non-
silencing construct) transduced cells. The asterisk denotes a non-specific band. 
RPL28 is the loading control. KRASV12 was added as a control for senescence. 

B. Polysome profiling performed in MRC5 lysates from control, shLSG1 and KRASV12 
cells at senescence. Equal RNA amounts were loaded on top of a 10%-50% sucrose 
density gradient and separated by ultracentrifugation. The gradient was unloaded 
through an Ultra Violet (UV) monitor and absorbance was measured at 260nm. The 
traces obtained represent the absorbance that corresponds to the RNA content 
across the gradient. The peak height represents the abundance of each ribosomal 
component (40S, 60S, 80S, polysomes). 
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Figure 3.13 shLSG1-induced senescence is not accompanied by translational 
impairment 

A. Western blot analysis of the protein levels of EFL1, LSG1, SBDS and RPL28 after 
knockdown using the hairpins shEFL1, shLSG1 and shSBDS, respectively. Control 
cells were cells transduced with a non-silencing insert. The asterisk denotes a non-
specific band in the LSG1 blot. 

B. High content imaging analysis of BrdU incorporation in EFL1/LSG1/SBDS-
downregulated MRC5 cells. KRASV12 cells were included as a positive control for 
senescent proliferative arrest. The cells were treated with 50mM BrdU for 16 hours. 
The error bars represent the SD of 3 technical replicates. 

C. Analysis of translational activity using OPP and high content imaging. Quantitation of 
mean cell average intensity in the images obtained was performed. The error bars 
represent the SD of 3 technical replicates. Representative images are provided. 
Scale bar: 250μm. 
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Further investigation of the translational profile was performed by analysing 

the mRNA being translated by the polysomal components of each sample. 

The polysomal fractions were collected following polysome fractionation and 

RNA was extracted. qPCR analysis confirmed p16 and p21 mRNAs in the 

polysomal compartment in shLSG1 and KRASV12, suggesting a possible 

correlation between the high translation rates (inferred from the OPP assay) 

and the production of these critical senescence mediators (Figure 3.14). 

Interestingly, the canonical SASP does not seem to hold a key role in the 

induction of senescence by LSG1 deficiency, although it is present in 

KRASV12-induced senescence, as the dramatic increase of IL-1α mRNA 

translation indicates. This is examined further in the chapter 5. Collectively, 

the above results demonstrate that the acute senescence response acquired 

by perturbation of 60S ribosome maturation is accompanied and perhaps 

supported by a high translational capacity (OPP assay) and involves active 

translation of senescence-related transcripts. 
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Figure 3.14 Polysomal fractions of shLSG1- and KRASV12-mediated senescent cell 
lysates are enriched in senescence-related transcripts 
Polysome profiling enabled the purification of polysomal ribosomes away from free mRNA 
(as in Figure 3.12). Real Time (RT)-qPCR analysis of polysome-associated transcripts for 
the senescence markers p16, p21 and IL-1α in cells with LSG1 knockdown and non-
silencing construct expression (control) revealed the actively translated amounts of those 
mRNAs. KRASV12 cells were included as a positive control for senescence. The bars indicate 
the fold-change in mRNA level relative to the control. The error bars represent the SD of 3 
technical replicates. 
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3.8 shRNA-mediated knockdown of LSG1 and SBDS does not 

trigger autophagy 

Previous studies have proposed that autophagy is activated upon acute 

induction of senescence and facilitates the SASP [220], [261]. Furthermore, 

autophagy activation has been reported as a response to chemical targeting 

of RNA pol I in the nucleolus and thus impairment of the ribosome biogenesis 

process [122]. Hence, we hypothesised that autophagy might act as an 

effector of the shLSG1-driven senescence, thus sustaining the increased 

translational activity. With a purpose to investigate this, we performed 

western blotting and immunofluorescence analysis for Microtubule 

Associated Protein 1 Light Chain 3 B (LC3B). In autophagy, LC3B converts 

from the LC3B-I to the membrane-bound LC3B-II isoform, upon conjugation 

to phosphatidylethanolamine [262]. In this experiment, we used fibroblasts at 

senescence transduced with shLSG1, shLSG1(a), shSBDS(a) and 

shSBDS(b) (alongside with the non-silencing construct control) and treated 

them with Bafilomycin A1 for 2h and 8h to inhibit the maturation of 

autophagic vacuoles and prevent LC3B from degradation. Specifically, 

Bafilomycin A1 prevents the fusion between autophagosomes and 

lysosomes through inhibition of the vacuolar ATPases [263]. No significant 

changes in the LC3B-I to LC3B-II conversion levels were observed (Figure 

3.15 B, C). Notably, in the KRASV12 case total LC3B levels appeared 

increased even without Bafilomycin administration compared to the rest of 

the conditions (Figure 3.15 C). Overall, autophagy is not involved in the 

senescence response triggered by perturbed 60S ribosome maturation, 

which also leads to the assumption that SASP does not hold a key role. 
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Figure 3.15 shRNA-mediated knockdown of LSG1 and SBDS does not trigger 
autophagy 

A. Western blot analysis showing the levels of LSG1 and SBDS in MRC5 cells 
transduced with hairpins against these proteins and control cells expressing the non-
silencing construct. 

B. Western blot analysis of the LC3B marker of autophagy (LC3B-I and LC3B-II) 
protein levels in cells with LSG1 or SBDS knockdown where senescence has been 
induced. The cells were treated with Bafilomycin A1 at 0.1μM for 8 hours. α-tubulin 
was used as a reference protein. 
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Figure 3.15 shRNA-mediated knockdown of LSG1 and SBDS does not trigger 
autophagy 

C. Immunofluorescent staining of LC3B followed by confocal imaging of cells treated 
with Bafilomycin A1 at 0.1uM for 0, 2 and 8 hours. LC3B is stained in green and 
DAPI in blue. Scale bar: 100μm. This experiment was performed once. 
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3.9 LSG1 knockdown causes senescence not only in the 

epithelial mammary gland MCF-10A cells but also in their 

spontaneously transformed derivative MCF-10Aδ cells 

A major aim of this project was to address whether the inhibition of the 60S 

ribosomal maturation could be of benefit in a cancer therapy context. It was 

therefore necessary to test the effect of LSG1 knockdown in normal cells 

versus transformed cells. For this purpose, epithelial mammary gland MCF-

10A cells as well as their MCF-10Aδ spontaneously transformed derivative 

[249] were used. LSG1 targeting induced a reduction in proliferation and 

triggered senescence in a period of 7 days in both normal and transformed 

cells, as opposed to the effect of the non-silencing control (Figure 3.16). 

Consistent with this, p21 levels were remarkably increased in both cell lines, 

thus activating the senescence response (Figure 3.16 D). Notably, p21 

activation through p53 might be the main regulator of senescence in this cell 

model, considering that MCF-10A cells lack p16, but retain normal p53 

function [264]. It is important that p21 pathways can compensate when p16 

function is not available. This experiment revealed that cancer cells are also 

able to undergo senescence under LSG1 depletion, supporting the potential 

of this approach as a cancer therapy. Moreover, this study demonstrated that 

senescence can be established in absence of p16, a notice that reinforces 

the previous finding that shLSG1-driven senescence can be p16-

independent. 
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Figure 3.16 shRNA-mediated knockdown of LSG1 induces senescence in MCF-10A 
and transformed derivative MCF-10Aδ cells 

A. Western blot indicates the knockdown of LSG1 by shLSG1 in MCF-10A and MCF-
10Aδ cells. Cells transduced with a non-silencing construct were used as control. 
The asterisk denotes a non-specific band. 

B. High content imaging analysis of BrdU incorporation in LSG1-downregulated MCF-
10A and MCF-10Aδ cells. Treatment with 50mM BrdU lasted for 16 hours. The error 
bars represent the SD of 3 technical replicates. 

C. The Senescence-Associated β-galactosidase assay was performed 7 days post-
infection. Images were taken using brightfield microscopy and the number of cells 
that were positive for the blue precipitate was counted. The error bars represent the 
SD of 3 technical replicates. Representative images are provided. Scale bar: 250 
μm. 

D. High content imaging analysis of p21 immunostaining in both cell lines cells after 
LSG1 downregulation and induction of senescence. The error bars represent the SD 
of 3 technical replicates. Representative images for each condition are provided. 
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3.10 Overexpression of an exogenous flagged LSG1 

bypasses the shLSG1-triggered senescence 

MCF-10A cells were used further in studies about LSG1 specificity for the 

senescence phenotype. Firstly, the cells were transduced in a retroviral 

manner with an exogenous flagged LSG1 (F_LSG1) and the corresponding 

empty vector control. LSG1 knockdown was induced as described before and 

LSG1 knockdown efficiency and LSG1 overexpression were verified by 

western blotting analysis. Furthermore, the flag tag was detected using an 

anti-flag antibody (Figure 3.17 A). The SA-β-gal assay indicated that LSG1 

overexpression caused a bypass of senescence (Figure 3.17 B). However, 

the shLSG1 was able to target both exogenous and endogenous LSG1 

sequences. This means that the hairpin may be being exclusively used by 

the exogenous LSG1, hence the “bypass” of senescence may be a matter of 

unsuccessful endogenous LSG1 knockdown. Thus the possibility remains 

that the efficacy of shLSG1 is partly due to off-target effects, although 

experiments targeting SBDS and EFL1 by siRNA and shRNA strongly 

suggest that this is not the case. 
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Figure 3.17 Exogenous LSG1 overexpression induces bypass of the shLSG1-
mediated senescence phenotype in MCF-10A cells 

A. Western blot analysis with anti-LSG1 antibody shows the protein levels of LSG1 
when it is downregulated by shLSG1 as well as when an exogenous flag-tagged 
LSG1 (F_LSG1) is overexpressed, versus cells transduced with the empty vector or 
the non-silencing construct (control). A parallel membrane was probed with anti-flag 
antibody. 

B. The Senescence-Associated β-galactosidase assay was performed 7 days post-
infection. Images were taken using brightfield microscopy and the number of cells 
that were positive for the blue precipitate was counted. The error bars represent the 
SD of 3 technical replicates. Representative images are provided. Scale bar: 250μm. 
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3.11 The mutant LSG1 NMD3 suppressor NM_V277F might 

bypass the shLSG1-mediated senescence phenotype 

Subsequently, an alternative strategy was followed in order to interrogate 

LSG1 specificity. This approach aimed at identifying whether the shLSG1-

induced senescence phenotype was due to defective NMD3 dissociation 

from the 60S subunit interface and was based on previous work in yeast by 

Hedges et al. in 2005 [24]. In order to explore this idea, the human version 

(NM_V277F) of the yeast NMD3 suppressor mutant (NM_I279F) was 

designed, based on sequence homology, aiming to facilitate release of 

NMD3 from the 60S ribosome. MCF-10A cells were transduced with the 

NM_V277F construct and the empty vector by retroviral delivery. 

Subsequently, LSG1 knockdown was induced lentivirally. Transduction using 

the non-silencing construct was carried out too. Western blot analysis verified 

the LSG1 knockdown and also the overexpression of the NMD3 (Figure 3.18 

A). The SA-β-gal assay quantification indicated that NM_V277F expression 

caused a decrease in the senescence, however significance needs to be 

examined (Figure 3.18 B). This is a promising result, but further evaluation is 

needed before arguing in favour of a bypass of shLSG1-induced senescence 

through expression of an NMD3 suppressor mutant. For instance, although 

the presence of the desired mutation was confirmed by sequencing, 

verification of successful NMD3 release is not provided. Future assays 

should involve fractionation for 60S fraction isolation and western blot 

analysis for identification of NMD3 levels on the 60S ribosomal component. 
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Figure 3.18 Effect of the predicted NMD3 suppressor NM_V277F upon the shLSG1-
mediated senescence phenotype in MCF-10A cells 

A. Western blot analysis shows the LSG1 knockdown and the overexpression of NMD3 
when NM_V277F was transduced to the cells. Control cells were the ones 
transduced with the non-silencing construct and the empty vector of NM_V277F. 
The asterisk denotes a non-specific band. 

B. The Senescence-Associated β-galactosidase assay was performed 7 days post-
infection in all cell conditions. Images were taken using phase-contrast microscopy 
and the number of cells that were positive for the blue precipitate was counted. The 
error bars represent the SD of 3 technical replicates. Representative images are 
provided. Scale bar: 200μm. 
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3.12 Exogenous NMD3 or eIF6 overexpression does not 

induce senescence 

Considering that the LSG1 GTPase catalyses the removal of NMD3 from the 

pre-60S subunit, LSG1 knockdown should be causing accumulation of NMD3 

on the 60S subunits. Data derived from polysome profiling and western 

blotting analysis on HEK293 cells with LSG1 knockdown, but lack of 

senescence, supported this assumption (Figure 3.19). NMD3 was absent 

from the successfully formed 80S complex, but accumulated on the 60S 

fraction in shLSG1 when compared to the non-silenced control cells, 

although the total 60S content is similar between the two conditions. (NMD3 

accumulation in the cytoplasm (fractions 1-4) may be due to overproduction 

of NMD3 in the absence of LSG1. Also, it is notable that there is less 80S 

component in shLSG1, possibly due to the fact that failure of NMD3 release 

is blocking the formation of 80S in cells unable to undergo senescence and 

retain their ribosomes.) Likewise, SBDS deficiency could lead to excess of 

eIF6 bound on the 60S ribosome. Thus a reasonable hypothesis would be 

that excessive NMD3 or eIF6 accumulation, whether upon the ribosome or 

otherwise, might be the cause of senescence. In order to address this 

question, we introduced NMD3 and eIF6, individually, into MCF-10A cells, by 

retroviral infection. Empty vector infections generated the control cells. NMD3 

and eIF6 overexpression was assessed by western blotting (Figure 3.20 A). 

Quantification of the SA-β-gal positive cells indicated no significant 

senescence induction (Figure 3.20 B). Hence, the hypothesis that NMD3 or 

eIF6 accumulation might be triggering senescence was rejected. 
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Figure 3.19 NMD3 accumulates upon 60S subunits following LSG1 knockdown 

A. Western blot analysis showing the knockdown of LSG1 in HEK 293 cells, versus 
control cells carrying the non-silencing construct. The asterisk denotes a non-
specific band in the LSG1 blot. 

B. Polysome profiling traces presenting RNA absorbance at 260nm of lysates from 
cells transduced with the non-hairpin control construct and shLSG1. The position of 
each fraction and each ribosomal component are indicated on the traces. Western 
blot analysis shows the levels of NMD3 and RPS14 across sequential fractions 
collected from sucrose gradients in Control and shLSG1 conditions. The NMD3 in 
fraction 8 corresponds to the localisation of 60S monomers. RPS14 indicates the 
localisation of the 40S and 80S components. This experiment was performed once. 
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Figure 3.20 Exogenous eIF6 or NMD3 overexpression does not induce senescence in 
MCF-10A cells 

A. Western blot analysis of MCF-10A cells with overexpression of NMD3 and eIF6, or 
expression of vector alone, as a control. β-actin was used as a loading control. 

B. The Senescence-Associated β-galactosidase assay was performed 7 days post-
transduction. Images were taken using brightfield microscopy and the number of 
cells that were positive for the blue precipitate was counted. The error bars 
represent the SD of 3 technical replicates. Representative images are provided. 
Scale bar: 200μm. 
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3.13 Discussion 

Ribosome biogenesis has gained interest over the last decade, particularly 

due to its role in cell growth and proliferation. Diverse cell responses of 

ribosome biogenesis inhibition have been reported, ranging from p53-

dependent apoptosis in murine B-lymphoma cells [123] to p53-independent 

autophagy and senescence in solid tumours [122]. The engagement of the 

p53 pathway and the genotoxicity of these approaches imply that these 

therapeutic strategies could come with complications. In our study, we 

focused on the late maturation stages of the 60S ribosome as an alternative, 

potentially more advantageous approach to the development of novel 

therapies for cancer. 

 

Here we show that the inhibition of the 60S ribosome maturation factors 

LSG1, SBDS or EFL1 induces senescence in human lung fibroblasts and 

mammary gland epithelial cells. Senescence acts as an intrinsic fail-safe 

mechanism to restrict the tumourigenic potential of oncogenic lesions and 

therefore pro-senescence therapies are predicted to be of great value in 

cancer therapeutics. Notably, not only normal but also transformed epithelial 

cells undergo senescence in response to LSG1 knockdown. Also, in the 

epithelial cells, the absence of p16 did not prevent the senescence from 

being established, while p21 activation, possibly through p53, appeared 

sufficient to induce the response. Hence, our results suggest that LSG1 

targeting can be promising in cancers where p16 is deficient, by inducing 

senescence in a p16-independent manner. 

 

Considering that LSG1 is overexpressed in oncogene (KRASV12)-induced 

senescence (Figure 3.2) the finding of LSG1 knockdown inducing 

senescence seems peculiar. The expectation would be that if KRAS induces 
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LSG1 expression, the KRAS mutant would not phenocopy the knockdown of 

LSG1. Senescence is a stress response and many stresses have been 

shown to emerge from RAS activation. Similarly, loss of LSG1 should be 

stressful, therefore leading to senescence. However, LSG1 is one of many 

transactivating factors for ribosome biogenesis and is seemingly mainly free 

in the cytosol, hence it is unlikely to exert a dominant-negative stress effect 

when overexpressed. Although an assumption could be that LSG1 mediates 

the RAS cascade, this is unlikely considering the wealth of reports on RAS-

induced proliferative signalling, which indicates that RAS-induced 

senescence and RAS-induced LSG1 upregulation are probably functionally 

unconnected. However, these data suggest that concomitant RAS 

expression/LSG1 knockdown could offer a potent senescence response, able 

to halt potential progression to tumourigenesis that could also be 

pharmacologically tractable. Further approaches to investigate this could 

include KRASV12 expression in an shLSG1 and p53 or p16 null background. 

 

Our results also indicate that in shLSG1-induced senescence translation is 

retained, and possibly also the ribosomal pool. However, it is possible, that 

the overall cellular content of ribosomes and ribosomal subunits has fallen 

and that this is not detected due to normalisation to total RNA content (which 

is essentially rRNA). Hence, these experiments only clearly provide the 

relative abundance of the several ribosomal units in a single condition. These 

experiments can be difficult to interpret because of potential differences in 

accumulation, degradation and formation of complexes of the subunits. 

However, the lack of clear accumulation of 60S (and pre-60S) subunits 

relative to 40S subunits combined with continued presence of polysomes 

suggests preservation of relatively normal cellular ribosomal content. 
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Furthermore, it is clear that translational capacity in these cells is not 

impaired (OPP assay). 

 

Moreover, this study shows that p53-deficient cells with intact p16 undergo 

growth arrest after LSG1 downregulation. This implies a long-term tumour 

suppressive p53-independent response. Although ribosome maturation 

inhibition does not seem to lead to ribosome depletion and translation 

impairment as an acute senescence stress response, it might cause severe 

stresses in the medium-term that p53 inactivation is not sufficient to override. 

This result suggests that the approach described here could possibly be 

considered as a therapy in cancers where p53 is impaired, since senescence 

can be stimulated by either p16 or p53 engagement, interchangeably. Also, 

there may even be a backup restriction to cell proliferation that is 

independent of both pathways.  

 

These data support the idea that LSG1 and EFL1 could be potent candidates 

for targeting in a cancer therapy strategy, especially considering their 

potential druggability through pharmacological targeting. However, further 

studies focusing on translational aspects and in vivo models needed to be 

undertaken in order to have more robust justification for their prioritisation as 

candidates. 
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About chapter 4 

The chapter 3 introduced the phenomenon of senescence induced by 

ribosomal stress, in particular inhibition of 60S ribosome maturation. This 

response was investigated in in vitro models of fibroblasts and epithelial cells 

and it was shown to be induced in transformed epithelial cells and to restrict 

focus formation of fibroblasts in a p53-independent manner. These attributes 

are of high importance in a cancer therapeutic context and we therefore 

wished to assess the potential efficacy of inhibition of 60S maturation as a 

cancer therapy through conducting in vivo studies. An additional aspect of 

the study presented here is the investigation of the pathophysiology of the 

SDS ribosomopathy, a disease caused by mutated SBDS, through analysis 

of patient samples. 

 

For the in vivo studies, two experimental strategies were followed. Firstly, 3-

dimensional (3D) cultures of mammary gland epithelial cells were utilised. 

This approach may not be in vivo per se, however it allows the study of the 

proliferative properties and related responses in a model that recapitulates 

the architecture and cell interactions present in a tissue. Secondly, squamous 

cell carcinoma (SCC) cells expressing shRNAs silencing EFL1, LSG1 and 

SBDS in an inducible manner were transplanted to a skin orthotopic mouse 

model, in order to study the responses of cancer cells to inhibition of 60S 

maturation in a living organism, after the onset of tumourigenesis. 

Comparatively to the traditional genetically engineered mouse models, the 

orthotopic models are deemed as more clinically relevant, they offer tissue 

site-specific pathology, allow studies of metastasis and are generated at low 

cost and rapidly. Furthermore, the approach implemented here where the 

tumour arises first and subsequently the treatment is applied, should 
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recapitulate a therapeutic setting to an extent that traditional approaches 

would not achieve. 

 

The results suggest that ribosomal stress might induce an early proliferation 

inhibition during the development of the 3D structures of transformed cells. 

Promising data were also obtained from the orthotopic studies, indicating a 

possible drop in proliferation of SCC cells in vivo, although variability in 

proliferative rates throughout the tumours was high, rendering quantitation of 

tumour suppressive responses difficult. With regard to the SDS syndrome, a 

hypothesis for potential role of senescence in SDS is suggested and an 

experiment using bone marrow cells derived from SDS patients  is proposed.  
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4.1 Development of mammospheres 

Monolayer epithelial cell cultures have been extensively used in cancer 

studies to understand the signalling pathways and molecular mechanisms 

involved in the development of carcinomas. However, the monolayer culture 

does not recapitulate the glandular epithelial structure that exists in vivo, and 

therefore it is not the optimal system for understanding how the regulation of 

proliferation, cell death, and differentiation influence epithelium formation and 

architectural structure in the normal state and during early tumourigenesis 

[265], [266]. To overcome these limitations, 3-dimentional (3D) cultures of 

epithelial cells have become popular for the study of oncogene activation and 

how this might affect glandular architecture during tumour progression (e.g. 

Human epidermal receptor growth factor 2 or HER2) [267]. 

 

 
Figure 4.1 Illustration of the experimental strategy and morphogenetic events in 3D 
culture of ductal epithelial cells 
On day 0 the cells are plated on top of matrigel, in a suspension of assay medium. After 4 
days the medium is replaced with doxycycline-containing medium for the induction of 
construct expression. After a further 8 days the spheroids are fixed for the staining 
procedure. Normal cells proliferate and give rise to spherical, polarised structures by day 8. 
After that stage, cell proliferation is halted and the cells in the middle of the structure undergo 
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apoptosis, thus giving rise to a lumen. Transformed cells, on the contrary, often fail to form a 
lumen. Cell proliferation continues after day 8, giving rise to complex multiacinar structures. 
(Adapted from Debnath et al., 2003 [249]) 
 

Typically, cells are seeded on top of a matrix of reconstituted basement 

membrane derived from Engelbreth–Holm–Swarm (EHS) tumour 

(commercially available as Matrigel), resuspended in assay medium 

containing 2% Matrigel and 5ng/ml EGF (Figure 4.1). In these conditions, 

normal epithelial cells form polarised acinar structures, within a period of 10-

15 days.  After an initial proliferative phase, the central cells of the cluster 

undergo apoptosis, giving rise to a hollow lumen and by that stage the whole 

structure is characterised by lack of proliferation [249]. On the contrary, 

transformed cells have been shown to give rise to a variety of complex 

multiacinar structures that retain their proliferative capacity and often fail to 

form the hollow lumen [267]. For validation of the assay, the MCF-10A breast 

epithelial cell line and MCF7 breast cancer cells were cultured in a 3D 

system for 5 and 12 days, followed by immunofluorescent staining and Z-

stack imaging using confocal microscopy. Morphologically, the MCF-10A 

spheroids showed signs of lumen formation, although not as striking as 

previously described. The transformed MCF7 spheroids appeared bigger in 

size and abnormally multiacinar and solid without lumen, especially at day 

12. Notably, Ki-67 staining revealed that although the normal spheroids were 

proliferatively arrested, the MCF7 spheroids retained high proliferative 

capacity at least until day 12 (Figure 4.2). Hence, this model enables the 

study of the properties of cancer cells in a more physiological context and 

allows for the evaluation of therapeutic interventions. However, failure to form 

normal luminal structures led to discontinuation of the use of MCF-10A cells 

in the 3D system. 
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Figure 4.2 Setup of the 3D culture using normal and cancer cells 
Normal (MCF-10A) and cancer (MCF-7) breast epithelial cells were cultured under 3D 
conditions for 5 and 12 days, stained and imaged using confocal microscopy. Staining for 
DAPI and E-cadherin enabled the visualisation of the structures and staining for Ki-67 their 
proliferation status. Transformed mammospheres presented higher proliferative indices than 
the normal ones, at both time-points. Scale bar: 50μm. 
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4.1.1 Therapeutic inhibition of ribosome maturation in 

transformed mammospheres 

Having observed the promising tumour suppressive effects of inhibiting 

ribosome maturation in monolayer cell cultures, the next step was to assess 

the therapeutic properties of this approach in a more physiological model. 

Two transformed MCF-10A derivative lines were used for this study (a kind 

gift of Dr Yuri Ionov, Roswell Park Cancer Institute, USA): MCF-10Aδ and 

MCF-10AαL cells. These lines have been generated through spontaneous 

transformation of MCF-10A cells with the frameshift mutagen ICR191 [248] 

and therefore they form tumours in mice and can be grown in 3D culture. In 

order to mimic a therapeutic approach, perturbation of ribosome maturation 

should be induced after the transformed mammospheres had been 

established, in order to exclude possible interference of gene silencing in the 

process of tumour formation and in order to recapitulate the treatment in a 

real setting. For this reason, a doxycycline inducible expression system (Tet-

LKO-puro) was used for the expression of hairpins against LSG1 and SBDS 

and of the non-silencing construct (control). 

 

MCF-10Aδ and MCF-10AαL cells were transduced with Tet-LKO-Control 

(carrying a non-hairpin insert), Tet-LKO-shLSG1, Tet-LKO-shLSG1(a) (two 

distinct shRNAs for LSG1), Tet-LKO-shSBDS(a) and Tet-LKO-shSBDS(b) 

(two distinct shRNAs for SBDS) and silencing of the gene target was 

achieved upon doxycycline administration (Figure 4.3 A). MCF-10A cells 

transduced with non-inducible KRASV12 were used as a control for the 

induction of senescence. Cells were plated under 3D conditions and after 4 

days of spheroid development, 2μg/ml doxycycline was administered. After a 

further 8 days the 3D structures were fixed and stained for Ki-67 in order to 

measure proliferation. Induction of LSG1 knockdown in both cancerous 
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mammosphere lines induced a clear drop in proliferation as assessed by Ki-

67 staining compared to the corresponding control structures (Figure 4.3 B, 

C). The efficiency of knockdown seemed to be correlated to the decrease in 

proliferation - for instance the effect was more robust in shSBDS(b) than in 

shSBDS(a) in the MCF-10AαL mammospheres. Representative z-stack 

images, taken using confocal microscopy, illustrated that the spheroids did 

not collapse, but retained their acinar morphology (Figure 4.3 C). This 

experiment indicates that tumour suppression through the inhibition of 

ribosome maturation could be induced in transformed mammospheres, 

without disturbing the integrity and perhaps physiological functionality of the 

breast tissue. 
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Figure 4.3 The knockdown of LSG1 or SBDS reduces the proliferative capacity of 

MCF-10AaL and MCF-10Aδ mammospheres 
A. Western blotting analysis shows the knockdown of LSG1 and SBDS in MCF-10AαL 

and MCF-10Aδ cells in an inducible manner, upon administration of doxycycline 
(2μg/ml). The protein levels in control (no-hairpin construct) cells are also shown. 

B. Quantification of the percentage of Ki-67 positive cells in mammospheres derived 
from MCF-10AαL and MCF-10Aδ transduced cells. The culture lasted for 12 days 
and 2μg/ml doxycycline was administered on day 4 and on day 7. MCF-10A cells 
transduced with KRASV12 were used as a control of oncogene-induced growth arrest. 
At least 3 mammospheres per condition were quantified, therefore the error bars 
represent the standard error of the mean (SEM) of 3 biological replicates. 
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Figure 4.3 The knockdown of LSG1 or SBDS reduces the proliferative capacity of 
MCF-10AaL and MCF-10Aδ mammospheres 

C. Representative confocal z-stack images of Ki-67 staining of the conditions that 
produced robust growth defects. Scale bar: 50μm. 

 

A repeat of the above experiment was performed (Figure 4.4). However, 

significant decrease of proliferation was not reproduced for all conditions, but 

only for the cases of shSBDS(b) and especially for KRASV12, the only non-

inducible condition. It is therefore possible that this problem was due to 

technical issues related to doxycycline penetration and induction of silencing 

through the 3D structures, or simply that the null hypothesis of this 

experiment was confirmed. Further experiments are necessary. 
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Figure 4.4 Knockdown of LSG1 and SBDS in MCF-10AaL and MCF-10Aδ 
mammospheres 

A. Western blotting analysis demonstrates the knockdown of LSG1 and SBDS in MCF-
10AαL and MCF-10Aδ cells in an inducible manner, upon administration of 
doxycycline at 2μg/ml. The protein levels in control (no-hairpin construct) cells are 
also shown. 

B. Quantification of the percentage of Ki-67 positive cells in mammospheres derived 
from MCF-10AαL and MCF-10Aδ transduced cells. The culture lasted for 12 days 
and doxycycline 2μg/ml was administered on day 4 and on day 7. MCF-10A cells 
transduced with KRASV12 were used as a control of oncogene-induced growth arrest. 
At least 3 mammospheres per condition were quantified, therefore the error bars 
represent the SEM of 3 biological replicates. 
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4.1.2 Exploring the p53 status of MCF-10Aδ transformed 

mammospheres  

The knockdown of LSG1 induced decrease in the proliferative capacity of 

transformed mammospheres in a 3D culture within a period of 8 days, 

however we did not succeed in replicating this result. The most striking effect 

was obtained in the case of MCF-10Aδ cells. In order to examine the p53 

pathway status of these cells, immunofluorescent staining and western blot 

analysis for p53 and p21 were performed, and images were acquired and 

analysed using High Content Microscopy. 

  

The unusually high p53 background in the highly proliferative MCF-10Aδ 

cells, irrespective of LSG1 status, compared to their normal equivalent MCF-

10A cells suggests that at least one p53 allele may be mutated in these cells, 

as many mutants of p53 stabilise the residual wt protein (Figure 4.5). If p53 

was functional, the cells would be expected to be arrested. Furthermore, 

although p21 expression was induced in MCF-10A cells in response to the 

shLSG1 effect and as opposed to the non-hairpin construct effect (control), 

this induction was not observed in MCF-10Aδ cells, despite the high levels of 

p53, suggesting that the p53 pathway was compromised. These findings 

indicate that ribosome maturation inhibition might confer a p53-independent 

tumour suppressive response in transformed mammospheres, since 

preliminary (although not reproducible) data indicate a growth arrest in 

shLSG1, despite the p53 status. 
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Figure 4.5 p53 is mutated in MCF-10Aδ cells 

A. Western blot analysis showing the protein levels of p53, p21 and RPL28 in MCF-10A 
and MCF-10Aδ cells. RPL28 is used as a loading control. 

B. Immunofluorescence staining for p53 and p21 in MCF-10A and MCF-10Aδ cells, 
control (non-hairpin) and with shRNA knockdown of LSG1, followed by High Content 
Microscopy and quantification analysis. The error bars represent the SD of 3 
technical replicates. 
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4.2 An inducible expression system in Squamous Cell 

Carcinoma (SCC-13) cells for in vivo orthotopic studies 

One of the most challenging aspects of this project was the in vivo translation 

of the findings. According to the 3D experiments, our approach seemed 

promising as a therapy in epithelial tumours. Furthermore, based on previous 

studies, the LSG1 locus is commonly amplified in squamous cell carcinoma 

[254]. Therefore, human squamous cell carcinoma was a good candidate cell 

line to use for in vivo skin orthotopic mouse experiments. For the purposes of 

this experiment the doxycycline-inducible vector pTRIPZ was used, which 

includes a Turbo-Red Fluorescence Protein (RFP) reporter before the shRNA 

sequence, which is transcribed by the same promoter as the shRNA and 

therefore shRNA expression can be monitored by red fluorescence. SCC-13 

cells were transduced in a lentiviral manner with shRNAs for EFL1 (TRIPZ-

shEFL1), LSG1 (TRIPZ-shLSG1), SBDS (TRIPZ-shSBDS) and the non-

silencing target (NST) construct carrying a non-hairpin insert. The efficiency 

of knockdown was assessed by western blotting, 4 days after induction with 

doxycycline (Figure 4.6 A). The amount of red fluorescence was also 

quantified in order to verify that the knockdown was actually induced by the 

expression of the hairpin (Figure 4.6 B). 
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Figure 4.6 Inducible knockdown of EFL1, LSG1 and SBDS in SCC-13 cells 

A. SCC-13 cells were transduced with shTRIPZ constructs for EFL1 (TRIPZ-shEFL1), 
LSG1 (TRIPZ-shLSG1) and SBDS (TRIPZ-shSBDS), alongside a non-silencing 
target (NST) control. Western blot analysis was performed to confirm the efficiency 
of the knockdown upon administration of 2μg/ml doxycycline. 

B. TurboRFP expression quantification in each condition in transduced SCC-13 cells, 
after 4 days in doxycycline 2μg/ml, indicating the efficiency of shRNA expression. 
The error bars represent the standard error of the SD of 3 technical replicates 
(treatment of 3 cell populations in different wells). Representative images for each 
condition are provided. Scale bar: 50μm. 
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4.3 A skin orthotopic mouse model for the study of ribosome 

maturation inhibition in squamous cell carcinoma in vivo 

For the translation of the in vitro findings, an in vivo study using a skin 

orthotopic mouse model was carried out. This model was chosen because it 

is a “humanised” model that enables the reconstitution and study of a patch 

of human skin on the back of the mouse [268]. Moreover, this approach 

would allow rapid generation of the mouse models and expertise in the 

technique was available within the institute. NST, TRIPZ-shEFL1, TRIPZ-

shLSG1 and TRIPZ-shSBDS -transduced SCC-13 cells, generated as 

described before, were grafted on the back of SCID mice following surgical 

procedures. 16 SCID mice were used in total, 4 per condition. SCC-13 

epithelial cells (transduced) and BJ fibroblasts (non-transduced) were 

injected into a silicon chamber that had been surgically placed on the back of 

the mouse: the cells would recreate human dermis and epidermis on top of 

the mouse hypodermis. A week later, the chamber was removed and the 

wound was left to heal, leaving human cells in the regrowth area (Figure 

4.7). 33 days later, when the skin had been completely reconstituted, 

treatment with doxycycline (2μg/ml in the drinking water) started. By that 

time-point, the SCC cells had developed into palpable tumours. Regular 

measuring of the lump dimensions was aimed at monitoring the progress of 

tumour growth and regression as a response to the treatment. By the end of 

the study, some of the tumours had reached the maximum permitted length 

of 1cm and had become ulcerated. The efficiency of the expression system 

was verified by detecting the expression of the red fluorescence (RFP) 

reporter in the tumour area through live imaging (Figure 4.8).  The mice were 

sacrificed after 17 days of treatment. 
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Figure 4.7 Generation of skin orthotopic mice 
The schematic illustrates the procedure of generating skin orthotopic mice. The first step is 
the surgery for the insertion of the silicon chamber between the skin and the hypodermal 
area. The cell suspension (a mixture of SCC-13 cancer keratinocytes and BJ fibroblasts for 
our study) is injected through the chamber on the same day. A week after, the second 
surgery occurs for the removal of the chamber. In a period of about 3 weeks the wound is 
healed and the skin reconstituted containing a human patch. Treatments can be performed 
once the skin has been reconstituted, in order to avoid interfering with the healing process. 
 
 

 
Figure 4.8 Squamous cell carcinoma (SCC) tumours and RFP expression 
Representative images of the tumours generated in each condition (non-silencing control 
NST and knockdown of EFL1, LSG1 and SBDS) on the back skin of the mice (arrow). 
Brightfield and their respective fluorescence images were taken using live imaging 
microscopy. The co-localisation of RFP expression with the tumour area indicates the 
successful expression of the shRNA, after a period of 4 days of administration of 2μg/ml 
doxycycline in the drinking water. 
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Although most of the mice developed tumours that were easy to detect and 

monitor, some of the wounds healed without tumour formation (2 out of 16). 

Moreover, one of the TRIPZ-shEFL1 mice died after the chamber removal 

surgery, leaving only 3 mice to study for this condition. Tumour volumes were 

measured after the second surgery (for removal of the chamber) and over the 

course of doxycycline treatment. No significant tumour regression was 

noticed and the tumours continued to grow exponentially (Figure 4.9). A 

slight regression was observed immediately after the beginning of treatment 

during a period of 2 days. However, this effect was probably not treatment-

specific because a similar effect was also observed in the control (NST). 

Furthermore, the high variability in the tumour size and growth kinetics 

among the mice of the same group rendered the extraction of conclusions 

particularly challenging (Figure 4.9 A). Overall, the mice sustained the 

procedure and treatment and the tumour development did not have a 

negative effect on their weight and general fitness (Figure 4.9 B). 

 

Skin sections were prepared for H&E staining to enable the histological 

examination of the lesions. Large areas of carcinomas were observed within 

the dermis, identified by their darker colour in H&E staining and their typical 

“cell nest” morphology (Figure 10). These areas were characterised by 

dysplastic morphology and high cellular density. Remarkably, in some cases, 

reconstituted patches of normal-looking skin were of human origin, 

distinguished by its higher thickness and invasiveness towards the inner 

tissues (Figure 4.10 d, f). The H&E staining provided evidence that the 

human SCC cells had been successfully grafted onto the back skin of the 

mice and developed into carcinomas within the dermis. This was a 

confirmation that reconstitution of human SCC in mice is possible and would 

enable the study of this type of skin cancer in a “humanised” model. 
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Figure 4.9 Tumour volumes in an SCC orthotopic mouse model are highly variable 
The volume of the tumours (A) as well as the weight (B) of the animals were monitored 
across the period of the experiment. The tumour growth and weight profile for each mouse of 
each of the 4 conditions are presented in the diagrams. Day 0 is the time-point of the surgery 
for the chamber removal. The dashed line indicates the day (33) of initiation of the 
doxycycline treatment. SCC tumours with expression of shTRIPZ constructs for EFL1 
(TRIPZ-shEFL1), LSG1 (TRIPZ-shLSG1) and SBDS (TRIPZ-shSBDS) were measured. 
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Figure 4.10 H&E staining reveals the histological features of dysplastic and normal 
regions in skin sections of SCC orthotopic mice 
The mice were sacrificed after 17 days of doxycycline treatment and skin sections were 
stained with H&E to visualise the tumour areas. SCC lesions expressing shTRIPZ constructs 
for EFL1 (TRIPZ-shEFL1), LSG1 (TRIPZ-shLSG1) and SBDS (TRIPZ-shSBDS) are shown, 
and two images of a single section per condition are provided. Examples of hair follicles, 
epidermis, dermis and dysplasias are highlighted in the images. The epithelial cells are 
stained in dark purple colour and are found in the epidermis and lesion areas within the 
dermis. The dysplastic areas are large and often show glandular architecture. The thicker 
epidermis (arrows) is of human origin and represents the reconstituted skin. Scale bar: 
500μm (a, c, e, g), 250μm (b, d, f, h). 
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4.3.1 Ki-67 staining of skin sections derived from orthotopic 

mice with EFL1, LSG1 and SBDS silencing 

Having shown the negative effect of ribosome maturation inhibition on cell 

proliferation in vitro, as well as in a 3D epithelial cell model, it was interesting 

to investigate the effect of the same approach in the SCC orthotopic model. 

Ki-67 immunofluorescence staining revealed the proliferation levels across 

the skin sections (Figure 4.11). Notably, more regions with increased Ki-67 

expression seemed to be present in the control mice (NST) than in the mice 

with EFL1, LSG1 and SBDS knockdown (TRIPZ-shEFL1, TRIPZ-shLSG1, 

TRIPZ-shSBDS, respectively). This observation suggested a potential role for 

ribosome maturation inhibition in SCC tumours as a means to halt tumour 

progression. However, the high variability among the experimental models of 

the same condition and the poor RFP signal did not allow the quantification of 

proliferative capacity and the extraction of valid scientific conclusions. 

Staining with e-cadherin was performed for better visualisation to distinguish 

the epithelial tissues from the rest (Figure 4.11). The carcinomas were 

localised underneath the epidermis with multiple cysts of proliferating cells 

representing the aggressive nature of this cancer (Figure 4.11 D, d). 
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Figure 4.11 The dysplastic areas in the skin of an SCC orthotopic mouse model are 
characterised by increased proliferation 
Skin sections were stained for Ki-67 to visualise the proliferation status of the tumour areas 
after 17 days of doxycycline treatment, in all mice of (A) non-silencing target control NST, (B) 
TRIPZ-shEFL1, (C) TRIPZ-shLSG1 and (D) TRIPZ-shSBDS groups that developed tumours. 
Two confocal images of a single section per mouse, per condition are provided. Staining for 
E-cadherin enabled the identification of the epithelial regions. The epidermis and dysplasias 
are highlighted in (A) panels (a) and (b). Scale bar: 500μm (a, c, e), 250μm (b, d, f). 
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Figure 4.11 The dysplastic areas in the skin of an SCC orthotopic mouse model are 
characterised by increased proliferation 
Skin sections were stained for Ki-67 to visualise the proliferation status of the tumour areas 
after 17 days of doxycycline treatment, in all mice of (A) non-silencing target control (NST), 
(B) TRIPZ-shEFL1, (C) TRIPZ-shLSG1 and (D) TRIPZ-shSBDS groups that developed 
tumours. Two confocal images of a single section per mouse, per condition are provided. 
Staining for E-cadherin enabled the identification of the epithelial regions. The epidermis and 
dysplasias are highlighted in (A) panels (a) and (b). Scale bar: 500μm (a, c, e, g), 250μm (b, 
d, f, h). 
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4.3.2 Further in vivo experimental projections 

As mentioned before, some mice did not develop tumours and the size of the 

tumours within the same experimental group was inconsistent and non-

reproducible. Due to lack of prior information concerning tumour uptake or 

severity scores to enable us to estimate the size of cohort required to achieve 

statistical significance, the experiment presented here was performed as a 

pilot experiment to provide some of this information. Although we planned to 

proceed with larger cohorts, our pilot studies indicated variance high enough 

that we decided against implementing subsequent studies. To support that, 

power calculations based on the results of our pilot study indicate that  

106,489 samples should be used for a statistically significant result (p value 

0.05) at power 80% (Figure 4.12), which would be highly unethical. This is 

due to the fact that there was essentially no difference in tumour size 

changes between the control and shLSG1 upon doxycycline administration. 

Possible factors that produced the variability observed and need to be 

optimised might have been the ability of cells to be grafted, cell loss during 

healing and technical issues such as measurement inconsistency. It is 

important to achieve consistent control tumour volume measurements. 

Therefore, a repetition of this orthotopic model pilot study could be designed 

aiming at optimisation, using the control (NST) condition alone. Once we 

have a reliable control, another pilot study should be carried out to allow 

power calculations to be performed in order to determine the sample size 

required for statistical significance in the large cohort experiment involving all 

conditions. These calculations will show the estimated number of samples 

needed in order to demonstrate a statistical difference at certain p values and 

will ensure we gain scientific validity while respecting animal welfare.  
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Figure 4.12 Mouse experimentation sample size calculation (power calculations) 
Power calculations used data from the pilot study to determine the sample size required for a 
larger cohort experiment. Power is the probability of finding a statistically significant 
difference at a given p value. These calculations show the estimated number of samples 
needed in each group in order to demonstrate a statistical difference at p values ranging 
from 0.05 – 0.01 and at varying levels of power. Algorithm developed by the Chinese 
University of Hong Cong (http://www.lasec.cuhk.edu.hk/sample-size-calculation.html). 
 

 

 

Day 1 2 3 4
NST

34 0.0600 0.0293 0.0447 0.0614
50 0.0397 0.0404 0.0400 0.0910

% change -33.8317 38.2291 -10.5396 48.3380
Average 10.5489

SD 39.1942

TRIPZ_shLSG1
34 0.1013 0.0829 0.0925 0.1059
50 0.1312 0.0557 0.1286 0.1145

% change 29.6000 -32.8613 39.0763 8.1124
Average 10.9818

SD 31.9708

Anticipated or Pilot Study Values
Mean* Stan. Dev #

Group 1 10.5489 39.1942 Difference in means= 4.103588 %
Group 2 10.9818 31.9708

Sample Size Needed in Each Group (n number)
alpha level
("p" value) 95% 90% 80% 50%

0.05 177481 143350 106489 51879
0.02 215708 177481 136524 73723
0.01 243013 203421 159733 90106

INTERPRETATIONS

B. Represents the optimum number of animals needed to attain statistical significance
of p<0.05 with a 90% probablity
C. Represents the maximum number of animals needed to attain statistical
significance of p<0.01 with a 95% probablity

Power 

A. Represents the minumum number of animals needed to attain statistical
significance of p<0.05 with an 80% probablity
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Aiming at overcoming the variability issues, an alternative study was 

designed. Nude mice received subcutaneous injections with SCC-13 cell 

suspensions or a mixture of SCC-13 cells and fibroblasts. This approach 

promises more uniform results, as it excludes the possibility of cell loss 

during wound healing. Due to timing restriction, this experiment was not 

optimised properly, resulting in failure in tumour growth, possibly attacked by 

the immune system of the animals. A new study is in preparation in which 

SCC-13 cell implantation will be supported by a gel of reconstituted 

basement matrix (Matrigel). 

 

A second aim of the orthotopic experiment was to compare the effect of the 

treatment in carcinomas and normal keratinocytes, in order to exclude any 

adverse responses. For this purpose, keratinocytes and fibroblasts were 

isolated from human skin samples obtained from abdominoplasties and 

breast surgeries. The keratinocytes, shown in Figure 4.13, were co-

transduced with a p53 mutant and KRASV12 to provide a new model for 

studying the benefits of this approach in cancer therapy. However, cell 

extraction and transformation were long and complicated procedures, 

therefore time limitations did not allow for the completion of these 

experiments. 
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Figure 4.13 Culture of primary human keratinocytes 
Human keratinocytes were derived from breast and abdominal epidermis. The keratinocytes 
require fibroblast feeders support in order to source important nutrients and grow and are 
therefore co-cultured with 3T3 fibroblasts. The 3T3 cells have become post-mitotic after 
treatment with 7ug/ml Mitomycin C for 4 hours. Scale bar: 1mm 
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4.4 Is senescence implicated in the pathophysiology of the 

Shwachman Diamond Syndrome (SDS)? 

Our findings show that the knockdown of SBDS causes senescence. As 

presented in more detail in the introduction, mutated SBDS is the cause of 

the SDS ribosomopathy. SDS manifests with neutropenia and other severe 

growth defects. Senescence is a growth-restricting response, often described 

as anti-tumourigenic (presented in more detail in introduction). Therefore, 

another translational aim of this study was to address whether senescence is 

involved in the pathogenesis of the SDS syndrome, by detecting senescence 

markers in neutrophils derived from patients. Due to time limitations and low 

sample size, this study was not completed. However, efforts were made 

towards successful isolation of white blood cells from bone marrow aspirates 

derived from SDS patients and healthy individuals (Figure 4.14). Upon 

collection of several samples, the next step will be staining with antibodies 

against markers of senescence, such as p16, p21 and pST/Q. RAS-

expressing IMR90 fibroblasts should also be stained following the same 

procedure, in order to verify antibody specificity. 

 

  
Figure 4.14 Isolation of bone marrow white blood cells 
Bone marrow aspirates were derived from healthy individuals and SDS patients. The red 
blood cells were lysed and the white blood cells collected. Using a cytospin at 300g, the 
white blood cells were seeded on glass slides and stored for future use. 
. 
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4.5 Discussion 

The inhibition of 60S ribosome maturation gives rise to a robust senescence 

in cells in in vitro studies. Data presented in chapter 3 indicated that LSG1 

knockdown induces a p53-dependent acute senescence stress-response, but 

could also trigger a p53-independent tumour suppressive response through 

long term inhibition of ribosome maturation. Indeed, this strategy was 

effective in halting growth not only in normal but also in transformed cells and 

growth arrest was persistent even in the absence of p53 in a focus formation 

assay (Chapter 3). Utilising the anti-tumourigenic properties of senescence in 

cancer therapy is becoming increasingly popular.  In order to further explore 

and understand the therapeutic potential of our findings, translational studies 

were conducted. In particular, two approaches were followed: an in vitro 

study of mammary epithelial cells growing in 3D and an in vivo orthotopic 

mouse model study. 

 

Transformed mammary gland epithelial cells grew in a 3D culture forming 

spheroids. Ki-67 staining of the spheroids indicated a decrease in the 

proliferation in the LSG1- and SBDS-deficient structures. Therefore, 60S 

ribosome maturation inhibition might elicit tumour suppressive effects in a 

more physiological model that enables the study of the early oncogenesis 

events. Notably, the p53-mutated status of the MCF-10Aδ spheroids, which 

were severely affected by the knockdown of LSG1, argued in favour of a p53-

independent tumour suppression. This was consistent with the p53-

independent response in the focus formation assay. However, many studies 

have showed that the perturbation of ribosome biogenesis triggers p53-

dependent responses. Mouse models of ribosomopathies, such as the TCS 

syndrome [269] and SDS [41], demonstrate pathological effects that are p53-

dependent. Moreover, the anti-tumourigenic potential of the inhibition of RNA 
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pol I in a mouse model of lymphomagenesis was limited by p53-dependence 

[123]. A possible reason could be that although the inhibition of ribosome 

maturation induces an acute p53-dependent stress response, it becomes 

limiting for proliferation in the long term thereby eliciting an extra layer of 

tumour suppression that does not require p53. This is an asset of high 

importance in considering this approach as a cancer therapy and suggests 

that it could have utility in a broad range of cancers. Additionally, inhibition of 

60S maturation did not cause loss of tissue integrity, which would be another 

important asset in a cancer therapeutic strategy. Nevertheless, the 

comparison of treatment response between 3D models of normal MCF-10A 

cells and their transformed derivatives would be critical to shed light on the 

potential cancer-specificity of the treatment. Attempts were made in this 

direction, however technical difficulties related to the growth of transduced 

MCF-10A cells in 3D culture rendered this comparison impossible within the 

given timeframe. 

 

In accordance with the above, promising results were also obtained from the 

orthotopic study. Although no clear tumour regression was observed upon 

treatment (as measured by the tumour volumes), Ki-67 staining of the lesions 

indicated large areas lacking proliferation in the mice with EFL1, LSG1 and 

SBDS knockdown as opposed to the control mice. This finding suggests that 

the perturbation of ribosome maturation not only causes senescence and 

growth arrest in vitro, but might also hinder excessive proliferation after the 

onset of tumourigenesis. Therefore, 60S ribosome maturation inhibition might 

have clinical utility in the treatment of cancer. However, there was high 

variability in the experiment, perhaps due to SCC cell loss during the surgery 

and healing period, or high cell death levels, or weak attachment of the SCCs 

during implantation. Therefore, more optimisation, a higher number of 
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experimental models and complementary approaches, as well as a specific 

RFP antibody are required. 

 

Finally, future studies will attempt to understand whether 60S ribosome 

maturation stress-induced senescence is involved in the pathophysiology of 

the SDS ribosomopathy, a syndrome caused by mutated SBDS. White blood 

cells were isolated from bone marrow aspirates derived from SDS patients. 

These samples will be screened for detection of senescence markers, such 

as p16, p21 and pST/Q. A possible implication of senescence in SDS would 

provide an answer to the paradox of this ribosomopathy: although it starts 

with severe growth defects, it may subsequently progress to cancer. A 

hypothesis could be that senescence is triggered as a p53-dependent acute 

response to ribosome maturation perturbation, resulting in growth 

abnormalities. Then, a selective pressure opts for the genetic changes that 

will overcome the ribosome maturation defect, such as loss of tumour 

suppressors, which predisposes cells to cancer. Consistent with our 

hypothesis, a recent study proposed the association of SDS with senescence 

by showing that senescence is a p53-dependent response to SBDS-

deficiency in murine pancreas [41].Considering our hypothesis and the above 

findings, senescence clearance strategies, such as the use of senolytic 

drugs, could have utility in alleviating the symptoms of ribosomopathies and 

prevent progression to tumourigenesis. 
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Αbout chapter 5 

Senescence is a phenomenon that can be triggered by various factors and 

mechanisms. This study has so far quite extensively described the 

phenomenon of senescence caused by inhibition of 60S ribosome maturation 

and discussed the potential of this approach as a cancer therapy. However, 

no systematic analysis of the molecular mechanisms that underlie this 

senescence response has yet been provided. Uncovering what lays 

underneath the complex senescence phenotype would help in understanding 

the core mediators involved and allow for inducing (/targeting) them in a 

potential pro-(/anti-)senescent therapeutic approach. 

 

Here, three experimental strategies were implemented in order to shed light 

on the mediators of ribosome maturation inhibition-induced senescence. A 

reverse phase protein lysate microarray (RPPA) analysis identified 

upregulated or downregulated proteins and protein modifications. Moreover, 

a transcriptomic analysis examined transcript abundance. Finally, a CRISPR 

genomic screen for positive selection provided an elegant way of identifying 

key drivers of senescence induced by 60S ribosome maturation perturbation. 

This study reveals a unique SASP signature in 60S ribosome maturation 

inhibition-induced senescence with promising clinical applications. 
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5.1. Reverse phase protein lysate microarray (RPPA) analysis 

reveals potential mediators of 60S ribosome maturation-

induced senescence 

With an interest to examine potential mediators of our senescence response, 

an RPPA assay was carried out. This assay allowed the measurement of 

expression levels of 92 antigens in a quantitative manner using high-quality 

validated antibodies for detection. The RPPA array used in our study was 

designed primarily for interrogation of the regulation of major oncogenic 

signalling pathways and their targets, in particular key cancer survival, cell–

cycle, canonical signalling pathways and kinase cascades and therefore it 

was chosen for the investigation of potential tumour suppressive responses. 

Moreover, this array includes several genes related to regulation of ribosome 

biogenesis in cancer (AKT, mTOR, MAPK), ribosome stress-induced 

responses (S6P, Bcl2) and senescence (p53, NFkB), and hence it serves as 

a good list for the needs of our study. MRC5 cells, transduced with shLSG1 

(Figure 5.1 A) and the non-hairpin construct as a control, in which 

senescence had been established, were lysed and processed according to 

the RPPA protocol (sample processing and analysis were performed by Mr 

Macleod, CRUK Edinburgh Centre, IGMM, University of Edinburgh). The 

senescence state of the cells was verified by confirming lower BrdU 

incorporation and higher p16 expression levels in shLSG1 than in the control, 

7 days post-infection (Figure 5.1 B). The readout of the RPPA assay was 

fluorescence intensity of the secondary antibody and the results were plotted 

as the log2 of the relative modification of each protein in the shLSG1 

condition (Figure 5.1 C, D). Several proteins were identified to be 

upregulated, downregulated or modified in senescent cells upon 

downregulation of LSG1.  
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The results revealed that the Bcl-2-like protein 11 (BIM) protein was the most 

upregulated antigen tested (Figure 5.1 C). BIM is a BCL-2 homology 3 

(BH3)-only pro-apoptotic protein. In mammalian cells, BIM induces apoptosis 

indirectly by engaging and neutralising all the anti-apoptotic proteins of the 

BCL-2 superfamily and directly by interacting with BCL2 Associated X (BAX) 

and BCL2 Antagonist/Killer (BAK), which leads to permeabilisation of the 

outer membrane of the mitochondria [270]. Furthermore, BIM has been 

described as a mediator of endoplasmic reticulum (ER) stress-induced 

apoptosis [271]. BIM also affects cytoskeleton integrity in cancer cells by 

binding to microtubule-associated dynein motor complexes [272]. In this 

state, BIM is inactive and dissociation is required for its pro-apoptotic activity. 

There are three isoforms of BIM, products of alternate transcription, the 

BIMEL (Extra Long), BIML (Long) and BIMS (Small). BIMS is the most potent in 

inducing apoptosis, whereas the other 2 are exclusively related with 

microtubule binding [270]. Western blot analysis confirmed that BIM, and 

particularly the BIMS isoform, is upregulated in the condition of LSG1 

knockdown (Figure 5.2). Therefore, according to these findings there might 

be activation of pro-apoptotic or ER stress-related pathways in response to 

LSG1 silencing. Although no cell death signs were observed under the 

microscope, ER stress remains a possibility to investigate. 

 

On the other hand, the TAU protein was the most downregulated. TAU is a 

microtubule-associated protein that regulates microtubule integrity. Under 

abnormal conditions TAU can form intracellular fibrillary deposits in neurons 

and glial cells, thereby causing a variety of disorders referred to as 

tauopathies. TAU microtubule binding stabilises the microtubule axons and 

regulates their dynamics, thus controlling cytoskeletal plasticity [273]. Both 
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BIM and TAU proteins are related to cytoskeletal control and hence they 

might be implicated in the shape changes and molecule transport in 

senescent cells. 

 

Notably, the anti-apoptotic protein BCL2 was downregulated in shLSG1 

compared to the control cells. This is consistent with the observation of lack 

of cell death signs (data not shown). Further experiments investigating 

apoptosis levels would shed more light to the underlying mechanisms. 

However, the results indicate that p53 was downregulated in shLSG1, 

although p53 was shown to not only be upregulated, but also required in 

senescence due to LSG1 knockdown (Chapter 3). This observation raises 

doubts regarding the validity of the RPPA assay results. 
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Figure 5.1 Knockdown of LSG1 for senescence induction followed by reverse phase 
protein lysate microarray (RPPA) analysis that reveals potential mediators of the 
shLSG1-mediated senescence response 

A. Western blot analysis in MRC5 cells transduced with shLSG1 and a non-hairpin 
insert (control), on day 7 post-infection, probing for LSG1. RPL28 was a reference 
protein. 
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B. BrdU and p16 immunostaining followed by high content microscopy and image 
analysis using the MetaXpress 5.1.0.46 software. Control and shLSG1 MRC5 cells 
were used. The error bars represent the SD of 3 technical replicates. 

C. D. Reverse Protein Phase Array (RPPA) analysis results. The graphs present the 
fold-change in expression between Control and shLSG1 cells. Each bar shows the 
log2 of the relative fold change between the shLSG1 and Control. C presents 
upregulation, whereas D presents downregulation and all values are negative. This 
experiment was performed once. 

 
 

  
Figure 5.2 BIM expression is upregulated in LSG1-downregulated cells 
Western blot analysis of non-silencing Control and shLSG1-transduced MRC5 cells, probing 
against BIM. β-actin is used as a reference protein. Τhe BIM isoforms BIMEL, BIML and BIMS 

are denoted. 
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5.2 Transcriptomic analysis of Control, shLSG1 and KRASV12 

samples 

With an interest in elucidating the mechanism underlying senescence 

induced by 60S ribosome maturation perturbation, we looked at the 

transcriptional profile of cells undergoing shLSG1-induced senescence. 

MRC5 cells were transduced lentivirally with the control non-hairpin construct 

and shLSG1 and retrovirally with KRASV12. The knockdown efficiency was 

assessed by western blotting (Figure 5.3). RNA extracts were processed 

using an AmpliSeq library and IonTorrent sequencing of amplicons 

(Wellcome Trust Clinical Research facility, Western General Hospital). Dr 

Acosta (CRUK Edinburgh Centre, IGMM, University of Edinburgh) supervised 

the transcriptomic study. Unbiased hierarchical clustering of the 6 samples 

used (3 shLSG1 and 3 non-hairpin control), based on their relative 

expression fold changes, produced a dendrogram showing the transcriptome 

expression similarity among them (Figure 5.4) In the dendrogram the 3 

identical biological repeats for each condition were clustered together, 

providing verification that the replicates are biologically meaningful. 

 

 
Figure 5.3 Knockdown of LSG1 in MRC5 cell lysates for transcriptomic analysis 
Western blot analysis for the detection of LSG1 protein levels in MRC5 cells transduced with 
the non-hairpin Control, shLSG1 and KRASV12 constructs, on day 7. This experiment was 
performed in triplicate. RPL28 was used as a reference protein. 
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Figure 5.4 Unbiased clustering of samples for the transcriptomic analysis 
Unbiased clustering of RNA sequencing data from the MRC5 cell samples: non-hairpin 
Control (c1, c2, c3) and shLSG1 (l1, l2, l3). The software Babelomics-5 was used for this 
analysis. 
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5.2.1 Transcriptomic analysis reveals upregulation of several 

core cell growth arrest mediators in 60S ribosome 

maturation inhibition-induced senescence 

The transcriptome analysis results revealed fold changes in transcript 

abundance among the different conditions. We looked for key anti-

proliferative genes and performed clustering analysis for these, which 

indicated a robust anti-proliferative signature in LSG1 knockdown cells, 

compared over the non-silencing control cells (Figure 5.5). Increased 

transcription of the CDKN2A (Cyclin Dependent Kinase Inhibitor 2A) gene 

leads to increased expression of the tumour suppressors p16 (INK4a) and/or 

ARF. p16 and p14ARF induce cell cycle arrest through CDKs inhibition which 

inactivate pRB and promote E2F activity, directly or through MDM2 inhibition 

and p53 activation, respectively [48], [274]. The transcription of CDKN2B was 

also elevated. CDKN2B encodes the tumour suppressor p15 (INK4b) that 

prevents G1 to S phase transition by binding to the CDKs 4 and 6, thereby 

inhibiting their activation by cyclin D. Notably, p15 is induced by TGF-β 

signalling, which is a core SASP factor [275]. Additionally, transcription of the 

CDKN1A gene, encoding the tumour suppressor p21, was higher in cells with 

LSG1 knockdown. Overall, these results indicate that senescence induced by 

60S ribosome maturation inhibition is a phenomenon that involves several 

tumour suppressor pathways and this would presumably be important for the 

success of a therapy based upon inhibition of 60S biogenesis.  

 

Likewise, the transcriptomic data showed a list of critical cell cycle 

components being downregulated in LSG1 knockdown, compared over the 

non-silencing control cells (Figure 5.5). The downregulation of the CDKs 1, 

2, 4 and cyclins may also contribute to inhibition of cell cycle progression. In 



Chapter 5: Understanding the mechanism of senescence induced by 
perturbation of 60S ribosome maturation 

185 

 

particular, cyclin A2 (CCNA2 gene), is not only a core regulator of cell cycle, 

but also of cytokinesis and therefore is thought to be implicated in cancer 

metastasis [276]. cyclin B1 (CCNB1 gene) is responsible for the activation of 

CDK1 and its downregulation has been shown to mediate DNA damage-

induced senescence [277]. Cyclin D1 (CCND1) regulates CDK4 activation 

and the complex cyclin D-CDK4 is one of the major factors involved in cell 

cycle progression through phosphorylation of pRB and consequent release of 

E2Fs. Moreover, CDK4 is shown to drive neoplastic transformation when 

deregulated [278]. In conclusion, the transcriptomic analysis suggests that 

the expression of a variety of cell cycle regulators is altered in order to 

promote this senescent phenotype. 

 
Figure 5.5 Transcriptomic analysis reveals recruitment of core cell cycle arrest 

mediators in shLSG1-induced senescence  
Clustering of transcript levels of antiproliferative (CDKN1A, CDKN2A and CDKN2B) and 
proliferative cell cycle-related mRNAs. Control indicates cells transduced with a non-hairpin 
insert. This analysis was performed using the Cluster 3 and TreeView 3 tools. 
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5.2.2 Transcriptome analysis reveals a restricted SASP in 

60S ribosome maturation inhibition-induced senescence 

One of the features of senescence is the secretion of a cocktail of pro-

inflammatory chemokines and cytokines, collectively termed the senescence-

associated secretory phenotype (SASP). The transcriptomic data were 

analysed for the identification of critical factors involved in this pro-

inflammatory response, as they have been described before in OIS [199]. 

Clustering of the transcript levels revealed distinct expression patterns 

among the three conditions (Figure 5.6). In particular, a cluster of SASP 

factors that was largely specific for the knockdown of LSG1 and marginally 

increased in the OIS (KRASV12) was identified: this restricted SASP was 

characterised by ligands, receptors and transcriptional targets of TGF-β. The 

Activin A Receptor Type 2A (ACVR2A) and Activin A Receptor Type 1 

(ACVR1) genes encode transmembrane receptors specialising in 

downstream signalling of the activins, cytokine members of the TGF-β 

superfamily [279]–[281]. Furthermore, the TGF-β2 ligand and the TGF-β 

receptor 1 were highly transcribed in shLSG1-induced senescence, thus 

contributing to the specific SASP profile of our senescence response. Other 

secreted factors of this response included the serine proteinase inhibitor E1 

(SERPINE1), also known as plasminogen activator inhibitor 1 (PAI-1) that 

functions in fibrinolysis and the insulin-like growth factor-binding protein 7 

(IGFBP7): both of these genes are targets of the TGF-β pathway [282], [283]. 

This analysis elucidated a restricted SASP signature in 60S ribosome 

maturation perturbation-induced senescence, when compared over the OIS 

SASP, that is centred on TGF-β signalling. Furthermore, preliminary data 

derived from Gene Set Enrichment Analysis (GSEA) indicated that there is no 

strong enrichment of the canonical SASP in this senescence response 

(further analysis in progress) (Figure 5.7).  
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Additionally, this analysis identified an OIS-specific SASP signature 

consistent with previous reports [194], [199], [284] (Figure 5.6 cluster 3, 

region A). The region A of cluster 3 consists of the chemokines of the C-X-C 

motif CXCL1, CXCL3 and CXCL6, the interleukins IL-1α, IL-1β and IL-8, the 

metalloprotease MMP1, amphiregulin (AREG) and epiregulin (EREG), both 

members of the EGF family, the bone morphogenetic protein 2 (BMP2) and 

inhibin β A subunit (INHBA), both members of the TGF-β family. Overall, the 

OIS-specific SASP profile is associated with the canonical NF-κB SASP 

[194], [202] 

 
Figure 5.6 Transcriptomic analysis reveals a restricted SASP in shLSG1-induced 
senescence  
This heatmap shows a clustering of transcript levels of SASP factors after comparing the 
non-hairpin Control, shLSG1 and KRASV12 RNA sequencing results to the list of canonical 
SASP factors detected in OIS that have been described before (Acosta et al., 2013 [199]). 
The Cluster 2 contains a set of mRNAs that are specific for shLSG1 (versus KRASV12) that 
includes TGF-β2 and related genes. The cluster 3 region A is OIS-specific and is comprised 
of NF-κB-driven canonical SASP genes, such as chemokines and cytokines that are not 
enriched in shLSG1. The analysis was performed using the tools Cluster 3 and TreeView 3. 
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Figure 5.7 Gene Set Enrichment Analysis (GSEA) indicates lack of SASP enrichment 
in shLSG1-induced senescence 
The GSEA analysis was performed using the GSEAPreranked software developed at the 
Broad Institute. Data from RNA sequencing of MRC5 shLSG1 samples were compared to 
the list of canonical SASP factors detected in OIS that have been described before (Acosta 
et al., 2013 [199]). 
 

 

The above findings are consistent with immunostaining data (Figure 5.8). 

Expression of the canonical SASP interleukins IL-1α, IL-1β, IL-6 and IL-8 

was not increased in shLSG1 cells. Nevertheless, their expression was much 

higher in KRASV12 cells. 

 

Enrichment	plot:	SASP	
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Figure 5.8 Immunofluorescence staining reveals the lack of interleukin SASP factors 
in shLSG1-induced senescence 
Immunofluorescence followed by high content imaging analysis in MRC5 cells transduced for 
7 days with non-hairpin Control, shLSG1 and KRASV12 constructs, for the SASP factors IL-
1α, IL-1β, IL-6 and IL-8. KRASV12 overexpression is included as a positive control. The 
analysis was carried out using the software MetaXpress 5.1.0.46. Representative images for 
IL-6 and IL-8 are shown, scale bar: 100μm. The error bars represent the SD of the 3 
technical replicates. Each value plotted here is the mean of 3 technical replicates +/- SD. 
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5.2.3 Analysis of the transcriptomic data suggests 

enrichment of the cholesterol biosynthesis pathway in 

shLSG1-induced senescence  

Gene Set Enrichment (GSE) analysis demonstrated the biological processes 

that were mostly involved in the senescence response. The top hit by far was 

the process of cholesterol biosynthesis represented by several gene 

annotations on the top of the fold-change list, most of which correspond to 

enzymes of this pathway (Table 5.1). Cholesterol is an essential molecule for 

eukaryotic membranes, holding a key role in membrane composition, 

function and dynamics. It is produced through a multi-step biosynthetic 

process, explained in Figure 5.9. 3-Hydroxy-3-Methylglutaryl-Coenzyme A 

reductase (HMGCR) is a rate-determining enzyme in the cholesterol 

biosynthesis pathway that catalyzes the conversion of HMG-CoA into 

mevalonate [285]. 3-Hydroxy-3-Methylglutaryl-CoA Synthase 1 (HMGCS1) is 

the enzyme required for HMG-CoA synthesis and therefore the first limiting 

factor in cholesterol biosynthesis. Another rate-limiting enzyme in sterol 

biosynthesis is the enzyme squalene epoxidase (SQLE) whose function is 

the catalysis of the first oxygenation step of the pathway. Notably, HMGCR 

and HMGCS1 and SQLE are three of the most significantly upregulated 

genes in the transcriptomic analysis. Consistent with these findings, 

preliminary data from GSEA analysis for the cholesterol biosynthesis 

pathway members demonstrated enrichment in shLSG1 with an enrichment 

score (ES) of 0.82 (Figure 5.10). 
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Table 5.1 List of cholesterol biosynthesis-related genes enriched in shLSG1-induced 
senescence and their respective functions 
This table provides the top cholesterol biosynthesis-related transcripts that were enriched in 
the transcriptomic analysis for shLSG1 versus non-hairpin control, alongside their definition 
and fold-change, as analysed using the software Babelomics-5. The genes in grey shade 
correspond to enzymes of the biosynthetic pathway. 
 

 
 

Cholesterol	biosynthesis	
Gene	 Name	 Fold-change	
MSMO1	 Methylsterol	monooxygenase	1	 14.16016361	
HMGCS1	 3-Hydroxy-3-Methylglutaryl-Coenzyme	A	Synthase	1	 14.12969708	
CYP51A1	 Cytochrome	P450	Family	51	Subfamily	A	Member	1	 10.40743444	
ANGPTL4	 AngiopoieJn	Like	4	 10.08841792	
TRIB1	 Tribbles	Pseudokinase	1		 9.624246129	
IDI1	 Isopentenyl-Diphosphate	Delta	Isomerase	1	 9.341252279	
DHCR7	 7-Dehydrocholesterol	Reductase	 9.269556063	
SQLE	 Squalene	Epoxidase	 9.077828372	
HMGCR	 3-Hydroxy-3-Methylglutaryl-CoA	Reductase	 8.910346201	
FDFT1	 Farnesyl-Diphosphate	Farnesyltransferase	1	 8.889661571	
MVK	 Mevalonate	Kinase	 6.419501718	
LIPA	 Lipase	A	 6.380302813	
MVD	 Mevalonate	Diphosphate	Decarboxylase	 6.151396951	
HSD17B7	 Hydroxysteroid	(17-beta)	dehydrogenase	7	 3.52407119	
NSDHL	 NAD(P)	Dependent	Steroid	Dehydrogenase-Like	 3.313212088	
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Figure 5.9 A simplified schematic of the cholesterol biosynthesis, the function of 
simvastatin inhibitor and the localisation of enzymes detected in the transcriptomic 
analysis 
Cholesterol biosynthesis in cells takes place in two pathways, the Kandutsch-Russell and the 
Bloch pathway. Both pathways start from acetate and branch out at lanosterol. HMG-CoA 
reductase is the first rate-determining enzyme in the pathway. It catalyses the conversion of 
HMG-CoA into mevalonate. Mevalonate is used to produce 7-dehydrocholesterol (7-DHC) 
and desmosterol for the Kandutsch-Russell and Bloch pathways, respectively. 3β-hydroxy-
steroid-D7-reductase (DHCR7) catalyses the conversion of 7-DHC to cholesterol in the last 
step of the Kandutsch-Russell pathway. Similarly, 3β-hydroxy-steroid-D24-reductase (24-
DHCR) catalyses the conversion of desmosterol into cholesterol in the Bloch pathway. 
(Adapted from Singh et al., 2013 [285]) Also, LIPA catalyses the hydrolysis of cholesteryl 
esters into cholesterol. Simvastatin inhibits the HMGCR enzyme, therefore blocking the 
conversion of HMG-CoA to Mevalonate. 
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Figure 5.10 GSEA analysis of transcriptomic data shows striking enrichment in 
cholesterol biosynthesis pathways in shLSG1-induced senescence  
The GSEA analysis was performed using the GSEAPreranked software. Data from RNA 
sequencing of MRC5 shLSG1 samples were compared to the cholesterol biosynthesis 
signature. 

Enrichment	plot:	Cholesterol	Biosynthesis	

Gene	 Rank	Metric	Score	 Running	ES	
HMGCS1	 13.96983624	 0.12195067	
MSMO1	 11.77668667	 0.22468297	
CYP51A1	 10.79169464	 0.31888983	
HMGCR	 9.184850693	 0.39870405	
FDFT1	 7.897057533	 0.4672033	
IDI1	 7.720106125	 0.53423095	
DHCR7	 7.451408863	 0.5989861	
SQLE	 7.197335243	 0.661377	
MVD	 5.778617859	 0.70758116	
LIPA	 5.419286251	 0.7525495	
MVK	 4.446445942	 0.7809827	
NSDHL	 3.091832876	 0.7650543	
HSD17B7	 3.001606703	 0.78613895	
CEL	 2.956899405	 0.8090268	
DHCR24	 2.76086092	 0.8206252	
EBP	 1.897137046	 0.75785613	
FDPS	 1.879590034	 0.7722169	
ACAT2	 1.101301789	 0.66799	
SOAT1	 0.421739995	 0.54079497	
TM7SF2	 -0.6188429	 0.32356068	
LSS	 -0.729777694	 0.30909342	
ACAT1	 -1.294129491	 0.23389503	
PMVK	 -3.166125536	 0.08876215	
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5.2.4 Cholesterol biosynthesis factors are not required for 

the senescence induced by 60S ribosome maturation 

inhibition 

A question that emerged and needed to be addressed was whether the 

upregulation of cholesterol biosynthesis is a prerequisite for senescence 

mediated by LSG1 knockdown. In order to answer this question, the ability of 

LSG1 knockdown to trigger senescence under inhibition of the cholesterol 

biosynthesis pathway was assessed. Non-hairpin Control, shLSG1 and 

KRASV12 MRC5 cells were treated with 1μM simvastatin (Sigma, S6196), an 

inhibitor of HMG-CoA reductase, or DMSO starting the treatment on the 

same day as the antibiotic selection (day 2). On day 7 post-infection the cells 

were harvested or fixed and stained for the senescence markers BrdU, p16 

and p21, whilst western blot analysis verified the knockdown of LSG1 

(Figure 5.11). SQLE and HMGCS1 were upregulated by shLSG1 (matching 

the transcriptomic data) and SQLE was stabilised under the effect of 

simvastatin, consistent with inhibition of the pathway by this compound 

(Figure 5.11). Quantification of the immunostaining indicated that 

senescence was induced regardless of the inhibition of the cholesterol 

biosynthesis pathway (Figure 5.12). Therefore, enhanced cholesterol 

biosynthesis may not be a prerequisite for shLSG1-induced senescence, but 

rather a stress response to loss of LSG1 function. Since the majority of 

cholesterol biosynthesis steps occur in the smooth endoplasmic reticulum 

(SER) [286], [287], it is possible that loss of LSG1 function leads to stress at 

the ER, perhaps at the rough ER (RER) where ribosomes translate secreted 

proteins. However, we need to acknowledge the weakness of this 

experiment: the lack of verification that simvastatin successfully inhibits the 

cholesterol biosynthesis pathway. Although the upregulation of SQLE, an 
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enzyme downstream of the target of simvastatin HMG-CoA reductase, may 

provide some evidence, additional examination is required. Future assays 

could involve flux analysis using cell labelling with isotopes, followed by liquid 

chromatography–mass spectrometry. 

 
Figure 5.11 SQLE and HMGCS1 are upregulated when LSG1 is downregulated and are 
accumulated when cholesterol biosynthesis is inhibited by simvastatin 
Western blot analysis in non-hairpin Control, shLSG1 and KRASV12 MRC5 cells treated with 
DMSO or 1μM Simvastatin for 5 days (treatment started on the day of selection). Probing for 
LSG1 indicates the knockdown efficiency. Probing for the cholesterol biosynthesis factors 
SQLE and HMGCS1 was also performed. RPL28 served as a reference protein. 
 
 
 

 
Figure 5.12 Inhibition of cholesterol biosynthesis does not bypass senescence 
triggered by LSG1 knockdown 
BrdU, p16 and p21 immunofluorescence followed by high content microscopy and image 
analysis using the MetaXpress 5.1.0.46 software. Non-hairpin Control, shLSG1 and KRASV12 
MRC5 cells were used. Treatment with DMSO or 1μM Simvastatin lasted for 5 days 
(treatment started on the day of selection). The error bars represent the SD of 3 technical 
replicates. 
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5.2.5 Knockdown of ALK4 may bypass shLSG1-induced 

senescence 

An additional experiment was designed in order to validate the transcriptomic 

analysis and elucidate the role of the TGF-β pathway in the senescence 

response. Based on the transcriptomic data, the transcripts ACVR1 (1B: 

ALK4, 1C: ALK7) and TGFBR1 are enriched in the shLSG1-specific 

senescence signature. ACVR1 and TGFB Receptor 1 (TGFBR1) belong to 

the activin receptors of the TGF-β superfamily. ACVR1B produces ALK4 and 

ACVR1C produces ALK7, whereas TGFBR1 encodes for the receptor ALK5 

[288]. To validate the role of these receptors in the senescence response, 

MRC5 cells were transduced lentivirally with shALK4, shALK5, shALK7 

alongside with an empty vector control, as described before [199] (data for 

shALK7 not shown). A non-hairpin insert and empty vector were used as 

negative control, whereas shp53 was used as a positive control for 

senescence bypass. Then, each cell line was transduced with shLSG1 (and 

the corresponding non-hairpin control insert) to induce knockdown of LSG1 

(Figure 5.13 A). The shRNAs achieved knockdown, as shown by qPCR 

analysis for ALKs (Figure 5.13 A, B) and western blotting for p53. p16 and 

p15 mRNA quantification indicated that both were elevated upon LSG1 

knockdown (Figure 5.13 C). Notably, p15 is a downstream factor of TGF-β 

signalling [160], [275]. Although shALK4 seemed to mildly inhibit the 

induction of p16 and p15 in shLSG1, shALK5 did not exert similar effect. 

Also, shp53 did not induce bypass as expected, which may indicate that the 

experiment did not work. These are preliminary data and repetition of the 

experiment is required. 
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Figure 5.13 Knockdown of ALK4 reduces shLSG1-induced senescence  

A. Western blot showing the knockdown of LSG1 upon shLSG1 transduction versus 
non-hairpin control-empty vector across the several cell lines. The knockdown of p53 
due to shp53 is also shown. RPL28 is used as a reference protein. 

B. Quantitative PCR (qPCR) for detection of the mRNA expression levels of ALK4 and 
ALK5. The graphs show the fold-change in expression levels as compared to the 
control (Vector-Control). 

C. qPCR for detection of the mRNA expression levels of p16 and p15. The graphs 
show the fold-change in expression levels as compared to the control (Vector-
Control). mRNA from shp53-transduced cells was used as a positive control for 
senescence bypass. 
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5.3 CRISPR genome-wide screen 

Following the transcriptomic profiling we proceeded with a genetic screen in 

order to elucidate further the mechanism involved in triggering the 

senescence response. The newly described, very elegant pooled CRISPR- 

CRISPR associated protein 9 (Cas9) genome-scale knockout screen [250], 

[289] was chosen over RNAi interference strategies, because it allows 

protein depletion by targeting at the genomic level with high specificity and 

reduced off-target effects. In this screen, a pool of 123,411 gRNAs developed 

by the Zhang lab was used for knocking out 19,050 genes. The pool 

contained 6 gRNAs that specifically target each one of those genes. Each 

gRNA is present in the plasmid lentiCRISPRv2, which contains the Cas9 

gene and offers the advantage of high titer virus production in short time. The 

principle of this screen was to identify genes that are required for the cell to 

be sensitive to the selection mechanism applied, e.g. the inhibition of 60S 

ribosome maturation through LSG1 knockdown, in the current instance 

(senescence bypass screen). Briefly, the experimental strategy followed 

involved: 1. production of the lentivirus, 2. infection of MRC5 cells for gRNA 

transduction and selection, 3. infection of the library-transduced cells with 

shLSG1 (and control), in order to induce senescence and selection, 4. 

expansion for two weeks (Figure 5.14). The genomic DNA of the cells was 

analysed by next generation (Ion Torrent) sequencing and the enrichment of 

the gRNA sequences was used as a readout. Our hypothesis was that 

gRNAs that knockout genes essential for senescence to occur should give 

growth advantage to the shLSG1 cells and therefore be enriched in the final 

population. 

 



Chapter 5: Understanding the mechanism of senescence induced by 
perturbation of 60S ribosome maturation 

199 

 

 
Figure 5.14 Experimental strategy of CRISPR genome-wide screen 
MRC5 cells were transduced with a lentiviral pool carrying the gRNAs. The successfully 
transduced, genetically modified cells survived the selection procedure and were transduced 
with an shRNA against LSG1 (shLSG1) (and the non-hairpin control) lentivirally. Again, the 
successfully transduced cells survived the selection. Transduction with shLSG1 was 
designed to induce senescence and confer stress to the cells. However, the knockout of 
certain genes by gRNAs should bypass the senescence phenotype. Hence, the cells were 
cultured for a period of 2 weeks and the ones missing genes essential for senescence 
should obtain a growth advantage, expand and therefore the corresponding gRNA 
sequences should be enriched. (Adapted from Miles et al., 2016 [290]) 
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In order to assess the representation of the library in the experiment, the 

library plasmid DNA was sequenced alongside the rest of the samples and 

the data were compared to the sequencing data of the library control (input, 

i.e. cells only transduced with the gRNA library). 97,880 gRNAs were 

detected in the input sample, over 118,587 in the library, which indicates an 

83% representation. Considering that 6 gRNAs per gene were included in the 

pool, we concluded that high representation was achieved. 

 

For the analysis, two comparisons were performed. First, the fold-changes 

between the input and the shLSG1 were calculated. Secondly, the fold-

changes between the input and the non-hairpin control were measured. The 

second comparison would allow the identification of genes that give growth 

advantage to the cells due to general selective mechanisms and therefore 

should not be considered as shLSG1-specific but treated as a separate 

group.  Screen hits were chosen as gRNAs with z-score equal or higher than 

2 and genes targeted by 2 or more distinct gRNAs. The analysis revealed 62 

genes targeted by at least 2 gRNAs that could be potential mediators of the 

senescence response (Table 5.2). Among those genes, there were 4 

(Carcinoembryonic Antigen Related Cell Adhesion Molecule 4 -CEACAM4- 

Ceramide Synthase 4 -CERS4- Chondroadherin -CHAD- and Keratin 

Associated Protein 5-2 -KRTAP5-2) hits non-specific for shLSG1 that also 

gave a growth advantage in the control cells. Surprisingly, 3 out of the 62 top 

hits (Abhydrolase domain-containing protein 2 -ABHD2- Cancer/Testis 

Antigen Family 47 -CT47A1- Deleted in Azoospermia-Associated Protein 1 -

DAZAP1) were genes involved in testicular physiology and 6 out of 62 

(Arrestin Beta 2 -ARRB2- Cyclin-Dependent Kinase 5 activator 2 -CDK5R2- 

Erythrocyte Membrane Protein Band 4.1 Like 1 -EPB41L1- GDF7, 

CRGAP2D, UNC13A) were genes related to neural development and 
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neurotransmission. 

 

5.3.1 CRISPR genome-wide screen reveals TGF-β-related 

factors involved in 60S ribosome maturation inhibition-

induced senescence response 

Data derived from the transcriptomic screen suggested that the TGF-β 

pathway might be involved in the senescence response and we used this 

information to help interpret the gRNA screen data. Notably, the gene 

Inhibitor of Differentiation 3 (ID3) was among the final list of shLSG1-specific 

top hits in the CRISPR screen, targeted by 2 gRNAs with a fold-change as 

high as 1024 (Table 5.2). Moreover, Inhibitor of Differentiation 2 (ID2) 

appeared to be enriched as a result of a single gRNA. The GDF7 (Growth 

Differentiation Factor 7) and SMAD5 gRNAs were also enriched. All the 

aforementioned genes are TGF-β-related. ID2 and ID3 are TGF-β targets 

and belong to the inhibitor of differentiation (ID) protein family and function as 

dominant negative proteins that compete with the TGF-β-related basic helix 

loop helix (bHLH) transcription factors [291]. GDF7 is a secreted ligand of the 

TGF-β superfamily and SMAD5 a transcription factor that transduces TGF-β 

signals.  

 

The transcriptomic expression data overlapped with the CRISPR enrichment 

data (with z-score greater or equal to 2) for 44 distinct genes (Table 5.3). 

This comparison revealed that ID2 was not only enriched in the CRISPR 

knockout screen, but also overexpressed in shLSG1-induced senescence, as 

the transcriptomic analysis revealed. Moroever, among the overlapping 

genes were SMAD5 and Matrix Metallopeptidase 2 (MMP2). MMP2 encodes 

a matrix metalloproteinase which is associated with the SASP [292] and is 
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triggered by TGF-β signalling [293]. The above comparison constitutes a 

confirmation for the validity of the screen and the findings provide more 

evidence for the role of the TGF-β pathway in 60S ribosome maturation 

inhibition-induced senescence. 

 

Table 5.2 List of CRISPR genome-wide screen top hits 
This list presents (in alphabetical order) the 62 hits that were identified in the CRISPR 
screen. The CRISPR-mediated knockout of those genes induced bypass of senescence in 
shLSG1 cells and the respective gRNAs were enriched in the final population. Genes 
targeted by 2 or more gRNAs that yieled z-score equal or greater than 2 were chosen. The 
names highlighted in bold represent the genes that were also enriched in the non-hairpin 
control as a result of selective pressure. 
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Table 5.3 List of top common genes in expression (transcriptomic analysis) and 
enrichment (CRISPR genome-wide screen) analysis 
This table features the genes shared by the transcriptomic and CRISPR top hit lists, 
alongside their fold-changes, z-scores and p-values. ID2, MMP2 and SMAD2 are 
highlighted. 

 

Enrichment	(CRISPR)	 Expression	(transcriptomics)	
Gene	 shLSG1/input	 z-score	 fold-change	 adjusted	p-value	
ACAA1	 6.194867097	 2.308295282	 3.351397674	 0.040653113	
CHRM4	 7.273602199	 2.756620574	 3.540284406	 0.031960578	
DAPK3	 25.72017966	 4.778806969	 4.729997011	 0.007694711	
DNAJB14	 1725.314787	 6.294310983	 5.823303083	 0.002205185	
ENC1	 350.0455111	 4.410941169	 9.140793688	 0.00011175	
FBXL12	 30.99814077	 2.99412386	 3.282999742	 0.044411022	
FIGN	 100.529046	 19.20618268	 4.437626037	 0.01096954	
FKBP10	 738.5158008	 2.638281789	 5.651431139	 0.002655697	
GRWD1	 133.2272545	 13.40684858	 3.467997291	 0.035143735	
ID2	 51.22051071	 9.696711423	 3.460102642	 0.035567963	
IFITM10	 109.8789153	 2.476066131	 4.981317513	 0.005702871	
IL17RA	 7.412001064	 2.814139525	 4.346682626	 0.012211348	
KIRREL	 10.98227828	 4.297956609	 4.532300346	 0.009718591	
LATS1	 36.68148807	 3.573011114	 4.008214171	 0.018070705	
LMTK2	 46.55865315	 4.579066993	 3.296959472	 0.043687112	
MKI67IP	 17.58069347	 3.209054197	 3.599740489	 0.029611481	
MMP2	 97.50435372	 18.62285113	 3.821036498	 0.022806037	
MMP2	 579.9185825	 2.364026008	
NOL6	 33.88558777	 6.353558954	 5.507425335	 0.003114028	
PCLO	 23.44021496	 4.339100971	 3.227303871	 0.04785587	
PCNXL2	 1697.446266	 3.613543022	 3.33892635	 0.041263509	
PHLPP2	 9.450534591	 3.661359696	 4.46942161	 0.01061839	
PPIC	 22.87459879	 2.166686321	 3.98456453	 0.018538647	
PPP3CA	 270.8180178	 6.245205009	 4.026764965	 0.017654884	
PSAP	 6.817557563	 2.567087162	 3.232301201	 0.047500244	
PTGER4	 1782.318579	 3.800295104	 7.910699762	 0.000291256	
RAB2B	 3830.865982	 89.62031389	 4.018811376	 0.017840946	
SAMD8	 12.17245735	 2.166040739	 3.836030264	 0.02240635	
SEMA6D	 29.0944088	 5.429548972	 5.819205118	 0.002205797	
SFT2D2	 15.17972141	 2.746011141	 3.674680821	 0.026940216	
SLC6A15	 81.80983849	 8.16963797	 7.871044861	 0.000302516	
SMAD5	 981.7319822	 4.089654883	 3.617237083	 0.029006839	
TMEM2	 13.67621853	 2.456050848	 3.761716799	 0.024387909	
TMEM200C	 12.23551489	 4.81880521	 4.007346008	 0.018070705	
TMEM30A	 194.5367522	 2.392669226	 7.266148812	 0.00051274	
TMEM5	 11.55183889	 2.046350438	 4.970356603	 0.005777123	
TMEM66	 73.64749243	 7.338247973	 3.864294765	 0.021585054	
TOM1L2	 1274.35145	 4.623519721	 4.492711472	 0.010254503	
TPM1	 1660.710489	 6.054956055	 6.195101325	 0.001459687	
TSPAN17	 9.047333953	 3.493788396	 4.833342234	 0.006821073	
TTC17	 657.4437403	 2.696965753	 4.94717584	 0.005931648	
VCAN	 13.10566645	 2.346016174	 6.280051804	 0.001358201	
ZFAND3	 50.09095164	 4.938855418	 4.454476373	 0.010749429	
ZFYVE1	 15.00396119	 2.712114643	 3.321051796	 0.0422254	
ZKSCAN1	 48.86652797	 9.242730563	 4.040206469	 0.017398915	
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5.3.2 CRISPR genome-wide screen analysis suggests that 

shLSG1-induced senescence is not p53-dependent in long 

term 

It has been already suggested in chapter 3 that the knockdown of LSG1 

induces p53-dependent senescence. Based on the CRISPR screen results, 

only one out of 6 gRNAs that target p53 offered growth advantage to the 

shLSG1-transduced cells (Table 5.4). However, the same effect was 

observed in the non-hairpin-transduced control cells, where only one gRNA 

for p53 was enriched. Therefore, p53 gRNA enrichment was not shLSG1-

specific and thus it appears from this experiment that p53 may not be 

required for retaining senescence in the long term. gRNAs against p53 were 

initially considered as a good positive control in the senescence bypass 

CRISPR screen, since in chapter 3 we show that shLSG1-induced 

senescence is p53-dependent.  Therefore, we could argue that the screen 

did not work. However, another possible explanation could be that p53 

knockout did bypass senescence, but given the long experimental timeline, 

additional stresses, such as translation defects appeared and induced growth 

arrest responses. In that regard, the success of the CRISPR screen results 

remain ambiguous and repetitions are required. 
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Table 5.4 p53 (TP53) gRNAs are not enriched in shLSG1 in a CRISPR genome-wide 
screen 
Only 1 (TP53 (5)) out of the 6 gRNAs that target TP53 yielded enrichment and achieved a z-
score higher than 2. However, the same gRNA offered growth advantage to the control cells 
too (non hairpin con sh/input), therefore this enrichment was not considered shLSG1-
specific. 
 

  
 

 

 

 

 

 

 

 

 

 

 

 

 

gRNA	 con	sh/input	 z-score	 shLSG1/input	 z-score	
p53	(1)	 1.66388778	 0.059737503	 0.00370395	-0.264769244	
p53	(2)	 0.054340109	 -0.270302815	 0.038386392	 -0.15933593	
p53	(3)	 13.20464647	 0.514413402	 0.115159177	-0.094563593	
p53	(4)	 1.000919258	 -0.325720804	 0.522277062	-0.049248824	
p53	(5)	 425.2501669	 6.249403518	 601.5257343	 7.6747797	
p53	(6)	 0.491476096	 -0.20395429	 0	-0.163245843	
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5.3.3 CRISPR genome-wide screen analysis suggests that 

cholesterol biosynthesis genes are not required in 60S 

ribosome maturation inhibition-induced senescence 

Although a great number of genes involved in the cholesterol biosynthesis 

pathway appeared overexpressed in shLSG1-induced senescence, the 

experiment with simvastatin argued that they are not required for the 

establishment of the phenotype. The CRISPR genomic screen further 

confirmed this finding. In particular, all cholesterol biosynthesis-related genes 

that appeared to be highly expressed in our response, based on the 

transcriptomic analysis, did not yield z-scores higher than 2 in the enrichment 

analysis (Figure 5.15). The cholesterol biosynthesis signature was not 

retrieved and therefore those factors seem to not be mediating 60S ribosome 

maturation inhibition-induced senescence. 

 

 
Figure 5.15 The z-scores of gRNAs targeting cholesterol biosynthesis genes 
The z-scores of the gRNAs targeting the cholesterol biosynthesis genes that were identified 
in the transcriptomic analysis are shown. All z-score values are less than the selected cutoff 
2. 
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5.3.4 CRISPR validation assay 

In order to elucidate the role of certain gene hits of the transcriptomic 

analysis and CRISPR screen as well as to provide more confidence for the 

validity of the CRISPR screen, we proceeded with validation assays. In this 

experiment, individual gRNAs of the library corresponding to the top hits were 

cloned into the lentiCRISPRv2 plasmid and were transduced to MRC5 cells 

lentivirally, followed by LSG1 knockdown and senescence bypass 

assessment. The overlapping hit genes between the 2 analyses were 

chosen: ID2 (gID2), MMP2 (gMMP2A and gMMP2B) and SMAD5 (gSMAD5), 

all of which are involved in TGF-β signalling, as discussed earlier. 

Furthermore, the CRISPR screen top hits ID3 and GDF7 were included (2 

gRNAs each: gID3A, gID3B, gGDF7A and gGDF7B), alongside a gRNA for 

p53 as positive control (gp53) and a non-targeting gRNA construct (gNT), as 

a negative control, thus generating 9 cell lines. From these we proceeded 

with the cell lines gNT, gID3A, gID3B, gSMAD5 and gp53 and transduced 

each one of these with shLSG1 and non-hairpin insert Control constructs, 

lentivirally. Western blot analysis revealed the successful knockdown of 

LSG1 and p53 (Figure 5.16 A) and qPCR expression analysis verified 

downregulation of ID3 (especially by gID3B) and SMAD5 by the gRNAs 

(Figure 5.16 B). Subsequently, the levels of p16 and p15 were measured by 

qPCR (Figure 5.16 C). Both p16 and p15, a downstream factor of the TGF-β 

pathway [160], [275], were elevated in gNT cells upon LSG1 knockdown. 

However, absence of ID3 due to gID3A abrogated this phenotype, consistent 

with the effect of g53. gID3B and gSMAD5 bypassed the p16 effect, but not 

the p15 one. Overall, our preliminary data seem promising, however 

replicates should be performed where more hits would be included and more 

senescence markers would be tested. 
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Figure 5.16 CRISPR screen validation assay 

A. Western blot showing the knockdown of LSG1 upon shLSG1 transduction across the 
several gRNA cell lines. Control cells were transduced with the non-targeting (NT) 
oligo and the non-hairpin construct. The knockdown of p53 due to gp53 is also 
shown. RPL28 is used as a reference protein. 

B. qPCR for detection of the mRNA expression levels of ID3 and SMAD5. The graphs 
show the fold-change in expression levels as compared to the control (gNT-Control). 

C. qPCR for detection of the mRNA expression levels of p16 and p15. The graphs 
show the fold-change in expression levels as compared to the control (gNT-Control). 
mRNA from gp53-transduced cells was used as a positive control for senescence 
bypass. 
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5.4 Discussion 

This chapter presented attempts to elucidate the mechanistic basis for 

senescence induced by 60S ribosome maturation perturbation and to identify 

core mediators in this response. Three main experimental approaches were 

followed: an RPPA analysis, a transcriptomic analysis and a lentiviral 

CRISPR genome-wide screen. 

 

By looking at the protein expression level, BIM was found to be remarkably 

upregulated in LSG1-silenced MRC5 cells. BIM is a pro-apoptotic factor of 

the BCL-2 family, inducing apoptosis directly by activating apoptotic proteins 

and indirectly by inactivating anti-apoptotic factors [270]. This finding could 

imply that the intrinsic apoptosis pathway is triggered in the senescence 

response. Indeed, previous studies have reported that perturbation of 

ribosome biogenesis through inhibition of nucleolar transcription induces 

apoptosis [123], [294]. However, in the studies presented here, no apoptosis 

was evident (data not shown). Notably, a recent study reports BIM as a pro-

survival factor in prostate and breast cancer cells where it is constitutively 

upregulated [295]. A possible explanation of this paradoxical activity has 

been described before. In particular, BIM pro-apoptotic function may be 

nullified by high expression of pro-survival proteins, such as B-cell 

lymphoma-extra large (BCL-xL) and induced myeloid leukemia cell 

differentiation protein (MCL-1), which sequester BIM to the mitochondria 

through microtubule-dynein transfer [296]. Therefore, it is likely that BIM 

expression alone as an acute stress response is not sufficient to induce 

apoptosis, after LSG1 knockdown, but it might induce apoptosis at a later 

stage when pro-survival mechanisms have been compromised [295]. The 

insufficiency of BIM to trigger apoptosis might be related to its binding to and 

engagement by light chain 8 (LC8), a component of the microtubule dynein 
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motor complex. Future studies comprising of time-course apoptotic assays 

could address this hypothesis. 

 

BIM-mediated apoptosis has been shown to be triggered by endoplasmic 

reticulum (ER) stress [271]. Ribosomes localise in the rough ER (RER) in 

order to directly link protein production to membrane enclosure and 

secretion. Perturbation of ribosome biogenesis by targeting LSG1 might lead 

to generation of impaired ribosomes and therefore translation deficiency in 

the ER cisternae. Many studies have shown that accumulation of unfolded or 

misfolded proteins in the ER lumen can trigger the Unfolded Protein 

Response (UPR) pathway that is perturbs ER homeostasis and is sensed as 

ER stress [297]. Indeed, inhibition of translation has previously been shown 

to cause ER stress, leading to activation of inflammatory responses [298], 

[299]. It is conceivable that ER-related toxicity might induce BIM activity in 

our system. A study in 2006 reported that ribosomal stress couples the UPR 

to p53-dependent cell cycle arrest, via an interaction of the ribosomal 

proteins RPL5, RPL11 and RPL23 with Human Double Minute (HDM2), 

leading to p53 stabilisation [297]. Hence, there might be similarities between 

the senescence response and ER stress-induced growth arrest, as a result of 

ribosome maturation impairment through LSG1 knockdown. The involvement 

of the ER in a stress response to LSG1 inhibition is further suggested by 

reports that LSG1 is predominantly localised in the ER [300] and that RPL10 

(called QM protein at the time), a co-factor in the LSG1 reaction and 

structural component of ribosomes, is associated with ribosomes in the rough 

ER [301]. Therefore, a distinct possibility is that LSG1 knockdown directly 

impacts upon 60S maturation at the ER and that this leads to stresses that 

trigger senescence.  Indeed, this hypothesis is the basis of ongoing studies. 
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Cholesterol is an essential component for the building and proper function of 

the ER membranes. The transcriptomic results demonstrate an increase in 

core cholesterol biosynthesis components and especially rate-limiting factors 

in the pathway, suggesting a possible role for cholesterol in the senescence 

response. However, inhibition of this pathway with simvastatin does not 

prevent senescence establishment in LSG1-silenced fibroblasts. Consistent 

with this, the CRISPR-mediated knockout of the cholesterol biosynthesis top 

hits did not bypass senescence. These observations may indicate that 

cholesterol biosynthesis is upregulated as a response to cellular stress, 

rather than a cause in senescence. This assumption is consistent with the 

hypothesis for an ER stress response, considering that cholesterol 

biosynthesis mainly takes place in the ER [286], [287]. Indeed, a recent study 

reported that ER stress and UPR are related to cellular cholesterol 

homeostasis [302]. In particular, ER stress causes activation of transcription 

factors known as sterol regulatory element binding proteins (SREBPs), which 

subsequently dysregulate cholesterol biosynthesis. 

 

Increased cholesterol biosynthesis is one of the features of senescence 

induced by LSG1 knockdown that distinguish it from OIS. Apart from that, 

GSEA analysis demonstrated no enrichment of the canonical pro-

inflammatory SASP response, as opposed to in OIS. Immunostaining further 

verified the lack of production of interleukins, despite their particularly higher 

expression and their critical role in OIS. From a therapeutic point of view, the 

lack of SASP could be a considerable advantage of our senescence 

response utility in cancer therapy, since it reduces the risk of inflammatory 

SASP-triggered tumourigenesis.  IL-6, in particular, has been linked to 

tumour progression and metastasis [303], [304]. On the other hand, core cell 

cycle arrest mediators were transcriptionally upregulated in our senescence 
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response as in OIS. p16, p14, p15 and p21 expression were remarkably 

increased in shLSG1 senescent fibroblasts, indicating a robust anti-

proliferative signature in this senescence response. 

 

Among the factors that are particularly specific for 60S ribosome maturation 

inhibition-induced senescence reside components of the TGF-β signalling 

pathway. This pathway is involved in senescence mainly through the 

induction of p15 and p21 [199], which are indeed overexpressed in our 

response. Notably, the transcriptional target of TGF-β SERPINE1 is activated 

in wound healing and has a role in fibrinolysis. In this regard, 60S ribosome 

stress-related SASP may represent a normal physiological response of 

fibroblasts to some form of stress, although the reason this would be 

activated by impairment of ribosome maturation remains unclear. Moreover, 

a NOTCH1-driven secretome has been recently described, where signalling 

through TGF-β prevails and which is mutually exclusive to the canonical 

SASP [203]. Absence of canonical SASP factors in the current response lead 

to the hypothesis that 60S ribosome maturation inhibition-induced 

senescence might be regulated by NOTCH1. As more pathways involved in 

senescence phenotypes are discovered, the opportunities to tackle and 

eliminate senescent cells in therapeutics also increase. 

 

The CRISPR genome-wide screen possibly supports further the suggestion 

that LSG1 silencing might confer a p53-independent long-term growth-arrest, 

which would be of great benefit in a potential cancer therapy application. 

However, repetition of the experiment is needed, including proper positive 

controls or using the gRNAs for p53 for this purpose, for shorter period of 

time. This screen also reinforced the suggestion that the TGF-β pathway 

might be mediating senescence induction and also suggested that it may be 



Chapter 5: Understanding the mechanism of senescence induced by 
perturbation of 60S ribosome maturation 

213 

 

one of the key drivers of the response.  In particular, SMAD5 may be 

essential for triggering cell growth arrest via regulating the transcription of 

anti-proliferative genes in the nucleus. Notably, SMAD5 has been reported to 

inhibit the proliferation of haematopoietic progenitor cells [305]. However, it 

should be taken into consideration that SMAD5 may also induce the 

transcription of ID2 and ID3, factors that generally promote proliferation, by 

suppressing G1 to S phase negative regulators [291], [306]. It is not 

surprising that both ID2 and ID3 were enriched in shLSG1 cells targeted with 

the gRNA library. In particular, the ID2 and ID3 targets of the TGF-β 

signalling pathway exert pro-tumourigenic effects and have been described 

as promoters of proliferation and migration at late stages of prostate cancer 

[291]. Recently, ID2 was shown to be upregulated by the bone-

morphogenetic protein 4 (BMP4) in hepatocellular carcinoma, thus inducing 

the epithelial-mesenchymal transition and promoting metastasis [307]. 

Moreover, a study has indicated that ID3 is required for tumour angiogenesis, 

lung cancer metastasis and can induce the formation of glioma stem-cell like 

cells [306]. Other studies have suggested that IDs regulate senescence and 

ID1, in particular, accomplishes that through repression of the transcription of 

p16 [308], [309]. Furthermore, another TGF-β pathway member, MMP2, 

whose gRNA was also significantly enriched in shLSG1 senescence bypass, 

is one of the members of the inflammatory SASP and has been shown to 

promote invasion in oral squamous cell carcinoma [310]. Thus, TGF-β-

related factors play an important role in controling senescence in 60S 

ribosome maturation inhibition-induced senescence, through modulating both 

anti-proliferative and pro-tumourigenic mediators. 

 

There is a list of future considerations for the continuation of the CRISPR 

genome-wide screen study. In order to provide more confidence with regard 
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to the validity of the screen, more validation assays are necessary. In future 

assays, more gRNAs should be included in the study to assess the 

reproducibility of the bypass phenotype in vitro. Of particular interest would 

also be the assessment of the association of the TGF-β pathway with the 

mechanisms that drive 60S ribosome maturation inhibition-induced 

senescence, since the screen results suggested that several TGF-β-related 

factors are involved in the senescence response. An experimental setting 

could be assessment of the protein levels of TGF-β targets and examination 

whether senesence is bypassed when these possible mediators are knocked 

down. 
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Discussion 

Cancer remains a disease that is challenging to treat and there is a clear 

need for development of advanced therapeutic approaches. In the last few 

years, there has been emerging interest in investigating the biology of 

ribosome biogenesis, partly to gain understanding into the ribosomopathies 

(diseases caused by defective ribosome biogenesis) but also with a view to 

inhibiting this process in cancer therapy. There is already a body of research 

focusing on the utility of inhibiting ribosome biogenesis in cancer [44], [116], 

[122], [123], [252], although we reasoned that our approach may offer 

advantages over those previously proposed. This study examined the 

potential of triggering tumour suppressive responses through targeting 

factors participating in the maturation of the 60S ribosomal subunit. The 

focus of our research was upon factors involved in the cytoplasmic 

maturation of the 60S ribosomal subunit – in particular the GTPases EFL1 

and LSG1 and the co-factor SBDS, the gene that is defective in Shwachman 

Diamond Syndrome. Promising results were obtained and a novel type of 

60S ribosome maturation perturbation-induced senescence was identified 

that hopefully could give rise to new avenues in cancer therapy. The main 

points of discussion in this chapter, based on our observations, are listed in 

Table 6.1. 
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Table 6.1 Main points of discussion in this chapter 

 

Observation 

 

Cell type 

 

Targeting of the 60S ribosome maturation elicits 

a p53-dependent acute senescence response, 

that may involve the p16 and TGF-β pathways 

 

MRC5  

 

60S ribosome maturation inhibition-induced 

senescence is characterised by lack of the 

inflammatory SASP that features in OIS 

 

MRC5 

 

60S ribosome maturation inhibition may elicit a 

p53-independent tumour suppressive response 

 

MRC5 

 

MCF-10A, MCF-10Aδ (3D model) 

 

60S ribosome maturation inhibition caused 

growth arrest in 3D models of transformed cells, 

although not reproducible  

 

MCF-10Aδ (3D model) 

MCF-10AαL (3D model) 

 

Targeting of the 60S ribosome maturation in 

orthotopic mouse models of SCC may yield 

insightful results 

 

Orthotopic mouse models of SCC 

 

Targeting of the maturation of the 60S 

ribosomal subunit does not elicit translation 

defects 

 

MRC5 

 

LSG1 may be required for the biogenesis of the 

subset of ER-specific ribosomes 

 

To be examined 

 

Senescence involved in SDS pathophysiology 

may present potential therapeutic targets 

 

To be examined 
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6.1 Targeting the maturation of the 60S ribosomal subunit 

elicits a p53-dependent acute senescence response  

This part of the study focused upon the stress responses triggered by 

perturbation of 60S ribosomal subunit maturation. Silencing of EFL1, LSG1 or 

SBDS elicits an acute senescence response, which seems not to be 

restricted by cell type or transformation status, since both human lung 

fibroblasts and normal, as well as transformed mammary gland epithelial 

cells exhibited this phenotype. This type of senescence is p53 but not p16-

dependent, since targeting of p53 bypasses the response whereas targeting 

of p16 does not. It is likely that the dominant pathway in this response 

involves p53 and p21, since in the absence of p16 in MCF-10A cells (where 

p16 is deleted [264]), shLSG1-induced senescence was mediated by a 

strong increase in p21 expression. The anti-proliferative nature of this 

phenotype is robust, as indicated by transcriptomic analysis where 

transcripts of anti-proliferative genes, such as CDKN1A, CDKN2A and 

CDKN2B were elevated and proliferative genes such as CDK1, CDK2 and 

CDK4 were downregulated. Therefore, 60S ribosome maturation 

perturbation-induced senescence is triggered through modulating both 

tumour-suppressive and oncogenic pathways. Our proposed model 

describing the senescence response is shown in Figure 6.1. 
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6.1.1 60S ribosome maturation inhibition-induced 

senescence: a novel type of anti-inflammatory senescence 

Extensive research in the field of senescence has provided insight into the 

composition of the senescence secretory phenotype, or SASP. The SASP 

has been described as a pro-inflammatory secretory response that consists 

of chemokines, cytokines and other factors [199]. This complex secreted 

cocktail elicits several functional responses, including reinforcement of 

senescence, stimulation of the innate immune system for clearance of the 

senescent cells, anti-tumourigenic effects and also, paradoxically, promotion 

of tumourigenesis [200]. Unlike for OIS, where many secreted factors have 

been described, the senescent response described here was accompanied 

by a very limited SASP, lacking IL-1α, IL-1β, IL-6 and IL-8 signalling, which 

are required to reinforce the senescence response. These findings suggest 

lack of IL-1α-mediated SASP activation through the inflammasome and NF-

κB. However, paracrine senescence, which is also controled by TGF-β 

signalling may still be present, since overexpression of multiple components 

of the TGF-β pathway (ACVR1, TGFB2, TGFBR1, ID2) was detected (Figure 

6.1). Moreover, ALK4, which mediates paracrine senescence [199], may 

have a role in this senescence response. Paracrine senescence is known to 

exert contradictory anti-tumourigenic and pro-tumourigenic functions. In 

employing ribosomal stress-induced senescence as a therapy, however, the 

risks of reported pro-tumourigenic SASP effects [200], [259] might be 

reduced due to the absence of the inflammatory SASP. Nevertheless, the 

tumourigenic potential of ID2 and ID3, whose function may be essential to 

promote the senescence response, should be further investigated. 
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Figure 6.1 Proposed model of senescence induced by perturbation of 60S ribosome 
maturation 
This is a schematic of the proposed model of senescence as a result of LSG1 knockdown. 
We propose that LSG1 knockdown may cause ER disruption, which leads to stress 
responses that induce senescence. This senescence response is regulated by the p53 and 
p16 signalling pathways that converge upon the inactivation of pRB, leading to cell cycle 
arrest and senescence. The p16 pathway may be triggered directly, or indirectly through 
p53. The TGF-β pathway, including the SMAD proteins, may also play a role in the induction 
of the response. The CDK inhibitors p21 and p15 are activated, possibly by either or both 
p53 and TGF-β. Also, the proteins ID2 and ID3 may be induced via TGF-β signalling, 
however their role remains unclear. Additionally, the TGF-β pathway may be activated 
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through NOTCH1, which would also induce inhibition of the canonical inflammatory SASP. 
The above speculations require further investigation. The (?) and dotted lines indicate the 
areas that future studies should primarily focus on. 
 
 

6.2 Targeting 60S ribosome maturation in a cancer 

therapeutic context 

6.2.1 60S ribosome maturation inhibition might elicit a p53-

independent tumour suppressive response 

Senescence is considered as a fail-safe anti-tumourigenic response, once 

established, and this feature is desirable for pro-senescence cancer 

therapies [229]. A major concern with such approaches is the p53-

dependence of the senescence response. Since p53 is mutated in a large 

proportion of cancers, a therapy that relies on p53-dependent senescence 

would have limited success. This was of particular concern in the current 

study, since the pathophysiology of many ribosomopathies, including 

Treacher Collins syndrome, 5q- myelodysplasia and, most importantly, SDS 

is dependent upon on p53 [35],[29], [41].  

 

Nevertheless, our results collectively indicate that although the senescence 

response requires p53, loss/inhibition of LSG1 may exert a p53-independent 

tumour suppressive response in the long term. Indeed, knockdown of LSG1 

strongly inhibited focus formation even in absence of p53. Moreover in a 

relatively short-term assay, MCF-10AαL mammospheres exhibited 

decreased levels of proliferation upon LSG1 silencing, despite the fact that 

their p53 pathway was compromised [248]. However, this experiment was 

not replicated. Additionally, promising data were obtained from in vivo studies 

in an orthotopic skin cancer mouse model where EFL1, LSG1 and SBDS 

were targeted, although further optimisation is needed in order to draw firm 
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conclusions. Overall, we provide compelling evidence to support the idea that 

inhibition of 60S ribosome maturation could be more advantageous as a 

therapeutic approach in cancer than targeting RNA pol I, which absolutely 

depends upon p53 function for its efficacy [122], [123], [126]. Future in vivo 

studies using conditional alleles of the 60S subunit maturation factors, in both 

wt and p53-/- backgrounds, would further investigate this idea. 

 

6.2.2 Targeting the maturation of the 60S ribosomal subunit 

does not elicit translation defects 

An important observation was that knockdown of LSG1 does not cause 

defects in global translation, as measured by an active translation assay and 

polysome profiling. This indicates that the senescence is triggered by a 

stress that is distinct from translational insufficiency. Indeed, under normal 

conditions the half-life of a ribosome is 5-10 days [311], which suggests that 

the number of ribosomes present in a cell should be sufficient to maintain 

normal translation levels within a short timeframe, particularly if proliferation 

is inhibited as it is in this case. However, cancer cells usually exhibit elevated 

rates of ribosome biogenesis, upregulated by oncogenes [14], [77]–[85], [88], 

[89]. High proliferation rates in cancer cells would lead to ribosome depletion 

sooner than in normal cells, which should impose additional layers of stress. 

Notably, proliferation should be maintained in cancer cells with acute bypass 

of senescence (e.g. p53-deletion), and this may consequently lead to more 

rapid 60S subunit depletion and tumour suppression, as indicated by the 

focus formation assay (chapter 3). According to our findings, in a potential 

therapeutic context of targeting LSG1 the normal non-cancerous cells would 

undergo senescence and therefore be able to maintain translation, whereas 

p53-depleted cancer cells should bypass the senescence and head into 
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translational stresses (Figure 6.2). Therefore, the proposed therapeutic 

strategy might show efficacy even for cancer cells that have lost p53. 

 
Figure 6.2 Hypothetical model of the therapeutic effect of LSG1 knockdown in cancer 
cells lacking p53 
According to our results, LSG1 knockdown triggers a p53-dependent senescence response 
in normal cells. Translational activity is retained in these cells. We speculate this is achieved 
because senescence and inhibition of cell proliferation serve as a ribosome pool 
preservation strategy. However, we propose that this may not be the case in cancer cells. 
Our data indicate that LSG1 knockdown may induce a p53-independent growth arrest. We 
speculate that the lack of p53, which characterises many cancers, prevents senescence 
from occurring. Therefore, the p53-/- cells carry on dividing, while being unable to produce 
new ribosomes (due to LSG1 knockdown). This may lead to exhaustion of the ribosomal pool 
and accumulation of stresses, possibly related to translational defects that may have tumour 
suppressive potential. The dotted line indicates several cycles of proliferation. 
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6.2.3 Potential problems in targeting the 60S ribosome 

maturation as a cancer therapy 

There is currently no reported study of targeting ribosome biogenesis in 

cancer that offers therapeutic potential in an exclusively p53-independent 

manner. Utilising the druggability properties of the 60S ribosome maturation 

factors in cancer could provide therapeutic solutions independently of p53. 

Notably, this approach could spare normal cells that would enter 

senescence, but would remain translationally and metabolically active. 

 

Would the inhibition of 60S ribosome maturation as a cancer therapy 

eventually cause SDS or SDS-related complications? A reasonable concern 

would be that patients receiving a treatment based on this strategy might be 

at risk of developing SDS symptoms. Although this outcome might be 

preferable over a terminal cancer condition, it is probably unlikely to occur. 

With regard to the susceptibility of SDS patients to leukaemia, this is an 

effect that occurs in adulthood, after many years of sustaining the causative 

mutation(s) and it is likely that it requires the appearance of suppressor 

mutations [43], [312]. The short duration of the therapeutic approach 

proposed here would presumably not allow such adverse effects to take 

place, although emergence of clones with suppressor mutations could be an 

issue. Moreover, pancreatic insufficiency in SDS patients resolves in early 

childhood and skeletal growth defects are also developmental, therefore they 

are not expected in an adult cancer patient. Although neutropenia could be a 

possible outcome of such a therapeutic strategy, it could be managed 

clinically. 
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6.3 A proposed model: LSG1 may be required for the 

biogenesis of the subset of ER-specific ribosomes 

Data obtained from measuring translation levels upon LSG1 knockdown 

(chapter 3) were surprising, considering that no inhibition of translation was 

detected [23], [24]. This observation made us question the importance of 

LSG1 in the biogenesis of the entire ribosomal content of a cell. Indeed, early 

reports suggested that LSG1 is localised in the ER [300], where the majority 

of cholesterol biosynthesis steps occur [286], [287]. Further evidence came 

from the elevated cholesterol biosynthesis enzymes levels, supporting the 

idea that ER-related stress correlates with the senescence response. 

Notably, RPL10 is suggested to be associated with ribosomes in the rough 

ER [301]. Therefore, a new hypothesis that LSG1 may be required only for 

the biogenesis of the ER ribosomes was formed. According to this 

hypothesis, LSG1 knockdown impacts upon 60S maturation at the rough ER 

(RER) cisternae, where secreted proteins are being translated, and this 

induces stresses that trigger senescence. However, LSG1 may not be 

required for global ribosome biogenesis and hence global translation is not 

impaired, as shown in chapter 3 (Figure 6.1).  Ongoing studies focus on 

understanding the localisation of LSG1, possibly in the RER, and of RPL10 

and NMD3 prior to and upon LSG1 knockdown, using subcellular 

fractionation and western blotting techniques [301]. Transmission electron 

microscopy will further clarify changes in the localisation of ribosomes in the 

RER and in the cytoplasm upon perturbation of the LSG1 reaction. Moreover, 

observing the ER morphology and assessing for possible alterations due to 

stress would be an additional asset for the study. 
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6.4 Senescence and SDS pathophysiology: therapeutic 

approaches 

Due to the complexity of the SDS phenotype, the rarity of the disease and the 

lack of extensive research, decisions about diagnosis and treatment 

management are often difficult to make [313]. Clinical diagnosis can be made 

in newborns, but occasionally the diagnosis may not be possible until 

adulthood when growth defects are established. Additionally, molecular tests 

can be performed to examine mutations in SBDS, however 10% of patients 

can be negative for these mutations [313]. Therefore, there is a need for 

improved early diagnostic methods in SDS. As far as SDS treatment is 

concerned, there is currently no cure and due to the complexity of the 

syndrome a combination of treatments is necessary to alleviate the 

symptoms. For instance, the patients may receive blood transfusions, 

hematopoietic stem cell transplantation, pancreatic enzymes and 

osteoporosis treatment. 

 

The challenges faced in SDS diagnosis and treatment are related to poor 

knowledge regarding the molecular mechanisms that drive the disease. As a 

future aim of this project, we will undertake studies to elucidate whether 

senescence mechanisms, such as DNA damage and recruitment of the p16 

and p53/p21 pathways, are involved in the physiology of SDS. Indeed, a 

recent study investigating SBDS-deficiency in murine pancreas provides 

evidence that senescence is related to SDS [41]. Notably, in this study the 

TGF-β and p15 pathways, both suggested regulators of the secretome of our 

senescent phenotype, were identified as mediators of senescence in 

pancreas. Firstly, these observations suggest that senescence biomarkers 

could be used for early diagnosis of SDS in patients lacking SBDS mutations. 

Secondly, they introduce new opportunities in SDS treatment by exploiting 
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senolytic approaches for the targeted removal of SDS-related senescent 

cells. Finally, these findings suggest a hypothesis for the high propensity of 

SDS patients for developing myelodysplastic syndrome (MDS) and leukemia 

with a poor prognosis [43], [312]. Activation of the p16/p53 pathways upon 

inhibition of ribosome maturation could put selective pressure on the cells to 

lose one of these pathways. In absence of one of the key tumour 

suppressors, those cells could be predisposed to cancer.  

 

6.5. Future considerations 

This project generated promising results that opened up several avenues for 

future study. However, additional work needs to be conducted in order to gain 

insight into the precise trigger(s) of the senescence response and the 

potential therapeutic value in perturbing this pathway. Ideally, in vivo studies 

should be carried out choosing model systems that produce results with less 

variability than those performed here. The human-derived keratinocyte 

orthotopic mouse model, with more investment in setup and reproducibility 

studies, could provide an improved approach. This could allow the p53-

dependence of the senescence and of the tumour suppression to be 

examined relatively quickly in vivo. Additional information could be retrieved 

from organotypic assays using keratinocytes and/or SCC cells. Finally, the 

use of conditional alleles of the 60S maturation factors in various mouse 

models of cancer would be informative. 

 

The data derived from the CRISPR screen and the transcriptomic experiment 

will undoubtedly provide the basis for future studies, with particular focus on 

the role of the TGF-β pathway in the senescence response and the 

mechanism by which it gets activated. Furthermore, the investigation of bone 

marrow samples derived from a high number of SDS patients and healthy 
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individuals would assist in elucidating factors and pathways downstream of 

SBDS mutation that give rise to the disease phenotype. For this purpose, an 

SDS patient transcriptomic analysis would be beneficial. However, such a 

study would be challenging because of the rarity of the disease. Therefore, 

this work should be carried out within the facilities of a specialised clinic with 

access to fresh SDS bone marrow samples. 

 

Finally, we consider the hypothesis that LSG1 is required for the biogenesis 

of only a subset of ribosomes, possibly at the RER, as a novel and potentially 

very exciting possibility. The characterisation of a novel ER-specific ribosome 

biogenesis would be a groundbreaking finding and would add value to the 

utility of LSG1 targeting as a cancer therapeutic strategy: LSG1 targeting 

would exert tumour suppressive effects, through perturbation of only a small 

proportion of ribosome biogenesis, thereby minimising possible side effects, 

such as translational insufficiency.  Therefore, future studies will focus on 

addressing this hypothesis in order to understand the mechanism behind 

senescence due to perturbation of 60S ribosomal subunit biogenesis. 
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