
 

 
 

 
 

 

CHARACTERISING THE ROLE OF 

EXTRACELLULAR VESICLES IN  

TUBEROUS SCLEROSIS COMPLEX 

 
 

 
 

DOCTOR OF PHILOSOPHY 

 
 

 
 

2022 

 
 
 
 

MUIREANN NÍ BHAOIGHILL 
 

 
 



 
 

 II 

SUMMARY  
 
Tuberous Sclerosis Complex (TSC) is a rare autosomal-dominant genetic disease, 

caused by loss-of-function mutations in TSC1 or TSC2 tumour suppressor genes. 

TSC1/TSC2 mutations cause hyperactivation of mammalian Target Of Rapamycin 

Complex 1 (mTORC1), a master regulator of cell growth and survival, causing 

development of hamartomas (benign growths) in vital organs, including the kidneys, 

brain, heart, and lungs. While intracellular signalling is well elucidated in TSC, little 

is currently known about how TSC tumour cells signal intercellularly to propagate 

optimal tumour growth and survival. A key mechanism of intercellular signalling is 

the secretion of small extracellular vesicles (sEVs) that transfer bioactive material 

from their parental cells to recipient cells in the tumour microenvironment and at 

distant sites.  Thus, the aim of this research was to characterise the role of sEVs in 

TSC tumour biology.  Additionally, sEVs from TSC patient plasma were examined 

for candidate biomarkers.  This research showed that TSC kidney tumour 

angiomyolipoma (AML) cells secrete sEVs with classical biophysical and molecular 

characteristics.  These AML sEVs were found to have a distinct RNA cargo, 

enriched in networks associated with various tumour-supporting processes, 

including extracellular matrix remodeling, growth factor and receptor binding, and 

angiogenesis.  AML sEVs also had a distinct protein cargo (compared to control 

sEVs) with potential to promote pro-tumoral signalling.  Standard-of-care mTORC1 

inhibitor rapamycin treatment did not alter characteristics of secreted sEVs, but 

sEVs from rapamycin-treated AML cells had altered protein cargo and subsequent 

reduced signalling activation capacity compared to sEVs from untreated AML cells.  

Lastly, three proteins were found to have elevated expression in TSC patient 

plasma sEVs compared to healthy donor control sEVs, suggesting their potential as 

the first biofluid-based biomarkers for TSC. This study reveals important new 

knowledge about the contribution of sEVs to TSC tumour growth, and their potential 

application as disease biomarkers. 
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CHAPTER 1 

GENERAL INTRODUCTION 

1.1. TUBEROUS SCLEROSIS COMPLEX (TSC) 

1.1.1. Introduction 

Tuberous Sclerosis Complex (TSC) is a rare autosomal-dominant tumour 

suppressor gene syndrome, caused by loss-of-function mutations in either of two 

genes - TSC1 (OMIM 191100) or TSC2 (OMIM 613254).  It is a progressive, multi-

system genetic disease with high penetrance and morbidity, and it manifests in a 

variable inter-patient phenotype (Orlova et al., 2010; Islam and Roach, 2015).  TSC 

is characterised by the development of multi-organ hamartomas (benign growths) 

that cause impaired function in vital organs, including the kidneys, brain, lungs, 

heart, skin and eyes; and the onset of neurological conditions, including seizures, 

intellectual disability, autism, and developmental delay (as reviewed by Crino et al., 

2006; as reviewed by Henske et al., 2016).  TSC features present and develop with 

varying severity (as reviewed by Caban et al., 2016). Due to its multi-system 

presentation, TSC requires a multi-disciplinary approach for optimal clinical 

management (as reviewed by Leung and Robson, 2007; Northup et al., 2020).   

 

1.1.2. Incidence and prevalence 

Approximately 2 million patients suffer from TSC worldwide (Curatolo et al., 2008).  

Although the live-birth incidence of TSC is 1:6000-10000 (Osborne et al., 2000; 

Curatolo et al., 2008), TSC can present differently between patients and symptoms 

and clinical signs can present and diversify at various time points in one’s lifetime 
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(Wataya-Kaneda et al., 2013).  The prevalence of TSC is estimated to be 

8.8/100,000 in Europe, affecting multiple ethnic groups (Joinson et al., 2003). 

 

1.1.3. TSC phenotypes 

1.1.3.1. Major and minor clinical features 

TSC clinical signs are defined as either major or minor clinical features and are 

summarised in Table 1.1.  A definite diagnosis of TSC requires presentation of two 

or more major features, or one major feature with two or more minor features. 

Presentation of one major feature, or two or more minor features denotes a 

possible TSC diagnosis. 
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Table 1.1: Clinical diagnostic criteria for TSC diagnoses (as per 
recommendations of the 2020 International Tuberous Sclerosis Complex 
Consensus Conference). 
 

 
Major Features 

 

 
Minor Features 

Hypomelanotic macules (≥3; ≥5mm 
diameter) 

“Confetti” skin lesions 

Angiofibromas (≥3) or fibrous cephalic 
plaque 

Dental enamel pits (≥3) 

Ungual fibromas (≥2) Intraoral fibromas (≥2) 

Shagreen patch Retinal achromic patch 

Multiple retinal hamartomas Multiple renal cysts 

Cortical dysplasia Non-renal hamartomas 
 

Subependymal nodules  

Subependymal giant cell astrocytoma 
(SEGA) 

 

Cardiac rhabdomyoma  

Lymphangioleiomyomatosis (LAM)  

Angiomyolipoma (AML) (≥2)  

 

 

In infancy and childhood, the most frequently seen TSC manifestations are brain 

hamartomas, epilepsy, skin lesions and cardiac rhabdomyomas (as reviewed by 

Crino et al., 2006).  Observed trends of TSC manifestation with aging is 

summarised below in Fig. 1.1. 
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Figure 1.1: Age-dependent trends of TSC clinical manifestations. (Graph from 
Curatolo et al., 2008; reprinted in Samueli et al., 2015).  
 
 

1.1.3.2. Renal angiomyolipoma (AML) 

Renal disease is a leading cause of morbidity and mortality in TSC patients 

(Shepherd et al., 1991; Bissler and Kingswood et al., 2004; Eijkemans et al., 2015;) 

and is the key tumour type of focus of this Thesis.  Clinical management and 

surveillance of renal growths is particularly important (as reviewed by Lam et al., 

2018).  Typically, TSC-associated renal angiomyolipoma (AML) presents as 

bilateral, multifocal lesions in the 30-50-year age bracket and with no sex 

predominance (Caliò et al., 2021).  AMLs are triphasic benign mesenchymal 

tumours and are comprised of varying amounts of dysplastic blood vessels, smooth 

muscle, and mature adipose tissue (as reviewed by Jinzaki et al., 2014).  Over 80% 

of TSC patients develop multiple renal AML (Franz et al., 2010) and epithelial, fluid-

filled renal cysts are reported in 14-32% TSC patients (Rakowski et al., 2006).  This 

renal involvement can begin at a young age with an increasing incidence and 
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severity throughout adulthood, as shown in Fig. 1.1.  Malignant AML and renal cell 

carcinoma (RCC) occur more commonly in TSC patients than in the general 

population (Borkowska et al., 2011).  It is estimated that RCC develop typically at a 

young age (28–30-year age bracket) in between 2% and 5% of TSC patients 

(Northup et al., 2021). It is reported that TSC-AMLs tend to be larger and more 

rapidly growing than spontaneous AML (as reviewed by Nelson and Sanda, 2002).  

TSC-associated AML poses significant tumour burden to patients (O’Callaghan et 

al., 2004).  AMLs of greater than 3cm diameter are vulnerable to bleeding or 

infiltration of the kidney, resulting in renal failure (Bissler and Kingswood, 2004).  

Up to 10% of TSC patients with AML suffer retroperitoneal haemorrhage, which can 

be fatal (Pradilla et al., 2017).  An example computerised tomography (CT) scan is 

shown in Fig. 1.2. 

 

 

Figure 1.2: Computerised tomography (CT) scan showing a right kidney AML 
with high adipose content. Image published in Pradilla et al., 2017. 
 

1.1.4. Genotype  

TSC has a defined genotype of loss-of-function mutations in tumour suppressor 

genes TSC1 or TSC2 (Curatolo et al., 2008).  Since TSC1 and TSC2 are tumour 

suppressor genes, inactivation of both TSC1/TSC2 alleles is said to be required for 



  Chapter 1: General Introduction 
 

 6 

tumour formation (as reviewed by Rosset et al., 2017), inkeeping with the two-hit 

hypothesis (Knudson, 1971).  An inherited germline TSC1/TSC2 mutation, found in 

approximately 85% of patients with clinical features associated with TSC, is the first 

hit, while the second hit is somatic (as reviewed by Rosset et al., 2017).  

 

1.1.4.1. Tuberous Sclerosis Complex Subunit 1 (TSC1) 

TSC1 is a protein-coding gene located at the chromosome 9q34.13 locus.  It has 

21 coding exons and an 8.6kb mRNA transcript, which contains a small 5’ and a 

large 4kb 3’ untranslated region.  It encodes a 130kDa-sized growth-suppressing 

protein called TSC1 (also called hamartin; 1164 amino acids).  TSC1 has an N-

terminal α-helical core domain (Sun et al., 2013).  It also possesses a large 

predicted coiled coil (CC) region (residues 726–988) (Santiago Lima et al., 2014).   

Tre2-Bub2-Cdc16 (TBC) 1 domain family member 7 (TBC1D7) is a known binding 

partner of TSC1, involving TSC1 residues 939–992, which are located at the C-

terminal end of the CC region (Santiago Lima et al., 2014).  

 

With regards to its molecular function, TSC1 interacts with and stabilises protein 

TSC2 (also called tuberin) in the TSC1/TSC2/TBC1D7 cytosolic tumour suppressor 

complex.  TSC1 also acts as a co-chaperone for heat shock protein 90 (Hsp90), 

inhibiting its adenosine triphosphate (ATP)ase activity, and accommodates Hsp90-

mediated folding of kinase and non-kinase clients, including TSC2, to prevent their 

ubiquitation and proteosomal degradation (Chong-Kopera et al., 2006; Hu et al., 

2008).  
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Approximately 26% of people with TSC and related family members with identified 

pathogenic mutations had a TSC1 mutation in an analysis of over 10,000 people 

(Northup et al., 2020, GeneReviews®).  Approximately 9.9% of these were familial 

TSC, while approximately 16% were simplex cases.  These mutations are most 

frequently small nonsense and insertion or deletion (indel) mutations, causing 

premature protein truncation, with only few functionally determined missense 

mutations (Northup et al., 2020).   

 

1.1.4.2. Tuberous Sclerosis Complex Subunit 2 (TSC2) 

TSC2 is a protein-coding tumour suppressor gene located at the chromosome 

16p13.3 locus.  It has 41 coding exons and a 5.5kb mRNA transcript.  TSC2 

encodes 200kDa-sized TSC2 (also called tuberin; 1807 amino acids) that 

associates with TSC1 in a cytosolic tumour suppressor complex.  TSC2 can 

stimulate specific GTPases.  In mTORC1 signalling, TSC2 acts as a GTPase-

activating protein by converting Rheb from its active GTP-bound state to its inactive 

GDP-bound state.  This elicits controlled signals from Rheb in activating 

downstream mTORC1 (as reviewed by Saxton and Sabatini, 2017).   

 

Approximately 69% of TSC cases reported have a TSC2 pathogenic mutation 

(Northup et al., 2020; GeneReviews®), in over 10,000 people with TSC analysed.  

Approximately 14% of these are familial cases and approximately 55% of these are 

simplex cases (Jones et al., 1999; Dabora et al., 2001; Au et al., 2004; Sancak et 

al., 2005; Au et al., 2007; Tyburczy et al., 2015; Northup et al., 2020).  Twenty 

percent of TSC2 mutations are missense or nonsense mutations.  The most 

frequent TSC2 mutations reported are missense changes in codons 611 and 1675, 
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and a 18bp in-frame deletion in exon 40 (< 5% of known TSC2 mutations).  TSC2 

pathogenic variants are associated with more severe disease manifestations than 

TSC1 pathogenic variants (Hizawa et al., 1994; Gould, 1991; Jones et al., 1999; 

Dabora et al., 2001: Northup et al., 2021).  Patients carrying a pathogenic TSC2 

variant are reported to be at increased risk of renal malignancy (Yang et al., 2014), 

intellectual disability (Kothare et al., 2014), and autism and infantile spasms (Numis 

et al., 2011).   

A summary of TSC1 and TSC2 structures and key functions is shown in Fig 1.3. 

 

Figure 1.3: Graphical summary of TSC1 and TSC2 structure, domains, and 
functions. Tuberous sclerosis complex subunit 1, TSC1; tuberous sclerosis 
complex subunit 2, TSC2; Tre2-Bub2-Cdc16 (TBC) 1 domain family member 7, 
TBC1D7; Ras homolog enriched in brain, Rheb; GTPase-activating protein, GAP; 
amino acid, aa. Relevant references: Yang et al., 2021; Natarajan et al., 2020. 
 

1.1.4.3. Inheritance 

TSC hereditary occurs due to an autosomal dominant trait, although 

spontaneous/sporadic mutations are more common.  It is approximated that one 

third of TSC cases are discovered to be familial while the other two thirds are 

sporadic and arise due to de novo mutations (as reviewed by Lam et al., 2018) in 
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either TSC1 or TSC2.  It is reported that a higher proportion of TSC patients with 

severe disease manifestations express a de novo TSC2 pathogenic variant than a 

de novo TSC1 pathogenic variant (Au et al., 2007).   Simplex cases of TSC are 

more likely to express a TSC2 pathogenic variant. 

 

1.1.4.4. Penetrance and expressivity 

Penetrance is defined as the number of individuals of a particular genotype that 

simultaneously express an associated phenotype.  TSC is widely considered to 

have high penetrance of over 95% (Northup et al., 1993; as reviewed by Rosset et 

al., 2017). There was a case report of a subject with minimal symptomatic 

presentation and another subject with non-penetrance between a great-grandfather 

and his great grandson (Webb and Osborne, 1991; Treichel et al., 2019).  

Expressivity is defined as the degree to which individuals who have the same 

genotype exhibit a phenotype.  TSC has variable expressivity, even within a given 

family (as reviewed by Leung and Robson, 2007; Northup et al., 1993). 

 

1.1.4.5. Mosaicism and ‘no mutation identified’ (NMI) 

TSC patients can also have somatic mosaic mutations in some cases but tend to 

have milder disease manifestations (Verkoef et al., 1995; Sampson et al., 1997). 

Germline mosaicism is not recommended for investigation unless a couple had 

multiple children with TSC.  Parents with one affected child should be informed of a 

small chance (1-2%) of recurrence, even in parents with no genetic markers of TSC 

(Roach, Gomez, and Northup, 1998).  Around 10% patients exhibiting clinical signs 

of TSC may have no identified mutation in TSC1 or TSC2, leading to the 

hypothesis that there may be other pathogenic genes involved in TSC.   For 
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example, another component of the functional mTORC1 complex is TBC1D7, 

though mutational status of this in TSC is currently unknown. Similarly, with 

improvements in next-generation sequencing (NGS) studies, additional alterations 

to TSC1 and TSC2 have also been detected that had originally missed on initial 

sequencing (Tyburczy et al., 2015). Therefore, discovery of new mutations 

associated with TSC may become known that are relevant to diagnosis or 

associated with particular phenotypes. 

 

1.1.4.6. Genotype-phenotype studies in TSC 

Causative mutations are commonly identified in patients affected by TSC, with 

mosaicism and other gene mutations likely to be responsible for the 10% 

(approximate) patients exhibiting clinical signs of TSC but with NMI.  Though TSC2 

mutations are commonly associated with more severe TSC tumour and 

neurological phenotypes, underpinning specific genotype-phenotype correlations is 

still a challenge at the individual level due to high expressivity (as reviewed by 

Curatolo et al., 2015).  Work in establishing genotype-phenotype correlations in 

TSC is underway, taking both lab-based and case studies of affected patients and 

their families into account.   

 

Other studies focus analysis at the gene level, where a study showed that TSC2 

mutations in exons 25 and 31 were not likely to cause clinical signs of TSC (Ekong 

et al., 2016). Profiling functional pathogenicity of TSC1 and TSC2 is also insightful 

to gauge which mutations are truly pathogenic.   In one study, functionality 

pathogenicity of four known TSC2 mutations: E92V, R505Q, H597R, and L1624P; 

was analysed to find considerable variation in efficient control of mTORC1 and its 
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downstream substrates, highlighting the need for multiple functional assays to 

determine mutation pathogenicity at the patient level (Dunlop et al., 2011). Another 

study examined the phenotypic differences arising in thirty TSC patients, where 

analysis of both TSC1 and TSC2 mutations was divided between those with 

premature termination codons (PTCs), and missense mutations (Muto et al., 2022).  

The authors report that in cases of mutations causing PTCs, patients had a 

significantly increased likelihood of developing more major features of TSC (as per 

Table 1.1), particularly subependymal nodules and cortical tubers.   When the 

analysis was conducted on patients with TSC2 mutations with AML, patients with 

mutations with PTC exhibited a trend towards early age of onset and bilateral AML 

(Muto et al., 2022).  

 

In TSC-associated AML, Li et al. report that a TSC mutation was detected in 80% 

of patient TSC-AML cases (20/25 unrelated patients), with a higher proportion of 

TSC2 mutations (68%; 17/25) compared to TSC1 mutation (12%; 3/25) (Li et al., 

2018).  Furthermore, this study identified 7 new mutation sites, and also reported 

that there were no differences in tumour size, haemoglobin, or serum creatinine by 

TSC mutation types (p > 0.05). The criteria for such pathogenic mutations include 

those that inactivate TSC1 or TSC2 (e.g. out-of-frame indel or nonsense mutation), 

hinder protein synthesis (e.g. large genomic deletion) or a missense mutation with 

an effect on the protein evident from functional assessment (www.lovd.ml/TSC1, 

www.lovd/TSC2; Hoogeveen-Westerveld et al., 2012; Hoogeveen-Westerveld et al., 

2013).   In the literature that examines cohorts of TSC patients, one study found 

that TSC1 and familial TSC2 mutations were associated with less severe TSC 

phenotypes compared to de novo TSC2 mutations (N=490) (Sancak et al., 2005).  

http://www.lovd.ml/TSC1
http://www.lovd/TSC2
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In this same study, NMI patients were also found to have less severe TSC 

phenotypes than patients with TSC1/TSC2 mutations detected.  In another study of 

children (age range = 1.4-17.9) with TSC (N=64), inactivating mutations in TSC2 

was associated with severity of brain pathology, specifically: increased numbers of 

brain tubers, radial migration lines, and subependymal nodules compared to 

patients with TSC1 mutation (Overwater et al., 2016).   

 

1.1.4.7. TSC1 and TSC2 mutations in other diseases 

Mutations in TSC1 and TSC2 are also reported in other diseases.  TSC1 alterations 

are reported in 2.15% of all cancers within The AACR Project GENIE Consortium 

(accessed via cbioportal.org).  Cancer types having the greatest prevalence of 

TSC1 mutation were found to include bladder urothelial carcinoma, colon 

adenocarcinoma, lung adenocarcinoma, endometrial endometrioid 

adenocarcinoma, breast invasive ductal carcinoma, and cutaneous melanoma (The 

AACR Project GENIE Consortium, 2017).  TSC2 mutations were reported in 3.39% 

of cancers within this consortium cohort, and many of the same cancer types 

implicated with TSC1 mutations were also found implicated with TSC2 mutations. 

These include lung adenocarcinoma, colon adenocarcinoma, breast invasive ductal 

carcinoma, and endometrial endometrioid adenocarcinoma.  High-grade ovarian 

serous adenocarcinoma was also found as a cancer type with the greatest 

prevalence of TSC2 alterations (The AACR Project GENIE Consortium, 2017). 

TSC1 and TSC2 mutation maps in cancer are provided in Appendices B and C 

(sourced from COSMIC; www.cancer.sanger.ac.uk/cosmic). 
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1.1.5. Mammalian target of rapamycin complex 1 (mTORC1) signalling 

1.1.5.1. mTOR complexes: mTORC1 and mTORC2 

In cell homeostasis, mammalian target of rapamycin (mTOR) functions as a central 

signalling node and coordinates an elaborate network of upstream signals, induced 

by extracellular factors such as insulin and growth factors, into important 

downstream cellular processes that regulate cell growth, cell size, cell cycle, and 

proliferation (as reviewed by Saxton and Sabatini, 2017).  mTOR is an atypical 

serine/threonine kinase that functions as the catalytic subunit of two heteromeric 

protein complexes: mTOR Complex 1 (mTORC1) and mTORC2 (Fig. 1.4).   

 

mTORC1 is comprised of mTOR, regulatory-associated protein of mammalian 

target of rapamycin (RAPTOR), DEP domain-containing mTOR interacting protein 

(DEPTOR), proline rich Akt substrate 40 (PRAS40), and mammalian lethal with 

SEC13 protein 8 (mLST8) (Aylett et al., 2016).  mTORC1 integrates various 

environmental and nutritional extracellular signals, including cellular stress, amino 

acids, growth factors and energy cues, in order to promote and coordinate cell 

growth.  It achieves this by initiating phosphorylation of substrates involved in 

anabolic processes in mRNA translation and lipid synthesis, or hindering catabolic 

processes such as autophagy (as reviewed by Saxton and Sabatini, 2017).   

 

mTORC2 is composed of mTOR, Rapamycin-insensitive companion of mammalian 

target of rapamycin (RICTOR), DEPTOR, mLST8, stress-activated protein kinase-

interacting protein (SIN1), and PRotein Observed with RicTOR (Protor-1).  

mTORC2 is involved in cytoskeletal remodelling by activating protein kinase C α 
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(PKCα), promoting cell survival, via Akt activation, and mediating transport of ions 

and subsequent growth, via serum/glucocorticoid regulated kinase 1 (SGK1) 

phosphorylation (as reviewed by Saxton and Sabatini, 2017).   

 

 

Figure 1.4: mTORC1 and mTORC2 complexes and their respective protein 
subunits, with downstream functions particular to each complex.  mTOR and 
mLST8 are common components between the two complexes. Image created 
using Biorender.com.     
 

 

1.1.5.2. mTORC1 signalling in normal physiological context 

1.1.5.2.1. TSC1/TSC2/TBC1D7-mTORC1 axis 

In normal cell physiology, stimulation from various extracellular and environmental 

signals including insulin, growth factors, glucose, hypoxia, and amino acids, 

initiates activation of a complex programme of signalling cascades that converge 

on the TSC1/TSC2/TBC1D7 heterotrimeric complex, which acts as a negative 

regulator on downstream mTORC1 (Dibble et al., 2012).  Specifically, TSC2 acts as 

a GTPase-activating protein for a small GTPase protein called Rheb (as reviewed 

by Saxton and Sabatini, 2017).  Active GTP-bound Rheb stimulates mTORC1 
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activity (Long et al., 2005; Sancak et al., 2007).  The TSC1/TSC2/TBC1D7 complex 

is responsible for converting the active GTP-bound Rheb to inactive GDP-bound 

form, thereby controlling its downstream stimulation of mTORC1 activity (Inoki et al., 

2003; Tee et al., 2003).  An overview of physiological mTORC1 signalling is shown 

in Fig. 1.5. 

 

1.1.5.2.2. Effectors upstream of mTORC1 

Many pathways converge on the TSC1/TSC2/TBC1D7 complex, including 

components of the canonical Ras signalling pathway and different growth factors.  

In terms of receptor tyrosine kinase (RTK)-dependent Ras signalling, mitogen 

activated protein (MAP) Kinase ERK and its effector p90 ribosomal S6 kinase 

(p90RSK) cause phosphorylation and subsequent inhibition of TSC2 (Ma et al., 

2005; Roux et al., 2004).  Akt can also induce phosphorylation TSC2 causing its 

dissociation from and inactivation of the TSC1/TSC2/TBC1D7 complex, leaving 

Rheb in its active GTP-bound state signalling downstream to activate mTORC1 

(Inoki et al., 2002).  It has also been shown that Akt phosphorylates PRAS40 

(component of the mTORC1 complex) which then dissociates from RAPTOR, 

revealing a mechanism by which Akt regulates mTORC1 activity independent of 

TSC1/TSC2/TBC1D7 (Sancak et al., 2007).  Growth factors such as Wnt and 

Tumor Necrosis Factor α (TNFα) inhibit TSC1, which causes subsequent activation 

of mTORC1 (Inoki et al., 2006; Lee et al., 2007).  Other extracellular environmental 

cues can affect intracellular mTORC1 signalling.  For example, glucose deprivation 

activates AMPK, a metabolic regulator, induces an inhibitory effect on mTORC1 

both directly and indirectly. Its direct mechanism of inhibiting mTORC1 arises from 

phosphorylating RAPTOR, while its indirect inhibition of mTORC1 comes via TSC2 
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phosphorylation and activation (Gwinn et al., 2008; Inoki et al., 2003; Shaw et al., 

2004).   This glucose deprivation also can cause mTORC1 inhibition in cells 

deficient in AMPK, through inhibiting Rag GTPases (Efeyan et al., 2013). Hypoxia 

also exhibits its inhibitory effects on mTORC1 by a mechanism of activating AMPK 

and by inducing REDD1, which causes TSC1/TSC2/TBC1D7 activation (Brugarolas 

et al., 2004).  Induction of p53 target genes, including AMPK-β, PTEN, and TSC2, 

also increases activity of the TSC1/TSC2/TBC1D7 complex (Feng et al., 2007), 

indicating that also DNA damage-response pathways can also inhibit mTORC1.   

 

1.1.5.2.3. Downstream effectors of activated mTORC1  

mTORC1 mediates both anabolic processes, including cell growth, protein 

synthesis, and lipid synthesis; and catabolic processes including inhibiting 

autophagy via various downstream effectors.  Downstream activation of S6K1 

activity causes an increase in mRNA biogenesis, cap-dependent translation. 

Regulation of proteins such as ribosomal protein 6 (rpS6), S6K1 aly/REF-like target 

(SKAR), programmed cell death 4 (PDCD4), eukaryotic elongation factor 2 kinase 

(eEF2K) are involved in this process (as reviewed by Ma and Blenis, 2009). 

Ribosome biogenesis downstream of activated mTORC1 has also been shown to 

be promoted by transcription of ribosomal RNA, involving protein phosphatase 2A 

(PP2A) and transcription initiation factor IA (TIF-IA) (Mayer et al., 2004).  Protein 

synthesis is enabled downstream of mTORC1 via the phosphorylation of the 

eukaryotic initiation factor 4E (eIF4E)-binding protein 1 (4EBP1) and the p70 

ribosomal S6 kinase 1 (S6K1) (as reviewed by Saxton and Sabatini, 2017).  

Specifically, phosphorylation of 4EBP1 prevents 4EBP1-eIF4E binding, which 

releases eIF4E for cap-dependent translation (Sonenberg and Gingras, 1998). 
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Active mTORC1 also promote angiogenesis, via its mediation of hypoxia inducible 

factor-1 α (HIF-1α) following phosphorylation of STAT3 (under hypoxia) (Dodd et al., 

2015).  Vascular endothelial growth factor A (VEGFA) can also be mediated 

downstream of this STAT3/HIF- 1α axis (Dodd et al., 2015).  

 

Active mTORC1 acts as a positive regulator of glutamine metabolism by eliciting an 

inhibitory effect on sirtuin 4 (SIRT4) (Csibi et al., 2013).  It is also involved in lipid 

synthesis via its signalling on sterol regulatory element binding protein 1 (SREBP-

1) and its effect on the pentose phosphate pathway (Porstmann et al., 2008). 

mTORC1 also can regulate downstream processes involved in autophagy via ULK1 

(Dunlop and Tee, 2014). 

  

Figure 1.5: Schematic of physiological mTORC1 signalling cascade in a cell.  
Published in Ní Bhaoighill and Dunlop, 2019.  
 



  Chapter 1: General Introduction 
 

 18 

 

1.1.5.3. mTORC1 hyperactivity in TSC tumours 

TSC1/TSC2/TBC1D7 heterotrimeric complex is an essential tumour suppressor 

complex, working in tandem to control cell growth and survival by negatively 

regulating mTORC1.  Loss-of-function mutations in TSC1 or TSC2 causes 

destabilisation of the TSC1/TSC2/TBC1D7 complex, leading to failure of this 

tumour suppressor complex in acting as an essential negative regulator of 

mTORC1.  These mutations cause the complex to lose its ability to act as a 

GTPase activity protein on Rheb, thereby leading to constitutive mTORC1 activity 

(Tee et al., 2003) and inappropriate signalling downstream of mTORC1, which 

promotes uncontrolled cell growth and proliferation, and protein translation 

(Northup et al., 2021).  This mTORC1 hyperactivity is the hallmark intracellular 

driver of the development of TSC tumours (Schrötter et al., 2022).  

 

TSC1 and TSC2 are also important regulators of downstream PI3K/mTOR/Akt 

signalling pathways, and are also implicated in MAPK, AMPK, β-catenin, and 

autophagy pathway modulation (as reviewed by Kozma and Thomas 2002; 

Astrinidis et al., 2003; El-Hashemite et al., 2003; as reviewed by Harris and 

Lawrence, 2003; as reviewed by Yeung, 2003; Au et al., 2004; Birchenall-Roberts 

et al., 2004; Mak & Yeung 2004; Zhang et al., 2013). The TSC1-TSC2 complex is 

also involved in the regulation of mTORC2 complex activity, which modulates Akt 

activation and cytoskeleton formation (as reviewed by Han and Sahin, 2011).   
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1.1.6. TSC diagnosis, management, and surveillance 

1.1.6.1. Guidelines 

In 1998, diagnostic criteria for TSC were first clarified (Roach, Gomez, and Northup, 

1998) in accordance with updated medical knowledge and molecular understanding 

of the disease.  This was the first to conclude that clinical signs once considered to 

be pathognomonic were less specific to TSC.  In recognition of no single clinical 

feature being present in all TSC patients, and no clinical and radiographic sign 

being fully TSC-specific, the authors categorised TSC symptoms into major and 

minor criteria.  This categorisation was based on the apparent extent of TSC 

specificity.  A diagnosis of TSC could be given with clinical presentation of two or 

more distinct lesion types, instead of multi-growths in one organ (Roach, Gomez, 

and Northup, 1998).  It is noteworthy that, at this time, the two genes TSC2 

(European Chromosome 16 Tuberous Sclerosis Consortium, 1993) and TSC1 (van 

Slegtenhorst, deHoogt, Hermans et al., 1997) had been identified in TSC; but their 

molecular function had not been characterised.   

 

Subsequently in 2012 and in 2020, these criteria were reviewed with the aim of 

introducing new recommendations for TSC diagnosis, surveillance, and 

management at the International Tuberous Sclerosis Complex Consensus 

Conference (Northup et al., 2013; Northup et al., 2020).  Since TSC can manifest in 

variable inter-patient phenotypes, various permutations of features qualify for 

diagnosis.  In the latest guidelines published by Northup et al., a definite clinical 

diagnosis of TSC is defined in a proband with presentation of two or more major 

features, or one major feature with two or more minor features (as summarised in 
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Table 1.1; Northup et al., 2020).  It is important to note here that presentation of 

both LAM and AML does not constitute a definite clinical diagnosis of TSC.  A 

possible TSC diagnosis is signified by presentation of one major feature, or two or 

more minor features.  Given that clinical manifestations of TSC have high inter-

patient variability, and present at various ages and progress at different rates, a 

molecular diagnosis is sufficient even in the absence of clinical symptoms.  

Molecular diagnosis of TSC occurs with the identification of a pathogenic variant in 

TSC1 or TSC2 by concurrent gene testing or the use a multi-gene panel (Northup 

et al., 2021).  Detection of loss-of-function TSC1 or TSC2 mutations in somatic 

tissue is sufficient for a definitive diagnosis of TSC (as reviewed by Henske et al., 

2016).  However, failure to identify a mutation does not disqualify clinic-based 

diagnosis of TSC.   With failure in mutation detection, clinicians can use a scoring 

system to diagnose disease from a combination of clinical and radiographic 

characteristics (as reviewed by Henske et al., 2016), against clinical diagnostic 

criteria consisting of major and minor disease features (as outlined in Table 1.1; 

adapted from Northup and Krueger et al., 2013).   

 

1.1.6.2. Biomarkers 

TSC1 or TSC2 pathogenic mutations are the genetic biomarkers used for TSC 

diagnosis.  However, there are currently no biofluid-based biomarkers for TSC, 

which is a major clinical need to enable earlier detection and diagnosis, monitoring 

of patients and family members that have tested genetically positive, therapeutic 

surveillance, and ultimately optimising patient outcomes.  There is also a clinical 

need to have specific biomarkers per TSC phenotype, to help detect and predict 
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onset of the variability in TSC manifestations.  Currently, serum VEGF-D 

expression of >800 pg/mL is used to diagnose TSC-LAM (Hirose et al., 2019).  

 

1.1.6.3. Therapeutic strategies for TSC 

1.1.6.3.1. Standard-of-care mTORC1 inhibition 

Rapamycin, or rapalogs (e.g. everolimus/sirolimus) is the standard-of-care anti-

tumour therapy for TSC (Northup et al., 2020).  Its mechanism of action is in its 

allosteric binding to FK binding protein 12 (FKBP12) causing contraction of the 

mTORC1 dimer active site cleft from 20 Å to 10 Å (Aylett et al., 2016; Yuan and 

Guan, 2016).  Therefore, rapamycin inhibits intracellular mTORC1 activity and 

shrinkage of certain types of TSC tumour is reported during the duration of its 

treatment regimen (Davies et al., 2011; Bissler et al., 2008).  Everolimus was 

granted approval from the Food and Drug Administration (FDA) for TSC SEGAs 

and AML, and more recently a sirolimus-based topical gel was approved for TSC 

facial angiofibromas.  AML tumour volume exhibited a mean (± S.D.) of 53.2 ± 

26.6 % decrease with intravenous rapamycin treatment in serial magnetic 

resonance imaging (MRI) on TSC patients.  However, AML tumours regrow to 

establish their pre-treatment volume with discontinuation of rapamycin treatment 

(Bissler et al., 2008; clinicaltrials.gov number: NCT00457808).   As mTORC1 

inhibition fails to have a cytotoxic effect on AML tumours with permanent 

eradication, investigating other signalling mechanisms that promote AML tumour 

growth could improve on anti-tumour therapy. 
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1.1.6.3.2. ATP competitive inhibitors and dual inhibitor therapy  

Given the cytostatic limitations of rapamycin and rapalogs, some clinical trials have 

been conducted using drugs that target other oncogenic proteins that are activated 

as part of the compensatory mechanism to mTORC1 inhibition. For example, it is 

known that mTORC1 inhibition causes re-activation of Akt and MAPK signalling as 

a compensatory mechanism to sustain growth. One avenue of investigation is 

adenosine triphosphate (ATP) competitive inhibitors.  These agents compete for 

the ATP binding pocket on both mTOR and PI3K, as they express high sequence 

homology within hinge domains of both protein kinases (as reviewed by Schenone 

et al., 2011; as reviewed by Laplante and Sabatini, 2012). The aim is to achieve a 

broader anti-tumour targeted treatment (as reviewed by Martellini et al., 2012).  

Trial results have been mixed (as reviewed by Ní Bhaoighill and Dunlop, 2019) and 

such dual targeting requires further pre-clinical development.  However, since 

inhibiting various oncogenic intracellular drivers is limited in benefit, other in vitro 

findings may hold some promise clinically.   

 

Other targetable mechanism in TSC2-deficient cells, such as their intrinsic elevated 

levels of endoplasmic reticulum (ER) stress due to increased protein translation 

and hindering of autophagy, Johnson et al. found that treating these cells with 

nelfinavir (increases ER stress) and bortezomib (proteosome inhibitor) combination 

therapy inhibited tumour formation in xenograft mouse models and had cytotoxic 

compared to rapamycin treatment alone (Johnson et al., 2018).  Another study 

showed cytotoxic effects with a nelfinavir/salinomyciin combination treatment 

regime at reducing tumour formation in TSC2-deficient models and in models of 

sporadic cancers with mTORC1 hyperactivity (Dunlop et al., 2017).  Another study 
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found that treating TSC2-deficient cells with chloroquine (lysosomal/autophagy 

inhibitor) and Vps34 inhibitor reduced cell growth selectively in TSC2-deficient cells, 

and not in TSC2-expressing cells (Filippakis et al., 2017). Similarly, a clinical trial in 

LAM patients investigated the efficacy of combination therapy of an mTOR inhibitor 

with an autophagy inhibitor, hydroxychloroquine (El-Chemaly et al., 2017). 

Another avenue of potential new targets may lie in elucidating the crosstalk 

networks between these tumour cells and their tumour microenvironment, an 

emerging feature of tumour biology therapy given its fundamental role in supplying 

the tumour with optimal environment to grow and develop.  This key aspect of TSC 

tumour growth and development is largely unknown but may improve on current 

anti-tumour treatment limitations.  

 

1.2. THE TUMOUR MICROENVIRONMENT (TME) 

1.2.1. Introduction 

A tumour biomass is comprised not only of a heterogeneous population of tumour 

cells, but also a dynamic milieu of resident and infiltrating host cells, secreted 

factors, and extracellular matrix components, collectively termed as the tumour 

microenvironment (TME) (Luga et al., 2012).  The tumour microenvironment is 

typically defined as the surrounding proximal cells to a primary tumour biomass, 

and it is continually interacting with primary tumour cells to promote tumoral 

proliferation and vitality, and the pro-tumoral processes angiogenesis, invasiveness, 

and metastasis (as reviewed by Joyce and Pollard, 2009).  Thus, the crosstalk 

between tumour cells and their TME is critical in ensuring tumour viability and 

metastatic potential, and ultimately tumour fate.  
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1.2.2. TME components 

The TME is comprised of malignant tumour cells, extracellular matrix, cancer-

associated fibroblasts, inflammatory immune cells, lymphatics, tumour-associated 

vasculature (Luga et al., 2012), pericytes and, in some cases, adipocytes (as 

reviewed by Balkwill et al., 2012).  Components of the TME are typically identified 

by cell type-specific markers, which are usually expressed on the respective cell 

membranes (as reviewed by Balkwill et al., 2012).  In particular, fibroblasts and 

cancer-associated fibroblasts have been widely implicated as a key TME 

component in tumour progression.  Fibroblasts are spindle-like, elongated cells of 

mesenchymal origin, and are primarily characterised by positive expression of 

vimentin, an intermediate filament protein (Franke et al., 1978).  Fibroblasts play a 

key role in tissue homeostasis by secreting collagen proteins and maintaining the 

extracellular matrix in order to preserve tissue architecture. They become activated 

in wound healing processes (Gabbiani et al., 1971) resulting in differentiation to a 

myofibroblast phenotype. Myofibroblasts deposit an altered extracellular matrix and 

facilitate angiogenesis. Furthermore, myofibroblasts are a contractile phenotype 

that eventually act to close the wound, before being removed from the site of injury.  

Cancer-associated fibroblasts are a highly differentiated and heterogeneous group 

of stromal cells that promote tumour proliferation, angiogenesis, and extracellular 

matrix remodelling (Pape et al., 2020).  Activated fibroblasts are key drivers in 

stromal remodelling via collagen deposition and MMP secretion (as reviewed by 

Kalluri, 2016).  They are known to be involved in many pro-tumoral processes 

including tumour growth, dissemination and metastasis, and resisting drug 

penetrance (Sahai et al., 2020; as reviewed by Wu and Dai, 2017).  Intercellular 

communication networks between tumour cells and cells of the surrounding 
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microenvironment are driven by signalling by growth factors, cytokines, chemokines, 

and immuno-modulating and matrix remodelling enzymes (Bawkwill et al., 2012).  

CAF activation has been linked to EVs previously, in a study showing that EVs from 

ovarian cancer cells CABA I cell lines could activate normal fibroblasts to become 

more CAF-like in terms of both morphological and molecular features (Giusti et al., 

2022).  

 

1.2.3. TME modifications by EVs 

EVs mediate cell-cell communication between tumour cells and recipient cells 

within the tumour microenvironment and at distant sites, which ultimately plays an 

important role in promoting tumour-supporting processes to facilitate tumour growth 

and progression (Bao et al., 2022; as reviewed by Meehan and Vella, 2015). One 

mechanism by which tumour cell-derived EVs can achieve this is by activating 

signalling cascades in recipient cells. For example, epidermal growth factor 

receptor (EGFR)vIII associated with EVs were shown to merge with colorectal cells 

deficient in EGFRvIII, instigating signalling and subsequent invasion in a previously 

non-invasive cell line (Al-Nedawi et al., 2008).  Abd Elmageed et al. showed that 

EV-associated H-ras, N-ras, and Rab proteins could potentially downregulate 

tumour suppressors (Abd Elmageed et al., 2014), while another study showed that 

EV-miRNAs could target tumour suppressors in recipient cells to silence them 

(Ostenfeld et al., 2016). Another study by Grange and colleagues showed that EVs 

from renal cells could induce invasive phenotypes in pulmonary cancer ascites 

(Grange et al., 2011).  EVs from tumour cells can mediate a pro-tumorigenic 

influence by aberrantly activating tumour stroma, via the delivery of TGF-β (Webber 

et al., 2010). This triggers stromal cell differentiation towards a myofibroblast-like 
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phenotype with pro-angiogenic function that can facilitate angiogenesis in vitro and 

tumour growth in vivo (Webber et al., 2015).  Other studies have also shown 

interactions of fibroblasts and EVs causing the secretion of various growth factors, 

such as HGF and VEGF, in response to EV treatment (Webber et al., 2015). 

 

1.2.4. TME in TSC tumour types 

TSC2-/- cell morphology differs depending on the microenvironment.  In renal AML, 

these cells appear as tri-phasic tumours of smooth muscle, densely vascularized, 

with adipose-rich components in various ratios.  In LAM, these cells are spindle-

shaped and epithelioid (Cai, Pacheco-Rodriguez, Fan et al., 2010).  Little is known 

currently about how fibroblasts are modulated in these tumour types to promote 

tumour growth. 

 

1.2.4.1. AML microenvironment 

The crosstalk between TSC-associated tumour cells and their surrounding 

microenvironment is a key area of preclinical research (as reviewed by Lam et al., 

2018). There is evidence that shows some potential therapeutic benefit in targeting 

the microenvironment surrounding AML TSC2-deficient cells.  Treatment with 

antibodies against PD1 and CTLA4 decreased AML tumour size in both 

subcutaneous allograft models and Tsc2+/- mice (Goncharova et al., 2011).  The 

treated mice were found to have prolonged disease-free survival (>100 days) after 

treatment cessation (Goncharova et al., 2011), suggesting a potential targetable 

mechanism within the AML tumour microenvironment that could improve upon the 

cytostatic effects of standard-of-care mTORC1 inhibition. 
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1.2.5.2. LAM microenvironment 

The LAM microenvironment has characteristic stromal alterations and lung 

destruction (Glasgow et al., 2010).  It is hypothesised that multi-system spread of 

LAM could be caused by metastatic processes (Cai, Pacheco-Rodriguez, Fan et al., 

2010; as reviewed by Henske, 2003; Grzegorek et al., 2013). It was found that LAM 

cells from ex vivo lungs (CD44v6/CD44), blood (CD235a), bronchoalveolar lavage 

fluid and urine had different proteins expressed of their surface (Cai, Pacheco-

Rodriguez, Fan et al., 2010).   This perhaps suggests that LAM cells arising from 

different microenvironments have different phenotypes, complementary to their 

known phenotypic heterogeneity in different tissues.  

 

1.3. EXTRACELLULAR VESICLES (EVs) 

1.3.1. Introduction 

Extracellular vesicles (EVs) are a heterogeneous population of vesicles that are 

produced and secreted by virtually all prokaryotic and eukaryotic cell types (as 

reviewed by Veziroglu et al., 2020; Li et al., 2020) and are subcategorised based 

on their mode of biogenesis and secretion from their parental cell.  EVs that 

originate from the endosomal compartment are exosomes, and EVs that arise from 

shedding of the plasma membrane are microvesicles, oncosomes, or apoptotic 

bodies (as reviewed by O’Brien et al., 2020). EVs are lipid bilayer-bound and 

luminal, which enables them to carry biological cargo from their parent cells.  Once 

they are released from the parental cell membrane (as reviewed by Oggero et al., 

2019), EVs carry this cargo into the extracellular space of the surrounding 

microenvironment and systemically in biofluids where they can elicit a variety of 
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biological processes and phenotypic modifications (as reviewed by Margolis and 

Sadovsky, 2019).  Therefore, EVs embody a critical mechanism of intercellular 

communication between adjacent and distant cells and are implicated in numerous 

roles in both physiological and pathological settings (as reviewed by Beruman 

Sánchez et al., 2021).   

 

1.3.2. Brief history of EV research 

Determining vesicle characteristics and functionality was conducted subsequently 

to these initial biological observations of vesicles.  A number of landmark studies, 

published in the 1980s, led to the coining of the term exosome.  An ultrastructural 

study by Trams et al. described two distinct vesicle populations, becoming the first 

size-based classification of vesicle heterogeneity (Trams et al., 1981).  Soon after, 

it was shown that maturing red blood cells could produce small vesicles to recycle 

transferrin and its cognate receptor (Harding et al., 1984).  Johnstone et al. 

published a study based on multi-vesicular bodies (MVBs), containing intraluminal 

vesicles (ILVs) formed from the limiting membrane, which were then released from 

the cell when the MVB fuses with the plasma membrane (Johnstone et al., 1987). 

Later, exosomes from B lymphocytes were shown to be antigen-presenting and 

capable of T cell response induction (Raposo et al., 1996).  Later discoveries of 

RNA content of EVs pioneered their status as mediators of intercellular 

communication (Valadi et al., 2007; Ratajczak et al., 2006).  Taken together, these 

studies determined that cell-derived vesicles had functional implications in cell-cell 

communication and were not solely used as an extracellular waste disposal 

mechanism as previously thought. 
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1.3.3. EV structure  

Exosomes are nanometre-sized luminal vesicles that, when viewed under 

transmission electron microscopy, are classically represented as spherical in 

configuration (as reviewed by Yellon and Davidson, 2014) though their shape is 

also malleable.  Proteins on the surface of exosomes are used to characterise the 

vesicles, including families of tetraspanins (CD9, CD63, CD81), lysosomal proteins 

(LAMP2B), fusion proteins (CD9, annexin, flotillin), and heat shock proteins 

(Hsp90) (Conde-Vancells et al., 2008).  The proteins are usually exclusive in 

expression on exosome surfaces, thereby serving as characterisation markers to 

distinguish exosomes from other EV subtypes (as reviewed by Lee et al., 2012).  

However, it is important to note that the existence of a single exosome-specific 

protein have not yet been identified, and a multi-parameter approach at 

characterising isolates is essential to best determining the likely nature of a 

particular EV subtype (Lässer et al., 2012; Théry et al., 2018). 

 

1.3.4. EV biogenesis 

Biogenesis of small vesicles of endosomal origin begins with the formation of the 

early endosome from the plasma membrane, which matures to become a late 

endosome (Stoorvogel et al., 1991). Invagination of the limiting membrane of this 

late endosome forms hundreds of ILVs.  During this development of ILVs, certain 

proteins are integrated into the invaginating membrane, while other cytosolic 

components become encased within the ILVs (as reviewed by Johnsen et al., 

2014).  This ILV-containing endosome is referred to as a multivesicular body (MVB) 

(Trajkovic and Hsu et al., 2008) in the cell cytoplasm. With the process of 
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endosome maturation, MVBs can fuse with the plasma membrane in a Rab 

GTPase-dependent fashion to secrete their encased ILVs, now referred to as 

exosomes, into the extracellular space to interact with recipient cell populations.  

MVBs can also be translocate to the lysosome for degradation (as reviewed by 

Teng and Fussenegger, 2021).  A summary of this EV biogenesis is shown in Fig. 

1.6. 

 

Figure 1.6: Schematic of exosome biogenesis in a eukaryotic cell.  
Invagination of the early endosomal membrane generates ILVs, eventually forming 
MVBs as the endosome matures. This process is mediated by ESCRTs, syndecans, 
and tetraspanins.  MBVs translocate in one of two directions: 1) to fuse with to 
plasma membrane, secreting the vesicles as exosomes into the extracellular 
space; or 2) to the lysosome for degradation.   Fusion with the plasma membrane is 
facilitated by ESCRTs, SNARE proteins, and ARF6.  Intraluminal vesicles, ILVs; 
multi-vesicular bodies, MVBs; endosomal-sorting complexes required for transport, 
ESCRT; ADP Ribosylation Factor 6; ARF6.  Image created using Biorender.com. 
 

Various mechanisms for the formation of MVBs have been reported.  This includes 

both endosomal-sorting complexes required for transport (ESCRT)-dependent and 

–independent mechanisms.  The ESCRT machinery controls membrane budding at 
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cells membrane and late endosome membrane levels (as reviewed by Raiboug and 

Stenmark, 2009), and ESCRT-dependent MVB generation is the most extensively 

described mechanism for its responsibility of protein sorting into ILVs (as reviewed 

by Hurley et al., 2008; Schmidt et al., 2012).   The ESCRT machinery is composed 

of early-acting complexes ESCRT-0, ESCRT-I, and ESCRT-II; and late-acting 

components ESCRT-III and vacuolar protein sorting 4 (Vps4).  ESCRT-0, ESCRT-0, 

ESCRT-I, and ESCRT-II are involved in mediating the sorting of ubiquitinated cargo, 

while ESCRT-III and Vsp4 are involved in ending EV formation and budding.  The 

ESCRT subunits ESCRT-0, ESCRT-I, and ESCRT-II have ubiquitin-binding 

subunits that mediate the sorting of ubiquitous membrane proteins onto specific 

domains of both the endosomes and also within the endosomal invaginations 

(Baietti et al., 2012).  Specifically, ESCRT-0 holds ubiquitinated proteins within the 

membrane of the late endosome.  ESCRT-I/II instigates the initial invagination of 

the limiting membrane of the MVB, allowing a spiral-shaped ESCRT-III to constrict 

the budding neck to encapsulate the vesicle (as reviewed by Frankel and Audhya, 

2018).  ATPase Vps4 is responsible for dissembly of the ESCRT-III complex (as 

reviewed by Mir and Goettsch, 2020).  Even though ESCRT machinery-dependent 

mechanisms in MVB formation have been delineated, it is still elusive if the fate of 

MVBs formed by ubiquitin-dependent processes is lysosomal degradation or for 

membrane fusion to allow exosome release (as reviewed by Bebelman et al., 2018).  

It is also known that the ubiquitinated cargo loses their ubiquitin tags via the de-

ubiquitinating enzyme-associated molecule with the SH3 domain of STAM 

(Agromayor and Martin-Serrano, 2006), before vesicle membrane scission.  
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Another mechanism for MVB formation involves sphingomyelin ceramide. 

Sphingomyelinase 2-induced hydrolysis of sphingomyelin generates ceramide, 

which was shown to induce negative MVB membrane curvature via its 

characteristic cone shape, causing ILV budding into MVBs (Trajkovic et al., 2008).  

Proteins from the tetraspanin family have also been implicated in ESCRT-

independent processes of EV biogenesis.   

 

Protein cargo sorting into ILV can also proceed by ubiquitination-independent 

processes.  Syntenin, a small cytosolic adapter protein, is responsible for linking 

syndecan to ESCRT-III-associated protein ALIX (Baietti et al., 2012).  Heparanase-

induced cleavage of heparin sulphate chains causes syndecan clustering to trigger 

syntenin-ALIX-ESCRT-mediated sorting and exosome formation (as reviewed by 

Bebelman et al., 2018).  It was also shown that GTPase ADP ribosylation factor 6 

(ARF6) and effector protein phospholipase D2 (PLD2) specifically regulates 

syntenin-mediated CD63 ILV budding (Ghossoub et al., 2014).  Various 

transmembrane proteins are associated with EVs, including cluster of differentiation 

(CD) 9 (CD9), CD63, and CD81 (Kowal et al., 2016).  These proteins are commonly 

used as markers for EVs, due to their enrichment in EVs compared to whole cell 

lysates (Mathieu et al., 2021).  

 

RAS-related protein (Rab) GTPases mobilise MVBs towards the cell periphery, 

where they dock and fuse with the plasma membrane to secrete the ILVs, now 

exosomes, into the extracellular space.  It has also been indicated that 

subpopulations of vesicles could be regulated by different Rab-related processes 

(Yeung et al., 2018), which could have diverging functional effects. Different Rabs 
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have also been implicated in different cell line models of EV secretion, but evidence 

of Rab27a and Rab27b (Ostrowski et al., 2010) involvement has been observed in 

many cancer cell in vitro and in vivo studies (Peinado et al., 2012), considered to 

have a stabilising effect on actin filaments of the MVB docking site (Sinha et al., 

2016).  Soluble Nethylmaleimide sensitive fusion attachment protein (SNAP) 

receptor (SNARE) complexes are important for the fusion and subsequent 

secretion of exosomes from the plasma membrane (Verweij et al., 2018). Various 

SNAREs, such as VAMP7, syntaxin 1A, and SNAP23, have been implicated in 

different models studying EV secretion (as reviewed by Teng and Fussennegger, 

2021).  

 

1.3.5. Defining and distinguishing EVs 

As previously described, EVs are a heterogeneous group of vesicles consisting of 

various subtypes including exosomes, microvesicles, and apoptotic bodies (as 

reviewed by O’Brien et al., 2020).  These EV subtypes are distinguishable based 

on the subcellular site of their biogenesis.     Key differentiating characteristics of 

these EV subtypes are summarised below in Table 1.2. However, it is currently 

difficult experimentally to discriminate between EV subtypes due to technical 

limitations of several isolation methods and characterisation techniques.  

Furthermore, EV subtypes also have similar morphologies, overlapping ranges of 

size, and consensus on membrane and molecular markers is still to be reached.  

Therefore, a major focus of the EV research field is on advancing techniques to 

distinguish EV subtypes from one another.  Given the difficulties in nomenclature, 

the term extracellular vesicles was encouraged for use and includes all secreted 

vesicles (Gould and Raposo, 2016; Théry et al., 2018).  The International Society of 
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Extracellular Vesicles (ISEV) published a position paper in attempt to standardise 

EV studies in terms of distinctions between isolated EV populations and necessary 

information for reporting of EV isolation and characterisation steps (Théry et al., 

2018).  

Table 1.2: Summary of EV subtypes 
EV subtype Subcellular 

origin 
Size Centrifugal 

force for 
isolation (x g) 

Proteins and 
protein classes 

required for 
biogenesis 

Exosomes Multivesicular 
bodies (MVBs) 

20-150 nm 100,000 ESCRTs 
Rab proteins 
Tetraspanins 

Syndecan 
Syntenin 
ATG12 

NSMase 

Microvesicles  Plasma 
membrane 

100-1000 nm 10,000 ASMase 
Flippase 

Scramblase 
ARF6 

Apoptotic 
bodies 

Apoptotic blebs 0.8-5.0 μm 2000 Annexin V 
Caspase 3 

 

1.3.6. EV isolation 

EVs can be isolated from cell-conditioned media and biofluids using a variety of 

techniques, including differential ultracentrifugation, ultrafiltration, size-exclusion 

chromatography (SEC), density gradient centrifugation, isolation using polymer 

precipitation e.g. poly-ethylene glycol precipitation (PEG) agents; immuno-affinity 

capture, and microfluidics.  The key principles of these techniques in their use to 

isolate EVs is summarised in Table 1.3.  Each technique has associated 

advantages and disadvantages that should be considered when selecting a method 

to isolate EVs, particularly when attributing cargo and/or interpreting function to 

particular EV isolates (Chiriacò et al., 2018; Zhang et al., 2018).  
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Table 1.3: EV isolation techniques and their associated advantages and disadvantages (adapted from Chiriacò et al., 2018). 
EV isolation technique Principle Potential advantages Potential disadvantages 

Differential 
ultracentrifugation 

Size • Large source volume 

• Widely available equipment 

• Co-pelleting of non-vesicular material 
with EVs 

• Not applicable to small volumes 

• Time-consuming 

• Differences in rotors/ 
ultracentrifugation times may affect 
reproducibility 

Ultrafiltration Weight or size • High purity of EV isolate 

• Quick to conduct 

• Contamination risk with non-vesicular 
material 

Size-exclusion 
chromatography (SEC) 

Size  
(gravity-dependent) 

• Easy to conduct 

• High purity and reproducibility 

• Minimal disruption to EV structure and integrity  

• Sample not contaminated in process 

• Time-consuming fractionation 

• Risk of low yield 

• Contamination of proteins of equal 
size 

Density gradient 
centrifugation 

Density • Large source volume 

• Widely available equipment  

• High purity of EV isolate 

• Contamination risk of gradient 
material in EV isolate 

• Not applicable to smaller source 
volumes 

• Time-consuming 

Polymer precipitation 
e.g. polyethylene glycol 

(PEG) 

Solubility or 
aggregation 

• EV integrity maintained 
 

• Contamination of EV isolate by 
polymer used 

Immuno-affinity capture Marker: vesicle 
surface proteins 

• High purity of EV isolate 

• Easy and quick to conduct 

• Non-target vesicles remain unbound and so 
are removed 

• Instability 

• Appropriate for small volume only 

• Low yield 

• Capture EVs with specified markers 
only 

Microfluidics Marker: vesicle 
surface markers 

Size  
Acoustics 

• High purity of EV isolate, in shorter period of 
time 

• Quick to conduct 

• Small volume of sample required 

• More selective on parameters used to isolate 
EVs (e.g. specified size) 

• Contact-free 

• Expensive 

• Specialised equipment may be 
expensive 

• Low yield 

• Capture EVs with specified markers 
only 
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Given the development of multiple techniques, and each with their associated 

considerations and caveats, there remains a lack of consensus on which one 

technique is optimal for EV isolation (Théry et al., 2018).  Commonly used 

techniques for bulk EV isolation are differential centrifugation and 

ultracentrifugation (Johnstone et al., 1987; Gardiner et al., 2016; Théry et al., 2018), 

which can be combined with further ultracentrifugation on a sucrose or iodixanol 

gradient (Raposo et al., 1996; Lamparski et al., 2002; Théry et al., 2006; Iwai et al., 

2016).  Though these techniques are widely used, they are time-consuming to 

complete and their application to larger sample volumes may limit their application 

to clinical settings. Thus, this affirms the importance of accurate reporting of used 

experimental parameters in EV isolation.  EV-TRACK is an online knowledgebase 

platform that was created to collate experimental parameters of EV-related studies, 

in order to document the evolution of EV research and facilitate optimal 

reproducibility and interpretation of EV experimental results (van Deun et al., 2017).   

 

1.3.7. EV characterisation 

The 2018 ISEV position paper, titled Minimal information for studies of extracellular 

vesicles 2018 (MISEV2018): a position statement of the International Society for 

Extracellular Vesicles and update of the MISEV2014 guidelines (Théry et al., 2018) 

proposed recommended criteria for standardisation of EV characterisation. This 

includes assessment of key parameters such as size, molecular composition, and 

potential origin of EVs within an EV isolate.  This includes the use of multiple 

complementary techniques to demonstrate presence or enrichment of EV markers, 

and the absence or depletion of non-vesicular contaminants, when attributing 

contents and/or function to the studied EV population.  Although EVs derived from 
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human and mouse cells/subjects have been the primary models used in EV 

research to date, MISEV guidelines are considered to be applicable all species, 

cells, and conditions (Théry et al., 2018).  Specific guidelines and 

recommendations for other species and experimental conditions will be developed 

with more investigations of EVs from different model origins. The MISEV authors 

established recommendations to be considered for bulk EV characterisation, that 

includes: i) reporting quantification of EV source (i.e. number of cells/total starting 

volume of biofluids); and EV preparation (i.e. a global quantification of EVs, 

including total protein and total particle number, and a purity measurement such as 

protein:particle ratio).  These guidelines also detail molecular markers that are 

recommended for use in EV characterisation, and discussed in subsection 

1.3.8.2.1.. General guidelines regarding EV markers specify the inclusion of at least 

three EV protein markers, and that these should include one transmembrane 

protein, one cytosolic protein, and one negative protein marker (Théry et al., 2018).  

In this Thesis, vesicles isolated and studied are referred to small extracellular 

vesicles (sEVs) and include a population of EVs that are enriched for endosomal-

associated proteins and express tetraspanin surface markers and are between 20 

and 150 nm in diameter.   

 

1.3.8. EV cargo 

Transmembrane trafficking of biological material is an evolutionarily conserved 

process and contributes to cell homeostasis and disease (as reviewed by Azmi et 

al., 2013).  EVs traffick bioactive material, encased in their protective lipid bilayer, 

into the extracellular space, where they can make contact with surrounding and 

distant recipient cell populations.  The functionality of EVs is dependent on their 
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packaged cargo and their secretion and uptake dynamics (as reviewed by 

Bebelman et al., 2018).  EV cargo includes an assortment of nucleic acids, proteins, 

and lipids (as reviewed by Mathieu et al., 2019), representative of their parental 

cells (as reviewed by Kao and Papoutsakis, 2019).   Many studies profile the 

impact of delivery of EV cargo as a whole (as reviewed by Mathieu et al., 2019), 

while others aim to specify EV cargo components that are responsible and 

essential for execution of specific biological functions in recipient cells.  To date, the 

literature has been particularly focused on the functional roles of EV-RNAs and EV 

proteins in the cancer biology field, as discussed below.  Figure 1.7 depicts a 

representative schematic of EV composition and cargo. 
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Figure 1.7: Representative schematic of EV composition and cargo.  
Molecules represented at the bilayer membrane include tetraspanins CD9, CD63, 
and CD81; antigen-presenting molecules MHC Class-II and Class-II; signalling 
receptors, integrins, lipids cholesterol and ceramide; and glycoproteins. Intraluminal 
cargo shown represents various protein (cytosolic, cytoskeletal, ESCRT-associated, 
heat-shock proteins, Rabs, flotillin, growth factors, cytokines) and RNA species 
(mRNA, lncRNA, miRNA). Image created using Biorender.com.  Relevant 
references: Šabanović et al., 2021. 
 

1.3.8.1. EV-RNA cargo  

1.3.8.1.1. RNA biotypes in EVs 

EVs contain a diversity of RNA biotypes, including protein-coding mRNAs; and both 

long non-coding RNA (lncRNA), and short non-coding RNAs, such as micro RNAs 

(miRNAs), circular RNAs, transfer RNA fragments, vault RNA, piwi-interacting RNA, 

and Y RNA (as reviewed in Li et al., 2018; as reviewed by O’Brien et al., 2020).  

Interestingly, it is thought that EVs secreted from a particular cell type tend to be 

enriched for a different RNA profile than their parental cells (Guduric-Fuchs et al., 
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2012).  Studies investigating how particular RNA biotypes are loaded into EVs are 

underway.   

 

1.3.8.1.2. RNA loading into EVs 

Differential enrichment of specific miRNAs in EVs has been reported in numerous 

studies (Skog et al., 2008; Valadi et al., 2007; as reviewed by Kosaka et al., 2010; 

Wei et al., 2017). While varying miRNA stability or passive packaging of miRNAs in 

EVs could explain this differential loading, uncovering the specific loading 

mechanisms that regulate miRNA loading into EVs remains a key focus within the 

EV community (Mateescu et al., 2017).  In the literature to date, RNA sequence 

motifs and RNA-binding proteins were found to be largely responsible for RNA 

sorting and loading into EVs (as reviewed by Corrado et al., 2021). Mechanisms 

that describe endogenous miRNA loading into EVs are the best elucidated to date.  

Shurtleff et al. identified YBX1 as the RNA-binding protein responsible for 

packaging of miR-223 into EVs in vitro and subsequent secretion from its parental 

cells (Shurtleff et al., 2016).  Villarroya-Beltri et al. identified the sequence motif 

GAGG, which is shared by a subset of miRNAs, which could control miRNA loading 

into EVs.  The GAGG sequence binds to the protein called heterogeneous nuclear 

ribonucleoprotein A2B1 (hnRNPA2B1).  This process appears to be regulated by 

the SUMOylation of hnRNPA2B1, a post-translational modification that can mediate 

protein stability and cellular trafficking (Villarroya-Beltri et al., 2013). Another RNA-

binding protein called SYNCRIP was found to bind miRNAs sharing the short hEXO 

motif, enriched in EVs (Santangelo et al., 2016). In this study, the hEXO motif was 

shown to increase miRNA loading into EVs.  The authors also published evidence 

of SUMOylation of SYNCRIP, suggesting that this post-translational modification 
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may be an important component of miRNA loading into EVs.  One miRNA loading 

mechanism involves argonaute2 (AGO2), a protein associated with the RISC 

complex involved in RNA silencing, which was shown to mediate miRNA loading 

into EVs (Guduric-Fuchs et al., 2012) and ribonucleoproteins (Arroyo et al., 2011). 

It is important to note, though, that there is some contradiction as to whether AGO2 

is associated with EVs (Li et al., 2012; as reviewed by Abels and Breakefield, 2016) 

or if it localises intracellularly (Gibbings et al., 2009). 

 

In the case of mRNAs, it was found that a 3’UTR sequence motif for certain 

mRNAs enriched in EVs may serve as a ‘zipcode’ that can target mRNAs into EVs 

(as reviewed by Abels and Breakefield, 2016).  For example, Bolukbasi et al. 

identified a 25-nucleotide sequence with a short CTGCC core domain on a stem-

loop structure, which carries a miR-1289 binding site (Bolukbasi et al., 2012).  It 

was proposed that interaction between this miRNA and the zipcode increases 

packaging of RNAs containing this sequence into EVs.  

 

1.3.8.2. EV protein 

1.3.8.2.1. Protein types in EVs 

EV protein cargo can contain cytosolic proteins, transcription factors, receptors, 

enzymes, cytokines, metabolites, and growth factors. Analysis of EV-associated 

proteins can be divided into two strands: proteins that are associated with EV 

biogenesis, formation, secretion and docking; and proteins within the EV cargo that 

contribute to cellular processes when delivered to recipient cells.  Proteins 

associated with mechanisms of EV biogenesis, such as ALIX and TSG101, and EV 

formation and release, including RAB27A, RAB11B, and ARF6, are commonly 
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found and enriched in EVs (as reviewed by Abels and Breakefield, 2016).  

Tetraspanins CD9, CD63, CD81 (Théry et al., 2018), and CD82 (Escola et al., 

1998), proteins mediating signal transduction (Epithelial Growth Factor Receptor, 

EGFR), antigen presentation (MHC-1 and MHC-II), and transmembrane proteins 

such as LAMP1, are also detected in EVs (as reviewed by Abels and Breakefield, 

2016; Simpson et al., 2012).  Other protein families have also been found enriched 

in EVs, including a disintegrin and metalloproteinases (ADAMs) and lysosome-

associated membrane proteins (LAMPs).  These proteins can be used to 

characterise EVs to distinguish them from other vesicular components of the cell 

secretome.  Other EV cargo proteins are known to induce both disease-protective 

(Jiang et al., 2022) and disease-promoting roles (Peinado et al., 2012; Costa-Silva 

et al., 2015; Millimaggi et al., 2007; Clayton et al., 2007; Webber et al., 2015).  

Understanding how specific EV cargo functions is valuable in determining the 

mechanisms by which EVs promote disease processes and will highlight novel 

targets for improved therapies.   

 

1.3.8.2.2. Protein loading into EVs 

While there are several studies detailing different mechanisms of miRNA loading 

into EVs, there is currently much less understood about how proteins are 

selectively loaded into EVs.  One study indicates that proteins associated with the 

plasma membrane as an oligomeric complex can be loaded into EVs (Yang and 

Gould, 2013).  Other concepts for protein loading are EV subtype-dependent; for 

example, a blebbing ectosome (microvesicle type) will contain cytosolic and plasma 

membrane proteins that are not selectively loaded.      
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1.3.9. EV uptake by recipient target cells 

Following their secretion from parental cells, EVs interact with recipient cells to 

activate intracellular signalling cascades and modify cell phenotypes.  EVs can 

directly fuse with the plasma membrane of a recipient cells, enabling delivery of the 

EV cargo to the target cells to induce phenotypic modifications.  EVs can also be 

internalised by recipient cells via endocytosis, pinocytosis/phagocytosis, and 

macropinocytosis (as reviewed by Johnsen et al., 2014; as reviewed by Kwok et al., 

2021; as reviewed by Teng and Fussenegger, 2021).  Endocytic uptake of EVs by 

recipient cells has been demonstrated in the literature, and can be mediated by 

several protein-protein interactions.  Clathrin-mediated endocytosis is facilitated by 

clathrin-coated vesicles, which induce degradation of the membrane and 

generation of a vesicular bud that detaches from the cell membrane.  Once 

internalised in the recipient cells, these clathrin-coated vesicles are uncoated so 

fusion with the endosome occurs with associated release of their contents (as 

reviewed by Kaksonen and Roux, 2018).  Akin to clathrin-mediated endocytosis, 

endocytosis can also involve caveolin.  Caveolin-dependent endocytosis takes 

place when small invaginations are created in the plasma membrane.  These are 

known as caveolar vesicles that detach and are internalised by the cell.  Caveolin 

proteins, such as caveolin-1, were previously found to induce this caveolae 

formation (Costa Verdera et al., 2017).  Oligomerisation of caveolins via their 

oligomerisation domains is required for the assembly of caveolin-rich rafts in the 

plasma membrane (Parton et al., 2020).  Lipid rafts are microdomains within the 

plasma membrane that have dynamic composition of phospholipids, sphingolipids, 

cholesterol, and glycophosphatidylinositol (GPI)-anchored proteins (as reviewed by 

Sezgin et al., 2017). These lipid rafts act as scaffolds for signalling complexes, and 
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are involved in membrane fluidity and trafficking of proteins (as reviewed by Lajoie 

and Nabi, 2010).  Thus, lipid rafts are important in these clathrin-mediated and 

caveolin-dependent endocytic mechanisms and can be found in clathrin- and 

caveolar-coated vesicles (as reviewed by Kwok et al., 2021).  Furthermore, lipid 

rafts can be abundant in flotillin-enriched sections of the membrane, whereby they 

facilitate endocytosis (Frick et al., 2007; as reviewed by Meister and Tikkanen, 

2014). 

 

Macropinocytosis is another mechanism of EV uptake by recipient cells, and is a 

process dependent on the Na+/H+ exchanger and cholesterol.  This enables 

activated rac1 GTPase to alter the actin cytoskeleton at the invaginating sites (as 

reviewed by Kerr and Teasdale, 2009; Grimmer et al., 2002).  This invagination 

causes ‘ruffled’ extensions of the plasma membrane that pinch off to the 

intracellular space.  EVs then become trapped and absorbed in fusion with these 

protrusions (as reviewed by Bloomfield and Kay, 2016).  Alternatively to 

macropinocytosis, phagocytosis is another process of EV uptake in which 

membrane invaginations encase the material to be internalised (as reviewed by 

Feng and Levine, 2010), and does not require direct contact with internalised 

material or the use of membrane ruffles (as reviewed by Gordon, 2016).  

 

Direct fusion of EV with the cell membrane of a recipient cell is also possible.  This 

is facilitated by the close contact of the two lipid bilayers of both the EV and the cell, 

which in proximity forms a fusion stalk.  This generates an expanded diaphragm 

layer, which causes a pore to form when the two hydrophobic cores come together 

(as reviewed by Jahn et al., 2003; Chernomordik et al., 2008; as reviewed by Jahn 
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et al., 2006).  SNARE proteins and Sec1/Munc-18 related proteins (SM-proteins) 

are known to be involved in this direct fusion (as reviewed by Südhof and Rothman, 

2009). 

 

1.3.10. EV functionality  

1.3.10.1. EV-RNA function in cancer 

Much of the interest in EV research actually began with the discovery of horizontal 

transfer of mRNAs and miRNAs between cells (Valadi et al., 2007). This has been 

supported by numerous subsequent publications on the horizontal transfer of EV 

cargo that can modulate and modify recipient cell behaviours (as reviewed by 

Corrado et al., 2021). In the cancer setting, tumour-derived EV-RNAs have been 

implicated in promoting tumour growth, modifying the tumour microenvironment to 

optimise a tumour-supporting environment, and facilitating metastasis.  RNA sorting 

into EVs is considered to be dependent not only on their size but also upon RNA 

origin.  It is reported that RNA polymerase II transcripts are preferentially packaged 

into EVs (Mosbach et al., 2021).  EV-associated RNAs have been shown to be 

implicated in many disease processes and clinical applications, such as promoting 

cancer cell phenotypes, facilitating disease progression, embody cell surrogates in 

regenerative medicine, and as a putative source of minimally-invasive molecular 

biomarkers (as reviewed by Fabbiano et al., 2020).   

 

The advantage of EV-packaged RNA is the protective EV lipid bilayer membrane 

protects the RNA cargo from RNase digestion in the extracellular space (as 

reviewed by Prieto-Vila et al., 2021; as reviewed by O’Brien et al., 2020).  

Furthermore, other EV contents can be used to stabilise RNA cargo.  EV-
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associated ribonucleoproteins (RNPs), such as argonaute 2, and high- and low-

density lipoproteins, are enriched in EVs or artificially enriched in EV fractions, 

depending on EV isolation method (Arroyo et al., 2011; Vickers et al., 2011; as 

reviewed by Vickers and Remaley, 2012).   

 

1.3.10.2. EV protein function in cancer  

Tumour-derived EVs can promote many different tumour-supporting functions at 

both the local and distal levels.  For example, tumour cell-derived EVs were found 

to promote angiogenesis in endothelial cells in many cancer types including chronic 

myeloid leukaemia (Mineo et al., 2012), glioma (Kucharzewska et al., 2013), and 

squamous cell carcinoma (de Andrade et al., 2017).  Additionally, prostate tumour-

derived EVs were found to stimulate angiogenesis and invasion in mesenchymal 

stem cells (Chowdhury et al., 2015).  Furthermore, tumour-derived EVs displaying 

TGF-β on their surfaces can activate fibroblasts into a myofibroblast phenotype 

(Webber et al., 2010) capable of supporting tumour growth in vivo (Webber et al., 

2015).  Tumour-derived EVs have also been implicated in immunosuppressive 

mechanisms that support cancer progression.  One study showed that vesicular 

TGF-β and IL-10 can promote immunosuppressive effects (Rong et al., 2016), and 

vesicular TGF-β is involved in downregulating NKG2D/KLRK1 to inhibit natural 

killer cells (Clayton et al., 2008; Szczepanski et al., 2011).   Pre-metastatic niche 

formation can also be supported via EV-mediated mechanisms from the primary 

tumour cells.   In melanoma models, EVs preferentially targeted to lymph nodes, 

induce a permissive environment for metastasis (Hood et al., 2011).   Furthermore, 

melanoma EVs educate bone marrow progenitors, leading to their recruitment and 

development of an optimal pre-metastatic niche (Peinado et al., 2012).  Tumour-
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derived EVs have also been found to regulate organotropism specifically towards 

metastatic sites, which they target due to the distinct integrin combinations that they 

transport (Hoshino et al., 2015). Thus, determining how EVs function both in 

surrounding cells of the tumour microenvironment, and at distant sites can reveal 

important insights into disease development and progression. 

 

1.3.10.3. EVs in TSC/mTORC1 signalling 

Studies to examine the role of EVs in TSC tumour pathogenesis specifically are 

limited.  One study showed that EVs from Tsc1-null cells induce a disease-like 

phenotype in neighbouring wild-type cells in vivo (Patel et al., 2016).  This was 

found to be mediated by EV-associated Notch and Rheb mRNA delivery to 

recipient cells, which caused the reactivation of mTOR and Notch pathways (Patel 

et al., 2016).  Another study described a link between mTOR signalling and 

exosome secretion, in which the authors identified Proline-rich Akt substrate 40 

(PRAS40) as the first known regulator of stress-induced TGF-α-triggered exosome 

secretion (Guo et al., 2017).  It was also shown to act as a common regulator of 

microenvironmental and oncogenic signalling-induced exosome secretion in both 

non-transformed and tumour cell types (Guo et al., 2017).   Other studies have 

shown that exosome populations could activate mTOR signalling.  Cardiac 

progenitor cell-derived exosomes stimulated H9C2 cell growth by Akt/mTOR 

activation, in a time-dependent manner (Li et al., 2018).   Exosomes isolated from 

irradiated donor cells were cell growth-promoting due to increased Akt/mTOR 

signalling, with phosphorylated ribosomal S6 (p-rpS6) and MMP2/9 matrix 

metalloproteinase-2 (MMP-2) and –9 (MMP-9) activity as the underlying 

mechanism (Mutschelknaus et al., 2017).   PI3K/AKT/MTOR gene expression was 
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reported to be significantly higher in both cervical cancer tissues and exosomes 

isolated from vaginal secretions, compared to non-transformed adjacent tissues, 

but the authors did not detect downstream mTOR signalling components or other 

global changes to EVs (Zhang et al., 2019).  PI3K/AKT/MTOR gene expression 

increased positively with malignancy in the cervical cancer tissues, but it is not 

reported whether or not this was mirrored in isolated exosomes (Zhang et al., 2019).  

It was also previously shown that tailored mesenchymal stem cells, enriched for 

miR-17-92, increased axonal growth and activated PTEN/mTOR signalling in 

recipient neurons (Zhang et al., 2013). While mTOR signalling components have 

been detected in secreted EVs from various cell types, alterations to cargo and 

function of EVs from cells with aberrant mTORC1 activity is not well understood, 

despite altered mTORC1 expression impacting global protein networks within these 

cells.   

 

Few studies that have investigated EVs from TSC cysts and tumours (driven by 

mTORC1 hyperactivity) have been published to date.  The first of these studies 

revealed that Notch and Rheb mRNAs in EVs from Tsc1-deficient cells could 

activate Notch and Rheb signalling in recipient wild type cells (Patel et al., 2016). 

The authors also reported a similar mechanism in AML cells, where Rheb from 

TSC2-deficient AML cell-derived EVs could activate mTOR and Notch signalling in 

recipient AML cells depleted of Rheb (Patel et al., 2016).  Another study employed 

Tsc2-expressing and Tsc2-deficient mouse embryonic fibroblast (MEF) cells to 

investigate EV secretion and protein and miRNA cargoes alterations following 

rapamycin treatment, the standard-of-care therapy for TSC patients with AML (Zou 

et al., 2019).  This study showed that Tsc2-deficient MEFs secreted significantly 
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less EVs than the Tsc2-expressing MEFs in vitro. The same paper reports that 

rapamycin treatment caused an increase in EV secretion from HeLa cells finding 

some miRNAs with increased expression, namely hsa-miR-10b-3p, hsa-miR-409-

3p, and 5 other miRNAs with unknown sequences; and decreased expression of 

hsa-let-7c-5p, hsa-miR-941, hsa-miR-328-3p, and hsa-miR-455-5p.  EV protein 

cargo was found to be largely similar between control- and rapamycin-treated Hela 

cells, with approximately 1.5-fold increases in ENO1 and GAPDH proteins noted in 

rapamycin-treated cells (Zou et al., 2019).  Bissler and colleagues reported that 

intercalated cells (from renal epithelia) treated with EVs from Tsc2-deficient mouse 

inner medullary collecting duct (mIMCD3) cells had a higher phospho-S6/S6 ratio 

compared to cells treated with cells treated with media or Tsc1-deficient cell-

derived EVs (Bissler et al., 2019).  Another study published by Zadjali et al. 

demonstrated that Tsc2-deficient mIMCD3 cells secreted a two-fold increase in 

EVs compared to Tsc2-expressing mIMCD3 cells (Zadjali et al., 2020), and that 

these EVs are enriched for proteins involved in various pathways linked to 

proliferation, primary cilia, and stress responses (Zadjali et al., 2020).  Using the 

same parental cell line, Kumar et al. investigated cells with CRISPR/Cas9-edited 

mIMCD3 Tsc1 and Tsc2 knockouts, to compare EV secretion and signalling 

activation capacity between the two TSC genotypes (Kumar et al., 2021). The 

authors report that Tsc1-deficient cells had reduced EV secretion compared to their 

Tsc2-deficient counterparts, while downregulation of various miRNAs in Tsc2-

deficient compared to Tsc1-deficient cells. It was also shown in this study that EVs 

from Tsc1- and Tsc2-deficient cells had different capacities in activating various 

signalling pathways including mTORC1, autophagy, and β-catenin (Kumar et al., 

2021). However, no studies to date have been conducted using a patient-derived 
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model of AML or comparing EVs from TSC2-expressing and TSC2-deficient AML 

cells, in a short- or long-term culture.  Furthermore, cargo associated with these 

EVs patient-derived model and the differences that may come downstream of the 

different genotypes is also currently unknown.  While rapamycin is the standard-of-

care therapy for TSC patients with AML, little is known about how these rapamycin-

treated AML cells may signal intercellularly in a different manner than parental AML 

cells, and whether this may have a pro- or anti-therapeutic impact. Lastly, the 

translational potential of TSC EV cargo into biomarkers for TSC has not been 

explored but could reveal novel biomarker candidates with increased stability and 

bioavailability. 

 

1.3.11. Use of EVs as sources of biomarkers  

Biological markers, coined biomarkers, are quantifiable indicators of a biological 

state, pathological state, or therapeutic response to a pharmacological treatment 

regimen (Biomarkers Definitions Working Group, 2001).   Specifically, cancer 

biomarkers can be used for routine personalised screening, diagnosis and 

prognosis, treatment monitoring, and detection of relapse (Barnie et al., 2022).  In 

translational medicine, EVs in systemic circulation are gaining traction as a 

candidate for ‘liquid biopsy’, as EVs contain a diverse and multi-faceted cargo 

containing proteins, lipids, and RNA species, that can reflect their parental cell of 

origin (as reviewed by Han et al., 2019; as reviewed by Fujita et al., 2016).  EVs are 

an attractive source of potential biomarkers for disease states as they have many 

innate advantages that may be beneficial over soluble circulating biomarkers.  The 

EV lipid bilayer entity is protective of its cargo from enzymatic degradation by 

proteases in circulation, which may increase stability of a biomarker over exposed 
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soluble factors (Zhou et al., 2020).  Furthermore, EV cargo functionality is 

conserved by this lipid bilayer, and so this may serve as advantageous in terms of 

developing functional biomarkers for disease and response to treatment (Palviainen 

et al., 2020).  In the cancer setting, the complex assortment of EV cargo could be 

used to gauge a multi-faceted ‘omics’ tumour profile, providing diagnostic and/or 

prognostic insight superior to that obtained by tissue needle biopsy alone (as 

reviewed by Pang et al., 2020).  Furthermore, given that EVs can regulate various 

pro-tumoral processes and phenotypic modifications, EVs could also be considered 

in a longitudinal disease monitoring or therapeutic surveillance context (Zhou et al., 

2021; as reviewed by Yekula et al., 2020).  

 

As previously mentioned, EVs can be isolated from various biofluids, including 

plasma, serum, urine, cerebrospinal fluid, and saliva (as reviewed by Yekula et al., 

2020).  Considerate selection of biofluid in the development of a tumour-associated 

EV biomarker is critical for accurate data interpretation.  Plasma, serum, and urine 

are commonly selected due to their minimally invasive collection and favourable 

volumes of sample for EV isolation.  Biofluid samples from which EVs are isolated 

are a fundamental component to characterise in any EV biomarker study.  In light of 

the MISEV 2018 guidelines, it is encouraged to keep biofluid sample collection and 

analysis consistent so as to optimise reproducibility of downstream analysis and 

interpretation (Théry et al., 2018). Namely, it is important to report technical details 

pertaining to biofluid sample collections, such as: biofluid volume, anticoagulant 

used, orientation and any agitation to the collected tube following collection and in 

subsequent transportation, storage temperatures, exact EV isolation procedure, 

characterisation of isolated EVs, amongst others.  These guidelines also encourage 
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the collation of accompanying clinical data to account for potential inter-patient 

variations.  These may include factors such as age, biological sex, collection time, 

medication regimens and pre/post-prandial status (Théry et al., 2018; as reviewed 

by Yekula et al., 2020).   

 

1.4. STUDY HYPOTHESES AND AIMS 

Given the roles of small EVs in optimising tumour microenvironments to support 

tumour growth, examining the characteristics, cargo, and functionality of TSC-

deficient small EVs, from AML cells, could provide valuable insight into this poorly 

understood aspect of TSC tumour biology. 

 

This project tested the primary hypothesis that TSC2-deficient (AML-) tumour cells 

secrete small extracellular vesicles (sEVs), with RNA and protein cargo distinct 

from sEVs secreted from control TSC2-expressing (AML+) cells.  The secondary 

hypothesis tested was that these AML- sEVs are capable of modifying fibroblasts of 

the tumour microenvironment to contribute to TSC tumour growth and development. 

 

To understand how sEVs contribute to AML tumour biology in TSC, the overarching 

aims of this study are as follows:  

I. To characterise TSC sEVs, in terms of their size, morphology, and molecular 

marker expression profiles 

II. To profile the RNA cargo carried by TSC sEVs, followed by in silico 

exploration these RNA biotypes to aid prediction of the potential biological 

impact of delivery of these sEVs to recipient cells 
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III. To examine the protein cargo carried by TSC sEVs, and to determine if 

mTORC1 inhibition therapy may impact TSC sEV cargoes to have different 

intercellular consequences in the microenvironment 

IV. To establish the application of TSC sEV cargo as blood-based biomarkers 

for TSC patients ± mTOR inhibitor therapy 

 



 

CHAPTER 2 

 
MATERIALS AND METHODS 

 

2.1. CELL LINES  

The cell lines used in this study are frequently used as in vitro TSC tumour cell 

models.  The TSC2-null 621.101 angiomyolipoma (AML) cell line is derived from 

the kidney of a lymphangioleiomyomatosis (LAM) patient.  621.101 cells carry 

inactivating mutations in both TSC2 alleles. The immortalised, stable cell lines, 

TSC2-deficient 621.102 and TSC2-re-expressing 621.103 cell lines were derived 

from 621.101 by transfection of an empty vector and a TSC2 encoding vector, 

respectively (Yu et al., 2004; Siroky et al., 2012).  These lines are referred to as 

AML- (TSC2-deficient = tumour) and AML+ (TSC2-re-expressing = control) 

throughout this Thesis.  Mouse embryonic fibroblast (MEF) cells lines (Zhang et al., 

2003; Siroky et al., 2012) were also used for some initial EV characterisation work 

in Chapter 3.  These cell lines are referred to as MEF- (Tsc2-/- TP53-/-) and MEF+ 

(wild-type Tsc2+/+ TP53-/-) in this work. 

 

The human pulmonary fibroblast (HPF-c) Z031 line is a primary cell line, derived 

from peripheral lung tissue (Promocell, Heidelberg, Germany).  These HPF-c Z031 

cells were used as an in vitro model of recipient fibroblasts of the tumour 

microenvironment. 
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2.1.1. Standard cell culture 

Media requirements as per cell line are detailed in Table 2.1.  Prior to media 

supplementation, fetal bovine serum (FBS) was centrifuged at 100,000 x g for 18 

hours prior to serial filtration through a 0.22 μm and 0.1 μm vacuum filters to 

deplete EVs.  This was done to avoid contamination of sample EV populations by 

bovine EVs (Théry et al., 2006).  Cell cultures were incubated in a humidified 

environment with 5 % CO2 at 37° Celsius.  All tissue culture work was carried out in 

a Class II biosafety cabinet.  Mycoplasma testing on cell-conditioned media was 

conducted once per month.  Passage number of cell lines was recorded at each 

passage.   

 

Table 2.1: Cell lines used, and their respective genotypes. Suppliers for all AML 
and MEF reagents were SIGMA-ALDRICH. Fibroblast Growth Medium 2 was 
supplied by PromoCell. 
Cell line Cell Culture Media Media Supplements 

AML+ and AML-  DMEM with 4500 mg/L 

glucose, L-glutamine, sodium 

pyruvate, and sodium 

bicarbonate 

15% [v/v] EV-dep. FBS  

1% [v/v] Pen. Strep.  

10000 units penicillin 10 mg/strep 

MEF+ and MEF- DMEM with 

4500 mg/L glucose,  

L-glutamine, sodium pyruvate, 

and sodium bicarbonate 

10% [v/v] EV-dep. FBS;  

1% [v/v] Pen. Strep. 

10000 units penicillin 10 mg/strep 

 

 

HPF-c Z031 Fibroblast Growth Medium 2 Manufacturer’s FBS and supplements 

Dulbecco’s Modified Eagle’s Media, DMEM; EV-depleted Fetal Bovine Serum, EV-

dep. FBS. 
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2.1.2. High-density bioreactor cell culture  

EVs were isolated from high-density cell cultures, maintained in AD 1000 CELLine 

adhere bioreactor flasks (Merck, New Jersey, USA) for high-density cell culture for 

increased production of EVs (Mitchell et al., 2008).  These bioreactors are 

comprised of two separate compartments: a small internal chamber for holding 

cultured cells and a larger outer chamber for holding cell culture media.  The 

compartments are separated by a 10 kDa semi-permeable membrane, which 

facilitates continuous diffusion of nutrients from the medium compartment to the cell 

compartment, and waste from the cell compartment to the medium compartment 

(Guerreiro et al., 2018).  The membrane does not permit the passage of EVs from 

one compartment to another.  

 

Figure 2.1: Diagram of CELLine AD 1000 bioreactor flask us as 3D-based 
culture for EV production.  Schematic created and published by Guerreiro et al., 
2018. 
 

AML or MEF cells at low passage were seeded, as required, at a density of 2.0 x 

107 cells in 15 mL of required supplemented culture media with 15 % EV-depleted 

FBS, as described above (Table 2.1).  Within the compartment, cells attach to a 

woven, polyethylene terephthalate (PET) matrix and EVs are secreted into the 

small cell-conditioned media compartment for collection.  The large media chamber 

was filled with 500 mL of supplemented culture media with 10 % FBS.  The high 
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cell density within a low volume of culture media, within the cell compartment, 

allows collection of EV yields that are eight-ten times more concentrated (per mL) 

compared standard monolayer cultures (Mitchell et al., 2008). Media within the 

bioreactor flasks was replaced weekly, following collection of cell conditioned media 

from the cell compartment.  

 

2.1.3. Rapamycin treatment in bioreactors  

 
Rapamycin treatment of a high-density AML- bioreactor flask was established to 

generate EVs for experiments designed to examine the effect of standard-of-care 

mTORC1 inhibition on EV characteristics, count, cargo and functionality.  A 

concentration of rapamycin of 10 ng/mL was selected to mimic patient serum 

trough levels consistently observed across multiple clinical trials investigating 

rapalog use in AML patients (Bissler et al., 2008; Davies et al., 2011; EXIST-2 trial, 

Bissler et al., 2013).  Rapamycin (10 ng/mL) was added weekly at time of media 

replacement. 

 

2.1.4. Pre-clearing cell-conditioned media  

Prior to EV isolation, cell-conditioned media was harvested weekly from the cell 

compartment and subjected to differential centrifugation (400 x g for six minutes, 

twice; followed by 2000 x g for 15 minutes; all at 4° Celsius) to remove cell debris, 

protein aggregates, and apoptotic contaminants, followed by filtration to remove 

particles >0.22 μm (Théry et al., 2018).  Processed cell-conditioned media was 

stored at -80° Celsius prior to pooling for EV isolation. 
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2.2. SUCROSE-BASED EV ISOLATION FROM CELL-CONDITIONED 

MEDIA 

To isolate EVs, pre-cleared cell conditioned media samples were pooled and 

layered on top of 4 mL of 30% [w/v] sucrose/D2O (density of 1.2 g/mL) (protocol 

adapted from Lamparski et al., 2002), prior to ultracentrifugation at 100,000 x g 

(SW-32 rotor, Beckman Coulter, High Wycombe, UK) for 90 minutes.  Given that 

EVs would float at the interface of the sucrose cushion and media supernatants, 

the sucrose cushion was carefully removed and washed in phosphate buffer saline 

(PBS) before a second ultracentrifugation at 100,000 x g (fixed angle 70Ti rotor, 

Beckman Coulter) for 90 minutes.  A visible pellet of EVs was then isolated and 

resuspended in 500 μL PBS before aliquots were created for storage at -80° 

Celsius.  This EV production pipeline is summarised in the schematic below 

(Figure 2.2).   
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Figure 2.2: EV separation protocol workflow from high density bioreactor cultures.  Cell-conditioned media from the internal 
bioreactor chamber was extracted and subjected to 3 differential centrifugation steps before filtration through a 0.22 µm pore filter.  
Processed cell-conditioned media was pooled and EVs were separated based on their density via ultracentrifugation against a 
sucrose gradient.  Pelleted EVs were washed in PBS and aliquoted for storage at -80° Celsius prior to experimentation.   Schematic 
constructed using BioRender.com.
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2.2.1. Bicinchoninic acid (BCA) assay  

The protein concentration of EV samples was determined using the MicroBCA 

Protein Assay (ThermoFisher Scientific).  This bicinchoninic acid (BCA) assay 

relies on the classical biuret reaction, with reduction of protein cupric ion to a 

cuprous ion.  Cuprous ions bind to two molecules of bicinchoninic acid to produce 

various intensities of purple, correlating with protein concentrations.  5 μL EV 

preparation was diluted in 35 μL PBS and plated in duplicate to read against a 12-

point standard curve with a top standard of 2 mg/mL bovine serum albumin (BSA) 

and subsequent standards prepared in a two-fold serial dilution.  Briefly, EVs were 

diluted 1:8 with PBS and absorbance values were calculated from the standard 

curve, to determine the protein content from EV preparations.  Duplicate readings 

of each sample were taken and averaged to determine a total protein (μg/mL) 

measurement.  Plates were incubated at 37° Celsius for 30 minutes before 

absorbance readings were measured using the PHERAstar® plate reader (BMG 

LABTECH).  EV protein concentration was determined based on absorbance 

reading comparisons to the absorbance values of BSA standards of known 

concentration.   

 
 

2.3. IMMUNOFLUORESCENCE MICROSCOPY 

 
Immunofluorescence microscopy (IF) was used to characterise protein expression 

within monolayer-cultured cells.  AML cells were grown to 80 % confluence on 

glass-bottomed 24-well plates (greiner bio-one, Stonehouse, UK), and fixed using 

ice-cold acetone:methanol (1:1 [v/v]) for 20 minutes.  Non-specific sites were 

blocked by incubation with 1 % [w/v] bovine serum albumin (BSA) in Hank’s 
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Balanced Salt Solution (HBSS, MERCK, Darmstadt, Germany) for two hours at 

room temperature.  Fixed cells were washed twice, with 0.1 % [w/v] BSA in HBSS.  

Cells were then incubated with primary antibodies listed in Table 2.2 (diluted in 

0.1% BSA in HBSS) at room temperature for two hours.  Cells were washed twice 

with 0.1% [v/v] BSA in HBSS before incubation with Alexa Fluor® 488 conjugated 

goat anti-mouse secondary antibody (10 μg/mL in 0.1% [v/v] BSA in HBSS; 

Catalogue # A11029 from Life Technologies) for one hour at room temperature.  

Cells were washed once with 0.1% [v/v] BSA in HBSS before staining with DAPI 

diluted in distilled H20 (1 μg/mL; ThermoFisher Scientific) for one minute at room 

temperature.  Cells were washed once with 0.1% [w/v] BSA in HBSS and then 

twice in HBSS.  500 μL HBSS was added to cells for imaging.  Fluorescence 

microscopy was performed with structured illumination using the ZEISS ApoTome 

system, using a 63×/1.4 numerical aperture oil-immersion objective (Zeiss Z1 

Observer, Cambridge, UK; running Zen Pro Software). 
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Table 2.2: Primary antibodies and respective isotypes used in IF. 
Antibody Isotype Stock 

conc.  
 

(mg/mL) 

Dilution to 
Working 

Conc. 
 

(1 μg/mL) 

Catalogue # Company 

α-smooth 
muscle actin 

mouse 

IgG2a 0.2 1:200 sc-32251 Santa Cruz 
Biotechnology 

Desmin 
mouse 

IgG2b 0.1 1:100 sc-70961 Santa Cruz 
Biotechnology 

Cytokeratin 18 
mouse 

IgG1 0.2 1:200 sc-32329 Santa Cruz 
Biotechnology 

EEA1 
mouse 

IgG1 
 

0.2 1:200 sc-137130 Santa Cruz 
Biotechnology 

LAMP2 
mouse 

IgG1 0.2 1:200 sc-18822 Santa Cruz 
Biotechnology 

CD9 
mouse 

IgG2b 0.5 1:500 MAB1880 eBioscience 

CD63 
mouse 

IgG1 1 1:1000 MCA2142 Bio-rad 
Laboratories 

CD81 
mouse 

IgG1 1 1:1000 MCA1847EL Bio-rad 
Laboratories 

IgG1 

 
- 0.5 1:500 14-4714-84 eBioscience 

IgG2a 

 
- 0.5 1:500 14-4724-85 eBioscience 

IgG2b 

 
- 0.5 1:500 14-4732-85 eBioscience 

 

 

2.4. IMMUNO-PHENOTYPING OF EVs  

Plate-based immunofluorescent analysis of EV-associated proteins was performed 

using an established time-resolved fluorescence (TRF) assay (as described by 

Webber et al., 2014).  100 μL/well EV samples (0.5 μg/μL) were plated in triplicate 

in high-binding strip 96-well plates (Greiner bio-one) and incubated at 4° Celsius 

overnight.  Samples were washed three times in 1X Delfia wash buffer (Kaivogen).  

Non-specific sites on EVs were blocked using 1% [v/v] BSA in PBS and incubated 

at room temperature for two hours.  For sample lysis to examine EV-luminal 

proteins, 100 μL/well RIPA Lysis Buffer (Santa Cruz Biotechnology) was added to 

appropriate wells and incubated at room temperature for one hour.  Samples were 
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washed three times in 1X Delfia wash buffer.  Primary antibodies (Table 2.3) were 

diluted in 0.1% [v/v] BSA in PBS to give a working concentration of 1 μg/mL for the 

assay and used at a volume of 100 μL/well. Samples were incubated with primary 

antibodies at room temperature, for 2 hours, whilst under gentle agitation on a plate 

shaker.  Samples were washed three times again using 1X Delfia wash buffer.  

Anti-mouse IgG (goat) biotin-labelled secondary antibody (Perkin Elmer) was 

diluted in 0.1% [v/v] BSA in PBS to provide a working concentration of 200 ng/mL.  

Samples were incubated with 100 μL/well secondary antibody at room temperature 

for one hour.  Samples were washed three times with 1X Delfia wash buffer.  

Europium-conjugated strepavidin (Perkin Elmer) was diluted 1:1000 [v/v] in Assay 

Buffer (Kaivogen).  Samples were incubated with 100 μL/well europium-conjugated 

strepavidin at room temperature for 45 minutes.  Samples were washed six times 

with 1X Delfia wash buffer.  100 μL/well Europium Fluorescence Intensifier 

(Kaivogen) was added to each well and incubated at room temperature for five 

minutes. Europium signal per well was measured on the PHERAstar® plate reader 

(BMG LABTECH, Ortenberg, Germany).  Data was plotted and statistically 

analysed in Microsoft Office Excel and GraphPad Prism (Version 8) software. 
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Table 2.3: Primary antibodies and respective isotype controls used in plate-
based immunofluorescent analysis. 

Primary 
antibody  
specificity 

Raised 
in: 

Isotype Stock 
conc.  

 
(mg/mL) 

Dilution 
to 

working 
conc.  

(1 μg/mL) 

Catalogue # Company 

CD9 
Human 

Mouse IgG2b 0.5 1:500 MAB1880 eBioscience 

CD63 
Human 

Mouse IgG1 1 1:1000 MCA2142 Bio-rad 
Laboratories 

CD81 
human 

Mouse IgG1 1 1:1000 MCA1847EL Bio-rad 
Laboratories 

ALIX 
Human 

Mouse IgG1 0.2 1:200 sc-166952 Santa Cruz 
Biotechnology 

TSG101 
 

Mouse IgG1 0.2 1:200 sc-7964 Invitrogen 

IgG1 Mouse - 0.5 1:500 14-4714-84 eBioscience 

IgG2a Mouse - 0.5 1:500 14-4724-85 eBioscience 

IgG2b Mouse - 0.5 1:500 14-4732-85 eBioscience 

 
 
 

2.5. NANOPARTICLE TRACKING ANALYSIS (NTA) 

Nanoparticle tracking and size distribution analysis was conducted on cell-

conditioned media samples post-serial centrifugation and filtration.  Analysis was 

performed using NanoSight NS300 apparatus, configured with a temperature 

controlled 488 nm laser module and a high-sensitivity sCMOS Camera System 

(OrcaFlash 2.8, Hamamatsu C11440, Hamamatsu City, Japan) and a syringe-

pump system (Malvern Instruments).  Experimental samples were diluted using 

particle-free H2O and loaded into a 1 mL syringe pump.  Samples were syringed 

into the NS300 at a fixed speed infusion rate of 80 arbitary units, and temperature 

set at 25 °Celsius, while three two-minute videos were recorded for tracking and 

size distribution analysis.  Camera level was set at 15 for all recordings.  Screen 

gain was set at 1.0 for each recording.  Samples were diluted in nanoparticle-free 

water (Fresenius Kabi, Runcorn, UK), so that the particle concentration (particles / 

ml) was within the linear range of the instrument. Camera focus was adjusted prior 
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to each recording to maximise observer visualisation of nanoparticle flow.   Sample 

analysis was performed using NanoSight NTA software (version 3.1).  NTA 

quantification of particles is based on two principles: Brownian motion, and the 

Stokes Einstein equation.  Brownian motion describes the constant, random 

movement of particles in suspension. Temperature and viscosity of the suspension 

fluid is a factor of Brownian motion.  These moving particles cause light scatter 

from the NS300 high-intensity laser beams to allow individual tracking. NTA 

software then calculates particle diameter using the Stokes Einstein equation: 

 

Dt = TKB / 3π ηd   

 

where, Dt = diffusion constant (D = diffusion coefficient; t = time), T = sample 

temperature, KB = Boltzmann’s constant, η = solvent viscosity, d = diameter of 

spherical particle.  

  

 

NTA was conducted on each EV sample, where three video recordings represent 

technical triplicates. The mean of these triplicates were graphed as a mean in the 

resulting size distribution profiles. 

 

2.6. CRYOGENIC ELECTRON MICROSCOPY (Cryo-EM) 

Cryo-EM was conducted to visualise and characterise EV morphology and 

heterogeneity within and between AML+ and AML- samples.  One AML+ and one 

AML- EV sample was subjected to cryo-EM analysis in this study.  EVs isolated by 

density gradient ultracentrifugation were added to glow-discharged holey carbon 

grids (Quantifoil, Germany).  A vitrobot (Maastricht Instruments BV, The 

Netherlands) was then used to vitrify the grids.  To image the samples, a JEM-

2200FS/CR transmission cryo-electron microscope (JEOL, Japan) was used.  
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Samples were imaged at -196° Celsius with an acceleration voltage of 200 kV.  

Cryo-EM was conducted in collaboration with Professor Juan Falcon-Perez (CIC 

bioGUNE, Bilbao).  Morphological analysis of .tiff images was conducted using 

ImageJ (version 1.50i) software and data was plotted in GraphPad Prism (Version 

8) software. 

 

 

2.7. RNA ISOLATION AND REVERSE TRANSCRIPTION 

 
RNA was extracted from EV samples (based on 200 μg of EV protein), using 1 mL 

TRI Reagent® per sample (Sigma-Aldrich).  200 μL of chloroform (Sigma-Aldrich) 

was added to the samples, before samples were mixed vigorously for 15 seconds 

to disperse the chloroform.  This was followed by a 5-minute incubation on ice.  The 

samples were centrifuged at 16,000 x g for 20 minutes at 4° Celsius, to allow the 

separation of both aqueous and phenol phases.  The clear aqueous layer was 

removed carefully by pipette and added to 500 mL ice-cold isopropanol. Samples 

were then incubated at -20° Celsius overnight, to allow precipitation of RNA.  

Samples were centrifuged at 16,000 x g for 20 minutes at 4° Celsius, to pellet the 

RNA.  RNA pellets were washed twice in 1 mL ice-cold 70% [v/v] ethanol. Tubes 

were then inverted, and RNA pellets air-dried for 1 hour.  Pellets were resuspended 

in 12 μL DNase- and RNase-free H2O.  1 μL of each RNA sample was assessed 

for RNA concentration using a NanoDrop™ 2000 Spectrometer (ThermoFisher 

Scientific), which provides ratios of absorbance measured at 260nm and 280nm.  A 

260nm:280nm ratio of >1.7 is generally accepted as pure RNA and was used as a 

threshold for further analysis in this study.  If the ratio is considerably lower, it may 

indicate the presence of protein, phenol or other contaminants that absorb strongly 
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near 280nm.  For nucleic acid quantification, the extinction coefficient for RNA is 40 

and the modified Beer-Lambert equation (ThermoFisher Scientific) used is: 

 

C     = Aɛ 

  
b 

where C = nucleic acid concentration in μg/ml, A = absorbance in Absorbance 
Units (AU), ɛ = wavelength-dependent extinction coefficient in ng-cm/μl, and b is 
pathway length in cm. 
 

 

Reverse transcription was performed using the random primer method in a final 

volume of 20 μL per reaction, containing 0.08 μg of RNA of the sample (as detailed 

in Table 2.4).  A negative control was included, which substituted RNA sample for 

molecular biology grade H2O.  Reverse transcription was performed in an S1000 

Thermal Cycler (Bio-Rad).  This included incubation at 25° Celsius for 10 minutes 

to allow the primers to anneal to the RNA.  The primers were then extended in the 

presence of dNTPs using reverse transcriptase at 37° Celsius for 2 hours, 

generating cDNA.  The reaction mixture was then heated at 85° Celsius for 5 

seconds to deactivate the RT.  The resultant 20 μL cDNA samples were diluted in 

80 μL H2O and stored at -20° Celsius. 

 
Table 2.4: List of constituents in master mix from Kit with RNase inhibitor 
(appliedbiosystems by Thermo Fisher Scientific) 
Reagent Volume (μL) 

10X RT Buffer 2 

25X dNTP Mix (100 mM) 0.8 

10X RT Random Primers 2 

MultiScribe™ Reverse Transcriptase 1 

RNase inhibitor 1 

Nuclease-free H2O 3.2 

Total per reaction 10 
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2.8. QUANTITATIVE POLYMERASE CHAIN REACTION (qPCR) 

qPCR was carried out with 20 μL  per reaction, containing 5 μL of pre-diluted 

sample cDNA (as above), 10 μL of TaqMan® Universal Master Mix (2X) 

(ThermoFisher Scientific), 4 μL H2O and 1 μL TaqMan® gene expression assay 

primer and probe mix (all from ThermoFisher Scientific) (Table 2.5).  Each sample 

was plated in duplicate, and a negative control was prepared using H2O substituted 

for the cDNA.  The PCR amplification was performed in a StepOnePlus™ Real-

Time PCR System Thermocycler (ThermoFisher Scientific).  Samples were 

amplified in stages, first by heating them to 50° Celsius for 2 minutes, followed by 

95° Celsius for 10 minutes, then at 95° Celsius for 15 seconds, and finally at 60° 

Celsius for 1 minute, for a total of 40 cycles.  

Table 2.5: List of constituents in master mix per primer tested by qPCR  
Reagent Volume (μL) 

TaqMan® MasterMix 10 

Primer & probe 1 

H20 4 

 

The comparative CT method was used for relative quantification of target gene 

expression.  The CT (cycle where amplification is in the linear range of the 

amplification curve and crosses the set threshold) for the standard reference gene 

(glyceraldehyde 3-phosphate dehydrogenase, GAPDH) was subtracted from the 

target gene CT to obtain the ΔCT for each sample. Target gene expression was 

calculated in each experimental sample relative to control samples by: 

Relative Expression = 2– ((ΔCT of experimental sample) – (ΔCT of reference sample)) 

Relative Expression = 2– ((ΔCT 1) – (ΔCT 2)) 
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The “ΔCT1” is the mean ΔCT value calculated for the experimental samples (AML-), 

whereas the “ΔCT 2” is the mean ΔCT value calculated for the reference samples 

(AML+). The data was analysed using the StepOnePlus™ Software (Version 2.0, 

ThermoFisher Scientific). 

 

2.9. RNA SEQUENCING (RNA-Seq) 

2.9.1. Quality control 

EV RNA samples, extracted as described above, were submitted for RNASeq to 

the Wales Gene Park, Heath Park Campus, Cardiff University.  Quality and 

quantities of total RNA per sample were assessed using Agilent 4200 TapeStation 

and high-sensitivity ScreenTape (Agilent Technologies), conducted as per outlined 

in the manufacturer’s instructions.  This quality control was conducted by Shelley 

Rundle and Vikki Humphries (Wales Gene Park),  The DV200 method, that 

measures percentage of RNA fragments that are longer than 200 nucleotides in 

length, was used to assess RNA quality, and samples were graded and ranked in 

accordance with the Illumina® recommendations (too degraded = <30 % DV200; 

low = 30-50% DV200; medium = 50-70% DV200; high = > 70% DV200).  The 6 top-

ranking samples per group (AML+, AML-) were selected for sequencing. 

 

2.9.2. Library preparation and sequencing  

Libraries for sequencing were generated following Chapter 2 of the NEB® Ultra™ II 

Directional RNA Library Prep Kit for Illumina® (New England BioLabs, 

Massachusetts, USA) protocol.  This was conducted by Vikki Humphries (Wales 

Gene Park). 5 ng of total RNA was depleted of ribosomal RNA using the 

NEBNext® rRNA Depletion Kit (Human/Mouse/Rat), (New England BioLabs,).  
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Library construction consisted of the following steps: RNA fragmentation and 

priming, cDNA synthesis (1st strand, then 2nd strand) adenylation of 3’ ends, 

adapter ligation (1:199 dilution of adapter) and PCR amplification for 16 cycles.  

Samples with low DV200 readings were subjected to a short fragmentation period 

of 8 minutes at 94°C. Higher quality RNA was incubated at 94°C for 15 minutes.  

AMPure XP beads (Beckman Coulter®) were used as a replacement of RNAClean 

XP and SPRIselect beads listed in the manufacturer’s instructions.  Library 

validation was conducted using the Agilent 4200 TapeStation and high sensitivity 

ScreenTapes (Agilent Technologies) to determine insert size.  Qubit® (Thermo 

Fisher Technologies) was used to carry out the fluorometric quantitation. The 

validated libraries were normalised to 4nM before pooling.  The pooled libraries 

were then sequenced on an S1 (200 cycle) flow cell using XP workflow for a 

2x100bp PE dual index format using the NovaSeq6000 sequencing system 

(illumina®), as per the manufacturer’s instructions.  

 

RNASeq reads were trimmed using Trim Galore (Babraham Bioinformatics) and 

mapped against reference genome GRCh38 using STAR (Dobin et al., 2013).  

Expression counts were conducted using featureCounts against the GENCODE 

GFCh38.p10 gene annotation model, and differentially expressed genes (DEG) 

lists were generated using DeSeq2 (Love et al., 2014).  In this analysis, RNA reads 

differentially expressed in AML- EVs compared to AML+ EVs were listed.  

Statistical significance was explored by filtering at various p value thresholds, 

adjusted for multiple corrections. 
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2.9.3. Downstream analysis of differentially expressed genes  

DEG lists were subdivided into RNA biotypes using BioMart (Ensembl), by 

Samantha Hill (Wales Gene Park, Heath Park Campus, Cardiff University).  RNA 

biodistribution in AML+ and AML- EVs were compared.  Biotype classes found to 

be upregulated and downregulated in AML- EVs were assessed.  The largest RNA 

biotypes – mRNA, lncRNA, and miRNA – were selected, and listed RNA reads 

were ranked by false-discovery rate adjusted p (p.adj.) values.  An appropriate 

p.adj. value cut-off threshold per list was established for inclusion of the most 

statistically significant reads and taking size of dataset into account.  A five-fold 

change threshold was also applied, which resulted in a final list of genes for 

downstream analysis.  Functional enrichment gene ontology (GO) analysis on the 

RNA-Seq datasets was performed using online software programme GOliath 

(https://www.bioinformatics.babraham.ac.uk/goliath/goliath.cgi), and by literature 

review.  Results were compiled in tables and graphs were created in GraphPad 

Prism (Version 8). 

 

 

 

2.10. PROTEOME PROFILE ANTIBODY ARRAY 

A proteome profiler antibody array (Human XL Oncology Array; R&D Systems) was 

conducted to compare the expression of 84 oncology-associated proteins within 

lysates from AML+ and AML- cells and cell-derived EVs.  For cell lysates, AML+ 

and AML- cells were grown to confluence in 60mm-diameter plates and treated with 

0.7 μg/mL GolgiStop™ and 1 μg/mL GolgiPlug™ Protein Transport Inhibitors 

(Thermo Fisher Scientific) for 18 hours to prevent cytokine release, prior to lysis 
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with 1X RIPA Lysis Buffer with phenylmethylsulfonyl fluoride (PMSF), sodium 

orthovanadate, and kit inhibitor cocktail (Bio-Rad Laboratories).  EVs generated 

from bioreactor flasks were also lysed with the same 1X RIPA buffer and inhibitor 

cocktail before protein quantification.  180 μg protein from both cells and EVs was 

suspended in assay buffer and incubated on the supplied membrane (R&D 

Systems), dotted with capture antibodies for 84 oncology-associated proteins.  

Blots were then incubated with a cocktail of biotinylated detection antibodies and 

processed as per the manufacturer’s instructions.  Membranes were imaged by 

chemiluminence using C-DiGit® Blot Scanner (LI-COR) and analysed by 

densitometry using ImageJ software (version 1.50i).  

 

2.10.1. Functional enrichment analysis 

Functional enrichment analysis on proteins with elevated expression in AML- cells 

and EVs was conducted using FunRich: Functional Enrichment Analysis Tool 

(http://www.funrich.org/) software (version 3.1.3), as previously described (Kalra et 

al., 2012; Pathan et al., 2015; Fonseka et al., 2021).  The encoding gene for each 

candidate protein was retrieved from NCBI Gene Nomenclature, tabulated in Table 

2.6.  Upregulated protein lists were inputted into FunRich software and analysed for 

gene oncology annotation Biological pathway within installed background FunRich 

datasets Gene Ontology database, Human Protein Reference Database (Keshava 

Prasad et al., 2009), Entrez Gene (Maglott et al., 2007), and UniProt (UniProt-

Consortium, 2010).  Percentage gene set coverage per biological pathway within 

the datasets was determined, with matched fold enrichment. Hypergeometric p 

values were used to analyse statistical significance.  Percentage gene set coverage 

was ranked in descending order, and biological pathway annotated with less than 
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three gene hits in any category were omitted.  The ten top-ranking percentage gene 

coverage/enrichment scores were selected and compiled in a bar chart. 

 

 
Table 2.6: Genes corresponding to proteins analysed by proteome profiler 
antibody array. Gene names were obtained from the NCBI Gene Nomenclature 
prior for functional enrichment gene ontology analysis. 

Protein Encoding 
Gene 

Protein Encoding 
Gene 

Protein Encoding 
Gene 

α-fetoprotein AFP ErbB4 ERBB4 MMP-2 MMP2 
amphiregulin AREG FGF basic FGF2 MMP-3 MMP3 

Angiopoietin-1 ANGPT1 FoxC2 FOXC2 MMP-9 MMP9 
Angiopoietin-

like 4 
ANGPTL4 Fox01/FKHR FOXO1 MSP/MST1 MST1 

ENNP-
2/Autotaxin 

ENNP2 Galectin-3 LGALS3 MUC-1 MUC1 

Axl AXL GM-CSF CSF2 Nestin-4 NES 
BCL-x BCL2L1 CG α/β 

(HCG) 
CGB3 Osteopontin (OPN) OPN 

CA125/MUC16 MUC16 HGF/c-Met HGF p27/Kip1 CDKN1B 
E-cadherin CDH1 HIF-1α HIF1A p53 TP53 

VE-cadherin CDH5 HNF-3β FOXA2 PDGF-AA PDGFA 
CapG CAPG H0-1/HMOX1 HMOX1 CD31/PECAM-1 PECAM1 

Carbonic 
anhydrase IX 

CA9 ICAM-
1/CD54 

ICAM1 Progesterone 
R/NR3C3 

PGR 

Cathepsin B CTSB IL-2 Rα IL2RA Progranulin GRN 
Cathepsin D CTSD IL-6 IL6 Prolactin PRL 
Cathepsin S CTSS CXCL8/IL-8 IL8 Prostasin/Prss8 PRSS8 
CEACAM-5 CEACAM5 IL-18 BPa IL18BP E-Selectin/CD62E SELE 

Decorin DCN Kallikrein 
3/PSA 

KLK3 Serpin B5/Maspin SERPINB5 

Dkk1 DKK1 Kallikrein 5 KLK5 Serpin E1/PAI-1 SERPINE1 
DLL1 DLL1 Kallikrein 6 KLK6 Snail SNAI1 

EGFR/ErbB1 EGFR Leptin LEP SPARC SPARC 
Endoglin/CD105 ENG Lumican LUM Survivin BIRC5 

Endostatin COL18A1 CCL2/MCP-1 CCL2 Tenascin C TNC 
Enolase 2 ENO2 CCL8/MCP-2 CCL8 Thrombospondin-1 THBS1 

eNOS NOS3 CCL7/MCP-3 CCL7 Tie-2 TEK 
EpCAM/TROP1 EPCAM M-CSF CSF1 U-plasminogen 

activator/urokinase 
PLAU 

ER α/NR3A1 ESR1 Mesothelin MSLN VCAM-1/CD106 VCAM1 

ErbB2 ERBB2 CCL3/MIP-
1α 

CCL3 VEGF VEGFA 

ErbB3/Her3 ERBB3 CCL20/MIP-
3α 

CCL20 Vimentin VIM 
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2.11. ENZYME-LINKED IMMUNO-SORBANT ASSAY (ELISA) 

Quantification of selected protein targets was conducted using commercially 

available ELISA kits (DuoSet ELISA Development System, R&D Systems, 

Minneapolis, USA).  EVs (normalised for total protein levels) were lysed using 1X 

RIPA lysis buffer (Santa Cruz Biotechnology) with PMSF, sodium orthovanadate, 

and kit inhibitor cocktail on ice for 30 minutes. The protocol outlined by R&D 

Systems was followed with amendments to the conjugate used for signal detection.  

Samples were plated in duplicate or triplicate, specified in respective figure legends.  

Europium-labelled streptavidin (Perkin Elmer) was diluted 1:1000 [v/v] in Assay 

Buffer RED (Kaivogen), allowing for more sensitive detection.  Samples were 

incubated with 100 μL/well europium-labelled strepavidin at room temperature for 

45 minutes.  Samples were washed 6 times with 1X Delfia wash buffer.  100 

μL/well Europium Fluorescence Intensifier (Kaivogen) was added to each well and 

incubated at room temperature for five minutes.  Europium signal in wells was 

measured on the PHERAstar® plate reader (BMG LABTECH).  Statistical analysis 

by two-way ANOVA and Tukey’s multiple comparisons correction was performed 

using GraphPad Prism (Version 8) software.  Identical experiments were conducted 

three times. 

 

ELISA was also used to measure growth factor secretion in cell-conditioned media 

from non-transformed Z031 lung fibroblasts following EV treatment.  Cells were 

treated with EVs for four days and cell-conditioned media was removed and 

subjected to a high-speed ultracentrifugation at 100,000 x g for two hours to 

deplete EVs.  Then, ELISA, as described above, was performed to detect VEGF, 

FGF, and HGF in cell-conditioned media.  Note that lysis using 1X RIPA buffer with 



  Chapter 2: Materials and Methods 
 

 75 

added protease inhibitor cocktail (PIC) was not necessary here as growth factors 

secreted were not EV-associated.   Samples were plated in duplicate and this 

experiment was repeated three times. 

 

2.10. SODIUM DODECYL SULPHATE-POLYACRYLAMIDE GEL 

ELECTROPHORESIS (SDS-PAGE) AND WESTERN BLOT 

Cells were lysed in lysis buffer (20nM Tris, pH 7.5, 135 mM NaCl, 5% [v/v] glycerol, 

50 mM NaF, 0.1% [v/v] Triton X-100) (as described by Dunlop et al., 2014), with 

protease and phosphatase inhibitors pepstatin, antipain, benzamidine, 

phenylmethylsulfonyl fluoride, sodium orthovanadate, leupeptin and dithiothreitol 

(DTT).   Cells were sonicated with three 30 second pulses in Bioruptor® 

(diagenode), and then centrifuged at 17,000 x g at 4° Celsius for eight minutes to 

remove insoluble debris. Protein quantification was conducted as described 

previously. 4X LDS sample buffer (Invitrogen) and 25 mM DTT was then added to 

samples (cell lysates and EVs).  Samples were then heated at 70° Celsius for ten 

minutes.  Lysates and EVs were separated on a 4-12% Bis-Tris gradient gel 

(ThermoFisher Scientific) and run at 150 V for 65 min alongside a molecular weight 

marker.  Protein bands were blotted onto methanol-activated polyvinylidene 

difluoride (PVDF) membranes (Millipore) at 25 V for 130 min.  The membrane was 

blocked in 5% [w/v] non-fat dried milk in Tris-buffered Saline (TBS) containing 0.1% 

[v/v] Tween-20 (TBST) for one hour.  The membrane was washed in TBST in three 

5-minute washes before being divided into sections to maximise data yield.  

Respective sections (based on their predicted size ranges) were incubated 

individually overnight at 4° Celsius with primary antibodies (Table 2.7), diluted to 

manufacturer’s recommended dilution, in 2% [w/v] BSA.  After incubation, blots 
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were subjected to three five-minute washes each in TBST before a one-hour 

incubation at room temperature in corresponding secondary goat anti-mouse (sc-

2302, Santa Cruz Biotechnologies)/goat anti-rabbit (sc-2004, Santa Cruz 

Biotechnologies) antibodies diluted to 1:10000 [v/v] in 5% non-fat milk/TBST.  Blots 

were washed again three times for five minutes per wash.  Blots were subsequently 

analysed by chemiluminescence using Immobilon Classico Western Horse Radish 

Peroxidase (HRP) substrate (Millipore) and developed on film (Hyperfilm).  Blots for 

proteins under investigation were repeated three times on three cell or EV lysates 

prepared identically as described here. 

 

Due to COVID-19 lab restrictions, access to equipment to develop blots using film 

was not possible.  Therefore, for the latter period of this project, blot development 

was conducted using WesternSure® PREMIUM Chemiluminescent Substrate and 

C-DiGit® Chemiluminescence Western Blot Scanner (LI-COR Biosciences, 

Biotechnology). 
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Table 2.7: Primary antibodies using for protein detection by western blot 
Primary antibody 

specific for: 
Stock Conc.  

 
(mg/mL) 

Dilution to  
Working Conc.  

(1 μg/mL) 

Catalogue # Company 

mTOR 
rabbit 

1 1:1000 CST 2972 Cell Signalling 
Technology 

TSC2 
rabbit 

1 1:1000 CST 3990 Cell Signalling 
Technology 

Notch1 
rat 

1 1:1000 CST 3447 Cell Signalling 
Technology 

ALIX 
mouse 

0.2 1:200 sc-166952 Santa Cruz 
Biotechnologies 

GRP94 
mouse 

0.2 1:200 sc-393402 Santa Cruz 
Biotechnologies 

S6K1 
rabbit 

1 1:1000 CST 9202 Cell Signalling 
Technology 

Akt 
rabbit 

1 1:1000 CST 9272 Cell Signalling 
Technology 

TSG101 
mouse 

0.2 1:200 sc-7964 Santa Cruz 
Biotechnologies 

4eBP1 
rabbit 

1 1:1000 CST 9644 Cell Signalling 
Technology 

eIf4E 
rabbit 

1 1:1000 CST 9742 Cell Signalling 
Technology 

Rheb 
sheep 

1 1:1000 5483B University of 
Dundee 

GAPDH 
mouse 

10 1:10000 NBP1-47339 Novus 
Biologicals  

 

2.11. PHOSPHO-PROTEIN SIGNALLING ACTIVATION  

Non-transformed lung fibroblasts, Z031, were grown to 100 % confluence in 60mm 

diameter plates and serum-starved for 24 hours, as described above.  Cells were 

treated with 200 μg of either AML+, AML- , or rapaAML- EVs resuspended in 

serum-free media and incubated for one hour.  Serum-free media was added to 

another plate as a negative control.  After incubation, cells were lysed with 1X RIPA 

Lysis Buffer with added protease inhibitor cocktail (Bio-rad Laboratories) and total 

protein per lysate was quantified by BCA assay, as described above.  3 µg protein 

lysates were loaded into wells and subjected to SDS-PAGE and western blot as 

described above, except here the western blots were blocked in 2% [w/v] BSA 
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instead of 5% [w/v] non-fat milk to avoid contamination by phospho-casein. 

Membranes were then probed for phosphorylated proteins listed in Table 2.8.   

 

Table 2.8: Primary antibodies used for phospho-protein signalling 
experiments. 
Primary antibody 

specific for: 
Stock Conc.  

 
(mg/mL) 

Dilution to  
Working Conc.  

(1 μg/mL) 

Catalogue # Company 

p44/42 pMAPK 
(ERK1/2) 

Thr202/Tyr204 
rabbit 

2 1:2000 CST 4370 Cell Signalling 
Technology 

pS6 Ser235/236 
rabbit 

1 1:1000 CST 2211L Cell Signalling 
Technology 

pIRS Ser636/639 
rabbit 

1 1:1000 CST 2388 Cell Signalling 
Technology 

 
 
 
2.13. ANALYSIS OF PLASMA SAMPLES 

2.13.1. Plasma samples 
 
Three adult (>18yo) cohorts of plasma samples were utilised in this study, namely: 

healthy donor (labelled HD) samples; TSC patients with identified TSC2 mutations 

(labelled TSC); and TSC patients with a TSC2 mutation receiving mTOR inhibition 

therapy (labelled TSC+mTORi). HD samples were obtained from Cardiff University 

Biobank (Heath Park Campus, Dental Drive, Cardiff, CF14 4AX, Application 

Number 21-0002; REC No 18/WA/0089).  TSC and TSC+mTORi samples were 

obtained from the TSC Alliance Biosample Repository (Van Andel Institute, 

Michigan, USA; IRB Study Number 15039-05).  Analysis of plasma samples in this 

study was approved by Cardiff University School of Medicine Research Ethics 

Committee (SMREC reference: 19.84).  Written informed consent was received 



  Chapter 2: Materials and Methods 
 

 79 

before precipitation.  Samples were age- and sex-matched between groups, as 

summarised in Table 2.9. 

Table 2.9: Summary of plasma sample cohorts. 

 Healthy donor 
 
 

TSC patient with 
TSC2 mutation 

 

TSC patient with 
TSC2 mutation 

+ mTOR inhibitor 
treatment 

Age 

(years) 

Male Female Male Female Male Female 

30-39 1 3 1 3 1 3 

40-49 2 2 2 2 2 2 

50-59 1 0 1 0 1 0 

 

 
2.13.2. Size-exclusion chromatography (SEC) for EV isolation from plasma 

 
EVs were isolated from donor or patient plasma samples by size exclusion 

chromatography, using Exo-spin midi columns (CELL Guidance Systems, 

Cambridge, UK) following our established protocol (Welton et al., 2015). The SEC 

method was chosen as plasma is viscous and not suitable for flotation- or density 

gradient-based EV separation.  Specifically, three treatment groups were 

processed to analyse if their EV cargo contained selected target proteins, and 

whether expression of these target proteins were differential between these groups.  

SEC was performed in accordance with the manufacturer’s instructions.  Briefly, 

SEC columns were clamped onto retort stands and washed through with 20 mL 

PBS + 6 mM EDTA to equilibrate the column. 1 mL plasma samples were loaded, 

500 μL at a time, onto the top of the SEC column, and 500 μL fractions were 

collected at the bottom of the SEC column as it drained under gravity.  

Subsequently, 500 μL PBS + 6 mM EDTA was loaded onto the top of the columns 

and resulting 500 uL fractions were collected until 21 fractions had been collected 

in total.   
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2.13.2. TRIFic™ detection assays on plasma SEC fractions 

Following fraction pooling, TRIFic™ detection assays (CELL guidance systems), a 

type of TRF assay, were used to quantify CD9 and CD63 expression levels in SEC 

fractions from plasma samples to further confirm EV enrichment in the expected 

pooled samples.  This was conducted in accordance with the manufacturer’s 

protocol.  Specifically, 2 ng/µL biotinylated CD9/CD63 antibody was made up in 

100 µL and added to each well of the high-binding plate and incubated on plate 

shaker at room temperature for one hour.  The plate was washed in wash buffer 

using an automatic plate washer.  100 µL of the pooled SEC groups – pre-EV, EV-

rich, and post-EV – were added to the plate and incubated on a plate shaker at 

room temperature for one hour.  Given the restrictions in number of wells per assay 

kit, samples were plated in singlate. The wash step was repeated as above, and 

Europium-conjugated CD9/CD63/CD81 antibody (concentrations indicated in the 

manufacturer’s guidebook) was added to each well.  The plate was again incubated 

at room temperature on a plate shaker for one hour.  The plate was washed again 

as above, and 100 µL Europium Fluorescence Intensifier was added to each well.  

This was incubated on the plate for 15 minutes on a plate shaker at room 

temperature, and TRF was measured from the bottom optic using PHERAstar® 

plate reader (BMG LABTECH).    

 

2.14. STATISTICAL ANALYSIS 

Statistical analyses were performed using GraphPad Prism (version 8). Statistical 

tests used are detailed in respective figures legends. p values less than 0.05 were 

considered statistically significant.  Throughout this Thesis, statistical significance 
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was annotated using astericks as follows: ns = non-statistical significance (i.e., 

p>0.05); * = p<0.05; ** = p<0.01; *** = p<0.001; **** = p<0.0001. Graphs depict 

mean±standard deviation (SD), from one representative experiment of at least 

three similar independent experiments shown, unless stated otherwise. 

Employed statistical tests per experiment are denoted in figure legends throughout.



 

CHAPTER 3 

CHARACTERISING TSC SMALL EVs 

3.1. INTRODUCTION 

3.1.1. Rationale 

Extracellular vesicles (EVs) are a group of lipid bilayer-bound luminal structures 

secreted from cells into the extracellular space (as reviewed by van Niel et al., 

2018; as reviewed by Cheng and Hill, 2022).  EVs consist of three main subtypes: 

microvesicles (MVs), apoptotic bodies, and exosomes, which are differentiated 

based on various physical and molecular parameters including their mode of 

biogenesis, size, cargo, and function (as reviewed by Zaborowski et al., 2015; as 

reviewed by Yáñez-Mó et al., 2015).  At present, there are some difficulties in 

isolating specific subtypes from others co-secreted from the biosource being 

examined, and a critical focus of the EV research is in developing EV subtype-

specific markers and technologies to isolate subtypes accurately and purely (Kowal 

et al., 2016; as reviewed by Willms et al., 2018).  In light of these challenges, the 

most widely studied are small EVs, and are the focus of this Thesis.   

 

3.1.1.2. Small extracellular vesicles (sEVs) 

Small extracellular vesicles (sEVs) are a key component of the cell secretome in 

both normal physiology and disease. Along with other EV subpopulations, cells 

secrete sEVs – cargo-filled nanometre-sized vesicles – into the surrounding 

microenvironment and systemic circulation to modulate important roles in 

intercellular signalling and biological processes. In the cancer setting, parental 

tumour cells specifically package tumour biomolecules into sEVs prior to secretion, 
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which has important implications in what disease phenotypes can be promoted 

beyond the boundaries of the primary tumour.  In many cancers, tumour cells have 

been found to secrete elevated quantities of sEVs (Logozzi et al., 2009; Riches et 

al., 2014), indicating that export of tumour-derived biomolecules in sEVs could be 

important to tumour growth and development.  Knowing that sEVs induce a wide 

range of phenotypic modifications to recipient cell populations, uncovering EV-

specific effects underpinning the pathology is key.   

 

3.1.2. EVs in Tuberous Sclerosis Complex (TSC) 

Tuberous Sclerosis Complex (TSC) is a rare multi-organ tumour syndrome, driven 

by hyperactivated mammalian target of rapamycin complex 1 (mTORC1) signalling.  

Inhibiting mTORC1 is the only current pharmacological treatment, and the 

observed therapeutic effects are inconsistent. Understanding how the tumours 

function within the context of the tumour microenvironment could be key to 

uncovering improved therapeutic options.  Research into soluble factors in TSC 

tumour biology has been published, which focused on soluble factors secreted by 

TSC cells (Li et al., 2005; Clements et al., 2022; Hirose et al., 2019). This includes 

soluble VEGF-D that is currently used as a clinical biomarker for LAM (TSC-

associated and sporadic).  Yet much less is known about the vesicular component 

of TSC tumour cell secretomes.  Characterising EVs secreted by TSC tumour cells 

will add considerable knowledge to this area, helping to close the knowledge gap, 

and will enhance our knowledge about how TSC tumour cells signal intercellularly 

to promote growth and development.  Specifically, in TSC AML, it is currently 

unknown if these tumour cells have signature sEV exports which facilitate tumour-

supporting intercellular signalling.   



  Chapter 3: Characterising TSC small EVs 
 

 84 

3.1.3. sEV characterisation 

This Chapter sets out a comprehensive characterisation of sEVs from AML+  

(TSC2-expressing) control and AML- (TSC2-deficient) tumour cells grown in 

standard cell culture following guidelines recommended by the International Society 

of Extracellular Vesicles (ISEV) (Lötvall et al., 2014; Théry et al., 2018). To aid 

generation of sufficient quantities of sEVs for further analysis throughout this 

project, TSC2-expressing and TSC2-deficient cell cultures were maintained using 

an established high-density culture bioreactor system (Mitchell et al., 2008). 

Characteristics of sEVs generated from cells high density cultures were also 

profiled to determine whether these sEVs from a long-term based culture have the 

same characteristics as sEVs from standard monolayer culture.  

 

3.1.4. Challenges with EV characterisation 

sEVs were characterised using a multi-technique approach in-keeping with that 

outlined and recommended for cell lines in the published Minimal Information for 

Studies of Extracellular Vesicles (MISEV) guidelines (Théry et al., 2018).  MISEV 

sets out important recommendations and minimal information required for studies 

reporting on EV biology (summarised in Chapter 1).  EV characterisation is 

important for inter-laboratory standardisation of EV research.  Many different types 

of vesicles are secreted by cells into the extracellular space and discriminating 

these EV subtypes from one another is important for appropriate comparisons of 

EV data.  Furthermore, the characterisation of sEVs isolated from cell-conditioned 

media and biological fluids is crucial in attributing phenotypic modifications and 

tumour biomarkers to EVs correctly.  Consensus has not yet been reached in 

regard to exclusive markers of EV subtypes (Théry et al., 2018), though this 
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remains a pressing aim of the research field.  Ultimately, specific markers that 

indicate a vesicle’s cell of origin and biogenesis pathway will discriminate EV 

subpopulations.  Given this is obscured by experimental limitations, ISEV 

recommend that vesicles should be characterised by a multitude of complimentary 

techniques, highlighting various characteristics. These include: i) physical 

characteristics, including diameter or density; ii) biochemical composition, 

determining if the vesicles are CD9+/CD63+/CD81+; and whether they express 

luminal ALIX and TSG101; iii) indication of the biosource from which the EVs are 

derived. The research presented in this Chapter offers a good basis to standardise 

subsequent studies in TSC AML EV research.  Furthermore, being a rare disease, 

EV characterisation is important to ensure that research is not made more difficult 

to interpret or translate due to lack of standardisation. 

 

For this work, I isolated EVs by differential ultracentrifugation on a 30% [w/v] 

sucrose cushion (protocol adapted from Lamparski et al., 2002) to ensure an 

isolation of EVs with specific buoyant density, thereby increasing the specificity of 

isolated EVs, with further characterisation to examine EV size, surface protein 

expression (CD9, CD63, CD81) by plate-based immune-fluorescent analysis using 

both in-house established assays and a commercially available assay (TRIFic™ 

detection assays, Cell Guidance Systems, Cambridge, UK). Detection of ALIX and 

TSG101, proteins associated with ESCRT-mediated endosomal maturation and 

therefore endosomal origin, were assessed by western blot. Isolated EVs were then 

characterised based on their diameters by nanoparticle tracking analysis (NTA).  
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Determining the purity of EV preparations is important in monitoring the quality of 

preparations, and more broadly in establishing an international standard for pure 

EV preparations separate from co-existing soluble biomaterial (Webber and 

Clayton, 2013). This is particularly important to attribute cargo and particular 

phenotypic modifications to the correct and specific class and preparation of EVs.  

Purity of EV preparations, therefore, was estimated by comparing the nano-vesicle 

counts, as per NTA, to protein concentration, as per BCA protein assay, which 

generated a particle:protein ratio (P:P ratio), as defined previously (Webber and 

Clayton, 2013).      

 

Research presented in this Thesis aims to characterise a novel aspect of TSC 

tumour pathology, by investigating the effect of TSC AML EVs on cells of the 

tumour microenvironment.  Work presented in this Chapter aims to characterise 

EVs secreted from TSC AML cells.  To date, only two research groups have 

published on TSC renal EVs (Zadjali et al., 2020; Kumar et al., 2021; Patel et al., 

2016).  Given that the subsequent Chapters aim to profile EV cargo and EV-

induced signalling and phenotypic changes in recipient cells, and that the cell 

secretome is comprised of many different vesicular components, ensuring that EV 

isolation has been successful, reproducible, and pure was important for correct 

attribution of disease pathology to these AML EVs.   

 

3.1.5. Hypothesis and aims 

The overarching hypothesis for this Chapter was that TSC cell lines secrete 

vesicles that have the characteristics associated with sEVs of endosomal origin. 
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Specifically, work presented in this Chapter aims: 

I. To determine that TSC2-deficient (AML- and MEF-) and TSC2-expressing 

(AML+ and MEF+) cell lines secrete EVs expressing classic biophysical and 

molecular markers 

II. To determine if expansion of TSC cell line cultures to high-density bioreactor 

cultures affects EV characteristics 

III. To determine that EV isolates are pure for experimental use 

 

3.2. RESULTS 

3.2.1. Cell and endosomal characterisation 

The TSC2-expressing (AML+) and TSC2-deficient (AML-) cell lines are widely used  

pre-clinical models in TSC research (Vaughan et al., 2022; Wang et al., 2021; Yue 

et al., 2016).  An advantage to using these AML+ and AML- cells owes to their 

patient origin, as described in Table 2.1.  Other cell lines commonly used as 

preclinical TSC models include MEF- (Tsc2-deficient) and MEF+ (Tsc2-expressing) 

cell lines, which are of murine origin; and ELT3 Tsc2-null cells, derived from rat.   

 

To examine cell morphology, a monolayer of AML+ and AML- cells were grown to 

confluence in glass-bottomed 24-well plates and fixed before staining.  Given a 

shortage of published data on characterisation of these AML+ and AML- cell lines, I 

conducted basic characterisation to identify cell origin in these cell lines using IF 

microscopy (Fig. 3.1).  Isotype controls were stained as imaging experiment 

controls. Mesenchymal marker vimentin stained positively in both AML+ and AML- 

cell lines.  Staining for muscle-specific marker desmin and epithelial marker 

cytokeratin 18 was negative in both cell lines (Fig. 3.1).   
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Figure 3.1: Characterisation of AML cell lines reveals a mesenchymal origin.  
IF was used to determine expression of vimentin, desmin, and cytokeratin 18.  
Fluorescent green staining indicates expression.  Nuclei stained using DAPI. 
Representative images of 10 fields of view per well, from 3 independent 
experiments.  Scale bar = 50 µm.  
 

Cells were also stained for markers associated with endosomes and potential EV 

biogenesis (Fig. 3.2 and 3.3).  Lysosome-associated membrane protein (LAMP) 1 

and LAMP2 appeared to cluster at some cell peripheries in AML+ cells, while their 

expression was more diffuse and ubiquitous throughout the cytosol of AML- cells 

with LAMP2 appearing more prevalent compared to LAMP1 (Fig. 3.2).  Early 

endosomal marker, early endosome antigen 1 (EEA1) appeared to cluster at both 

AML+ and AML- cell peripheries, and staining appeared more widespread in AML+ 

cells (Fig. 3.2).   
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Figure 3.2: Endosomal characterisation reveals some localisation differences 
in AML+ and AML- cells.  Cell localisation of lysosome- and endosome-
associated markers was determined by immunofluorescent microscopy. 
Lysosomal-associated Membrane Protein 1, LAMP1; Lysosomal-associated 
Membrane Protein 2, LAMP2; Early Endosome Antigen 1; EEA1 Scale bar = 25 µm. 
 

CD9 appears faint in both AML+ and AML- cell lines and appears more widespread 

in AML+ cells (Fig. 3.3). CD63 expression was seen to be punctate in AML+ cells 

and appears to localise towards the AML- cell peripheries (Fig. 3.3).  A similar 

pattern is seen with CD81.  CD81 expression appeared more ubiquitous throughout 

the cytoplasm of AML+ cells, while it appears to localise towards the AML- cell 

peripheries (Fig. 3.3). 
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Figure 3.3: Expression of tetraspanins CD63, and CD81 appear more 
prominent at AML+ and AML- cell peripheries.  Marker expression determined 
by immunofluorescence imaging. Cluster of differentiation, CD.  Scale bar = 20 µm. 
 

 

3.2.2. Characterisation of EVs from 2D monolayer culture  

In this work, AML cell- and MEF cell-derived EVs were isolated from cell-

conditioned media, once cells cultured in T-75cm2 flasks reached confluence.   EVs 

were isolated by ultracentrifugation onto a sucrose cushion, as described in detail 

in Chapter 2. 

 

3.2.2.1. AML and MEF cells secrete EVs that express CD9, CD63, and CD81 

Immuno-affinity-based microplate assays, as described in Chapter 2, were used to 

detect and quantify relative expression levels of tetraspanins: CD9, CD63, and 

CD81.  Three tetraspanins CD9, CD63, and CD81, were detected on the surfaces 

of control and disease AML and MEF EVs, to varying expression levels (Fig. 3.4).  

Expression levels also varied between AML and MEF cell lines (Fig. 3.4).  Higher 

levels of CD9 were detected in AML+ EVs compared to AML- EVs, while higher 

levels of CD63 and CD81 were detected in AML- EVs versus their AML+ EV control 
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counterparts (Fig. 3.4).  The only significantly elevated tetraspanin found in AML- 

EVs compared to AML+ EVs was CD81. Expression of isotype controls IgG1 and 

IgG2b were low relative to the expression levels of the three tetraspanins.  When 

examining expression in the MEF EV groups, CD9, CD63, and CD81 expression 

was found to be higher in the MEF- EVs compared to the MEF+ EVs (Fig. 3.4). this 

elevated expression of CD9 and CD63 in MEF- EVs was found to be statistically 

significant, though CD9, CD63, and CD81 expression in MEF+ EVs were detected 

levels similar to the isotype controls (Fig. 3.4). CD81 expression in MEF- EVs was 

seen to be highly variable compared to expression of CD9 and CD63 in MEF- EVs. 
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Figure 3.4: Detection of tetraspanins CD9, CD63, and CD81, on the surface of  
AML and MEF cell-derived EVs.  Total protein of 0.5 µg/mL per well was used as 
a surrogate for vesicle loading.  CD9, CD63, and CD81 expression, and respective 
IgG1, IgG2b, IgG2a isotype control expression was quantified on vesicles using an 
immuno-affinity-based microplate-based assay. Error bars indicate mean+SD of 
three technical repeats.  Representative graph of three independent experiments.  
Non-parametric multiple t-tests used for statistical analysis.  Ns, non-statsitically 
significant; * = p<0.05; ** = p<0.01; *** = p<0.001; **** = p<0.0001. Time-resolved 
fluorescence, TRF. 
 
 
3.2.2.2 Nanoparticle tracking analysis (NTA) of AML and MEF cell-derived EVs 

from monolayer culture  

NTA was performed to define particle size distribution profiles within a given 

preparation of EVs from 2D monolayer culture, isolated by ultracentrifugation 

against a sucrose cushion (as described in Chapter 2).  Typical volumes of 2D 
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monolayer culture-derived cell-conditioned media used was 90 mL, taken at 

passage of confluent T-75cm2 flasks, per EV isolation via sucrose cushion.  A 

majority of particle isolated from AML+, AML-, MEF+, and MEF- samples were 

within the diameter size range of 20-150 nm, which is the size range typically 

associated with small EVs, such as exosomes (Fig. 3.5A+C).   Mean particle sizes 

did not differ significantly between AML+ and AML- (Fig.3.5A) EV samples, or 

MEF+ and MEF- EV samples (Fig. 3.5D).  
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Figure 3.5: NTA-based assessment of AML and MEF cell-derived EVs.  AML and MEF cell-conditioned media post-differential 
centrifugation and filtration was diluted in particle-free H20 and loaded at a fixed infusion rate for NTA analysis (A+C) with one 
biological replicate shown as an example.  Three two-minute videos were recorded (plotted in grey lines) and mean concentrations 
were determined (plotted in thicker coloured lines). Mean diameter sizes (nm) of AML and MEF particles were compiled and 
compared from various n=8 AML and n=6 MEF biological replicates (B+D).  



  Chapter 3: Characterising TSC small EVs 
 

 95 

3.2.2.3 Concentration of EVs secreted is elevated from AML- and MEF- cells 

compared to their counterpart control cells 

To further assess EV secretion and to determine if control and disease cells 

release different quantities of EVs, EV secretion from both AML and MEF cells was 

quantified by NTA. Cell-conditioned media was subjected to differential 

centrifugation and filtering using 0.22 µm pore filter on day 4 post-cell seeding.  

Concentration per mL of particles remaining in the supernatant were assessed by 

NTA.  These counts were normalised to cell number, counted using a 

haemocytometer.  EV secretion per cell was increased from AML- cells compared 

to AML+ cells (Fig. 3.6A).  In MEF cell-conditioned media, EV secretion was 

elevated from MEF- cells compared to MEF+ cells (Fig. 3.6B).  Inter-experimental 

variation was large, as seen with large error bars below, thereby hindering a 

conclusive trend in EV secretion to be detected.  Mean differences were not 

significantly different between the AML+ and AML- cells, and MEF+ and MEF- cells. 

A                                                              B 

 

Figure 3.6: Secretion of small EVs from AML and MEF cells in 2D culture is 
variable.  EV count was determined by NTA and normalised to cell count.  Graph 
shows n=3 independent biological repeats.  Fold changes normalised to respective 
AML+ and MEF+ particles/cell count.  Error bars indicate mean±SD. 
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At this point, the AML+ and AML- cell lines were selected as the primary model for 

upscaling to high-density bioreactor culture.  This decision was informed by 

variability in MEF data shown in expression of CD9, CD63, and CD81 (Fig. 3.4), 

and the human origin of the AML cell line. 

 
 
3.2.3. Analysis of AML EVs from high-density bioreactor-based culture 

 
To generate a higher yield of EVs for downstream analysis, high-density cell 

cultures were established in CELLine adherent bioreactor flasks (Merck), as 

described in Chapter 2.  Characterisation of bioreactor EVs, in addition to that 

done on EVs from 2D cultures, was conducted to ensure that upscaling production 

did not affect EV characteristics.
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3.2.3.1. AML cell-derived EVs are enriched for ESCRT-associated proteins 

ALIX and TSG101, and lack expression of ER-association protein GRP94 

CD9, CD63, and CD81 tetraspanin expression on the surface of AML EVs isolated 

from bioreactor-derived cultures reflected that detected in EVs isolated from 

monolayer culture using the immuno-affinity-based microplate assay.  Both AML+ 

and AML- EVs expressed all three tetraspanins CD9, CD63, and CD81 on their 

surfaces (Fig. 3.7A).  Expression of these tetraspanins was found to be 

significantly higher in AML- EVs compared to AML+ EVs.  This is largely similar to 

that observed in 2D monolayer culture-derived AML EVs (Fig. 3.3A), except for 

CD9 expression which had different findings.  CD9 expression was elevated in 

AML+ EVs versus AML- EVs from 2D monolayer culture but had elevated 

expression in AML- EVs compared to AML+ EVs generated from high-density 

bioreactor culture (Fig. 3.7A). 

 

Western blot was used to assess the presence of ALIX and TSG101, proteins 

associated with the ESCRT complex and, therefore, EV biogenesis, in both cell and 

EV lysates.   ALIX and TSG101 were enriched in both AML+ EVs and AML- EVs, in 

comparison to their parental cells (Fig. 3.7B). As a negative control, cell and EV 

lysates were also assessed for the endoplasmic reticulum (ER)-associated protein 

GRP94. GRP94 was enriched within both the AML+ and AML- cell lysates, with no 

detectable expression with AML+ or AML- EVs (Fig. 3.7B). This data highlights 

enrichment of specific proteins within EVs and indicates there are EVs present that 

are of endosomal origin.  
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          A 

 

               B 

 
 

 

Figure. 3.7: AML EVs express tetraspanins and are enriched in ALIX and TSG-
101 protein expression, compared to parental cell lysates.  EVs secreted from 
AML cells in bioreactors express tetraspanins CD9, CD81 and CD63 on their 
surfaces, examined by TRF-plate based assay (A). Enriched expression of ALIX 
and TSG101 was detected in EV lysates compared to cell lysates, by western blot. 
GRP94 was detected only in cell lysates (B). Non-parametric multiple t-test used as 
statistical analysis. Ns = non-statistical significance; * = p<0.05; ** = p<0.01; *** = 
p<0.001; **** = p<0.0001. Immunoglobulin G1, IgG1; Immunoglobulin G (2a allele), 
IgG2a; Immunoglobulin G (2b allele), IgG2b); ALG-interacting protein protein X, 
ALIX; Tumor susceptibility gene 101 protein, TSG101; ER-associated glucose-
regulated protein 94, GRP94. 
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Taking the evidence of enriched expression of these three tetraspanins and the EV 

biogenesis-associated proteins, and quantities of EVs being generated, a more 

thorough characterisation was performed that included NTA and cryo-EM. 

 

NTA was used to determine size distribution profiles of vesicles secreted from 

cultured cell lines.  A majority of particles in AML+ and AML- EV preparations had a 

diameter of between 30 and 150 nm (Fig. 3.8A,B).  Furthermore, NTA provided 

evidence that EVs isolated from high-density bioreactor cultures were a higher 

abundance (in the order of 108 particles/mL for AML+ 2D monolayer culture versus 

order of 1011 for AML+ bioreactor culture, and 108 AML- 2D vs. 1011 AML- 

bioreactor culture).  Mean particle sizes from NTA experiments were compiled to 

examine reproducibility of a small EV-rich preparation from AML+ and AML- 

samples.  Mean particle sizes between several different experiments showed that 

the mean diameter of particles observed were of small EV size, with a mean size 

less than 150 nm, and did not significantly differ between AML+ and AML- EV 

preparations (Fig. 3.8C), like that observed in EVs from 2D monolayer culture (Fig. 

3.5). 
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A                                                                   B 

 

 

 

C 

 

 
Figure 3.8: EVs generated from AML+ and AML- cell bioreactors are 
predominantly of classical small EV size.  Particle size and concentration were 
measured by NTA using NanoSight 3.1 accompanying software.  Samples were 
diluted in particle-free H2O and loaded for imaging via a syringe pump set at a fixed 
rate.  Three 2-minute videos (shown in grey lines) were recorded and mean 
concentrations were plotted in coloured lines; representative graph shown of seven 
independent biological repeats (A,B).  Mean particle sizes from various NTA 
experiments were compiled (C).  Statistical analysis was performed using a two-
tailed Mann Whitney non-parametric test, where threshold of statistical significance 
was set at p value of less than 0.05. non-statistical significance, ns.  
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3.2.3.2. AML+ and AML- bioreactor cultures secrete a majority of vesicles 

with diameter and morphology consistent with that of small EVs 

Cryo-electron microscopy (cryo-EM) was performed to assess vesicle morphology 

and heterogeneity within samples (Sokolova et al., 2011), and was done in 

collaboration with Professor Juan Falcón-Pérez (CIC bioGUNE, Bilbao).  AML+ and 

AML- EVs, derived from high-density bioreactor cultures, were visualised as 

described in Chapter 2.  Diameters of the vesicles in each image were measured 

using ImageJ software (version 6).  In AML+ and AML- samples, the majority of 

vesicles had a diameter between 30-150 nm, qualifying them as being classical 

small EV size (Fig. 3.9A and 3.9B).  Other morphologies were also observed, 

categorised below as: electron-dense, bi-membrane, multi-membrane, irregular 

sacs, and budding morphologies.  These were present in much lower quantities, 

compared to those within the classic small EV size category, in both AML+ and 

AML- samples (Fig. 3.9A and 3.9B).  Multi-membrane and budding morphologies 

were not detected in AML+ samples.  Mean diameters of the morphologies were 

also recorded (Fig. 3.9C).  Classic small EVs, bi-membrane, multi-membrane, and 

electron dense categories had similar average diameters, while irregular sacs and 

budding morphologies had larger diameters (Fig. 3.9C).  In terms of relative 

proportions of these vesicle categories, a large majority of vesicles in both AML+ 

(97.8%) and AML- (95.6%) were classified as a small EV (Fig. 3.8D,E). Findings of 

electron dense vesicles were similar between both groups (2.0% in AML+ vs. 2.1% 

in AML-).  Bi-membranes were found to represent 0.1% of the AML+ group versus 

1.1% in AML- samples.  Irregular sacs made up 0.1% of the AML+ sample versus 

making up 0.8% in the AML- sample.  Multi-membrane and budding morphologies 

were found only in AML- and not AML+ (Fig. 3.8D,E).            
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A                                                         B                                                            C 

   
D                                         E 

     
Figure 3.9: Cryo-EM visualisation of AML+ and AML- EVs derived from bioreactor cultures. Vesicles visualised by cryo-EM were assessed for morphology and diameter (A).  Graph 
shows number of vesicles per category type (B) and average diameter per vesicle type (C). Pie charts with relative populations of each vesicle category, as percentage (D,E). Vesicle 
counts and diameter were recorded from all EVs present within 79 separate fields of view.  Scale bar = 150nm Cryogenic electron microscopy, cryo-EM.   

 Figure 3.9: Cryo-EM visualisation of AML+ and AML- 
EVs derived from bioreactor cultures. Vesicles visualised 
by cryo-EM were assessed for morphology and diameter 
(A).  Graph shows number of vesicles per category type (B) 
and average diameter per vesicle type (C). Pie charts with 
relative populations of each vesicle category, as percentage 
(D,E). Vesicle counts and diameter were recorded from all 
EVs present within 79 separate fields of view.  Scale bar = 
150nm Cryogenic electron microscopy, cryo-EM.   
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3.2.3.3. EVs generated from high-density bioreactor-based cultures are pure

  

Purity of EVs isolated from high-density bioreactor cultures was assessed using the 

P:P ratio, published by Webber and Clayton.  A P:P ratio of > 2.0 x 109 denotes a 

pure preparation of EVs from a given isolation technique (Webber and Clayton, 

2013). EVs isolated from AML+ and AML- bioreactors had a P:P ratio of  > 2.0 x 

109 (Fig. 3.10), indicating a pure preparation of EVs isolated using our pipeline 

(outlined in Chapter 2) and isolated using differential centrifugation against a 

sucrose gradient.  This pipeline is also reliably reproducible between preparations.  

 

Figure 3.10: EVs separated by sucrose density gradient are pure.  Particles/mL 
by NTA and protein (µg/mL) by BCA assay were recorded, and P:P ratios 
calculated for n=9 independent EV preparations from both AML+ and AML- 
bioreactor cultures.  Non-parametric Mann Whitney statistical analysis conducted. 
ns = non-statistically significant. 
 

Taken together, these data highlight that a higher yield of EVs can be generated 

from both AML+ and AML- cells when cells are maintained in high-density 

bioreactor cultures. Furthermore, culture of cells in bioreactors did not appear to 

impact vesicle morphology or cargo. Consequently, AML+ and AML- cells were 

AML+ AML-

0

2×1010

4×1010

6×1010

8×1010

Cell line-derived EVs

P
a
rt

ic
le

:p
ro

te
in

 R
a
ti

o

Purity of EVs isolated from bioreactors

AML+

AML-

Purity threshold

ns



  Chapter 3: Characterising TSC small EVs 
 

 104 

maintained in bioreactor cultures to generate larger yields of EVs thereby 

facilitating further analysis, reported in subsequent chapters.  

 

 

3.3. DISCUSSION 

EVs are key mediators of cell-cell communication, and profiling EVs separately 

from other components of the cell secretome unveils important knowledge about 

the role of EVs in physiology and how they may promote different disease 

phenotypes.  Research presented in this Chapter aimed to address a key 

knowledge gap in characterising TSC EVs and determining if they could be isolated 

from TSC in vitro cultures. This work is the first to characterise EVs derived from 

the AML+ and AML- cell lines and is also the first to report successful expansion of 

TSC EV production to high-density bioreactor cultures to enhance EV generation 

for an in-depth, multi-faceted, downstream analysis of EV cargo and subsequent 

function.  

 

The mesenchymal origin of TSC cells was validated by IF microscopy.  The current 

literature on characterisation of AML cells is limited, despite AML cells being used 

frequently in vitro cell line in TSC tumour biology research.  Whilst imaging 

techniques have previously been used to compare AML cells derived from male 

and female LAM patients (Bertolini et al., 2018) and formalin-fixed paraffin-

embedded tissue (Stone et al., 2001) literature which compares the TSC genotype 

(TSC2-deficient) to the rescue control (TSC2-expressing) has not yet been 

published.  Positive vimentin stains indicated a mesenchymal origin of both AML+ 

and AML- cell lines.  Negative cytokeratin 18 staining suggests that these cell lines 

are not of epithelial origin, as expected.  The negative staining observed in both 
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AML+ and AML- cells (Fig. 3.1) was complimentary to that observed in the 

literature.  In one study, desmin is documented to stain positively in 20% AML 

cases only (L’Hostis et al., 1999), again potentially due to the variable triphasic 

composition of AML tumours.   

 

Endolysosomal staining shows some expression of both LAMP1 and LAMP2 in 

AML cells, although in apparently distinctive patterns.  AML+ cells have more 

clustered expression and potentially larger lysosomes, while LAMP1 and LAMP2 

expression appears more ubiquitously throughout the cytoplasm of AML- cells (Fig. 

3.2).  This ubiquitous expression of LAMP1 and LAMP2 could indicate more 

mobility of the late endosomes in AML- cells.  EEA1, a marker for the early 

endosome, is also visible in AML+ cells and to a lesser extent in AML- cells.  EEA1 

is implicated in various endocytic processes and vesicle mobility through the cell, 

suggesting some differences in endocytic processes and vesicle mobility between 

AML+ cell and AML- cells, though this is difficult to conclude upon from this basic 

characterisation panel.  Furthermore, markers typical of EV surfaces were 

examined by IF in the parental cells.  CD63 and CD81 expression appeared to 

localise towards the AML- cell peripheries, seen via IF imaging (Fig. 3.3).  This 

could indicate readiness for EV secretion from the AML- cells compared to the 

control AML+ cells, although interpretation of the true meaning of this data would 

be improved by quantification of expression in repeat experiments.  How the cell 

expression corresponds to EV secretion or expression on EVs, in the case of 

tetraspanins, is difficult to ascertain. 
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Characterisation of TSC EVs is currently limited to a few published studies (Patel et 

al., 2016; Zadjali et al., 2020; Kumar et al., 2021; Bissler et al., 2019; Zou et al., 

2019).  EVs in this study were isolated from cell-conditioned media, first from 2D 

standard cell culture of AML and MEF cells, by serial centrifugation of cell 

conditioned media underlaid with a 30% sucrose:dH20 cushion, prior to subsequent 

PBS wash. Although there is no optimal technique to isolate EVs absolutely and 

purely from source biomaterial, differential ultracentrifugation is the recommended 

and most widely used method of EV separation from cell-conditioned media (Théry 

et al., 2018; Gardiner et al., 2016).  However, differential ultracentrifugation alone 

does not distinguish EVs from other vesicle types or contaminants, therefore 

incorporating a sucrose cushion integrates another defining characteristic of EVs – 

floatation – thereby refining the isolation to EVs only and as specifically as possible.  

Some, but not all, published studies of TSC EVs use the same sucrose gradient 

isolation technique (Zou et al., 2019), while some also use size-exclusion 

chromatography (Zadjali et al., 2020; Kumar et al., 2021).  Hence, subsequent 

analysis of additional molecular characteristics of isolated EVs is important to 

confirm a pure EV isolation.  Additionally, considering that EVs are malleable and 

mobile in fluid, EVs may also be contaminated by the sucrose, which may affect the 

purity of the EVs isolated.  Therefore, steady handling of apparatus is also required 

but may be variable between individuals. 

 

While it is the ultimate goal to identify an EV-specific marker, probably based on 

their unique biogenesis, in order to characterise EVs, the use of a multi-technique 

approach which classifies EVs based on several characteristics is currently 

recommended (Théry et al., 2018).  In this way, researchers can conclude from 
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multiple complimentary methods that EVs have been isolated for their experiments.  

This also aims to ensure inter-laboratory standardisation and interpretation of EV-

mediated biological effects.  In 2D culture-derived EVs, all three tetraspanins were 

expressed to varying quantities between 1.0 x 104 and 2.0 x 104 (TRF arbitrary 

units) in both AML+ and AML- samples (Fig. 3.4).  Tetraspanin expression is less 

convincing in MEF+ EVs from 2D culture, with low expression levels similar to that 

of the isotype controls.  This may be indicative of insufficient antibody binding, 

specificity, or difficulty in isolating EVs from the MEF+ cell line in particular.  CD9 

and CD81 expression in MEF- is higher but variable in the case of CD81, while 

CD63 expression is again low and similar to that of the isotypes (Fig. 3.4).  Both 

AML and MEF cell lines had a majority of particles that had a diameter classical of 

a small EV, according to NTA size distribution analysis, which suggests that all cell 

lines secrete small EVs (Fig. 3.5).    

 

Trends in EV secretion over time were analysed and compared between TSC2-

deficient and control cell types (Fig. 3.6).  Both AML- and MEF- cell lines showed a 

trend of increased EV secretion respective to AML+ and MEF+ control cell lines, 

though neither cell line was found to have a statistically significant increase in EV 

secretion.   This may reflect a sporadic nature of EV secretion, especially when 

taking findings of other relevant studies into account. One study reported that Tsc2-

deficient T2J cells had significantly increased EV secretion compared to parental 

control cell lines from mouse renal inner medullary duct cells (Zadjali et al., 2020).  

Another study by Zou and colleagues reported decreased EV secretion from Tsc2-

deficient MEF- cells compared to Tsc2-expressing MEF+ cells (Zou et al., 2019), 

though expression of other EV-associated markers (namely ALIX, CD63, and 
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TSG101) were also found to be markedly lower in MEF- EVs compared to the 

MEF+ EVs in the same study.  There is also the argument that it may be, in fact, 

the cargo of EVs secreted, not necessarily their elevated secretion, that may be 

most significant in promoting disease progression. Moreover, the destination of EVs 

secreted from tumour cells and the disease-supporting phenotypes that they 

promote is also a key factor in how EVs contribute to disease, which remains 

largely unknown in TSC.   

 

AML+ and AML- cells grown in bioreactors secrete EVs that displayed similar 

characteristics to the EVs isolated from 2D cultures.  Tetraspanin expression was 

also expressed on AML+ and AML- EVs generated from high-density bioreactor 

cultures (Fig. 3.7A).  It is also notable that all three tetraspanins were expressed 

more highly in AML- EVs compared to AML+ EVs.  However, one limitation of this 

TRF-based plate assay is that it cannot distinguish tetraspanin expression per EV. 

Instead, it detects total expression of a particular tetraspanin within a sample, which 

uses total protein as a surrogate for EV loading. Therefore, single EV tetraspanin 

expression cannot be reliably interpreted. Furthermore, a larger yield of EVs, as 

provided by bioreactor cultures, was required to have enough protein to perform 

SDS-PAGE and western blot for detection of ESCRT proteins ALIX and TSG101, 

associated with EV biogenesis.  ALIX and TSG101 expression were evident in 

parental cell lysates, but their enrichment in the AML+ and AML- EV lysates is clear, 

as expected, and indicates their likely association with the late endosome.  Both EV 

lysates were devoid of ER protein GRP94 expression, which would suggest that the 

EV isolations were not contaminated with cellular components such as the ER (Fig. 

3.7B).  NTA data also showed that the majority of EVs from AML+ and AML- 
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bioreactors were of small EV size (Fig. 3.8).  This data, together with size 

distribution profiles of AML+ and AML- samples indicates that AML+ and AML- cells 

secrete small EVs of endosomal origin.  It is important to note that protein markers 

named do not represent EV-specific markers, but rather markers that are EV-

enriched proteins (Mathivanan and Simpson, 2009; Kalra et al., 2012). It is equally 

important to remember that these EV preparations are not without EV 

subpopulations, though most of those in EV isolates in this study were found to be 

of endosomal origin.  Another point to consider is the culture media of these cells 

contained high glucose levels (as described in Table 2.1).  High glucose levels 

have been shown to increase mTORC1 phosphorylation and activation (as 

reviewed by Sangüesa et al., 2019).  For example, high glucose levels in vitro were 

shown to elevate glycolytic flux and decrease Rheb-GAPDH interactions, thereby 

causing an increased bioavailability to Rheb to activate mTORC1 (Lee et al., 2009).  

This may elicit some effects on the mTORC1 activity status of cells grown both in 

2D and in 3D-based bioreactor cultures.  Furthermore, potential caveats in 

bioreactor cultures are important to consider.  Maintenance of cell lines in 

bioreactors in long term culture may pose some issues and it is important to assess 

stability of these cell lines overtime. This could be achieved, for example, by 

assessing TSC2 expression or TSC2 deficiency by western blot in cells pelleted in 

the clearing centrifugation steps in weekly isolation of EVs from cell-conditioned 

media.  Hypoxic environments may also be generated in long-term cultures, which 

may impact results particularly regarding HIF-1α or VEGF expression, for example.  

Importantly, while secreted EVs are removed for processing on a weekly basis, 

there may be some cellular effects caused by EVs within the inner chamber 

interacting with the resident cells within the bioreactor. This could induce 



  Chapter 3: Characterising TSC small EVs 
 

 110 

stimulation of biological pathways or processes, or phenotypic modifications to the 

cells, which may in turn altered secreted EV cargo and functionality over time.  This 

poses challenges in terms for these long term cultures, but it is also worth pointing 

out that this could be also more indicative of a long-term tumour model that could 

recapitulate dynamic interactions of tumour cells with EVs in vivo. 

 

Cryo-EM is commonly used technology to analyse the architecture of cells and cell-

derived vesicles (as reviewed by Dubochet et al., 2012).  The key advantage of 

cryo-EM is that EVs can be analysed in their native spherical morphology, and 

samples are not subject to dehydration or chemical fixatives used in other EM 

techniques which may change the morphology of the EVs.  This enables the broad 

repertoire of vesicles secreted from cells to be visualised (Arraud et al., 2014).  

Cryo-EM images in this study revealed several different structures defined by lipid 

bilayer boundaries (Fig. 3.9A).  EV samples from TSC cells have not been 

previously published, nor have EVs secreted from mTORC1-driven cells, indicating 

the novelty of this finding.  The analysis shows a heterogeneity of vesicles, with a 

large majority of both AML+ and AML- samples containing small vesicles with a 

diameter ranging from 20 to 150 nm (Fig. 3.9).  The detection of vesicles larger 

than 200 nm was rare but not unexpected, however vesicles and particles may 

become distorted through the pressure-driven filtration in processing. It is also 

important to note that while separation of EVs using a sucrose-based cushion is 

biased towards EVs that float at 1.1 and 1.2 g/mL, it is not without risk of isolating 

other vesicular matter.  No one technique for isolating EVs ensures an entirely pure 

EV population.  Cryo-EM analysis supported NTA data, with a majority of EVs 

secreted having a diameter that would qualify them as a small EV.  However, NTA 
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is not with its own limitations as a technique.  Dilution of samples, light scattering 

from any detected particulate matter, some variability between subsequent runs 

using the same sample, all may cloud the ability to distinguish small EVs, which are 

the key focus of this study, and other nanoparticulate matter.  Hence, the 

importance of analysis of molecular markers associated with EVs and EV 

biogenesis as previously discussed in order to demonstrate enrichment of ESCRT-

associated proteins and tetraspanins on the surface. 

 

Assessment of EV purity was conducted using the P:P ratio which calculates a 

purity measurement based on particles divided by total protein content detected 

(Fig. 3.10).  Acceptable P:P ratio thresholds are published by the authors (Webber 

and Clayton, 2013) and P:P ratios were calculated for each EV preparation using a 

sucrose density gradient. As previously discussed, the reliance on NTA to generate 

accurate and reproducible measurements of particles/mL can be limiting. Total 

protein quantification was measured using the BCA Protein Assay Kit.  This is a 

widely used colorimetric assay that can measure a broad range of protein 

concentrations and is highly sensitive.  However, although EVs were isolated using 

a recommended method, there is no guarantee of total protein concentration of a 

particular sample being solely vesicular and contaminant-free.  However, 

throughout this study, EV isolations and subsequent P:P ratio calculations did 

indicate that our EV production was producing EVs that were suitably pure for use.    

 

3.4. CONCLUDING REMARKS 

In this Chapter, I have shown that TSC cells secrete vesicles that exhibit molecular 

characteristics of a small EV of endosomal origin.  These EVs were found to 
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express tetraspanins on their surfaces, and were enriched for EV biogenesis 

proteins, compared to their parental cells.  The majority of EVs isolated in our 

preparation had diameter sizes within the range of 20-150 nm, which qualifies them 

as small EVs (sEVs).  Visualisation of EVs by cryo-EM also showed a majority of 

EVs from both AML+ and AML- cells had diameters customary of a small EV.  This 

study also showed, for the first time, that AML cell lines cultured in high-density 

bioreactor cultures produced high yields of sEVs, with the same characteristics as 

those generated from 2D monolayer culture. sEVs generated using our high-

density bioreactor pipeline were also found to be pure, according to P:P ratio 

calculations, and thereby this TSC EV production was deemed suitable for EV 

cargo and functional analysis.  Profiling the molecular cargo of AML cell-derived 

EVs is the next step in understanding their contribution to disease, and comprises 

the work laid out in Chapters 4 and 5.



 

CHAPTER 4  

PROFILING TSC sEV RNA CARGO 

4.1. INTRODUCTION  

4.1.1. Rationale 

Understanding the function of sEV-RNA is critical to a holistic insight into a 

particular disease state due to the ability of these intercellular RNA messengers to 

alter gene expression and phenotypes of recipient cells (as reviewed by O’Brien et 

al., 2020).   The RNA cargo of sEVs can include an assortment of RNA sequences 

that represent many RNA biotypes, including protein-coding components such as 

messenger RNA (mRNAs) and non-coding RNAs such long non-coding RNAs 

(lncRNAs) and micro RNA (miRNAs) (as reviewed by O’Brien et al., 2020). 

Determining the RNA signature of sEVs from TSC AML cells could reveal important 

biological insights into drivers of AML tumour progression and development, and 

may reveal potential biomarkers of disease status. 

 

4.1.2. RNA biotypes 

RNA biotypes of focus in this study were mRNAs, lncRNAs, and miRNAs.  These 

RNA biotypes have unique biological roles and have potential biological relevance 

to a disease state given their intercellular delivery by sEVs, and are described in 

more detail below.   
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4.1.2.1. Coding RNA biotype: mRNA 

The coding component of the EV RNA cargo involves mRNA, a single-stranded 

RNA molecule that has a complementary sequence to one strand of DNA of a gene.  

mRNAs conduct the intermediate step between DNA transcription and protein 

production by cytoplasmic ribosomes (as reviewed by Pardi et al., 2018).  EV-

mRNA-mediated translation of proteins in recipient cells has been reported (Valadi 

et al., 2007; Skog et al., 2008).  EV-associated mRNAs have been implicated in 

many cancer types, promoting various pro-tumoral biological processes and 

signalling cascades.   

However, knowledge of how EV-mRNA functions in the context of TSC tumours is 

limited.  Studies relating to TSC EV-RNA are few, where one focused on mRNAs 

(Patel et al., 2016) and others investigated miRNAs and their predicted mRNA 

targets (Kumar et al., 2021; Cukovic et al., 2021) and so profiling the mRNAs 

shuttled intercellularly from AML cells could reveal important insight into EV-

induced protein translation in the microenvironment.  Attributing functions to mRNA 

is aided by extensive online platforms that perform gene ontology and functional 

enrichment analysis, to determine molecular functions and biological networks 

encompassed by these EV-mRNAs.   

 

4.1.2.2. Non-coding RNA biotypes 

4.1.2.2.1. micro RNA (miRNA) 

miRNAs are 20-24 nucleotide-long, conserved single-stranded RNA molecules that 

do not encode functional proteins as products (as reviewed by Ambros et al., 2004).  
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Instead, miRNAs regulate gene expression post-transcriptionally.  Specifically, 

miRNAs anneal to complementary sites in the 3’ untranslated region (3’UTR) on 

target transcripts of mRNA, to cause mRNA transcript downregulation via 

destabilisation or inhibition of protein translation (as reviewed by Huntzinger and 

Izaurralde, 2011; Rizzuti et al., 2018).  Complete annealing of the miRNA to its 

target mRNA causes degradation of the transcript, while incomplete miRNA-mRNA 

base-pairing causes translational repression, mRNA degradation or sequestration 

into cytoplasmic P-bodies (as reviewed by Paez-Colasante et al., 2015).  

In TSC, miRNA research has been focused in the context of TSC cortical tubers 

and epilepsy.  In these studies, differentially expressed miRNAs were found to be 

involved in activating IL-1R/Toll-like receptor pathway signalling (van Scheppingen 

et al., 2016).  Another study identified twelve differentially expressed EV-associated 

miRNAs from epileptogenic TSC tubers that were involved in targeting 

neuroinflammatory cascades (Cukovic et al., 2021).  Additionally, another study 

found overexpression of miR-23a, miR-34a, miR-34b, and miR-532-5p in 

epileptogenic tubers versus neighbouring non-tuberous tissue (Dombkowski et al., 

2016).  It is also noteworthy that miR-23a and miR-34a were found to target the 

TSC1 3’ UTR, in the same study.  Few studies have reported on the role of 

miRNAs in AMLs to date.  One reported that miR-9-5p, miR-124-3p, and miR-132-

3p targeted BCL2L11 to regulate apoptosis and proliferation in a Tsc2-/- MEF cell 

model of TSC (Cai et al., 2018).   Another group revealed that miR-212a-3p and 

miR-99a-5p were downregulated in EVs from Tsc2-mutant cells compared to Tsc1-

mutant cells (Kumar et al., 2021), yet their expression in control cells is unclear. 

Understanding what miRNAs are carried by EVs from TSC2-deficient cells (AML- 
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cells) compared to TSC2-expressing counterparts (AML+ cells) could reveal more 

differences in what role miRNAs play in regulating gene expression and how this 

governs AML versus normal renal physiology. 

 

4.1.2.2.2. Long non-coding RNA (lncRNA) 

Transcription of the genome generates lncRNA, a large and diverse subclass of 

RNA transcripts.  LncRNAs are defined as RNA transcripts that are longer than 200 

nucleotides, and that are not translated to functional proteins (as reviewed by 

Statello et al., 2021).  The functions of lncRNAs are wide-ranging, with roles in 

regulating gene expression at the epigenetic, transcriptional, and post-

transcriptional level (as reviewed by Fang and Fullwood, 2016).  LncRNAs can 

function as miRNA sponges when they act as negative regulators of miRNAs or tag 

mRNAs for degradation processes (Usman et al., 2018), or in mediating 

transcriptional regulation of genes (as reviewed by Long et al., 2017).  LncRNAs 

can also encode hidden polypeptides via translation of small open reading frames 

(smORFs) (Matsumoto et al., 2017; Ruiz-Orera et al., 2014).  However, it is still 

difficult to ascertain how lncRNA function in disease. Many lncRNAs are included in 

prognostic signature panels for different cancer settings (Mohankumar and Patel, 

2016; Zhang and Gao, 2019; Li et al., 2018).   

The role of lncRNAs in TSC is currently not well documented.  Some research has 

been conducted revealing some insights into the lncRNA regulation of the mTOR 

signalling pathway.  For example, one study showed the lncRNA MEG3 was 

involved in regulating Akt/TSC/mTOR pathway-mediated autophagy, causing 

increased cisplatin-induced nephrotoxicity (Jing et al., 2021).  Another lncRNA 

MALAT1 was found to inhibit autophagy by regulating TSC2/mTOR signalling, 
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thereby promoting apoptosis in cardiomyocytes (Hu et al., 2019). LncRNAs are also 

noted to have many advantages as biomarkers, as they are highly stable in 

biodistribution, particularly so when associated with EVs (as reviewed by Akers et 

al., 2013), and are considered as tissue-specific.  Secondly, lncRNA detection is 

reliable across many body fluids (as reviewed by Pardini et al., 2019), permitting 

their application to non-invasive patient sampling, which is more easily tolerated 

than traditional tissue biopsies.  Knowing which lncRNA are highly differential 

between AML- sEVs and AML+ sEVs could point towards those with relevance to 

TSC biology or indeed which may have an application as biomarkers. 

 

Figure 4.1: mRNA, miRNA, and lncRNAs functions.  Examples of known 
functions of RNA species commonly associated with EV cargoes.  Ribonucleic acid, 
RNA; Messenger RNA, mRNA; microRNA, miRNA; long non-coding RNA, lncRNA. 
 

 

4.1.3. Standardisation and sequencing of EV-RNA 

In recent years, a position paper outlining the challenges and opportunities to be 

considered to standardise functional analysis of EV RNA was published (Mateescu 

et al., 2017).  An important consideration prior to EV-RNA profiling is in assessment 
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of RNA quality within EVs.  EV samples are thought to be largely absent of intact 

large and small ribosomal RNA (rRNA) subunits (Mateescu et al., 2017), differing 

that of cellular RNA.  RNA quality is typically measured by generating a RNA 

Integrity Number (RIN) score. However, RIN scores are not suitable when 

analysing EV-RNA as this score measures the major 18S and 28S ribosomal RNA 

peaks which are commonly abundant in cell-derived RNA but not EV-RNA (Hill et 

al., 2013).  

RNA sequencing (RNA-Seq) is a high-throughput technology that profiles the 

transcriptome of a particular biological sample (Yalamanchili et al., 2017).  To do so, 

RNA-Seq uses next-generation sequencing (NGS) platforms to determine the 

presence and quantity of RNA within query samples.  Prior to library generation and 

subsequent RNA-Seq, ribosomal RNA depletion takes place by one of two 

methods: rRNA depletion or polyadenylated (poly-A) mRNA tail enrichment.  

Depletion of rRNA is an essential step when sequencing cell-derived RNA, as it is 

said to make up over 90% of RNA from cells (Eaves et al., 2020).  Conducting 

rRNA depletion from EV-derived RNA is still recommended, as though EVs are not 

thought to carry rRNA, some evidence suggests that rRNA fragments may be 

contained in EVs (as reviewed by Turchinovich et al., 2019). Next, remaining RNA 

fragments are incubated at high temperatures before hybridising to random 

hexamer primers for RNA transcript to be reverse transcribed into cDNA 

(Kadakkuzha et al., 2015).  First strand cDNA occurs when a reverse transcriptase 

from the random primer extends the entire length of the strand, with actinomycin D 

added to prevent synthesis of the second strand at this point.  Second strand 

synthesis succeeds this step with the addition of uracils along the length of the 
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second strand, creating strandedness.  This method is known as the deoxyuridine 

triphosphate (dUTP) method. A clean-up step follows before the addition of 

phosphorylated ends to both ends of the DNA molecule.  An adenine overhang is 

added to the 3’ end. Hairpin-shaped adapters with thymine overhangs then bind the 

DNA molecule.  The added uracil to the second strand is enzymatically degraded, 

leaving only the first strand still intact with the adapters, and as a single strand for 

the final library. Size selection for particular RNA fragments can also take place 

after this step, followed by PCR amplification.  PCR amplification selects for 

molecules that have two adapters at each end, and molecules are compiled in a 

library ready for sequencing.  The library is aligned to a reference database to 

identify the unknown transcripts, to generating a genome-wide expression profile.  

The resultant dataset is used to assess the transcriptome, to analyse its 

complexities and to interpret its relevance to a particular pathology.  This 

technology offers some advantages over the traditional hybridisation-based 

microarray or Sanger-sequencing based methods with its higher resolution and less 

background noise (as reviewed by Wang et al., 2009).  RNA-Seq can be used to 

examine differential gene expression between the transcriptomes of different 

samples or treatment groups (as reviewed by Wang et al., 2009).  Differential 

expression of genes associated with certain biological processes or pathways, or 

molecular functions can be used to predict differences in mechanisms between 

different samples, and so RNA-Seq contributes to predicting novel mechanisms in 

many pathologies. It also generates larger datasets in a much more efficient 

manner, not just those pre-selected in microarrays or primers designed for Sanger 

sequencing. 
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Following an RNA-Seq experiment, pathway analysis is commonly conducted to 

establish insights into potential mechanisms of disease generated from comparing 

different experimental groups in a genome-scale omics experiment (Reimand et al., 

2019).  Pathway analysis uses existing knowledge of related or interacting 

biomolecules, and tests hypotheses about relationships between a set of these 

biomolecules, called the pathway, and a particular experimental condition (Pomyen 

et al., 2015).  Analysis of these gene lists can be conducted using two main 

methods: over-representation analysis (ORA) and its extension gene set 

enrichment analysis (GSEA). ORA categorises genes into those that are 

differentially expressed or not, based on their p values.  Then, the number of 

differentially expressed genes in each annotated pathway is established.  Finally, a 

p value for each pathway is determined by getting the number of differentially 

expressed genes against the background list of all genes, this is calculated used a 

hypergeometric distribution.  There are some limitations to consider when 

employing ORA, such as its handling of data in binary terms only and not on a 

continuous measurement.  ORA also is based on the assumption that genes are 

exclusive from one another, which is a simplification due to the complex network of 

interacting genes particularly within the same given gene pathway.  GSEA aims to 

mitigate ad hoc thresholds, instead determining if an annotated gene set is 

unexpectedly low or high via running-sum statistic (Liu and Ruan, 2014). Potential 

biases in pathway analysis are important to consider when interpreting results. 

These include length bias, GC content bias, and chromosome bias. Length bias 

can arise when long genes result in more fragments being generated in cDNA 

fragmentation, which can result in higher numbers of counts and increase power 

when differential expression is being assessed (Oshlack and Wakefield, 2009; 
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Phipson et al., 2017).  This results in GO analysis bias towards GO categories with 

longer genes (Young et al., 2010).  GC content bias refers to the number of 

guanine and cytosine bases occurring within a particular genomic region, and how 

this affect read coverage across a genome.  Studies have reported that GC-rich 

genomic regions are amplified with less efficiency (Arezi et al., 2003) and that GC 

bias increases with more PCR cycles (Chen et al., 2013).  Chromosome bias in 

gene sets points to the bias caused by large chromosomal duplication or deletion. 

In these cases, there could be increased or decreased expression of genes from 

the affected chromosome, which could affect sequencing reads.  Determining 

which biases could play into the reading of the sequences of the data is important 

for a fair judgement of potential mechanisms or functions. 

 

4.1.4. TSC RNA profiling 

To date, research about RNA in TSC has largely focused on intracellular RNA.  A 

recent landmark study by Martin et al. used a comprehensive genomic screen of 

111 TSC-associated tissues from various organs (Martin et al., 2017).  The authors 

reported decreased TSC2 mRNA transcripts in TSC tissues compared to non-TSC 

tissues in the case of one or two truncating TSC2 mutations, and tumours with two 

truncating TSC1 mutations resulted in reduced TSC1 mRNA expression compared 

to non-TSC tissue.  Importantly, this study also reports an identified 1395 genes 

differentially expressed in AMLs compared to non-TSC normal kidneys.  

Differentially expressed genes (DEGs) found most decreased were associated with 

normal kidney function, including transmembrane transport, ion transport, and 

excretion (Martin et al., 2017), uncovered in GO analysis.  Primarily, TSC RNA 
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research has used models of TSC brain-associated clinical signs, such as cortical 

tubers (Mills et al., 2017) and TSC SEGAs (Zordan et al., 2018).  Zordan et al. 

identified matched upregulation of Gpnmb, Mpeg1, Ltf, and Sln genes in both mouse 

SEGAs and human TSC lesions by RNA-Seq.  Another study reported differential 

expression of 11 miRNAs in serum of TSC patients compared to age- and sex-

matched healthy donors (Trelinska et al., 2016).   

 

4.1.2.1. TSC EV-RNA profiling 

Knowledge of the RNA cargo carried by TSC sEVs is currently limited.  Mouse work 

showed Rheb and Notch mRNAs in Tsc1-deficient EVs (Patel et al., 2016), while 

other studies showed that EVs from Tsc1-deficient and Tsc2-deficient cell lines 

could mediate miRNA/mTORC1 axes differentially (Kumar et al., 2021).  Cukovic et 

al. discovered the elevated expression of twelve miRNAs in EVs isolated from 

epileptogenic tubers, compared to EVs from non-epileptogenic tubers, with an 

enrichment for innate immune signalling via toll-like receptors 7/8 and inflammatory 

responses (Cukovic et al., 2021).    To date, no studies have been published based 

on the sEV-RNA cargo or function from TSC tumours, or TSC-AML sEVs, 

specifically despite AML being associated with significant morbidity and mortality.  

Determining RNA biotypes and predicted functions upon delivery could reveal novel 

mechanisms which promote tumour growth and that could be applicable to new 

anti-tumour therapy. Such knowledge may also uncover novel RNA candidates that 

could act as TSC biomarkers.   
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Work presented in this Chapter expands on this smaller scale work, addressing the 

gaps in human TSC EV knowledge using an unbiased RNA-Seq approach. 

The Chapter presents the first comprehensive screen of human TSC sEV-RNA 

cargo focusing on RNA from AML+ sEVs and AML- sEVs analysed by next-

generation sequencing.  This RNA-sequencing culminated in a list of differentially-

expressed genes between the two sEV groups.  RNA biotypes were identified in 

both AML+ sEV and AML- sEV sample groups, and those with the largest 

coverages were subjected to gene ontology (GO) enrichment analysis using 

multiple online GO platforms, to predict networks of mRNAs packaged into TSC 

sEVs and signalling that could be propagated by delivery of these sEV groups to 

recipient cells.   

 

4.1.6. Hypothesis and aims 

Work presented in this Chapter aims to profile the circulating sEV-RNA secreted 

from AML cells.  I also wanted to investigate how the predominant sEV-RNA 

biotypes found could be contributing to TSC tumour progression.  Analysis of the 

TSC EV transcriptome is limited to a few studies (Cukovic et al., 2021), but profiling 

the transcriptome of AML sEVs has not been conducted comprehensively to date.   

The overarching hypothesis for this Chapter is that AML- sEVs have a 

transcriptome of various RNA biotype species that may be implicated in regulating 

gene expression and modulating phenotypes and cell signalling in recipient cells of 

the tumour microenvironment. 
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Specifically, work presented in this Chapter aims: 

I. To isolate RNA in detectable quantities (ng/µL) from AML+ and AML- 

sEVs 

II. To identify RNA biotypes and differentially expressed genes (DEGs), 

including components of the mTORC1 signalling pathway, in AML- sEVs 

versus AML+ sEVs 

III. To conduct functional enrichment gene ontology (GO) analysis on DEGs 

in AML- sEVs versus AML+ sEVs using online platform GOliath 

(www.bioinformatics.babraham.ac.uk/projects/goliath/) to aid prediction of 

potential phenotypic and cell signalling modifications in recipient cells 

post sEV delivery  

 

4.2. RESULTS 

4.2.1. AML+ and AML- sEVs for RNA-Seq contain detectable quantities of 

RNA  

RNA was isolated from bulk AML+ and AML- sEVs from bioreactor cultures.  RNA 

quantities (determined using NanoDrop™ 2000/2000c Spectrophotometer) were 

normalised to number of particles per sample, as determined by NTA using 

NanoSight NS300.  Both AML+ and AML- sEV samples contained detectable 

quantities for RNA, within the range of 6.79 x 10-11 and 7.93 x 10-10 ng per particle 

(Fig. 4.2).   

http://www.bioinformatics.babraham.ac.uk/projects/goliath/
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Figure 4.2: AML+ and AML- sEVs contain detectable quantities of RNA.  sEV-
RNA was extracted using a TRIzol®-chloroform-based extraction method.  Air-dried 
RNA pellets were resuspended in PCR grade H20 and RNA (µg/µL) per sample 
was quantified using NanoDrop™ 2000/2000c Spectrophotometer.  Graph 
represents RNA quantities from n=6 separate sEV isolations from AML+ and AML- 
cell line bioreactor cultures. Non-parametric Mann Whitney statistical test used; ns 
= non-statistical significance. 
 
 
 
 
 
4.2.2. Selection of sEV-RNA samples for RNA-Seq  

Seventeen RNA samples were submitted for quality control using the % DV200 

method, which was conducted by Shelley Rundle (Wales Gene Park, Heath Park 

Campus, Cardiff University, Wales, UK).  The % DV200 method indicates the 

percentage of RNA fragments that are >200 nucleotides in length. This method of 

assessing purity was used given the lack of rRNA associated with EVs and, hence, 

the inability to generate an RNA Integrity Number (RIN) score.  Using this 

parameter, samples were categorised by quality rating in accordance with 

illumina® guidelines (Table 4.1).  Top-ranking AML+ sEV and AML- sEV samples 

were selected, shown shaded in Table 4.1, and submitted for sequencing.  The 

NEBNext® Ultra™ II DNA library Prep Kit for Illumina® was used to prepare the 

DNA libraries for next-generation sequencing on Novaseq.  Library preparation and 
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subsequent sequencing was conducted by Dr Vikki Humphries (Wales Gene Park) 

in accordance with illumina® manual protocols.   

Table 4.1: Sample selection was determined by top-ranking % DV200 
scores.  % DV200 was assessed using TapeStation.  Samples were ranked in 
accordance with illumina quality guidelines (>70 % = high quality; 50-69.99 % = 
medium quality; 45-49.99 % = medium/low quality; 30-44.99 % = low quality; < 
30 % = not suitable for sequencing, denoted by a red-coloured “X”).  Shaded rows 
indicate quality-approved samples (n=6 bulk AML+ sEVs; n=6 bulk AML sEVs-) 
sequenced on NovaSeq. 
Sample RNA 

conc. 
(ng/µL) 

Total RNA in 
aliquot  

(ng/12 µL) 

% Total 
(DV200) 

illumina Quality category 

AML+  24.3 291.6 59.82 Medium 

AML+ 6.2 155 57.68 Medium 

AML+  11.6 139.2 57.07 Medium 

AML+  5.9 70.8 46.19 Low/Medium 

AML+  9.5 114 41.17 Low 

AML+  224.8 2697.6 39.98 Low 

AML+  16.9 202.8 37.17 Low 

AML+  5.1 61.2 30.21 Low 

AML+  61.1 733.2 19.11 X 

AML- 6.1 73.2 70.56 High 

AML- 4.2 50.4 66.15 Medium 

AML- 7.8 93.6 56.85 Medium 

AML- 7.6 91.2 49.01 Low/Medium 

AML- 5.2 62.4 47.14 Low/Medium 

AML- 24.2 290.4 38.87 Low 

AML- 4.8 57.6 36.96 Low 

AML- 4.5 54 28.13 X 

 
 

4.2.3. mRNAs associated with mTORC1 signalling are differentially expressed 

between AML+ sEVs and AML- sEVs 

Given the known role of mTOR hyperactive signalling in TSC tumour development, 

expression of a small panel of mTOR-related mRNAs in AML+ sEVs and AML- 

sEVs was conducted by qPCR.  Trend of TSC2 mRNA expression was lower in 

AML- sEVs compared to AML+ sEVs (Fig. 4.3A), though with not statistical 

significance. RHEB (Fig. 4.3B), 4EBP1 (Fig. 4.3D) and AKT (Fig. 4.3E) mRNA 



Chapter 4: Profiling TSC sEV RNA cargo 

 127 

expression appeared to be elevated in AML- sEVs compared to control AML+ sEVs, 

though this difference was not found to be statistically significant. MTOR (Fig. 

4.3C) and NOTCH (Fig. 4.3F) mRNA expression was variable in AML- sEVs, but 

not significantly differentially expressed on average compared to AML+ sEVs.  

Some similar findings were seen in the RNA-Seq data, with TSC2 expression found 

to be lower in sequenced AML- sEVs compared to AML+ sEVs, and MTOR was 

found variably expressed across samples of both AML+ and AML- sEVs groups 

(data not shown).  Some opposite trends were observed between the findings 

generated by the two techniques.  RHEB was found comparably expressed in 

sequenced AML+ and AML- sEVs, while NOTCH1 was found to be expressed 

higher in AML+ sEVs compared to AML- sEVs analysed by RNA-Seq (data not 

shown).   
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Figure 4.3: mRNAs associated with mTORC1 signalling are differentially 
incorporated in AML+ and AML- sEVs.  RNA was isolated from sEVs using a 
Trizol-chloroform method anwas conducted using TaqMan gene expression assays. 
Graphs show fold changes in three independent repeats. Non-parametric Mann 
Whitney statistical analysis conducted, ns = non-statistical significance. 
 
 

4.2.4. Differential gene expression (DEGs) analysis in AML- sEVs versus 

AML+ sEVs 

The DEGs list, comparing RNA expression in AML- sEVs versus AML+ sEVs, was 

curated by Samantha Hill and Dr Peter Giles (Wales Gene Park).  Using DeSeq2, 

initial analysis revealed statistically significant (FDR-adj. p value < 0.05) differential 

expression of 11584 RNAs between AML- sEVs and AML+ sEVs.  This DEGs list 

was subdivided into different RNA biotypes using BioMart (Ensembl) by Samantha 

Hill (Wales Gene Park).  Biotype classes found to be upregulated and 

downregulated in AML- sEVs were assessed.  mRNA (89.25%), lncRNA (10.73%) 
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and miRNA (0.02%) were the RNA biotype classes upregulated in AML- sEVs 

compared to AML+ sEVs. mRNA, lncRNA, and miRNA were the largest 

downregulated biotype classes (74.4%, 23.7%, and 1.12%, respectively) in AML- 

sEVs compared to AML+ sEV controls (Fig. 4.3A and B).  Small nuclear RNAs 

(snoRNA), small non-coding RNAs (scaRNA), mitochondrial RNA (mtRNA), and 

small conditional RNA (scRNA) were also found to be downregulated in small 

percentages in AML- sEVs, but no candidates in these biotype classes were found 

to be upregulated in AML- sEVs (Fig. 4.4B).  Given their prominence, these 

protein-coding (mRNA) and non-coding (lncRNA and miRNA) biotypes were 

selected for gene ontology analysis. 

 

           A    Upregulated in AML- sEVs          B   Downregulated in AML- sEVs 

 

 

 

 

 
 
Figure 4.4: Pie charts representing RNA biotypes upregulated and 
downregulated in AML- sEVs compared to AML+ sEVs. Differentially expressed 
genes (DEGs) list in AML+ and AML- sEVs was divided into RNA biotypes using 
BioMart (Ensembl).  RNAs qualifying statistical significance (i.e. FDR-adj. p value < 
0.05) were tallied per biotype.  
 

 

4.2.5. mRNAs in AML- sEVs 

mRNAs were the largest class of differentially expressed RNAs in AML- sEVs 

versus AML+ sEVs (Fig. 4.5).   This mRNA list was ranked by descending FDR-

adjusted p value, and genes with a p value greater than 0.05 were omitted.  4316 

mRNAs were found to be upregulated in AML- sEVs compared to AML+ sEVs (Fig. 

4.5) beyond a statistical significance FDR-adj. p value of threshold of 0.05. 4038 

upregulated RNA biotypes in TSC2- EVs

Total=4837

89.25%  mRNA

10.73%  lncRNA

0.02%  miRNA 

downregulated RNA biotypes in TSC2- EVs 

Total=5434

74.40%  mRNA
23.70%  lncRNA

1.12%  miRNA 

0.40%  snoRNA

0.20%  scaRNA
0.15%  mtRNA

0.02%  scRNA

downregulated RNA biotypes in TSC2- EVs 

Total=5434

74.40%  mRNA
23.70%  lncRNA

1.12%  miRNA 

0.40%  snoRNA

0.20%  scaRNA
0.15%  mtRNA

0.02%  scRNA
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mRNAs were downregulated in AML- sEVs versus AML+ sEVs, to the same 

statistical significance threshold. 

 
Figure 4.5: Distribution of differentially expressed mRNA between AML- sEVs 
and AML+ sEVs.  Green dots represent statistically significantly expressed genes 
FDR-corrected p value of < 0.05, with Benjamini Hochberg (multiple test) correction. 
Names of top-ranking genes with most significant FDR_p and largest fold changes 
labelled.  
 

GO analysis was conducted on differentially expressed genes with greater than 5-

fold change, to determine which networks could be most important to examine 

functionally with delivery of these AML- sEVs to recipient cells. 778 mRNAs were 

found to be upregulated in AML- sEVs.   The identified upregulated mRNAs in 

AML- sEVs were inputted into GOliath Gene Ontology Search System.  Given the 

aim to investigate potential biological phenotypes and pathways that may be 

promoted with delivery of these sEVs to recipient cells, analysis was focused on 

GO annotations Molecular function and Biological processes and respective 

enrichment scores were generated.  Potential biases to the GO analysis were also 

listed by GOliath to consider when interpreting the data. 
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4.2.5.1. AML- sEVS are enriched for mRNAs associated with tumour-

supporting molecular functions, involving extracellular matrix remodelling, 

growth factor and receptor activity, and ion channels 

From GOliath, the twenty top-ranking Molecular function categories, with FDR-adj. 

p value < 0.05 and greater than 5-fold change are graphed in Figure 4.6 with 

accompanying enrichment scores in Table 4.2.  Extracellular matrix structural 

constituent is the GO term that is significantly enriched and has with the widest % 

gene coverage (Fig. 4.6).  Other top-ranking molecular functions involve growth 

factor signalling – namely, Growth factor activity, Growth factor receptor binding, 

and growth factor binding. Other molecular functions flagged as top-ranking involve 

ion channels, including potassium channel activity, ion channel regulator activity, 

cation channel activity, metal ion transmembrane transporter activity, and passive 

transmembrane transporter activity, amongst others. Receptor regulator activity 

and Receptor ligand activity also appear the highest statistical significance. Table 

4.2 details the enrichment of each list category. Length bias was flagged in 14 of 

the top-ranking molecular functions (Table 4.2).  12 molecular functions had 

‘very_long’ as a flagged length bias in associated genes while one molecular 

function had ‘vv_long’ and another had ‘very_short’ flagged as a potential bias to 

consider. 
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Figure 4.6: Twenty top-ranking Molecular function hits enriched in 
upregulated AML- sEV mRNAs. Differentially expressed genes (DEGs) with 
significant FDR-adj. p value of less than 0.05 and the greatest % gene coverage 
were ranked in descending order. Enrichment scores in corresponding Table 4.6. 
False discovery rate adjusted p value, FDR-adj. p. 
 

As larger queries tend to match with more general GO categories, I also conducted 

analysis based on GO terms with less than or equal to 200 genes in the 

background set count.  Nine Molecular function categories were significantly 

enriched in amongst these smaller background sets (data not shown).  This 

included the same MF categories with the greatest % gene coverage as listed 

above, resolving potential bias with very large background datasets.   
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Table 4.2: Top-ranking molecular function hits in upregulated mRNAs in AML- sEVs.  Statistically significant molecular 
functions with corresponding enrichment scores, based on the number of relevant genes upregulated in AML- sEVs against the 
total number of genes in the background dataset of each molecular function. Potential biases denoted. 
Top 20 Molecular function hits in AML- sEVs mRNAs FDR Enrichment Potential bias 

EXTRACELLULAR MATRIX STRUCTURAL CONSTITUENT 0.001 4.298  

GROWTH FACTOR ACTIVITY 0.011 4.161  

GROWTH FACTOR RECEPTOR BINDING 0.005 3.914  

POTASSIUM CHANNEL ACTIVITY 0.005 3.682 very_long 

VOLTAGE-GATED POTASSIUM CHANNEL ACTIVITY 0.038 3.524 very_long 

ION CHANNEL REGULATOR ACTIVITY 0.039 3.231 very-long 

GROWTH FACTOR BINDING 0.027 3.081  

POTASSIUM ION TRANSMEMBRANE TRANSPORTER ACTIVITY 0.014 2.947 very_long 

CHANNEL REGULATOR ACTIVITY 0.034 2.928 very_long 

RECEPTOR REGULATOR ACTIVITY 0.000 2.654 very_short 

RECEPTOR LIGAND ACTIVITY 0.001 2.616  

CATION CHANNEL ACTIVITY 0.007 2.415  

ION GATED CHANNEL ACTIVITY 0.026 2.248 very_long 

GATED CHANNEL ACTIVITY 0.034 2.172 very_long 

MONOVALENT INORGANIC CATION TRANSMEMBRANE TRANSPORTER ACTIVITY 0.013 2.146 vv_long 

ION CHANNEL ACTIVITY 0.025 2.017 very_long 

METAL ION TRANSMEMBRANE TRANSPORTER ACTIVITY 0.025 1.988 very_long 

SUBSTRATE-SPECIFIC CHANNEL ACTIVITY 0.034 1.947 very_long 

CHANNEL ACTIVITY 0.041 1.88 very-long 

PASSIVE TRANSMEMBRANE TRANSPORTER ACTIVITY 0.042 1.875 very_long 
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4.2.5.2. AML- sEVs are enriched for mRNAs involved in regulating fat cell 

differentiation, angiogenesis, ossification, and inflammatory pathways  

Similarly, the twenty top-ranking Biological process categories with statistically 

enriched coverage in AML- sEV mRNAs were compiled in Fig. 4.7, with 

corresponding Table 4.3. Two biological processes Extracellular matrix 

organisation and Extracellular structure organisation were found to be the most 

statistically significant, followed by Axon guidance, Skeletal system development, 

Circulatory system development, and Inflammatory response.  It is also important to 

note the biological processes with the largest % gene coverage – namely: 

Regulation of fat cell differentiation, Regulation of signalling receptor activity, and 

Regulation of endothelial cell proliferation – may also be important in terms of sEV 

functionality when delivered to the microenvironment.  There are also some 

statistically significant hits pertaining to angiogenesis processes (a known feature 

of AML tumours), including Positive regulation of vasculature development and 

Positive regulation of angiogenesis.  It is also noted that Negative regulation of 

canonical Wnt signalling pathway is significantly enriched in AML- sEVs mRNAs, 

previously implicated downstream of mTORC1 signalling (Heng et al., 2018).  

Length bias ‘very long’ was also denoted in seven of these top-ranking biological 

processes. 
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Figure 4.7: Twenty top-ranking Biological processes in AML- sEVs mRNAs.  
Differentially expressed genes (DEGs) with significant FDR-adj. p value of less than 
0.05 and the greatest % gene coverage were ranked in descending order. 
Enrichment scores in corresponding Table 4.3. False discovery rate adjusted p 
value, FDR-adj. p. 
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Table 4.3: Top-ranking biological pathways upregulated mRNAs in AML- sEVs.  Statistically significant biological pathways 
with corresponding enrichment scores, based on the number of relevant genes upregulated in AML- sEVs against the total number 
of genes in the background dataset of each biological function. Potential biases denoted. 
Top 20 Biological process hits in AML- sEVs mRNAs FDR Enrichment Potential 

bias 

REGULATION OF FAT CELL DIFFERENTIATION 0.047 3.314  

REGULATION OF ENDOTHELIAL CELL PROLIFERATION 0.023 3.192  

REGULATION OF SIGNALING RECEPTOR ACTIVITY 0.024 3.164 very_long 

EXTRACELLULAR MATRIX ORGANIZATION 7.491e-05 3.14  

MULTICELLULAR ORGANISMAL SIGNALING 0.025 3.108 very_long 

LEUKOCYTE CHEMOTAXIS 0.028 3.055  

REGULATION OF OSSIFICATION 0.034 2.928  

AXON GUIDANCE 0.007 2.842 very_long 

POSITIVE REGULATION OF VASCULATURE DEVELOPMENT 0.025 2.832  

NEURON PROJECTION GUIDANCE 0.008 2.812 very_long 

EXTRACELLULAR STRUCTURE ORGANIZATION 0.000 2.794  

POSITIVE REGULATION OF ANGIOGENESIS 0.044 2.79  

POTASSIUM ION TRANSPORT 0.038 2.731 very_long 

REGULATION OF BLOOD CIRCULATION 0.011 2.554 very_long 

SKELETAL SYSTEM DEVELOPMENT 0.005 2.531  

CIRCULATORY SYSTEM PROCESS 0.006 2.521 very_long 

EMBRYONIC ORGAN DEVELOPMENT 0.025 2.518  

EYE DEVELOPMENT 0.047 2.515  

NEGATIVE REGULATION OF CANONICAL WNT SIGNALING PATHWAY 0.047 2.515  

INFLAMMATORY RESPONSE 0.005 2.495  



Chapter 4: Profiling TSC sEV RNA cargo 

 137 

4.2.6. miRNAs in AML- sEVs 

Analysis and RNA biotypes revealed that there were a number of differentially 

expressed miRNAs between AML- sEVs and AML+ sEVs.  A statistical significance 

cut-off of FDR-adjusted p value of less than 0.05 was applied and fold change 

threshold of 5.  The distribution of up- and down-regulated miRNAs in AML- sEVs is 

shown in Fig. 4.8.  There was a greater number of significantly downregulated 

miRNAs than upregulated miRNAs in AML- sEVs (Fig. 4.8).  

 

  

Figure 4.8: Distribution of differentially-expressed miRNAs in AML- sEVs vs. 
AML+ sEVs.  Green and purple dots represent differentially-expressed genes with 
FDR-adjusted p value of less than 0.05, with Benjamini Hochberg multiple test 
correction. Names of top-ranking genes with most significant FDR_p labelled.  
 

 

4.2.6.1. miR-635 upregulated in AML- sEVs has evidence of many tumour 

suppressive properties in various cancer settings 

One miRNA, miR-635, was found to be upregulated in AML- sEVs (Fig. 4.8), with 

statistical significance (FDR-adj. p value) less than 0.05.  Functions associated with 

miR-635 were collated via literature review and compiled in summary in Table 4.4.  
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Table 4.4.: Published studies of miR635 interactions, and functions in cancer settings 
miRNA Known interactions Function Disease setting References 

miR-635 Regulates KIFC1 Inhibits proliferation, migration and 
invasion 
 

Gastric cancer Cao et al., 2020 

Targets YY1 Inhibits cell invasion without affecting 
viability in vitro 
 
Inhibits solid tumour growth in vivo 

Non-small cell lung 
cancer 

Zhang et al., 2016 

Not reported Inhibits proliferation and migration;  
Induces apoptosis 

Downregulated in 
osteosarcoma tissues 

Tian et al., 2017 

LncRNA DUXAP8 regulates 
miR635/ 
topoisomerase α 2 axis 

Inhibits proliferation, migration, and 
invasion 

Osteosarcoma Yang et al., 2021 

Not reported Increases invasive properties A375 melanoma cells Weber et al., 2016 

Potentially targets ICAM1, 
CCL22, AQP4  

Regulating key molecular pathways, e.g. 
glutamatergic/GABAergic transmission, 
the immune response, and glial K+ and 
water homeostasis 

Mesial temporal lobe 
epilepsy 

Kan et al., 2012 
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4.2.6.2. Most miRNAs were found downregulated in AML- sEVs, with varying 

reported functions in many cancer settings 

Sixty-one miRNAs were found downregulated in AML- sEVs (Fig. 4.8) with 

statistical significance (FDR-adjusted p value) of less than 0.05.  The ten 

differentially expressed miRNAs with the greatest fold changes were investigated 

for functional associations by literature review.  Findings are summarised in Table 

4.5.  miR-3190 and miR-4519 have no reported interactors and functions reported 

in the literature and so were omitted from Table 4.5.   
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Table 4.5: Published studies of downregulated miRNAs’ interactions, and functions in cancer settings. Multiple myeloma, 
MM; Colorectal cancer, CRC; Non-small cell lung cancer, NSCLC; Hepatocellular carcinoma, HCC; Breast cancer, BC; Hepatitis B, 
Hep B; Triple negative breast cancer, TNBC. Log transformation of gene expression fold change of 2, Log2FC.  
miRNA Log2FC Known 

interactions 
Function Disease 

setting 
Reference 

miR-4449 
-8.670 

 
 

Not reported Elevated in patient sera MM  Shen et al., 2016 

miR-548ai 
 

-8.545 
 

Not reported Molecular protective mechanism against smooth 
muscle cell/exosome-induced dysfunction in 
epithelial cells 

Vasculopathy Xie et al., 2021 

miR-425 -8.349 
 

PTEN/PI3K/AKT 
signalling axis 

miR-425-5p promotes cell growth  CRC 
 

Zhou et al., 2020 
 

 Targeting KLF3 via 
PI3K/AKT pathway 

Increases proliferation and migration 
 

CRC Lv et al., 2021 
 

miR-561 -8.160 
 

PTEN/AKT pathway 
via targeting P-
REX2a 

Regulating proliferation and cell cycle NSCLC 
 

Liao, Zheng, Wei et 
al., 2020 

 Dysregulated expression 
 

MM cell lines 
 

Ronchetti et al., 
2008 

miR-191 -6.769  Use as reference gene Colorectal 
adenocarcinom
a 
Exosome 
fractions from 
HCC patient 
and Hep B sera  

Zheng et al., 2013 
Li et al., 2015 
 
 

BDNF3  
MPM4  
CDK6 and CCND2 

BDNF3 in proliferation 
MPM4 in apoptosis 
CDK6 and CCND2 in cell cycle 

 Nagpal, N. and 
Kulshreshtha, 2014 

miR-320A -6.757 
 

PI3K/TSC/mTOR Promotes myocardial fibroblast differentiation Chronic heart 
failure 

Wang et al., 2021 

miR-1296 -6.535 
 

SRPK1- PTEN/AKT 
pathway 

Inhibits EMT and metastasis 
Reported tumour suppressor function 

HCC Xu et al., 2017 
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miR-212 -6.342 
 

 Downregulated in neural plasma exosomes Alzheimer’s 
Disease 

Cha et al., 2019 

PRRX2 Suppresses EMT TNBC Lv et al., 2017 
 

Sp1 and VEGFA 212-3p regulates angiogenesis BC Li et al., 2020 
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4.2.7. lncRNAs in AML- sEVs 

Differential expression of lncRNAs in AML- sEVs vs. AML+ sEVs was also 

examined.  518 lncRNAs were found to be upregulated while 1288 lncRNAs were 

found to be downregulated in AML- sEVs compared to AML+ sEVs, both sets with 

statistical significance FDR-adj. p value of less than 0.05.  The ten significantly 

upregulated lncRNAs with the greatest fold changes were selected as candidates 

(Table 4.6) and their associated functions and/or use as cancer biomarkers was 

assessed by literature review, given the lack of functional enrichment GO analysis 

for lncRNAs. 

 

Table 4.6: Ten lncRNAs upregulated in AML- sEVs with the greatest fold 
change. Log transformation of gene expression fold change of 2, Log2FC. 
lncRNA Log2FC 

LINC00374 9.372 

RP11-100E13.1 8.674 

AC010127.3 8.388 

CTD-3157E16.2 7.558 

C20orf166-AS1 7.391 

C18orf65 7.297 

RP11-352D13.6 6.796 

LINC00900 6.388 

LINC00051 6.384 

KCNJ2-AS1 6.188 

 

4.2.7.1. lncRNAs in AML- sEVs with no previously published studies 

RP11-100E13.1 and AC010127.3 were identified as the next two most upregulated 

lncRNAs in AML- sEVs.  No studies have been published, to date, that have 

investigated or attributed function to RP11-100E13.1 or AC010127.3.  Similarly, 

C20orf166-A1S, C18orf65, and RP11-352D13.6 were highly increased in 

expression in AML- sEVs but have no published literature to date of known function.  
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C18orf65 is an alias of the ZNF516 Divergent Transcript (ZNF516-DT) gene 

(GeneCards® THE HUMAN GENE DATABASE).  ZNF516-DT has limited literature 

supporting its function.   

 

4.2.7.2. lncRNAs upregulated in AML- sEVs with reported function or 

biomarker potential in other cancers 

LINC00374 displayed the greatest fold increase in AML- sEVs versus AML+ sEVs 

(Table. 4.6).  One study showed that LINC00374 was a high-frequency HPV 

integration site into cervical cancer cell genome in a Chinese Uygyr population 

(Yang-chun and Sen-yu et al., 2020).  It is difficult to interpret what this indicates 

about LINC00374 functionality.   CTD-3157E16.2 is an alias of MEIS3P1 (Meis 

homeobox 3 pseudogene 1). CTD-3157E16.2 is reported to be a retrotransposed 

pseudogene, based on its lack of exons compared to related gene family members, 

including MEIS3 (on chromosome 19).  It contains an open reading frame that may 

encode a protein of similar sequence and size to that of MEIS3 (RefSeq 2008, 

NCBI ENTREZ gene 4213). 

 

LINC00900 is upregulated in AML- sEVs, and has been previously identified in one 

study of patients with primary glioblastoma (Wang et al., 2021), and one study of 

prostate cancer patients (Gong et al., 2020).  LINC00900 has been included in a 

prognostic 4-part lncRNA biomarker panel for oesophageal carcinoma and could 

stratify low- and high-risk patients with differing overall survival (Liu et al., 2020). It 

also forms part of an epithelial-to-mesenchymal signature in glioma (Tao et al., 

2021). The functional role of LINC00900 is yet unclear in these disease settings but 

it has been used as a biomarker for many cancers. LINC00051 is also upregulated 
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in AML- sEVs but does not have a published function or role as a biomarker.  

KCNJ2-AS1 (KCNJ2 antisense RNA 1) is a lncRNA that is upregulated in AML- 

EVs.  KCNJ2-AS1 has been previously included in a thirteen-marker prognostic 

panel that predicts disease-free survival in gastric cancer patients (Cheng et al., 

2019).  KCNJ2-AS1 is also reported as part of a risk-score system to correlate and 

so predict with recurrence of colon adenocarcinoma (Yang et al., 2020).  The same 

study also reported the correlation of PPAR and Hedgehog signalling pathway with 

recurrence, but the mechanistic link between the lncRNA and these signalling 

pathways is unclear.   

 

Other upregulated lncRNAs found in AML- sEVs are included in prognostic 

signature panels for different cancer settings. LINC01537 was previously found to 

be downregulated in lung cancer and was significantly associated with lung cancer 

survival and in inhibiting tumour growth and progression in an analysis of RNA 

sequencing and TCGA datasets validated in a patient cohort of 243 lung cancer 

patients (Gong et al., 2019).  Two studies have been published with results 

associating the involvement of LINC01537 in lung cancer progression (Gong et al., 

2019; Lu et al., 2021) and energy metabolism (Gong et al., 2019).  RNF144A-A1S 

is 48-fold upregulated in AML- sEVs, and has been widely associated with 

promoting tumour progression in many settings, including glioma (Tong et al., 

2021), gastric (Li et al., 2021) and bladder (Wang et al., 2020) cancers.  This 

lncRNA also has been included in a panel of lncRNAs as a prognostic signature of 

renal cell carcinoma, a disease state that has been associated to develop in a 

subset of TSC-patients with AMLs.  Functionally, RNF144-A1S has been previously 

associated with chondrogenesis (Huynh et al., 2020).  PAX8AS1 is another lncRNA 
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upregulated in AML- sEVs, and has been included in a survival prediction model for 

paediatric acute myeloid leukemia (Guo et al., 2020).  Functionally, PAX8AS1 is 

aberrantly expressed in papillary thyroid carcinoma and has been reported to have 

an inhibitory effect on tumour growth due to its MYC-induced suppression (Zhang 

and Li et al., 2019).   It has also been reported in another study in the breast cancer 

setting.  PAX8-AS1-N was found to bind to miR-17-5p and upregulated targets of 

this miRNA such as PTEN, CDKN1A, and ZBTB4 (Yu et al., 2018).   PTEN also 

contributes to constitutive mTOR signalling (Seront et al., 2013).   

Given the limited knowledge on the function of lncRNAs in disease, downregulated 

lncRNAs were not analysed by literature review. 

 

4.3. DISCUSSION 

sEV-RNA has a unique role in intercellular communication, regulating gene 

expression and modulating signalling cascades and biological pathways in recipient 

cells.  Determining differential incorporation of RNAs in sEVs provides new 

important knowledge about the role of the sEV transcriptome in contributing to TSC 

tumour growth, development, and progression.  This Chapter entails the first study 

of the AML sEV RNA landscape, with a focus on key coding mRNAs and non-

coding miRNAs and lncRNAs, and provides an understanding of how these sEVs 

may mediate tumour-supporting and tumour-promoting processes in the AML 

microenvironment and at other recipient sites in the body.  The research presented 

shows upregulated mTORC1 signalling-associated mRNAs and many other novel 

differentially expressed mRNAs, miRNAs, and lncRNAs in AML- sEVs compared to 

their AML+ control sEV counterparts.  Examination of what these upregulated 

RNAs might execute in recipient cells was conducted using functional enrichment 
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GO analysis GOliath and literature reviews, revealing potential new mechanisms of 

TSC tumour growth and development.  RNA was successfully isolated from bulk 

AML+ and AML- sEVs (Fig. 4.2), providing enough RNA isolate to conduct both 

qPCR and RNA-Seq experiments.  Various RNA biotypes were identified in both 

AML+ and AML- sEVs (Fig. 4.4).  Differential expression of genes between two 

groups can reveal important underlying biological mechanisms.   

 

With a central role of mTORC1 signalling in TSC tumour growth and development, 

it was important to investigate if RNAs associated with this tumour-driving pathway 

also associated with TSC sEVs.  I showed that TSC2 mRNA was incorporated into 

AML+ sEVs, but absent from sEVs derived from AML- cells (Fig. 4.3), meaning that 

TSC2 protein would not be translated in the case of AML- sEVs delivery to recipient 

cells.   However, TSC2 protein may be translated with delivery of AML+ sEVs.  

These results also showed that several mTORC1-signalling associated mRNAs – 

namely: RHEB, 4EBP1, AKT – had trends of elevated expression in AML- sEVs 

compared to AML+ sEVs (Fig. 4.3). With delivery of these AML- sEV cargo to 

recipient cells, there is the potential that increased bioavailability of RHEB mRNA 

may contribute to increased mTOR signalling in these recipient cells.  However, as 

mRNA levels cannot be used as surrogates for corresponding protein expression, 

and transcription of sEV-delivered RNAs by recipient cells remain unclear, 

validation of the protein expression in vitro is required to determine the functional 

impact of these more highly incorporated mRNAs.  Furthermore, probing cells 

which are either untreated or AML- sEV-treated for mTORC1 signalling pathway 

markers could further elucidate the functional impact of these sEVs on propagating 

mTORC1 signalling extracellularly.  NOTCH1 mRNA expression was not found to 
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be differentially expressed in AML+ sEVs and AML- sEVs, which contrasts with that 

reported previously (Patel et al., 2016).  Differences here could be explained by 

different models used. 

 

Knowing that mRNAs are implicated in encoding protein, it was important to 

prioritise this biotype in downstream analysis to determine what disease 

mechanisms or biological pathways and phenotypes could be induced with delivery 

of AML- sEV mRNA cargo to recipient cells.  mRNAs expressed within AML- and 

AML+ sEVs were found to be strikingly different (Fig. 4.5).  Functional enrichment 

GO software GOliath was utilised to analyse enriched molecular functions and 

biological processes in upregulated AML- sEVs mRNAs. Top-ranking significantly 

enriched molecular functions and biological pathways  were identified in AML- sEVs 

(Figs. 4.6 and 4.7). Of the molecular functions identified, the top-ranking hit 

was Extracellular matrix structural constituent (Fig. 4.6), which could reveal 

important players in AML- sEV-mediated regulation of the ECM.  Given the known 

role of the ECM in modulating important tumour-supporting processes, such as cell 

proliferation, migration and invasion, and adhesion (as reviewed by Hynes et al., 

2009), understanding how AML- sEVs could encode alterations in the ECM could 

reveal important insight into novel anti-tumour treatments for TSC tumours.  TSC2 

deficiency has been previously reported to modulate ECM processes in a LAM 

model (Moir et al., 2012), involving integrin receptors.  Further to this, the second 

and third highest hits deal with growth factor activity and growth receptor binding 

Growth factors are important short-range mediators of various extracellular 

processes, including promotion of tumour growth and cell proliferation and 

modifications to the tumour microenvironment (as reviewed by Witsch et al., 2010).  
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Therefore, understanding more about the growth factor activity and signalling could 

reveal important insights into how AML tumours interact with their 

microenvironment to grow and develop.  Importantly, this is supported by 

significantly enriched Receptor regulator activity and receptor ligand activity.   

Potassium channel activity and Cation channel activity are also identified as being 

highly significant (Fig. 4.6), along with various molecular functions involving ion 

channel activity and transmembrane transporter activity.  Interpretation of this 

largely points towards kidney function, mirroring that reported from AML tissues 

(Martin et al., 2017), and TSC neural manifestations.  Potassium channels are 

important and recognised determinants of seizure susceptibility (as reviewed by 

D’Adamo et al., 2013).  One study showed that reduced absorption of potassium 

via astrocyte inward rectifier potassium channels could play a role in 

epileptogenesis in a Tsc1-deficient mouse model (Jansen et al., 2005).  A recent 

study reported complex changes in epileptogenesis in TSC being associated with 

changes in several ion channels (Koene and Niggl et al., 2021).  The first step in 

understanding the mechanisms behind these results is to establish which mRNAs 

are involved in these processes by assessing their expression levels using qPCR, 

on the presumption that those mRNAs more differentially expressed could be more 

central to TSC tumour growth and progression. 

 

The analysis of enriched biological processes networks shows some interesting 

findings that could be involved in the various multi-organ manifestations of TSC.  

The biological processes with the widest coverage (%) was found to be Regulation 

of fat cell differentiation (Fig. 4.7). Given the triphasic histology of AMLs, and the 

varying extent of the fat components to their composition, understanding the mRNA 
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targets secreted by AML- sEVs into the microenvironment could help elucidate the 

biological mechanisms behind this fat component formation.  Similarly, Regulation 

of endothelial cell proliferation is also flagged as a biological process with high 

coverage, which may have important implications in the blood vessel component 

development of these AML tumours.  Biological functions pertaining to ECM are 

also highlighted in this analysis, which affirms the need to validate some targets 

involved in the structure and composition of this tumour feature, given the finding of 

ECM destruction in the lung component, LAM.  Further biological processes found 

to be enriched in AML- sEV mRNAs were linked to vasculature and blood 

circulation.  Enriched networks also involved in the negative regulation of canonical 

Wnt signalling pathway in these AML- sEV mRNAs.  This is of interest as the 

TSC1/TSC2/mTORC1 signalling axis has been previously associated with 

mediating Wnt signalling (Zeng et al., 2018; Mak et al., 2005).  Regulation of 

ossification and Skeletal system development could be of interest in revealing novel 

treatment targets as TSC can cause various bone defects, such as sclerotic bone 

lesions (Avila et al., 2010) and pitting of dental enamel. Axon guidance and Neuron 

projection guidance are also found with high coverage in these upregulated AML- 

sEV mRNAs, which could reveal important multi-organ communication pathways 

which modulate the neural manifestations of TSC.  Inflammatory response has 

been widely implicated in TSC previously, both in the neural and tumour 

manifestations.  While it is difficult to underpin the exact mechanisms from this data, 

determining key players in regulating the inflammatory aspect of these clinical signs 

could offer additional therapy options.  Length bias was flagged in many of the top-

ranking molecular function and biological processes in AML- sEV mRNAs, which 

was to be expected given the large number of DEGs identified in AML- sEVs.   
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miRNAs play an important role in gene regulation by annealing to mRNAs in order 

to inhibit translation.  In this current study, miR-635 was the only miRNA found to 

be significantly upregulated in AML- sEVs compared to AML+ sEVs (Fig. 4.8). It is 

important to note that the RNA-Seq employed here was not specific for small RNAs, 

with some purification processes in the procedure actively removing them, so this 

list is not likely to be comprehensive.  Some studies suggest a role of miR635 in 

inhibition of cancer-promoting processes, albeit processes that involve 

demonstrated interacting partners KIFC1 in gastric cancer (Cao et al., 2020) and 

Yin Yang 1 (YY1) targeting in non-small cell lung cancer (Zhang et al., 2016). As 

protein interactors for miR635 are known in these tumour contexts, it is plausible to 

question if the function of miR635 from sEVs may depend on expression of these 

known interacting partners in recipient cells or if other targets exist. Verification of 

these targets in recipient cells of the TSC tumour microenvironment would 

strengthen evidence of miRNA inhibiting tumour-promoting functions in TSC cells.  

Furthermore, targets of other dysregulated miRNAs in TSC EVs could be examined 

using miRNA target predicting software, such as MicroRNA Target Prediction 

Database (www.mirdb.org) or TargetScanHuman (www.targetscan.org), to 

establish potential functional mechanisms of this dysregulated miRNA. Additionally, 

function could be examined using reporter assays (Ritchie et al., 2013; Clément et 

al., 2015). Most miRNAs with differential expression in AML- sEVs were found to be 

downregulated in this study (Fig. 4.8).  Roles of these miRNAs were collated in 

Table 4.5, though interpreting the role of downregulated miRNAs may prove 

difficult, given that their innate role is in inhibiting translation of certain protein 

targets.  Unless these miRNAs when downregulated permit tumour-supporting 

http://www.mirdb.org/
http://www.targetscan.org/
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processes, it is currently difficult to ascertain fully what these miRNAs contribute to 

TSC tumour pathology.  

Publications detailing the biomarker or functional roles of these lncRNAs are scarce.  

Therefore, understanding how these lncRNAs in sEVs would function in the TSC 

tumour setting is difficult to determine with current scope of the understanding of 

biological roles of lncRNAs.  However, some mentioned lncRNAs listed in AML- 

sEVs have been used in prognostic signature panels for various cancers (Table 

4.6).  Validation of their expression is necessary to determine their potential utility 

as biomarkers in TSC, in the first instance. 

There is discussion about what it takes to have success delivery of EV-RNA to 

recipient cells, to elicit a functional impact intercellularly.  There is literature 

highlighting that RNA amounts in a single EV are low, and indeed one vesicle will 

not contain all the RNAs identified within an RNA-Seq experiment.  Taking the 

predicted functions from functional enrichment GO analysis to assess functional 

consequences of EV-RNA, there is a requirement to have sufficient numbers of 

EVs containing all the RNAs necessary as per highlighted in the functional 

enrichment analysis.  Furthermore, it is also necessary to ensure that EVs and their 

RNAs successfully escape lysosomal degradation.  Therefore, it is clear that there 

are factors to consider when discussing successful EV-RNA delivery to recipient 

cells.  
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4.4. CONCLUDING REMARKS 

In this Chapter, I have reported the first isolation of RNA from bulk AML+ and AML- 

sEVs, in detectable quantities for RNA-Seq.  Insight into mechanistic changes 

induced by largely divergent RNAs in AML+ and AML- sEVs have opened some 

hypotheses for AML tumour development with potential phenotypic and cell 

signalling modifications induced by AML- sEV RNAs. 



 

CHAPTER 5 

 
PROFILING TSC sEV PROTEIN CARGO AND 

RESPONSE TO RAPAMYCIN TREATMENT 

 

5.1. INTRODUCTION 

 
5.1.1.  Rationale 

Understanding new disease mechanisms that promote and support tumour growth 

in Tuberous Sclerosis Complex (TSC) is critical for the development of additional 

anti-tumour therapies.  A key contributor to tumour progression is the tumour 

microenvironment (Luga et al., 2012; as reviewed by Maia et al., 2018; Truffi et al., 

2019), which is primed by tumour cells to support tumour proliferation and to 

promote structural integrity and vitality of the tumour (as reviewed by Lazar et al., 

2018).  To establish this optimal tumour microenvironment, tumour cells will 

communicate intercellularly with their surroundings via various mechanisms, one of 

which is the secretion and subsequent uptake of extracellular vesicles (EVs).  The 

major known role of EVs is in the intercellular transportation and delivery of their 

bioactive cargo material from parent tumour cells to recipient cells of the tumour 

microenvironment (TME) (as reviewed by Raposo and Stoorvogel, 2013).  This 

bioactive EV cargo can stimulate tumour-supporting processes to ensure tumour 

growth and survival.  The exact mechanisms of intercellular communication 

mediated by EVs and their cargo that is required for TSC tumour development and 

progression remains unclear, making it a key area of research. 
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5.1.2. Profiling EV protein cargo from tumour cells 

One focus of EV biological research has been in profiling protein cargo.  Previously, 

specific cargo from tumour-derived EVs was shown to play important roles in 

promoting primary tumour growth (as reviewed by Tomasetti et al., 2018), 

regulating angiogenesis (Grange et al., 2011; Mineo et al., 2012; Feng et al., 2017; 

Pakravan et al., 2017), regulating immune responses (as reviewed by Tomasetti et 

al., 2018), and modifying surrounding parenchymal and stromal tissue (Patel et al., 

2016; Webber et al., 2010; Webber et al., 2015) in various cancer settings.  The 

diverse assortment of EV-mediated functions is responsible for modulation of the 

local tumour microenvironment resulting in enhanced tumour growth and survival.  

Biodistribution of EVs in blood and other bodily fluids also extends the 

bioavailability and function of the tumour-derived cargo beyond the primary tumour 

environment, contributing to pre-metastatic niche formation (Peinado et al., 2012). 

How the TSC microenvironment is modulated by EVs remains unclear, but 

knowledge of this potential tumour-promoting mechanism could highlight new 

targets that could improve on current anti-tumour therapy.  Therefore, profiling the 

protein cargo associated with TSC sEVs could provide mechanistic information on 

how these sEVs may optimise their tumour microenvironment for tumour growth 

and progression. 

 

5.1.2.1. EV cargo from TSC cells 

While the roles of mTORC1 hyperactivity and its downstream signalling programme 

in driving TSC tumour growth are well characterised as aspects of intracellular TSC 

pathology, the mechanisms behind the intercellular regulation of the tumour 

microenvironment and stromal activation, necessary for growth, are unknown.  

Specifically, the mechanisms behind tumour-associated changes within the 
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microenvironment of AML, the TSC tumour type characterised by aberrant 

vascularisation and patient proneness to repeated aneurysm, severe haemorrhage 

or renal failure (as reviewed by Crino et al., 2006; as reviewed by Lam et al., 2018), 

remains unclear.  Furthermore, the mechanisms contributing to cystic destruction of 

lung parenchyma in TSC-associated lymphangioleiomyomatosis (LAM), remain 

elusive (Walkup et al., 2019).  Some published studies detail the knowledge 

already known in relation to TSC EVs.  One study demonstrated that Tsc1-deficient 

(tumour) cell-derived EVs could induce TSC neural phenotypes in neighbouring 

wild-type cells, based on an EV Notch and Rheb mRNA delivery mechanism (Patel 

et al., 2016).  Another study examining proteomic signatures of EVs from Tsc2-

deficient mouse inner medullary collecting duct cells showed that these EVs had 

enriched networks involved in cell proliferation, primary cilia, and stress responses 

(Zadjali et al., 2020).   However, no studies have been published to date on the 

protein cargo or function of AML patient cell line-derived sEVs derived from long-

term bioreactor cultures. 

 

5.1.3. Rapamycin effects on TSC EVs 

Another avenue of exploration in this Chapter was to investigate how standard-of-

care mTORC1 inhibitor rapamycin treatment could affect EV secretion and cargo 

loading.  As mTORC1 is a central signalling hub in intracellular signalling, its 

inhibition poses some challenges in terms of retro-activating other tumour drivers or 

proteins involved in pro-tumoral signalling (as reviewed by Saxton and Sabatini, 

2017), which is thought to contribute to the therapeutic limitations of rapamycin in 

the long term. Some studies report alterations in EV secretion in vitro by anti-

cancer and antibiotic compounds (Loghry et al., 2020; Im et al., 2019, Fonseka et 
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al., 2021).  One study showed evidence that mTORC1 was a potent regulator of EV 

proteomes, in an aging astrocyte in vitro model, where rapamycin treatment altered 

the EV proteome and improved downstream EV function to resemble those 

enacted by EVs derived from younger astrocytes (Willis et al., 2020).  However, in 

the context of TSC, there are no published studies that investigate the cargo of 

sEVs secreted from rapamycin-treated AML cells.  Furthermore, how mTORC1-

active cells treated with an mTORC1 inhibitor signal extracellularly is currently 

unknown but may have significant effects in propagating or hindering anti-tumour 

therapy. 

 

5.1.4. EV functionality in the tumour microenvironment 

The heterogeneous tumour microenvironment (TME) is recognised as both a 

contributor and facilitator of tumour growth and progression in many cancers (as 

reviewed by Hanahan and Weinberg, 2011). It is known that sEVs from tumour 

cells can integrate with recipient cells in the TME to promote tumour-supporting 

processes, such as signalling mediation, inflammatory responses, cancer 

development, tumour microenvironment priming and angiogenesis, amongst others 

(Valadi et al., 2007; as reviewed by Zhang et al., 2021; as reviewed by Chang and 

Pauklin, 2021).  Previously, Tsc1-deficient EVs were shown to induce accelerated 

neural differentiation in surrounding wild-type cells within the neural parenchyme 

microenvironment in a TSC mouse model (Patel et al., 2016). Other studies 

investigated the Tsc2-deficient cell-derived EV mechanisms of TSC renal 

cytogenesis (Kumar et al., 2021; Bissler et al., 2017).  However, no studies have 

been published that examine the impact of TSC EVs on fibroblasts, a prominent 

cell type within the tumour microenvironment.  Fibroblasts are recognised as 
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central to the tumour architecture, providing structural support and many 

extracellular features that benefit tumour growth and development, such as 

extracellular matrix remodelling, angiogenesis, and facilitating immune escape (as 

reviewed by Monteran and Erez, 2019).  Published studies show that prostate 

cancer sEVs are capable of stimulating fibroblasts to an activated myofibroblast 

phenotype, to drive tumour growth in vitro and facilitate angiogenesis in vivo 

(Webber et al., 2014).  Studying how TSC tumours signal intercellularly to optimise 

their microenvironment for tumour growth and development is important and may 

help uncover novel anti-tumour targeting strategies.   

 

5.1.4.1. EV effects on growth factor secretion  

Growth factors (GFs) are secreted-regulatory molecules that can facilitate short-

range crosstalk between tumour cells and surrounding extracellular matrix and cells 

of the microenvironment, in order to optimise the microenvironment for supporting 

tumour growth (Yuan et al., 2016).  It has been previously shown that prostate 

cancer cell line-derived sEVs can promote growth factor (GF) secretion in 

significantly elevated quantities compared to soluble Transforming Growth Factor β 

(TGF-β) (Webber et al., 2015). Given that several TSC tumours have an altered 

microenvironment, with renal AML being highly vascularised and lung LAM having 

stromal alterations, I wanted to understand if GF secretion from parental tumour 

cells may play a role in these microenvironmental features.   

 

5.1.4.2. EV effects on signalling activation 

Phosphorylation is one of the most well-studied post-translational modifications in 

molecular biology and is a major regulatory mechanism for biological processes 
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and signalling pathways.  Phosphorylation is critical to protein function (Carnino et 

al., 2020), and it has previously been documented that EVs can stimulate 

phosphoprotein signalling cascades in recipient cells.  For example, mast cell-

derived EVs induced phosphorylation of epithelial-to-mesenchymal (EMT)-

associated proteins in lung carcinoma epithelial cells (Yin et al., 2020).  Another 

proteomics study showed that breast cancer cell line MDA-MB-231-derived EVs 

carry proteins capable of phosphorylating PKM2, crucial for aerobic glycolysis and 

tumorigenesis (Kang et al., 2021).  One study showed that EGFRvIII-containing 

microvesicles could activate pERK (also known as pMAPK) and pAkt in recipient 

cells post EV stimulation and that these cells had an EV dose-dependent secretion 

of Vascular Endothelial Growth Factor (VEGF), a known protein in angiogenesis 

and target of Epithelial Growth Factor Receptor (EGFR) (Al-Nedawi et al., 2008).  

However, it remains unclear yet as to whether AML EVs could execute 

phosphorylation of proteins in recipient cells, and whether this provides a tumour-

promoting advantage for the AML microenvironment.   

 

5.1.5. Hypotheses and aims 

 

I hypothesise that AML- sEVs have a distinct protein cargo, enriched for protein 

networks that could elicit different downstream functions in recipient cells.  

Secondly, I hypothesise that rapamycin treatment affects sEV secretion and cargo 

loading from AML- cells, with different intercellular signalling capacity compared to 

AML+ and AML- sEVs. 

 

The specific aims of this Chapter were: 
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I. To determine differentially expressed proteins expressed in AML+ and AML- 

cells and AML+ and AML- sEV cargo 

II. To investigate the impact of rapamycin treatment on sEV secretion, 

characteristics, and protein cargo loading into sEVs 

III. To assess functional impact on signalling activation with delivery of AML+, 

AML-, and rapaAML- sEVs to recipient fibroblasts  

 

5.2. RESULTS 

5.2.1. TSC cells and sEVs are enriched for a distinct set of proteins with 

tumour-promoting potential 

To undertake a broad investigation of protein cargo linked to tumour progression, 

the expression of 84 oncology-associated proteins in AML+ and AML- cells and 

their cell-derived sEVs was assessed using a commercially available proteome 

profiler antibody array (R&D Systems).  Of the 84 oncology-associated proteins 

covered by the array, 42 showed altered expression in AML- cells, relative to AML+ 

cells (Fig. 5.1).  39 of these proteins had elevated expression in AML- cells, while 3 

had reduced expression in AML- cells, relative to AML+ control counterparts.  

Some of these proteins with elevated expression have been previously associated 

with TSC, including HIF-1α, MMPs, VE-cadherin, IL-6, and VEGF (Dodd et al., 

2015; Lee et al., 2010; Bertolini et al., 2018, Shu et al., 2010; Young et al., 2013; 

Wang et al., 2021), thus supporting the validity of our findings in the TSC disease 

context.  However, the majority of the identified protein changes have not 

previously been linked to TSC tumours and so are novel findings.   
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Figure 5.1: Altered expression of 42 oncology-associated proteins in AML- cells.  AML whole cell lysates (180 µg) were 
diluted and incubated overnight with nitrocellulose membranes dotted with capture antibodies for 84 oncology-associated proteins.  
Blots were then incubated with a cocktail of biotinylated detection antibodies, before visualisation by chemiluminescence and 
analysis by densitometry.  Data graphed as waterfall plot to show fold change of > 2-fold increase/decrease (n=1). 
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On analysing the sEV protein cargoes, 29 oncology-associated proteins were found 

to have altered expression in AML- sEVs, compared to the control AML+ sEVs (Fig. 

5.2).  The 21 proteins with elevated expression in AML- sEVs contained proteins 

previously implicated in TSC pathology, including IL-6, MMPs, VEGF, Galectin-3 

(Dodd et al., 2015; Lee et al., 2010; Shu et al., 2010; Young et al., 2013; Klover et 

al., 2017) although their association with EVs released in TSC has not been 

previously reported.   Another eight proteins were found to be present at reduced 

levels in AML- sEVs compared to the AML+ sEV controls.    
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Figure 5.2: Altered expression of 29 oncology-associated proteins in AML- sEVs.  sEVs (based on 180 μg protein) derived 
from AML+ and AML- cells were lysed, diluted and incubated overnight with nitrocellulose membranes dotted with capture 
antibodies for 84 oncology-associated proteins.  Blots were then incubated with a cocktail of biotinylated detection antibodies, 
before visualisation by chemiluminescence and analysis by densitometry.  Data graphed as waterfall plot to show fold changes, 
with threshold of > 2-fold increase/decrease (n=1).   
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To predict potential alterations in function of AML- cells, and their secreted EVs, 

compared to AML+ controls functional enrichment analysis was performed using 

FunRich software on TSC cell and sEV protein sets.  Enriched protein networks 

within TSC cell and sEV cargo under the gene ontology (GO) annotation Biological 

pathways was assessed, and would be used to predict potential disease 

phenotypes induced by delivery of this sEV cargo to recipient cells.  Specifically, 

genes corresponding to proteins with increased expression in AML- cells and EVs 

(Table 2.6) were submitted to FunRich software and functional enrichment was 

conducted on these gene sets.  Since sEVs are thought to contain cargo specially-

packaged by their parent cells to alter tumour microenvironment cell phenotype and 

function, target selection (for validation) was focused within the panel of 21 proteins 

that had elevated expression in AML- sEVs. This would inform subsequent design 

of functional assays to assess sEV mediation of tumour-supporting cell signalling in 

the tumour microenvironment.  In this analysis, enriched biological pathways in 

proteins upregulated in AML- cells and sEVs were identified, and this also revealed 

the protein sets in common and distinct between AML- cells and sEVs.  It is 

important to note that input data set (n=21) was very small, compared to that 

employed in proteomics studies, in this analysis.  Consideration is due when 

interpreting enriched biological processes within this small input data set given the 

power limitations of this experiment.  
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Figure 5.3: Top-ranking biological pathways enriched in AML- cell proteome. 
Upregulated proteins found in AML- cells were analysed using FunRich functional 
enrichment software.  Threshold of at least 3 proteins were selected.  Statistical 
significance was assessed using hypergeometric p values, * = p < 0.05; ** = p < 
0.01; *** = p < 0.001.  
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Table 5.1: Fold enrichment scores of top-ranking gene networks mapped in 
AML- cell proteomes. 
Biological pathway Fold enrichment Genes mapped 

Sphingosine 1-phosphate 
(S1P) pathway 

3.023 CSF1; HIF1A; MMP3; HMOX1; 
COL18A1; DCN; SPP1; PRL; 
IL2RA; CDKN1B; CDH5; PDGFA; 
KLK3; CA9; TP53; MMP2; AFP; 
IL6; VEGFA; CSF2; ENG; DKK1; 
 

Proteoglycan syndecan-
mediated signaling events 

2.813 CSF1; HIF1A; MMP3; HMOX1; 
COL18A1; DCN; SPP1; PRL; 
IL2RA; CDKN1B; KLK3; CA9; 
TP53; MMP2; AFP; IL6; VEGFA; 
TNC; CSF2; ENG; DKK1; 
 

VEGF and VEGFR 
signaling network 

2.901 CSF1; HIF1A; MMP3; HMOX1; 
COL18A1; DCN; SPP1; PRL; 
IL2RA; CDKN1B; CDH5; KLK3; 
CA9; TP53; MMP2; AFP; IL6; 
VEGFA; CSF2; ENG; DKK1; 
 

ErbB receptor signaling 
network 

2.886 CSF1; HIF1A; MMP3; HMOX1; 
COL18A1; DCN; SPP1; PRL; 
IL2RA; ERBB4; CDKN1B; KLK3; 
CA9; TP53; MMP2; AFP; IL6; 
VEGFA; CSF2; ENG; DKK1; 
 

Integrin family cell surface 
interactions 

2.745 CSF1; HIF1A; MMP3; HMOX1; 
COL18A1; DCN; SPP1; PRL; 
IL2RA; CDKN1B; KLK3; CA9; 
TP53; MMP2; AFP; IL6; VEGFA; 
TNC; CSF2; ENG; DKK1; 
 

TRAIL signaling pathway 
 

2.849 CSF1; HIF1A; MMP3;HMOX1; 
COL18A1; DCN; SPP1; PRL; 
IL2RA; CDKN1B; PDGFA; KLK3; 
CA9; TP53; MMP2; AFP; IL6; 
VEGFA; CSF2; ENG; DKK1; 
 

mTOR signaling pathway 
 

2.798 CSF1; HIF1A; MMP3; HMOX1; 
COL18A1; DCN; SPP1; PRL; 
IL2RA; CDKN1B; KLK3; CA9; 
TP53; MMP2; AFP; IL6; VEGFA; 
CSF2; ENG; DKK1; 

AP-1 transcription factor 
network 
 

4.632 HIF1A; HMOX1; DCN; PRL; 
IL2RA; CDKN1B; KLK3; CA9; 
TP53; MMP2; AFP; IL6; VEGFA; 
CSF2; ENG; DKK1; 

ATM pathway 
 

4.102 COL18A1; SPP1; CDKN1B; TP53; 
MMP2; AFP; DKK1; 

Hypoxic and oxygen 
homeostasis regulation of 
HIF-1-alpha 

13.496 HIF1A; HMOX1; CA9; TP53; 
VEGFA; ENG; 

 
 
In proteins with elevated expression in AML- cells, a number of biological pathways 

were identified with statistically significant enrichment.  The top 10 biological 

pathways with the widest protein coverage within our dataset are graphed in Fig. 



Chapter 5: Profiling TSC sEV protein cargo  
and response to rapamycin 

 166 

5.3, with accompanying enrichment values in Table 5.1.  The top hit Sphingosine 1 

phosphate (S1P) pathway is a known activator of mTOR signalling (Maeurer et al., 

2009).  mTOR signalling is also a top-ranking biological pathway in AML- cells, 

which is not surprising due to its known role as intracellular driver of TSC tumours. 

Several top-ranking biological pathways with enrichment in AML- cell proteomes 

are involved in vesicle biogenesis and docking, including proteoglycan-syndecan-

mediated signaling events and Integrin family cell surface interactions.  Others 

biological pathways with enriched expression are known to be involved in 

angiogenesis, such as VEGF and VEGFR signalling networks and hypoxic and 

oxygen homeostasis regulation of HIF-1-alpha. As predicting functions of enriched 

protein cargo in AML- sEVs is a more central aim to this Thesis, emphasis has 

been placed on data presented in Fig. 5.4 and Table 5.2, and enrichment scores 

are compared to that seen in AML- cells. 

 

 

 

Figure 5.4: Top-ranking biological pathways enriched in AML- sEV protein 
cargo.  Upregulated proteins found in AML- sEVs were analysed using FunRich 
functional enrichment software.  Threshold of at least 3 proteins were selected.  
Statistical significance was assessed using hypergeometric p values, * = p < 0.05; 
** = p < 0.01; *** = p < 0.001.  
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Table 5.2: Fold enrichment scores of top-ranking gene networks mapped in 
AML- sEV protein cargo. 
 
Biological pathway Fold enrichment Genes mapped 

Integrin family cell surface 
interactions 

3.30 TNC; SERPINE1; VCAM1; ICAM1; 
IL6; EGFR; MMP3; PRL; ENG; 
MMP2; KLK3; VEGFA; CTSD; 
 

TRAIL signalling pathway 3.166 VIM; SERPINE1; ICAM1; IL6; 
EGFR; MMP3; PRL; ENG; MMP2; 
KLK3; VEGFA; CTSD 
 

Proteoglycan syndecan-
mediated signaling events 

3.13 TNC; SERPINE1; ICAM1; IL6; 
EGFR; MMP3; PRL; ENG; MMP2; 
KLK3; VEGFA; CTSD; 

mTOR signaling pathway 2.99 SERPINE1; ICAM1; IL6; EGFR; 
MMP3; PRL; ENG; MMP2; KLK3; 
VEGFA; CTSD; 
 

AP-1 transcription factor 
network 

4.505 SERPINE1; ICAM1; IL6; PRL; 
ENG; MMP2;  
KLK3; VEGFA; 

Epithelial-to-mesenchymal 
transition 

9.458 TNC; VIM; SERPINE1; VCAM1; 
MMP2 
 

P53 pathway 7.410 SERPINE1; EGFR; MMP2; CTSD 
 

N-cadherin signalling 
events 

5.579 EGFR; MMP3; MMP2; KLK3 

Signalling transduction 1.159 CCL20; TNC; VCAM1; EGFR 
 

AMB2 integrin signalling 26.275 ICAM1; IL6; MMP2 

 
 
In proteins with elevated expression in AML- sEVs, GO analysis revealed that 

Integrin family cell surface interactions had the broadest percentage gene list in 

AML- sEVs, and was found to have a wider percentage gene coverage and higher 

fold enrichment than the same biological pathway observed in the cell dataset 

(72.2% > 60.0%; 3.305 > 2.745) (Fig. 5.4 and Table 5.2).  TRAIL signalling 

pathway (p=0.000038) and Proteoglycan-syndecan mediated signalling events 

(p=0.000043) were the next top-ranking hits in AML- sEVs for widest percentage 

gene coverage (both 66.67% > 60.0%), again having wider coverage and 

enrichment compared to that found in the AML- cell dataset (TRAIL signalling 

pathway...= 3.116 > 2.849; Proteoglycan... = 3.126 > 2.813).  mTOR signalling also 

had wider percentage gene coverage (61.11% > 57.14%) and higher enrichment 
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(2.992 > 2.798) in the AML- sEVs compared to the AML- cells. AP-1 transcription 

factor network is slightly less enriched in AML- sEVs compared to the AML- cell 

counterparts (4.505 < 4.632).  The remaining significantly enriched biological 

pathways – Epithelial-to-mesenchymal transition, N-cadherin signalling events, p53 

pathway, and amb2 integrin signalling – were exclusive to AML- sEV protein cargo 

and not found to be enriched in the AML- cells.   

 

5.2.2. Validation of selected protein enrichment in sEVs by ELISA  

Proteins were selected for validation based on enrichment biological pathway 

analysis, focussing on those previously reported to have particular biological 

relevance to TSC (Table 5.3). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 5: Profiling TSC sEV protein cargo  
and response to rapamycin 

 169 

 

Table 5.3: Enriched proteins in AML- sEVs selected for validation 
 
Protein Known role in cancer References 

Endoglin Co-receptor of TGF-β1 and TGF- β3; 
promotes TGF-β-BMP signalling 
cascade to activate SMAD signalling; 
Links with HIF-1α signalling 
Roles in angiogenesis 

Chen et al., 2018 
Sánchez-Elsner et al., 2002 
 
Nogués et al., 2020 

Enolase γ Energy-sensing 
Enolase 1 downregulates AMPK and 
activates mTOR; induce migration, 
proliferation, and migration; mitigated 
by rapamycin 

 
Zhan et al., 2017 

VEGF Driver of angiogenesis downstream 
of hyperactive mTOR signalling  
VEGF-D a serum marker for TSC-
LAM 

Dodd et al., 2015 
 
Hirose et al., 2019 

IL-6 Pro-inflammatory and anti-
inflammatory cytokine; downstream 
to mTOR/JAK-Stat/VEGF 
Can activate mTOR signalling 
Rapamycin can reduce IL-6 effect on 
cell invasiveness 
Role in TSC-LAM microenvironment 
Overexpressed in many tumour 
microenvironments 

 
 
 
Ekshyyan et al., 2016 
Wang et al., 2021 
Chonov et al., 2019 

CCL20 Promotes cell migration 
 
Immune cell recruitment to promote 
cell death evasion 

Marsigliante et al., 2013; 
Dolhman et al., 2017;  
Geisman et al., 2017 

 
 

Commercially-available ELISAs (DuoSet ELISAs, R&D Systems) were used to 

validate and quantify protein expression levels in AML- sEVs and AML+ sEVs.  5 

target proteins, endoglin, enolase-y, VEGF, IL-6, and CCL20 had significantly 

elevated protein levels in AML- sEVs, compared to AML+ sEV controls (Fig. 5.6).    

This was consistent across 2 μg, 4 μg, and 8 μg doses of EVs, validating the 

proteome profiler results.  
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A                                                             B 

 
 

C                                                              D 

 
                                   
E 
 

 
 
 
Figure 5.5: Endoglin, enolase γ, VEGF, IL-6 and CCL20 protein expression is 
elevated in AML- sEVs compared to AML+ sEVs.  Protein quantification of 
targets in lysed sEVs was determined by ELISA.  Error bars represent 
mean±standard deviation, technical triplicates.  ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 
0.0001 from two-way ANOVA with Tukey’s multiple comparisons test.  
Representative graph of three independent experiments. 
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Previously, work from our lab demonstrated that EV-associated Transforming 

Growth Factor β (TGF-β) plays a key role in facilitating tumour progression. EV-

associated TGF-b was shown to drive differentiation of stromal fibroblast (Webber 

et al., 2010) to a disease-associated phenotype with pro-angiogenic function that is 

capable of  promoting tumour growth in vivo (Webber et al., 2015).  Furthermore, 

our selected protein target endoglin is a TGF-β co-receptor with involvement 

reported in both stimulating and repressing fibrotic signalling due to its association 

with various TGF-β family members (Finnson et al., 2010; as reviewed by Maring, 

Trojanowska, and ten Dijke, 2012).  Involvement of TGF-β has also been linked to 

metalloproteinase-2 modulation and collagen synthesis in TSC tumour 

microenvironment remodelling (Lee et al., 2010; Woodcock et al., 2019), but there 

are no previous reports of EV-TGF-β in TSC or whether it can modulate the tumour 

microenvironment in this genetic condition.  Therefore, despite not being included 

within the proteome profiler,  I chose to investigate whether TGF-β was altered in 

TSC EVs compared to controls EVs.  Total TGF-β was assessed by ELISA and 

was found to be significantly elevated in all three AML- sEV doses, relative to their 

AML+ sEV controls (Fig. 5.6). 
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Figure 5.6: TGF-β protein expression is elevated in AML- sEVs compared to 
AML+ sEVs.  Lysed EVs were probed for TGF-β expression using ELISA.  Error 
bars represent standard deviation between technical triplicates. **** p ≤ 0.0001 
from two-way ANOVA with Tukey’s multiple comparisons correction.  
Representative graph of n=3 independent experiments. 
 

 
5.2.3. mTORC1 signalling markers are enriched in AML- EVs at a protein level 

Since mTORC1 hyperactivation is the key pathogenic driver of TSC tumour growth, 

I wanted to map the expression of a panel of mTORC1 pathway-associated 

proteins in TSC cell-derived EVs to determine if mTORC1 pathway proteins are 

being packaged in EVs and could therefore be transferred to recipient cells.   

 

Protein analysis by western blot showed TSC2 to be lost in AML- cells when 

compared to the AML+ cells, as expected (Fig. 5.7).  Interestingly, this was also 

true in sEVs; there was no TSC2 expression detected in AML- sEVs while TSC2 

was present in AML+ sEVs.  Rheb was detected in both AML+ and AML- cells to 

similar levels, but Rheb expression appeared to be enriched in AML- sEVs 

compared to AML+ sEVs (Fig. 5.7).  Expression of mTOR was detected in both 

AML+ and AML- cells and EVs.  Opposing trends of 4e-BP1 expression were 

observed between AML cells and EVs, as 4e-BP1 appeared to be enriched in 
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AML+ cells versus AML- cells, but enriched in AML- sEVs compared to AML+ sEVs 

(Fig. 5.7).  Akt expression was detected in AML+ cells and to a slightly lower level 

in AML- cells.  Interestingly, Akt expression was detected in AML- sEVs and not 

AML+ sEVs (Fig. 5.7).  GAPDH expression was found to be expressed consistently 

between AML+ and AML- cells, and again in AML+ and AML- sEVs.  GAPDH 

expression was elevated within EVs compared to cells due to the selective 

enrichment of selected proteins within EVs compared to their parental cells (Fig. 

5.7).  

 

 

 
Figure 5.7: mTORC1 signalling pathway proteins are differentially expressed 
in AML+ and AML- cells and sEVs.  AML whole cell lysates and sEV lysates (10 
µg/lane) were subjected to SDS-PAGE and western blot to probe for expression of 
proteins associated with mTORC1 signalling.  Representative blots of n=3 
independent experiments.  
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5.2.4.  Rapamycin treatment affects EV secretion and cargo loading 

 

Given the differences in mTOR signalling related proteins between AML+ and AML- 

sEV protein cargo, I wanted to examine if mTORC1 inhibition in cells would affect 

sEV secretion and sEV cargo.  Rapamycin, as the standard-of-care mTORC1 

inhibitor, was chosen for this. The impact of rapamycin on sEV secretion was 

assessed from AML- cells treated with rapamycin (10 ng/mL) and compared to that 

from both AML+ cells and AML- cells cultured in the absence of rapamycin.   

Measurements of particles within serially centrifuged and filtered cell conditioned 

media, assessed by nanoparticle tracking analysis (NTA). Negative controls basal 

media and DMSO were also assessed by NTA (Fig. 5.8A).  I show that AML- cell-

conditioned media contained an elevated level of particles/mL with statistical 

significance in comparison to AML+ cells (Fig. 5.8A).  Rapamycin-treated AML- 

(rapaAML-) cells appeared to secrete significantly fewer particles compared to 

AML- cells, and an amount of particles comparable with that of AML+ control cells 

(Fig. 5.8A).  A similar trend is observed when these particles/mL are normalised to 

respective cell counts, although differences between all groups are non-statistically 

significant when normalised (Fig. 5.8B).   
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A                                                                   B 

 
 
Figure 5.8: Rapamycin treatment reduces sEV secretion towards levels 
similar to that secreted by AML+ cells.  Cells were grown to confluence and 
media was replaced with fresh media or fresh media + rapamycin (10 ng/mL).  Cell-
conditioned media was collected after a 4-day incubation and processed to remove 
cell debris and particles > 0.22 µm before particles/mL was assessed by NTA (A).  
Particles/mL measurements were normalised to respective cell counts and plotted 
(B).  Graphs show n=3 biological repeats. Statistical analysis was conducted using 
one-way ANOVA with Tukey’s multiple corrections test, where ns = non 
significance; * = p < 0.05; ** = p < 0.01. 
 
 
Characterisation of rapaAML- sEVs was conducted to determine if rapamycin 

treatment would affect typical EV characteristics such as protein expression and 

size, as described in Chapter 3.  Lysates from  rapaAML- sEVs were found to 

express endosome-associated proteins ALIX and TSG101, to similar levels as to 

that expressed in AML+ and AML- sEVs (Fig. 5.9A).  These rapaAML- sEVs were 

also found to express all three tetraspanins on their surfaces, to similar levels as 

that observed on AML+ sEVs and AML- sEVs (Fig. 5.9B).  On analysing the size 

distribution profiles, rapaAML- cells secreted a majority of vesicles that qualify as a 

small EV, based on a measurement of their diameters (Fig. 5.9C), resembling the 

profiles of sEVs secreted from AML+ and AML- cells.  From this characterisation, 

rapamycin-treated AML- cells appear to secrete sEVs of endosomal origin, and that 

these sEVs have similar molecular and size characteristics as AML+ and AML- 

sEVs.  
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A                                                                 B 

 
 
 
C      

  
 
 
Figure 5.9: Rapamycin-treated AML- cells secrete sEVs with similar molecular 
characteristics as those secreted by AML+ and AML- cells.  RapaAML- sEVs 
were lysed and probed for ALIX and TSG101 (A) and sEV surface markers CD9, 
CD63, and CD81 (B) using an immunofluorescent plate assay; Size distribution 
profiles of EVs secreted by AML+, AML-, and rapamycin-treated AML- cells were 
plotted following NTA (C).  Representative of three independent experiments. 
 

To investigate if treatment with an mTORC1 inhibitor could affect sEV cargo, I 

probed rapaAML- sEVs for expression of my previously selected protein targets – 

endoglin, enolase γ, VEGF, IL-6, and CCL20.  Elevated expression of the selected 

target proteins was observed in AML- sEVs again, similar to results previously 

shown, apart from IL-6 expression found to not be differentially expressed in AML+ 

versus AML- sEVs at the 2µg dose (Fig. 5.10A-E).  Interestingly, rapaAML- sEVs 
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had significantly less endoglin (Fig. 5.10A), enolase γ (Fig. 5.10B) and CCL20 (Fig. 

5.10E) protein expression in their cargo compared to AML- sEVs, observed at both 

2µg and 4µg sEV doses.  RapaAML- sEVs were found to have significantly less IL-

6 (Fig. 5.10D) compared to AML- sEVs at the 4µg sEV dose only.  VEGF 

expression was statistically elevated in rapaAML- sEVs (Fig. 5.10C) compared to 

AML- sEVs at the 4µg sEV dose, while VEGF expression was similar when 

comparing AML- sEVs and rapaAML- sEVs at the 2µg sEV dose.  Endoglin 

expression in rapaAML- sEVs was similar to that of AML+ sEVs at the same 2µg 

sEV dose (Fig. 5.10A), but the relative expression between the control and drug-

treated sEV groups at the 4µg sEV dose was statistically different. Enolase γ and 

IL-6 expression was similar in AML+ and rapaAML- sEVs at both the 2µg and 4µg 

sEV doses (Fig. 5.10B+D). IL-6 expression is significantly reduced in rapaAML- 

sEVs compared to AML- sEVs at the 4µg EV dose only.  In contrast, VEGF protein 

expression is not reduced in rapaAML- EVs (Fig. 5.10C).  Instead, VEGF is 

expressed at a similar or even a higher level than in AML- sEVs. 
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A                                                    B 

 
 
C                                                D 

 
E 

 
 
Figure 5.10: Expression of protein targets in sEVs secreted by rapamycin-
treated cells.  sEVs (normalised by total protein in µg) were lysed and quantified 
for protein targets using ELISA.  Error bars represent standard deviation between 
technical triplicates.  Representative graph of n=3. Non-statistical significance, ns; 
** = p ≤ 0.01; *** = p ≤ 0.001; **** = p ≤ 0.0001 from two-way ANOVA with Tukey’s 
multiple comparisons correction.  
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5.2.5. AML- EVs enhance growth factor secretion from normal fibroblasts 

 

Understanding sEV-induced functional effects at cellular destination sites is 

perhaps most crucial in understanding the role of sEVs in contributing to disease 

phenotypes and progression.  To determine if sEVs promote GF secretion from 

recipient cells, VEGF and HGF expression were quantified in EV-depleted cell-

conditioned media taken from healthy lung fibroblast cells following a 4-day 

treatment with 200 µg of AML+ sEVs, AML- sEVs, or rapaAML- EVs.  Both VEGF 

and HGF expression were significantly elevated in cell-conditioned media from 

fibroblasts treated with AML- sEVs and similarly so post-treatment with rapaAML- 

EVs, compared to that secreted following treatment with AML+ sEVs (Fig. 5.11).   
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Figure 5.11: VEGF and HGF secretion is elevated in recipient fibroblasts post 
AML- EV and rapaAML- EV treatment.  Serum-starved fibroblasts Z031 were 
treated with 200µg EVs and incubated for 4 days.  Cell-conditioned media was 
collected was subjected to ultracentrifugation to pellet and deplete EVs.  Resulting 
cell-conditioned media was probed for VEGF and HGF expression using 
commercially-available ELISAs.  Graphs shown are representative of three 
independent experiments.  Statistical analysis was performed using one-way 
ANOVA with Tukey’s multiple comparison’s test. p < 0.05, * ; p < 0.01, ** ; p < 
0.001, ***; non-statistical significance, ns. Vascular Endothelial Growth Factor, 
VEGF; Hepatocyte Growth Factor, HGF. 
  
 
5.2.6. Signalling activation induced by AML+ and AML- sEVs is ameliorated 

by rapamycin treatment 

Knowing the role of mTORC1 signalling in TSC disease and reported evidence of 

phenotypic spread reported in Tsc1-deficient mouse models (Patel et al., 2016), I 

wanted to investigate if AML sEVs could alter mTORC1 signalling in recipient cells.  

Lysates from fibroblasts treated with AML+ sEVs, AML- sEVs, and rapaAML- sEVs 

were generated and expression of phosphorylated MAPK (pMAPK), an activator of 

mTORC1, and phosphorylated S6 (pS6), which is a downstream marker of 
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activated mTORC1, was analysed by western blot.  Phosphorylation of MAPK was 

more prominent in fibroblasts treated with AML- sEVs compared to AML+ sEVs 

(Fig. 5.12).  RapaAML- sEV treatment did not stimulate MAPK phosphorylation as 

much as AML- sEV treatment.  S6 phosphorylation was observed in comparable 

amounts in fibroblasts treated with AML+ sEVs and AML- sEVs (Fig. 5.12).  

Similarly as with pMAPK, phosphorylation of S6 was reduced with treatment of 

rapaAML- sEVs.   

  

 
  
Figure 5.12: AML+ and AML- EVs can activate MAPK and S6 in recipient 
fibroblasts, but this is attenuated by rapamycin treatment.  Serum-starved 
fibroblasts Z031 were stimulated with 200 µg EVs for 1 hour.   Lysates were 
collected and pMAPK (Thr202/Tyr204) and rpS6 (Ser 235/236) expression were 
probed using western blot.  Blots shown representative of three indepdendent 
repeats.  Phosphorylated Mitogen-activated Protein Kinase, pMAPK; Threonine, 
Thr; Tyrosine, Tyr; serine, ser; phosphorylated Ribosomal Protein S6, pS6; 
Glyceraldehyde-3-Phosphate Dehydrogenase, GAPDH.  
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5.3. DISCUSSION 

 

The mechanisms by which TSC tumours prime their microenvironment to support 

their growth are unknown.  Uncovering how AML cells communicate with their 

tumour microenvironment could reveal important insights into how TSC tumours 

establish effective intercellular communication to regulate their proliferation and 

survival.  More specifically, profiling sEV cargo could identify specific bioactive 

molecules that have the capacity to promote a tumour-supportive microenvironment, 

improving our understanding of disease progression whilst revealing potential 

therapeutic targets. 

 

In this Chapter, I profiled protein cargo in TSC patient-derived AML cell line-derived 

sEVs to identify differentially expressed proteins that could potentially mediate 

tumour-supporting processes in recipient cells of a TSC tumour microenvironment.  

Using a combination of a protein profiler antibody array, western blots, and ELISAs, 

I have defined a distinct protein cargo carried by AML- sEVs, encompassing both 

oncology-associated and mTORC1 signalling proteins. This has revealed 

numerous new candidate targets that may contribute to mechanisms of EV-

mediated tumour growth and survival.  My investigation of 84 oncology-associated 

proteins in TSC AML cells and cell-derived sEVs aimed to identify potential novel 

players in TSC tumour growth and survival.  Data from this profiler showed altered 

expression of 42 oncology-associated proteins in AML- cells (Fig. 5.1), and 29 

proteins in AML- sEVs (Fig. 5.2), relative to AML+ cell and sEV controls 

respectively.  In both cases, the majority of proteins identified have had no previous 

association to TSC tumour biology.  To stratify the 21 proteins that were elevated in 
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AML- sEVs, functional enrichment analysis based on the gene ontology annotation 

Biological pathways was performed.  Identifying that two of the top-ranking 

enriched networks were centred around integrin interactions and proteoglycan-

syndecan mediated signalling (Fig. 5.4, Table 5.2) was perhaps to be expected 

considering their well-known roles in mediating EV-induced cell migration and 

adhesion (as reviewed by Hurwitz et al., 2019), and EV biogenesis and uptake 

respectively (as reviewed by Cerezo-Magaña et al., 2020).  The increased 

enrichment of TRAIL signalling in AML- sEVs, compared to AML- cells, may have 

important implications in the ability of these sEVs to activate apoptosis cascades in 

recipient cells upon delivery.  It was also interesting to see that mTOR signalling 

was significantly enriched in AML- sEV cargo compared to the parental AML- cells.   

Investigating activation of this mTOR signalling-associated proteins may highlight a 

potential mechanism of how TSC sEVs drive anabolic signalling extracellularly.  

There were also a number of enriched biological pathways that were exclusive to 

AML- sEVs (and not the parental AML- cells), such as epithelial-to-mesenchymal 

transition, N-cadherin signalling networks, p53 pathway, and amb2 integrin 

signalling.  These could have important implications in EV-induced alterations in the 

TSC tumour microenvironment. It is also important to note that, typically, functional 

enrichment analysis is employed in proteomic studies with typically much larger 

datasets to analyse (Tomczak et al., 2018).  Input datasets in this study were small 

(n=39 for AML- cells; n=21 in AML- sEVs); hence, the results are simply a 

prediction of sEV function and should be used as a guide for further downstream 

analysis.  
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sEV cargo proteins to validate were selected with consideration of known pro-

tumoral mechanisms at play in TSC, and specifically AML, namely pro-angiogenic 

signalling and inflammation, and by considering interesting novel mechanisms of 

biological relevance that have been under-explored in the context of TSC, including 

stromal modification and intercellular signal transduction (see Table 5.3).  Selected 

proteins – endoglin, enolase γ, VEGF, IL-6, and CCL20 – were validated for 

differential protein amounts between AML+ and AML- sEVs by ELISA.  

Quantification revealed statistically significant elevation of these protein targets in 

all three doses of AML- sEVs examined, compared to their AML+ sEV counterparts 

(Fig. 5.5).  Investigating known disease-promoting roles of these proteins could 

inform design of functional experiments to investigate sEV-mediated cell 

phenotypic changes in the TME.   

 

Enolase γ is a glycolytic enzyme involved in the catabolic conversion of glucose to 

pyruvate that allows for the production of high-energy ATP and NADH (as reviewed 

by Vizin and Kos, 2015; Clayton et al., 2011).  In the cancer setting, enolase γ is 

frequently upregulated and its major contribution is in the acceleration of 

intratumoral glycolysis (as reviewed by Kroemer and Pouyssegur, 2008), facilitating 

the phenomenon of the tumoral Warburg effect.  Though research on EV-derived 

enolases is limited, links between this glycolytic enzyme and mTOR signalling have 

been previously explored.  Zhan et al. describe that overexpressed enolase α leads 

to impaired AMPK signalling and activation of mTOR signalling.  Furthermore, 

rapamycin could reduce enolase α overexpression-induced migration, proliferation, 

and invasion in colorectal cancer tissues (Zhan et al., 2017). 
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VEGF is a well-known pro-angiogenic protein that signals downstream of mTORC1 

(Dodd et al., 2015).  Knowing now that VEGF has elevated expression in AML- 

sEVs, compared to AML+ sEVs, and knowing that AML tumours are characterised 

by dense angiogenic networks (as reviewed by Vos and Oyen, 2019), this 

highlights a potential capacity of AML sEVs to stimulate angiogenesis when 

internalised by cells of the tumour microenvironment.  EV-associated VEGF, both 

luminally and on the surface, has been associated with promoting angiogenesis in 

cancer settings (Feng et al., 2017; Ko et al., 2019).  Therefore, investigating if these 

AML- sEVs can promote vessel formation would clarify their pro-angiogenic 

function in TSC, and more specifically TSC-associated AML.  It has been shown 

that VEGF-C and VEGF-D promote metastatic spread of TSC-associated LAM.  

Currently, VEGF-D is used as a diagnostic and predictive serum biomarker for 

TSC-associated LAM (Young et al., 2008; Young et al., 2010; Goldberg et al., 

2015; Hirose et al., 2019; Radzikowska et al., 2015) and is regarded as being 

highly sensitive.  However, the suitability of VEGF-D as being a prognostic 

biomarker for LAM has not yet been characterised, despite there being a clinical 

need to stratify patients more prone to fatal outcomes or transplantation due to 

LAM (Gupta et al., 2019).  It is also unknown if VEGF or its isoforms associate with 

sEVs, and whether this would improve on its wide range of that used for clinical 

diagnostics (Hirose et al., 2019; Radzikowska et al., 2015).  Another VEGF isoform, 

VEGFA, stimulates the Akt/mTOR pathway via its activation of VEGF receptor 2 

(VEGFR2) on endothelial cells (Trinh et al., 2009).  Activation of this 

VEGFR2/Akt/mTOR pathway was found to associated with increased incidence of 

ascites and reduced overall survival (OS) of patients receiving cisplatin-taxane 

regimens, in the same study. Here the authors propose this as a potential 
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targetable mechanism using VEGFA inhibitors.  Understanding if EV-associated 

VEGFA isoforms also promote intercellular activation of this tumour-promoting 

pathway could be beneficial in determining a microenvironmental dimension of 

these tumours with targeting potential. 

 

IL-6 is known to play roles as both a pro- and anti-inflammatory cytokine.  Several 

studies to date have explored EV-induced secretion of IL-6 from different cell 

populations to achieve both pro- and anti-tumour effects.  For example, EVs from 

heat-stressed tumour cells can potently induce secretion of IL-6 from dendritic cells 

to facilitate preferential regulatory T cell to T helper type cell differentiation in order 

to establish an anti-tumour effect (Guo et al., 2018).  Contrastingly, EV miR-1247-

3p promotes release of pro-inflammatory IL-6 from cancer-associated fibroblasts 

via β1-integrin-NF-κB signalling in hepatocellular carcinoma (Fang et al., 2018).  

However, functionality of sEV-delivered IL-6 to cells of the tumour 

microenvironment is currently unknown.  As this cytokine has potent and varied 

microenvironmental effects and has also been linked to TSC (Wang et al., 2021), it 

becomes an interesting candidate for further exploration. Furthermore, IL-6 is a 

known activator of the mTOR signalling pathway, and additionally stimulates 

Januskinases (Jak), which sequentially activates the Jak/STAT, MAPK, and PI3K 

pathways (Pinno et al., 2016).  EV-associated IL-6 could potentially activate these 

key pathways in recipient cells, which could affect treatment efficacy of some 

targeted anti-tumour treatments. 

 

CCL20 (also known as Macrophage Inflammatory Protein 3α) has well 

characterised roles in cell signalling and inflammatory cell recruitment.  Intracellular 
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CCL20 can promote cell migration and proliferation via ERK and PI3K signalling 

activation (Wang et al., 2016).  As proliferative drivers are a key focus for new 

therapeutic avenues to inhibit TSC tumour growth, EV-derived CCL20 may be a 

potential target.  Mesenchymal stromal cell EV-derived CCL20 has been previously 

implicated in migration, inflammation suppression, and regenerative properties 

(Mardpour et al., 2019).  It has also been shown that CCL20-CCR6 binding can 

attract tumour-promoting immune-suppressive cells within the tumour 

microenvironment (as reviewed by Chen et al., 2020) and facilitate extracellular 

matrix modification in a breast cancer setting (Marsigliante et al., 2013). 

Interestingly, a previous study showed that the mTORC1 inhibitor rapamycin 

mitigated CCL20-induced upregulation of N-cadherin and vimentin protein 

synthesis (Marsigliante et al., 2016).  Although it was previously seen that AML is 

mesenchymal in origin (vimentin-positive as shown in Chapter 3; also, as 

demonstrated by Bertolini et al., 2018), it is unclear if EV-derived CCL20 could play 

a role in establishing mesenchymal cell phenotypes, and by extension if mTORC1 

inhibition could ameliorate its vimentin-positive mesenchymal characteristics. 

 

The glycoprotein, endoglin, is a recognised co-receptor of TGF-β, specifically 

interacting with type I and II TGF-β receptors (as reviewed by Pérez-Gómez et al., 

2010).  Endoglin has been implicated in regulating angiogenesis and 

neovascularisation, and is required for VEGF-induced angiogenesis (Tian et al., 

2018).  It has been previously shown that microvesicles derived from endoglin-

expressing cancer stem cells stimulate blood vessel formation and growth in vivo 

(Grange et al., 2011).  However, endoglin has not previously been linked to TSC 

pathogenesis.  Given that AMLs are characterised by a dense vascular network, 
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understanding the pro-angiogenic processes is a major focus, making endoglin an 

interesting target.   

 

It is also interesting that TGF-β was found to be significantly elevated in AML- sEVs 

versus AML+ sEVs (Fig. 5.6). The role of TGF-β has been extensively studied in 

the cancer setting.  Previous work from our lab has demonstrated that EV-derived 

TGF-β can drive fibroblast differentiation to an activated myofibroblast phenotype 

with pro-angiogenic function, thereby activating tumour stroma to drive 

angiogenesis in vitro and tumour growth in vivo, in interesting contrast to soluble 

TGF-β that did not elicit these pro-tumoral effects (Webber et al., 2015).  

Uncovering the role that TGF-β and its co-receptor endoglin play in TSC-

associated angiogenesis and stromal activation will provide interesting insight into 

TSC tumour growth and survival. 

 

As TSC tumours are driven by hyperactived mTORC1 signalling, I probed for 

expression of a panel of mTORC1 signalling proteins to determine if TSC EVs 

contain mTORC1 components and whether or not their expression was mirrored or 

differed from that of their parent cells (Fig. 5.7).  It is interesting that TSC2 is 

expressed in sEVs from AML+ (TSC2-expressing) cells, while its expression is lost 

in sEVs secreted from AML- (TSC2-deficient) cells.  This could suggest a 

maintained tumour suppressor TSC1/TSC2 complex in control AML+ sEVs. In 

AML- sEVs, absent TSC2 protein would suggest that Rheb could be present in its 

active GTP-bound state.  Rheb protein was found to be elevated in AML- EVs (Fig. 

5.7).  Rheb is activated downstream of a loss of TSC2 expression in the protein 

signalling pathway.  Enrichment of Rheb protein in AML- sEVs is different from that 
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seen in cells, as Rheb expression appears to be relatively equal in both AML+ and 

AML- cell lysates. Furthermore, loading of Rheb protein within EVs complements 

previous EV-mRNA work in Tsc1-deficient neural cell-derived EVs (Patel et al., 

2016). Together with the enhanced levels of Rheb protein observed in AML- EVs, 

could delivery of this EV-derived Rheb contribute to mTOR activation within 

recipient cell populations?  By probing next for TSC1 and phosphorylated TSC2 

expression, I could investigate if sEV-derived TSC2 could still maintain its GTPase-

activating capacity, as it does in an intracellular context, to regulate Rheb activation 

in control AML+ EVs to sustain it in its GDP-bound inactive state.  mTOR protein 

expression appears relatively equal in AML+ and AML- cells, though I would expect 

it to be hyperactivated in AML- cells given its key role in driving TSC tumour growth.  

Several antibodies for mTOR were trialled to address the specificity issues with 

little success.  Additional probing for mTOR or phospho-mTOR in cell lysates could 

aid in clearer interpretation of this result.  Despite this, mTOR expression appears 

to be slightly higher in expression in AML- sEVs compared to AML+ sEVs (Fig. 5.7).  

This may suggest that these disease sEVs carry mTOR into cells of the 

microenvironment, extending the impact of this intracellular driver hallmark of these 

tumours in the extracellularly domain.  This compliments that observed in my GO 

analysis, with enrichment of proteins associated with mTOR signalling in AML- 

sEVs, as discussed above.  Determining the phosphorylation network surrounding 

mTOR in recipient cells post-sEV delivery will help determine a clearer 

understanding of this mechanism, which inspired the subsequent functional work.  

It was also observed that opposite patterns of expression of 4E-BP1 in cells and 

sEVs.  4E-BP1 expression was higher in AML+ cells than in AML- cells, while 4E-

BP1 is found to be expressed in AML- sEVs, but not in AML+ sEVs (Fig. 5.7).  In a 
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normal physiological context, a hypophosphorylated 4E-BP1-eIF4E complex 

impedes ribosomal recruitment to prevent initiation of mRNA translation, as eIF4E 

does not interact with eIF4G.  When mTOR is hyperactivated, cellular 4E-BP1 

becomes phosphorylated at multiple sites, thereby instigating dissociation of the 

4E-BP1-eIF4E complex.  This allows eIF4E to form the eIF4F complex and so 

permits consequent initiation of cap-dependent translation (Chong et al., 2009). It is 

unclear why 4E-BP1 would have altered expression in AML- sEVs.  Probing for 

phosphorylated 4E-BP1 and eIF4E complexes could shed further light on this 

mechanism.  Delivery of these translation initiation factors, and inhibitors of the 

process, to a recipient cell could have important implications in the translation of 

proteins within the recipient cell population.  I also saw that Akt is expressed slightly 

higher in AML+ cells compared to AML- cells, while Akt is expressed only in AML- 

sEVs and not in AML+ sEVs (Fig. 5.7). This is an interesting observation, as Akt is 

a known activator of mTORC1 via its phosphorylation of TSC2 and PRAS40 (Dan 

et al., 2014).  mTOR and its downstream substrate S6K repress Akt intracellularly, 

so it may be more feasible biologically to package Akt in sEVs for intercellular 

export to optimise its ability to activate mTORC1 signalling cascades.  Given its 

smaller size, it may be more efficient to package Akt into sEVs, compared to bigger 

proteins such as mTOR.  Furthermore, determining if phospho-Akt expression is 

enriched with rapaAML- sEV treatment would indicate if retro-activation of Akt by 

mTORC1 inhibition could also be propagated by sEVs.  

 

The effect of rapamycin, the standard-of-care anti-tumour therapy for TSC AML, on 

sEV secretion and sEV cargo was investigated.  Previous studies indicate 

contrasting trends in EV secretion from TSC cells.  Tsc2-deficient cell T2J were 
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found to promote EV secretion in vitro (Zadjali et al., 2020), while another study 

showed reduced secretion of EVs from Tsc2-deficient compared to Tsc2-

expressing MEF cells (Zou et al., 2019). Finding that there was a trend showing 

that rapamycin-treated AML- cells secreted fewer particles/mL compared to AML- 

cells (Fig. 5.8) may suggest that TSC2 deficiency or mTORC1 could play a role in 

regulating sEV secretion, aligning with some published literature (Zou et al., 2019; 

Ryskalin et al., 2020).  This study also revealed that rapamycin treatment did not 

affect EV characteristics (Fig. 5.9). Furthermore, my selected protein candidates for 

validation, namely: endoglin, enolase γ, and CCL20; had significantly reduced 

incorporation into rapaAML- sEVs compared to AML- sEVs (Fig. 5.10).  This 

suggests that these markers could have potential as predictive biomarkers or for 

therapeutic monitoring, and so were candidates for validation in patient plasma 

samples.   Contrastingly, VEGF expression was not reduced in rapaAML- sEVs 

compared to AML- sEVs in vitro (Fig. 5.10C). Instead, it was found to be expressed 

at a level comparable or significantly higher than AML- sEVs.   

 

EV-mediated intercellular crosstalk is a contributing factor to the development and 

progression of many tumours, as EVs from parental tumour cells are delivered to 

surrounding cells of the tumour microenvironment to stimulate tumour-supporting 

processes.  This work is the first study to profile the microenvironmental 

modifications induced by delivery of AML sEVs to fibroblasts of the tumour 

microenvironment, and the comparison of AML- sEV-induced effects to AML+ sEV 

effects is also unique to this study.  Furthermore, inclusion of rapaAML- sEVs is 

also unique and provides interesting insight into how EVs in treated AML tumours 

may promote different functions to that of the tumour-derived AML- sEVs.  While 
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some studies have been published regarding the role of mTOR in mediating EV 

biogenesis and secretion (Zou et al., 2019; Ryskalin et al., 2020), none have 

specifically examined the effect of sEVs on recipient cells.  This allows us to gain 

perspective, for the first time, on how mTORC1-active tumours may signal 

intercellularly, and how inhibiting mTORC1 with rapamycin may affect how sEVs 

promote tumour-supporting processes intercellularly.   

 

EVs have been reported to stimulate GF secretion from cancer cells/fibroblasts (Al-

Newadi et al., 2008; Webber et al., 2015), but this has not been investigated in 

relation to TSC or mTOR-driven tumour microenvironments.  Elevated expression 

of VEGF, a known angiogenic driver; and HGF, a mesenchymal marker with known 

roles in promoting migration and metastasis; is of note with treatment with AML- 

sEVs compared to AML+ sEVs (Fig. 5.11).  Knowing that AML- sEVs are derived 

from mTORC1-active cells, and that VEGF acts downstream of mTORC1 in a key 

angiogenesis-driving pathway, this data suggests that these AML- sEVs may also 

prime cells of the tumour microenvironment to stimulate blood vessel sprouting.  

HGF is also elevated with treatment of AML- sEVs, which suggest an EV-

stimulated mechanism to promote a variety of tumour-promoting processes such as 

proliferation, migration, and invasion (as reviewed by Xiang et al., 2017).  HGF has 

also been previously implicated in activation of mTOR and its downstream markers 

S6 and 4EBP1 (Moumen et al., 2007), leading me to hypothesise that elevated 

HGF may in fact activate mTOR signalling in recipient cells.  Interestingly, I also 

observed that VEGF and HGF is also elevated in secretion, compared to AML+ 

sEVs, with treatment with rapaAML- sEVs (Fig. 5.11).  This appears to be an 

intercellular tumour-supporting mechanism by rapaAML- sEVs, which may 
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suggests a limitation of rapamycin in an anti-tumour response.  The limitations of 

rapamycin treatment, as previously discussed here, have been widely reported (as 

reviewed by Ní Bhaoighill and Dunlop, 2019).  Thus, given these treatment 

shortcomings, these results suggest a potential treatment resistance mechanism 

induced by rapamycin treatment via sEVs.  It is known that efficacy of rapamycin 

treatment can be limited  due to mTORC1 inhibition compensatory mechanisms via 

feedback loops or mTORC1-independent pathways.  This may be explained by 

sEVs from rapamycin-treated cells promoting a pro-survival tumour state as it 

stimulates VEGF and HGF secretion.  Knowing of the expression and status of 

cognate receptors of VEGF and HGF in recipient cells of the microenvironment, 

both locally to AML tumours and also in other TSC tumour manifestations, will shed 

more light onto the exact mechanism by which this elevated GF secretion may be 

contributing to TSC tumour biology. 

 

Given the hallmark role of mTORC1 hyperactivity in this disease, examining if 

mTORC1 signalling may be promoted by AML- sEVs in recipient fibroblasts 

representing the tumour microenvironment.  EVs have been previously shown to 

activate tumour-supporting signalling in recipient cells, yet knowledge in the field of 

TSC or mTORC1-active tumours is currently elusive.  pMAPK, an upstream 

activator of mTORC1; and pS6, a downstream readout of pmTORC1 were selected 

to elucidate potential mTORC1 activation pathway.  Seeing that AML- sEVs 

stimulated activation of pMAPK and pS6 (Fig. 5.12) may indicate that these tumour 

cell-derived sEVs could activate mTORC1 signalling in recipient cells, meaning that 

the hallmark mTOR-active state also extends to the tumour microenvironment.  

Similar is reported by Patel et al., where EVs from cells with highly levels of Rheb 
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were shown to activate components of mTOR signalling in recipient Rheb-depleted 

AML cells (Patel et al., 2016).  However, it was also seen that AML+ sEVs could 

activate pMAPK, to a lesser extend than did AML- sEVs, and pS6, to a similar 

extend to AML- sEVs.   This suggests that also AML+ sEVs may also can activate 

mTORC1, despite having cargo distinct from that of AML- sEVs.    It is noteworthy 

here that sEVs used in these experiments were derived from high-density 

bioreactor cultures, and so the parental cells were not serum-starved.  This could 

affect signalling mediation intrinsic to these sEVs.  Similarly, as sEVs carry a 

diverse cargo, I did not identify the specific sEV-associated cargo that could 

activate pMAPK and pS6.  Both phosphoproteins are involved in an elaborate 

signalling network with feedback loops involving mTOR, a key signalling node in 

normal and disease cell physiology.  Also, a more extensive panel spanning 

additional mTORC1 mediators and downstream readout markers could further 

elucidate this mechanism and create a clearer picture as to the mechanisms by 

which AML+ and AML- sEV mediate mTORC1 signalling in recipient cells.  It is also 

of interest here that rapaAML- sEVs also had reduced levels of pMAPK and pS6 

compared to that induced by AML- sEV treatment (Fig. 5.13).  This is contrasting to 

the previous data, as it highlights a reduced ability of sEVs from rapamycin-treated 

cells to activate phospho-proteins associated with mTORC1 signalling in the 

tumour microenvironment, suggesting a previously unknown intercellular 

therapeutic effect of rapamycin. It is important to note here that it was not examined 

if rapamycin itself had been packaged into the sEVs.  In this case, sEVs may have 

acted as drug carriers of rapamycin to extracellular sites to enact in mTORC1 in 

those recipient cells.   It is also reasonable to question if administering rapamycin in 

combination with MAPK or S6 inhibitors would improve anti-tumour treatment of a 
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TSC tumour.  Furthermore, our model was designed to mimic the AML 

microenvironment and the AML-LAM axis, two TSC manifestations which are 

speculated to have cells-of-origin in common (Yu et al., 2004).  Use of co-culture in 

vitro models would expand upon this model to include a more representative model 

of the tumour microenvironment.  Furthermore, in vivo models would provide 

systemic application of these sEVs on TSC tumour development as a multi-organ 

disease. 

 

 

5.4. CONCLUDING REMARKS 

 

The results presented in this Chapter reveal a distinct protein profile within AML- 

cells and cell-derived EVs, relative to their respective AML+ controls.  Enrichment 

of protein networks involved in various tumour-supporting processes in AML- sEVs 

informed selection of protein candidates that could be relevant to TSC tumour 

biology and used as potential disease biomarkers.  Components of mTORC1 

signalling were also found to be carried by AML- sEVs, and not in AML+ sEVs, 

which could indicate mechanisms by which mTORC1 signalling is promoted 

intercellularly.  Treatment with the mTORC1 inhibitor rapamycin did not alter 

secreted EV characteristics, but expression of selected sEVs proteins were found 

reduced.  The effect of rapamycin treatment on sEVs from AML- cells was further 

highlighted by their reduced capacity to activate tumour-supporting signalling, 

associated with MAPK, compared to AML+ and AML- sEVs. 



 

CHAPTER 6 

 
EXPLORING sEV PROTEINS AS BIOFLUID-BASED 

BIOMARKERS FOR TSC 

6.1. INTRODUCTION 

6.1.1. Rationale 

 
Tumour cell-derived sEVs carry a diverse assortment of biomolecules from the 

parental tumour into biodistribution (as reviewed by van Niel et al., 2018).  Thus, 

sEVs facilitate the shuttling of a unique molecular signature, reflective of the 

parental tumour’s underlying genetic and molecular complexity, into the 

extracellular space and systemic circulation in biofluids (as reviewed by Mathew et 

al., 2020). Given the stability and protection of this circulating molecular cargo 

within the encapsulating lipid bilayer, sEVs and their associated cargo are 

becoming attractive sources of ‘liquid biopsy’ disease biomarkers (as reviewed by 

Fujita et al., 2016; as reviewed by Ciferri et al., 2021).  Determining specific cargo 

enriched in sEVs in patients with a particular disease or disease phenotype could 

significantly improve diagnostic, disease monitoring, or therapeutic surveillance 

strategies.   

 

6.1.2. Tuberous Sclerosis Complex (TSC) biomarkers and clinical need for 

new developments 

As described in Chapter 1, Tuberous Sclerosis Complex (TSC) is a genetic 

disease with a variable inter-patient multi-organ and neurological phenotype (as 
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reviewed by Crino et al., 2006).   Diagnosis of TSC is made with identification of a 

pathogenic mutation in either TSC1 or TSC2 genes (www.lovd.nl/TSC1, 

www.lovd/TSC2).  Following genetic diagnosis, there is an extensive programme of 

surveillance and management recommendations set out for these newly diagnosed 

or suspected TSC cases (Northup et al., 2020; on behalf of the International 

Tuberous Sclerosis Complex Consensus Group).  Current knowledge of how 

specific TSC1/2 pathogenic genotypes correlate to TSC tumour and other TSC 

phenotypes is limited (as reviewed by Curatolo et al., 2015), resulting in patients 

undergoing extensive routine testing and scans for each organ system potentially 

affected by TSC.  As TSC manifestations arise independent of age (Northup et al., 

2021) and are progressive, careful monitoring of these patients post-genetic 

diagnosis is central to optimising treatment and implementing best management.  It 

is also important to mention that clinical signs of TSC can also be employed 

diagnostically in the absence of a TSC1/2 pathogenic mutation, which is observed 

in up to 15% of patients (Tyburczy et al., 2015).  In this cohort, identification of 

either 2 major features, or 1 major feature and 2 minor features (See Table 6.1) is 

sufficient for a diagnosis of TSC (Northup et al., 2021).  In these patients with no 

mutation identified, biomarkers that signify specific TSC phenotypes could help to 

improve individualised detection, surveillance and monitoring.   

 

Elevated expression of VEGF-D is the clinically used serum-based soluble 

biomarker for TSC-associated and sporadic lymphangioleiomyomatosis (LAM) 

(Young et al., 2008; Young et al., 2010), which also has some demonstrated 

evidence that it correlates with disease severity and treatment response (Young et 

al., 2013).  However, this does not inform of other TSC manifestations, and not all 

http://www.lovd.nl/TSC1
http://www.lovd/TSC2
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TSC patients with LAM have elevated serum VEGF-D (Verwer et al., 2018).  

Despite patients being predisposed to grow multi-organ tumours, there is currently 

no biofluid-based biomarker for monitoring TSC whole-body tumour burden or 

progression, or surveillance of response to rapamycin/rapalog therapy.  Developing 

such a blood-based biomarker(s) could improve upon monitoring efficiency and 

reduce the cost of multiple routine tests and scans currently used for tumour 

monitoring and surveillance.  It may also inform more strategically on personalised 

dosage and length of rapamycin/rapalog regimens for individual patients.   

 

Previously, I showed that AML- sEVs have a distinct transcriptome (Chapter 4) and 

proteome (Chapter 5) compared to their AML+ sEVs counterparts in vitro.  An 

altered sEV cargo may therefore provide a source of biomarkers for TSC or AML 

within these  AML- sEVs.  Specifically, I identified significant elevated expression of 

5 sEV cargo proteins, endoglin, enolase γ, VEGF, IL-6, and CCL20, in AML- sEVs 

compared to AML+ sEVs isolated from in vitro AML cell cultures (Chapter 5).  I 

also observed that the elevated expression of these proteins was reduced in sEVs 

from rapamycin-treated cells (rapaAML- sEVs) (Chapter 5).  The potential of these 

sEVs or their cargo to be used as biomarkers of either detecting TSC tumours, or 

monitoring rapamycin treatment, remains unclear.   

 

6.1.3. Considerations for sEV biomarker studies from biofluids 

EVs have been detected in a variety of bodily fluids, including plasma, serum, urine, 

saliva, amniotic fluid, semen, malignant ascites, and breast milk (as reviewed by 

Raposo and Stoorvogel, 2013).    Each biospecimen has associated advantages 

and disadvantages with regard to their application to EV research, as described in 
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Chapter 1, but the majority of biomarker discovery studies have isolated bulk EVs 

from serum and plasma samples (Muraoka et al., 2022; as reviewed by Johnsen et 

al., 2019).   

 

Though blood is already a popular biosample used clinically and in research, it is 

important to contend with the potential contaminants and drawbacks of these 

biofluids in collection and processing for sEV isolation.  Plasma and serum are 

viscous and also contain high concentrations of non-vesicular matter, such as 

soluble proteins and lipoproteins, which may impair the accurate isolation and 

subsequent detection of sEVs (Clayton et al., 2019).  Thus, optimal collection and 

processing of biosamples, in light of EV research, is critical to translation of 

preclinical findings.   

 

In this study, plasma samples collected in EDTA tubes, to minimise platelet 

activation, were available for use.  Size-exclusion chromatography (SEC) 

fractionation is a recognised technique for separation of sEVs from bulk soluble 

protein (Welton et al., 2015). In addition, this technique avoids potential 

contamination of plasma with other material, e.g. sucrose as in a density gradient 

ultracentrifugation method (Baranyai et al., 2015).  Liquid biopsy-based bulk EV 

analysis is advantageous as it can provide an overall representation of disease 

status within the patient, whilst also avoiding the complications associated with 

heterogeneity of multiple tumour foci, which is theoretically favourable for 

biomarkers aimed at diagnosis or detection of a multi-system genetic disease such 

as TSC.  If sEVs can be reliably and specifically isolated from TSC plasma samples, 
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they could provide a means of stable blood-based biomarkers to support disease 

diagnosis, assess tumour burden and for therapeutic surveillance. 

 

Research presented in this Thesis aimed to characterise the role of TSC cell-

derived sEVs in tumour pathology.  Work presented in this Chapter aims to assess 

the utility of five sEV cargo proteins as biofluid-based biomarkers for TSC.  If 

successful, further studies would then be required to test and validate these 

biomarkers. Nonetheless, determining if the findings from earlier chapters of this 

Thesis translate to patient plasma has the potential to lead to new TSC biomarkers 

for either diagnosis, monitoring or therapeutic surveillance in the case of TSC 

patients receiving mTOR inhibitor treatment. 

 

6.1.4. Hypothesis and aims  

The overarching hypothesis for this Chapter is that circulating sEV-associated 

proteins have potential as a blood-based biomarker for TSC. 

Specifically, work presented in this Chapter aims: 

I. To isolate and characterise sEVs from TSC plasma samples 

II. To determine if the TSC plasma sEVs have differential expression of five 

cargo proteins: endoglin, enolase γ, VEGF, IL-6, and CCL20; compared to 

that expressed in healthy donor plasma sEVs 

III. To examine if mTOR inhibitor rapalog treatment could result in differential 

expression of these sEV cargo proteins, compared to plasma sEVs from 

untreated TSC patients 
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6.2. RESULTS 

6.2.1. Characterisation of EVs from plasma samples 

Using an established protocol (Welton et al., 2015), healthy donor (HD), TSC 

patient (TSC), and TSC patient receiving rapalog treatment (TSC+mTORi) plasma 

samples were fractionated into twenty-one fractions by SEC, using commercially 

available columns (Exo-spin™; Cell Guidance Systems), to separate EVs from bulk 

soluble protein.  To determine which SEC fractions contain EVs, the immuno-

affinity-based microplate assay (as described in Chapter 2) was used to determine 

expression of the EV surface marker CD81 in a number of fractions of 1 sample per 

treatment group.  CD81 expression seemed to increase at Fraction 9 in all three 

samples (Fig. 6.1).  Peaks of highest CD81 expression appeared between Fraction 

10 and 13 within all three samples, suggesting that these fractions could be 

enriched for EVs (Fig. 6.1). NTA analysis was done on Fractions 8-14, alongside a 

selection of earlier and later SEC fractions as an alternative way of estimating EV 

counts. Fractions 8-14 had a majority of particles within the classical size range of a 

small EV (20-150 nm), while no particles were observed in Fractions 1-7 (Fig. 6.1). 

Fractions 14, 15, and 20 did contain some vesicle-sized particles but these 

fractions are likely to be contaminated with soluble prote
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Figure 6.1: Particles/mL and CD81 expression were highest in fractions 8-14. Immuno-affinity-based microplate assays 
(represented as bars; left-hand x axes) was used to quantify CD81 expression (bars) in SEC fractions. NTA (line graph; right-hand 
x axes) was used to assess particle counts within each fraction.  Healthy donor, HD; Tuberous Sclerosis Complex patient, TSC; 
Tuberous Sclerosis Complex patient receiving mTOR inhibitor, TSC + mTORi, Size-exclusion chromatography, SEC. 
N=1/treatment group. 
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Using this data, the remaining samples within each treatment group were 

fractionated by SEC, and then the fractions were pooled into three groups for EV 

cargo analysis: Fractions 1-7 were pooled to make up the ‘pre-EV’ group; Fractions 

8-14 were pooled to form the ‘EV-rich’ group; and Fractions 15-21 were pooled to 

create the ‘post-EV’. Additional quality control to ensure enrichment of EVs in the 

EV-rich group was performed by means of the TRIFic™ detection assays (Cell 

guidance systems) to assess the expression of EV surface markers CD9 and 

CD63. Expression of CD9 and CD63 was quantified in pre-EV, EV-rich, and post-

EV groups. CD9 and CD63 expression was found to be significantly enriched in the 

EV-rich fractions compared to pre-EV fractions across all three treatment groups 

(Fig. 6.2), suggesting that EVs were likely contained within this pooled group. 

There seemed to be a decrease in CD9 and CD63 expression in EV-rich versus 

post-EV fractions across all treatment groups, though this was not found to be 

statistically significant (Fig. 6.2).  CD9 and CD63 expression was not found to be 

significantly different when comparing pre-EV and post-EV groups in most 

treatment groups, apart from CD9 expression in HD fractions and CD63 expression 

in TSC+mTORi treatment group (Fig. 6.2).   
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A                                                                                                B 

 

       

Figure 6.2: CD9 and CD63 expression is elevated in pooled SEC Fractions 8-14 (‘EV-rich’). TRIFic™ detection assays were 
used to quantify expression of EV surface tetraspanin markers in pooled SEC fractions. Samples were loaded volumetrically and 
individual values are plotted.  Statistical analysis was conducted using a non-parametric Kruskal-Wallis test.  N=9/treatment group. 
non-stastictal significance, ns; * = p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001. Time-resolved fluorescence, TRF; Size-
exclusion chromatography, SEC. 
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6.2.2. Three novel sEV cargo proteins have significantly elevated expression 

in TSC plasma compared to healthy donor plasma 

Previously, I identified 5 proteins had elevated expression in AML- sEVs, compared 

to AML+ sEVs in vitro (Chapter 5). To determine if these sEV-associated proteins: 

endoglin, enolase γ, VEGF, IL-6, and CCL20; may have potential as EV-associated 

biofluid-based biomarkers for TSC, their expression in sEVs isolated from TSC 

plasma sEVs were assessed using commercially available ELISAs and compared 

to that expressed in HD plasma sEVs.  Given that CD9 expression, an EV surface 

marker, was variable across samples, potentially indicating different EV levels in 

different patients (Fig. 6.3), protein expression of target proteins was adjusted for 

CD9 expression and this normalised expression was compared between sample 

cohorts.  When normalised to CD9, endoglin, enolase γ, and VEGF expression was 

elevated in the TSC patient sEVs compared to the HD control sEVs with statistical 

significance (Fig. 6.3).  IL-6 and CCL20 exhibited very low expression and were not 

differentially expressed in the TSC patient sEVs group compared to the HD control 

sEVs (Fig. 6.3).  
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Figure 6.3: Endoglin, enolase γ, and VEGF are elevated in TSC patient plasma 
EVs compared to healthy donors.  EV-rich fractions were lysed and probed for 
expression of target proteins found elevated in AML- sEVs in vitro. Statistical 
analysis was conducted using unpaired two-tailed t-test.  N=9/group. p < 0.05, * ; 
non-statistical significance, ns.   
 
 
6.2.3. Examination of sEV proteins as biomarkers in TSC patients treated with 

rapamycin 

Previously, I also showed that endoglin and enolase γ protein expression was 

reduced in sEVs from rapamycin-treated AML- cells (rapaAML-) compared to AML- 

sEVs in vitro.  VEGF protein expression was found to have comparable levels of 

expression in AML- sEVs and rapaAML- sEVs in vitro (Chapter 5). Thus, I wanted 

to examine if sEVs from rapalog-treated TSC patients had altered expression of 

these proteins compared to that found in plasma sEVs from TSC patients not 

receiving treatment.  Endoglin, enolase γ, and VEGF protein expression was 



Chapter 6: Exploring sEV proteins as TSC biomarkers 

 207 

detected in TSC+mTORi plasma sEVs to similar levels as that found in the TSC 

plasma sEVs. Statistically significant differential expression of these sEV proteins 

between treatment groups was not observed (Fig. 6.4). 

 

Figure 6.4: Endoglin, enolase γ and VEGF proteins were found in similar 
levels all TSC patient plasma.  EV-rich fractions were lysed and probed for 
expression of target proteins.  Statistical analysis was conducted using unpaired 
two-tailed t-test. N=9/group. p < 0.05, * ; non-statistical significance, ns.   
 

6.3. DISCUSSION 

 
Tumour cell-derived sEVs are key facilitators of intercellular distribution of 

biomolecules from their parental tumour cells.  These sEVs are highly abundant in 

many biofluids (as reviewed by Sadovska et al., 2015) and have innate 

characteristics that protect of their cargo from enzymatic degradation while in 

systemic circulation in biofluids.  Thus, given the stability of their cargo, sEVs have 

become attractive sources of biomarkers for tumour detection and monitoring.  

Currently, there is a lack of biofluid-based biomarkers for TSC, and patients rely on 

routine MRI scans for tumour detection, monitoring, and therapeutic surveillance 

(Northup et al., 2021).  To address this unmet clinical need, I report the first 
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successful isolation and characterisation of sEVs from TSC patient plasma (Figs. 

6.1-6.2).  I also present three potential sEV-associated biomarkers for TSC patients, 

namely endoglin, enolase γ, and VEGF; that were found to have elevated 

expression in TSC plasma sEVs compared to healthy donor plasma sEVs (Fig. 6.3). 

I also investigated expression of these sEVs proteins in TSC patients receiving 

mTOR inhibition therapy, to investigate their potential as a therapeutic surveillance 

strategy (Fig. 6.4).   

 

Isolating sEVs from plasma samples was important in this study for two reasons: 

first, to know if sEVs could be isolated from TSC patient plasma; and secondly, to 

investigate if the in vitro sEV characterisation (Chapter 3) and cargo findings 

(Chapter 5) would translate to TSC patient plasma.  Isolating sEVs for EV 

biomarker discovery from a complex biofluid such as plasma can be challenging, as 

attempted isolations may be contaminated with non-vesicular matter that may 

obscure antibody binding and make EV detection (and subsequent detection of EV-

associated proteins) more challenging. This contamination risk also may obscure 

what is truly EV-associated, making interpretation of clinical data difficult.  Three 

treatment groups – healthy donor, TSC patient (with an identified TSC2 mutation), 

and TSC patients (again with identified TSC2 mutations) receiving mTOR inhibition 

rapalog treatment – were used in this study, and EVs were isolated from all 

samples by commercially-available SEC columns (Exo-spin™; CELL guidance 

systems). These columns have been examined previously for suitable and effective 

use in isolating EVs from plasma and serum (Welton et al., 2015), and also were 

successfully used in fractionating plasma samples in this study.  Probing eluted 

fractions for CD81, a surface marker of EVs, and determining particles/mL present 
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by NTA provided a means of assessing which fractions were likely to contain sEVs. 

This characterisation was conducted in 1 sample per patient group, that were age- 

and sex-matched across treatment groups to ensure a fair comparison, though it is 

difficult to gauge how representative these selected samples truly are of this small 

cohort with wide age range and samples from both males and females.  Taken both 

the CD81 and NTA measurements together, sEVs were found to be likely clustered 

in Fractions 8-14 in all treatment groups (Fig. 6.1), similar to that shown in other 

studies (Shephard et al., 2021).  It is worth addressing that this initial 

characterisation assessed only one sEV surface marker CD81 (and not CD9 or 

CD63), which may bias towards a subset of sEVs within these samples.  When 

fractions were pooled, confirmation of sEV enrichment in the sEV-rich groups was 

validated by TRIFic™ detection assays, which showed that all samples also had 

enriched CD9 and CD63 expression in the EV-rich pooled fraction groups (Fig. 6.2).  

Measurement of my selected EV protein biomarker candidates was conducted 

using a sandwich ELISA, whereby each assay used matched capture and detection 

antibodies for the specified EV protein.  Plasma samples were lysed and loaded 

volumetrically (i.e. 100 μL per well, as opposed to loading per EV total protein).  

This does pose the risk of unequal EV loading per well, so candidate biomarker 

measurements (pg/mL) were normalised to a mean CD9 measurement for each 

treatment cohort.  Repeats of further biomarker validation work could aim to 

incorporate the use of an EV-specific capture antibody such as CD9, and 

subsequent use of the EV-biomarker detection antibody.  This opens the technical 

challenge when dealing with EV luminal proteins, as addition of a lysis buffer would 

be necessary on CD9 capture antibody-bound EVs. Careful examination of EV 

protein topology would also be beneficial in determining if lysis is necessary for 
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detection in the lumen or if these biomarker candidates could be associated with 

the EV surface.   There is a risk of reducing the detected signal of sEV cargo by 

pooling the SEC fractions into groups. However, fraction pooling provided a more 

manageable sample set for subsequent sEV cargo analysis, and the ability to 

compare cargo expression most fairly between treatment groups.  Fraction pooling 

also ensures that close to all sEVs within a particular sample would be lysed for 

collective cargo analysis, which also would be more applicable to a clinical 

laboratory setting.  

 

Plasma has been previously used as a biofluid of choice in validating EV biomarker 

studies (Holcar et al., 2020; Luchetti et al., 2018) with the addition with an anti-

coagulant. Accurate reporting of the anti-coagulation process is critical for fair study 

comparisons and sample selection from biobanks.  However, it is worth noting that 

plasmatic proteins may be difficult to separate from EV-associated material. 

Another blood-based component serum is also frequently used in EV biomarker 

studies, but serum samples have a contamination risk of platelet-derived EVs 

(Zhang et al., 2022; Palviainen et al., 2020).  Urinary EVs have been previously 

used as sources of biomarkers for certain kidney diseases, such as polycystic 

kidney disease (Hogan et al., 2009) and renal cell carcinoma (Raimondo et al., 

2013), and may also be applicable to determining an AML-specific biomarker.  It is 

worth remembering that urinary EV processing poses some unique considerations, 

such as best time-of-day to collect urine, if the urine should be first pass.  Urinary 

EVs can also be diluted in a large volume, which may reduce signal of biomarker 

detection or be difficult to store.   
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There are several caveats that are important to mention in the interpretation of 

these data.  Firstly, the TSC plasma samples used had identified TSC2 pathogenic 

mutations; however, corresponding clinical signs were not disclosed. Thus, 

correlating these candidate biomarkers with TSC phenotypes is not possible from 

this pilot study.  Preclinical varibles could be affecting candidate biomarker levels, 

so provision of these characteristics could be useful in stratifying these biomarkers. 

It is known that sEVs can also carry specific molecular signatures indicative of 

disease phenotypes (as reviewed by Sadovska et al., 2015).  Retrieving this clinical 

information in a future validation cohort would help discriminate if these biomarkers 

correlated with TSC whole-body or specific TSC tumour manifestations.  Secondly, 

despite there being statistically significant differential expression between TSC and 

HD samples, there is notable overlap in expression ranges between the two groups 

for endoglin, enolase γ, and VEGF (Fig. 6.3).  As this was a pilot study  for EV 

biomarker discovery (N=9/group), these findings require validation using a larger 

sample set and an additional validation cohort, which could also help determine 

expression ranges or thresholds signifying elevated expression in TSC versus HD 

samples.  Some studies publishing EV discovery biomarker data have analysed 

small cohorts of less than twenty patients/treatment group (Shephard et al., 2021; 

Ko et al., 2020); however, other studies have analysed larger patient cohorts, such 

as N=100 (Melo et al., 2015) in their EV biomarkers investigations.  It is also 

important to consider that there are some challenges to contend with with regard to 

patient recruitment or cohort sizes, given that TSC is a rare disease, when 

designing follow-up studies. 
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I also examined if these sEV biomarkers would discriminate TSC patients receiving 

mTOR inhibition therapy from TSC patients receiving no treatment, as a potential 

means of assessing response to therapy or as a therapeutic surveillance strategy.   

However, a significant difference in expression of endoglin, enolase γ, or VEGF in 

TSC+mTORi plasma sEVs compared to the TSC plasma sEVs was not detected 

(Fig. 6.4).  Validating these findings in a larger patient cohort again would give a 

clearer indication whether these sEVs proteins are applicable to predicting 

response to therapy or as a means of monitoring existing anti-tumour therapy for 

TSC.  Furthermore, requesting additional details regarding the rapalog treatment 

regimen or rapalog trough levels of these patients, to conduct a fairer analysis as a 

therapeutic surveillance biomarker for TSC tumours. 

 

There could also be benefit in identifying if these biomarkers could be used to 

monitor AML specifically, as AMLs are the TSC tumour types associated with 

greatest mortality and morbidity.  With standard-of-care rapalog treatment, AMLs 

reduce in size (Bissler et al., 2008; Davies et al., 2011).  In patients with an 

identified pathogenic mutation in TSC1 or TSC2 genes, monitoring of kidney 

involvement is conducted using abdominal MRI every one to three years for the 

course of a patient’s lifetime (Northup et al., 2020).  Blood pressure of these 

patients is also monitored to detect hypertension, and kidney function is assessed 

by measuring the glomerular filtration rate (GFR) once every year (Northup et al., 

2020).  Given that AML manifests in over 80% of TSC patients, having an AML 

specific biomarker with a defined threshold and expression range profile would also 

be beneficial both as a disease monitoring and therapeutic surveillance tool.     
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6.4. CONCLUDING REMARKS 

In this Chapter, I have identified three sEV cargo proteins that may have potential 

to be the first EV-associated blood-based biomarkers for TSC. Three sEV-

associated proteins, endoglin, enolase γ, and VEGF, were discovered to be 

significantly elevated in TSC patient plasma sEVs compared to HD plasma sEVs in 

a small pilot study (N=9/group).  With this, their potential application as TSC 

biomarkers, for TSC or for specific manifestations of TSC, requires further 

validation in additional, ideally larger, cohorts of patients and correlated with 

corresponding clinical information. 



 

CHAPTER 7 

GENERAL DISCUSSION 

7.1. SUMMARY 

Research presented in this Thesis tested the primary hypothesis that AML- tumour 

cells secrete sEVs, with RNA and protein cargo distinct from AML+ sEVs.  The 

secondary hypothesis tested was that AML- sEVs capable of modifying fibroblasts 

of the tumour microenvironment in order to contribute to TSC tumour growth and 

development.  In Chapter 3, populations of sEVs secreted from AML+ and AML- 

cells were characterised based on their biophysical and molecular properties.  In 

Chapter 4, a comprehensive screen of RNA cargo in both AML+ and AML- sEVs 

was conducted using RNA-Seq, with additional qPCR used to assess if AML- sEVs 

carry mTORC1-signalling components. Functional enrichment of differentially 

expressed genes between these AML+ and AML- sEVs was performed using 

GOliath and REACTOME functional enrichment GO software programmes. In 

Chapter 5, AML- sEV protein cargo with tumour-promoting potential was 

investigated using a proteome profiler antibody array and functional enrichment 

analysis, using FunRich functional enrichment GO software, was used to aid 

prediction of functional consequences to signalling with delivery of AML- sEVs to 

recipient cells.  The effect of rapamycin, the standard-of-care mTORC1 inhibitor, on 

sEV secretion and selected sEV cargo was examined, and differences between 

signalling capacities of AML+, AML- and rapaAML- sEVs was assessed in vitro. In 

Chapter 6, five proteins that were found elevated in AML- sEVs in vitro were 

evaluated as potential biofluid-based biomarkers in TSC patient plasma sEVs. 
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This Thesis presents work addressing key knowledge gaps regarding the 

intercellular perspective of TSC tumour biology, revealing important new knowledge 

about TSC sEVs, in terms of their characteristics, and their RNA and protein 

cargoes.  This work highlights the role of sEVs in promoting tumour growth while 

also showing the potential utility of plasma-derived sEVs as biomarkers of disease. 

Thus, the key findings of this work are: I. TSC cells secrete sEVs of endosomal 

origin; II. AML- sEVs have an altered RNA cargo compared to that carried by AML+ 

sEVs; III. AML- sEVs have a distinct protein profile with tumour-promoting potential, 

and rapamycin treatment affects selected sEV cargo loading and signalling 

activation potential; IV. Plasma-derived sEVs represent a potential source of 

biomarkers for detection of patients with TSC.  

 

7.2. DISCUSSION OF KEY FINDINGS 

7.2.1. TSC cells secrete sEVs of endosomal origin 

TSC patients are more frequently found to have a TSC2 mutation compared to a 

TSC1 mutation (Northup et al., 2021). AML (TSC2-deficient and their add-back 

controls) and MEF (Tsc2-deficient and Tsc2 wild-type) are two well-known and 

frequently used cell line models of TSC, and were selected as in vitro models for 

this study. sEVs from AML and MEF cell lines were comprehensively characterised 

in accordance with published guidelines (Théry et al., 2018) in Chapter 3.  AML 

and MEF cell lines secreted EVs (Fig. 3.4) that expressed surface tetraspanins 

typically associated with EV surfaces, namely CD9, CD63, and CD81.  However, it 

is also important to note that reliability of my tetraspanin detection on MEF+ and 

MEF- sEVs was less convincing than that of the AML+ and AML- sEVs, potentially 

due to issues with antibody specificity (Fig. 3.4).  Given the TSC patient-derived 
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origin and better tetraspanin detection, AML+ and AML- sEVs were selected as my 

primary in vitro model for sEV isolation.  Focusing on one cell line model for 

preclinical investigation brings a risk of bias and using numerous models is 

considered to be beneficial to strengthen hypotheses prior to in vivo studies.  

However, most TSC EV studies to date (Patel et al., 2016; Kumar et al., 2021; 

Bissler et al., 2019) have not compared EVs from human-derived TSC2-deficient 

cells to EVs from TSC2-re-expressing control cells, bringing novelty of this selected 

model.  One published study characterised EVs from the Tsc2+/+ and Tsc2-/- MEF 

cell line model (Zou et al., 2019), reporting variations between Tsc2+/+ and Tsc2-/- 

EV characteristics that contrast with the findings in this study. This could be due to 

differences in EV isolation methods used, purity of EV isolates, or number of 

molecular markers included in the characterisation panels.   Another study isolated 

EVs from a TSC2-deficient AML cell line (621-101) using aldehyde beads 

incubated with CD9 and CD63 antibodies and FACS analysis (Patel et al., 2016), 

which likely has a bias towards certain EV subpopulations based on their 

tetraspanin expression. Furthermore, technical difficulty in eluting bound EVs from 

the aldehyde beads to allow their use in further experiments adds further challenge. 

I also observed that upscaling EV production from monolayer to bioreactor cultures 

did not impact their molecular characteristics. No studies to date have used long-

term bioreactor cultures, which may recapitulate tumour growth and subsequent 

treatment (relevant in Chapter 5) better, to generate and study EVs in TSC 

research.  Furthermore, significant expense is required for the maintenance of 

bioreactor cultures over the course of a three-year project; hence, the need to 

select one cell line for the primary model. EVs from these bioreactor-grown AML+ 

and AML- cells had a similar size distribution (Fig. 3.8A and B) and surface marker 
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expression (Fig. 3.7A) as they did when grown in monolayer cultures. I also 

established that at least some of the sEVs in these lysates are likely to be of 

endosomal origin (Fig. 3.7B), making sEV characterisation in this study the most 

comprehensive in the relevant published literature.  Gauging that these sEVs 

preparations were reliably pure across all preparations using the Particle:Protein 

ratio (Fig. 3.10) as a guide, and routine characterisation of EV isolates, allowed for 

the fairest course of experimentation through this project.   

 

It is also important to note that my characterisation was conducted on bulk sEV 

isolates, and the molecular characteristics do not inform of expression of sEV-

associated markers on a single sEV level.  There are some emerging technologies 

of note that could improve resolution of EV characterisation.  Fluorescent-based 

imaging of immobilised EVs is one example, with technologies such as EVQuant 

(Erasmus MC, The Netherlands). EVQuant is a microscopy-based high-throughput 

sensitive assay that can be used to detect, quantify and characterise EVs of as 

small as 35 nm in diameter that have been immobilised within a gel (Hartjes et al., 

2020). This technology can also be used to examine sEV subpopulations, such as 

CD9-negative/CD63-positive EVs, which could shed light on the subpopulation 

differences in tetraspanin expression between AML+ and AML- sEVs (Fig. 3.7A).  

Another option could be super-resolution imaging of EVs, such as that offered by 

NanoImager microscopy by ONI (Oxford, United Kingdom). This technology detects 

simultaneous immunofluorescent signals from two labelled biomarkers, e.g., CD9, 

CD63, and CD81; to determine EV size and frequency within a sample.  Resultant 

plots visualise clearly the variations in biomarker frequencies across the size-

distribution profile of EVs detected. ExoView® R200 (NanoView BioSciences, 
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Brighton, Massachusetts, USA) is another new sophisticated technology using 

multiplex fluorescence-based detection of EVs, with the capacity to identify as 

many as five co-localised sEV-associated markers at the single sEV level.  This 

use of fluorescence for EV quantification would be considered advantageous 

compared to the non-specific detection of particles by light scattering techniques, 

as employed in NTA used in this study.    

 

7.2.2. Profiling RNA cargo in AML+ and AML- sEVs revealed novel insights 

into potential mechanistic consequences caused by sEV RNA cargo delivery 

Knowing that both AML+ and AML- cells secrete sEVs of endosomal origin, my 

next investigations focused on profiling the RNA cargo of these sEV groups. In 

Chapter 4, AML+ and AML- sEV RNA cargoes were profiled for mTORC1 

signalling components using qPCR, and a broader screen of AML+ sEV and AML- 

sEV RNA cargoes was examined using RNA-Seq, embodying the most 

comprehensive profiling of AML RNA cargo to date.  The largest classes of RNA 

biotypes represented in the dataset were mRNAs, lncRNA, and miRNAs, which 

have also been previously associated in EVs in various diseases.  It is important to 

state that the RNA-Seq kit used in this work was not optimal for miRNA detection 

and the procedure had purification methods that removes small RNA fragments, so 

miRNAs detected are likely to be an underrepresentation.  However, this is not to 

say that other RNA biotypes, beyond mRNAs, lncRNAs and miRNAs, are of lesser 

importance in disease due to their low abundance, and exploration of their 

significant RNAs should be conducted to establish any functional role in TSC.    
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AML+ and AML- sEV cargoes were compared based on differential expression of 

RNAs between AML- compared to AML+ sEVs.  There were 11,584 differentially 

expressed genes (DEGs) in AML- sEVs compared to AML+ sEVs, found by RNA-

Seq.  It is noteworthy here that some biases could obscure differential expression 

and downstream functional enrichment analysis in this study.   Firstly, RNA-Seq 

differential expression relies on the application of thresholds (e.g. two- or five-fold 

changes as the cut-off) that, while commonly used, are arbitrarily selected.  It also 

emphasises a bias that more differentially expressed components signify greater 

relevance to a particular disease, which is not necessarily dependable. Length, GC 

content, and chromosome biases are also important to consider when interpreting 

this data, as these biases can affect reads and sequencing of particular genes, 

thereby influencing a DEGs list.  

 

The majority of RNAs in both AML+ and AML- sEVs were found to be mRNAs (Fig. 

4.4), which functionally could have important protein translation capacities, 

depending on ribosome and transfer RNA (tRNA) availability in their recipient cells. 

Before determining their functionality in target cells, differential expression of 

specific mRNAs can be validated using qPCR, though with advancements and 

improved reliability of RNA-Seq technologies, this is becoming less of a necessity.  

However, sEVs can be putative sources of stable disease biomarkers, and qPCR 

could be useful as a cost-effective means to validate and detect specific RNA 

candidates as biomarkers.  Functional enrichment analysis revealed that there 

were significantly enriched networks of genes involved in extracellular matrix (ECM) 

processes (Figs. 4.6-4.7), which suggests that AML- sEVs are enriched for mRNAs 

that could promote a tumour-supporting ECM around the kidneys.  Furthermore, 
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various molecular functions associated with ion channels were also flagged as 

highly significant in AML- sEV mRNAs (Fig. 4.5), which could have particular 

significance in altering kidney function in TSC. This also links with similar findings 

of downregulated biological processes associated with normal kidney function, 

(including transmembrane transport; ion transport; excretion) in AML tumours 

(Martin et al., 2017).  Other significantly enriched biological pathways pointed 

towards growth factor binding and signalling, which suggests growth factor-

associated mechanisms by which AML- sEVs could promote cell proliferation.  

Additionally, analysis also revealed the potential of a more multi-organ influence of 

AML- sEVs.  Regulation of fat cell differentiation, and pathways associated with 

angiogenesis, have contextual relevance to AML, while those associated with bone 

and neural biological pathways may have relevance to other TSC manifestations 

besides AML (Fig. 4.7).  Examining if delivery of AML- sEVs alters adipose cell 

differentiation or promotes angiogenesis, using in vitro assays such as an imaging-

based fast adipose tracking system (FATS) or endothelial vessel formation assays, 

respectively; would be useful in the first instance to establish if these sEVs affect 

these particular phenotypes in recipient cells.  This could be followed up by 

identifying key drivers behind these phenotypes, with the aim of determining 

potential anti-tumour strategies.  This could be in part achieved by sequencing 

mRNA from cells treated with AML+ sEVs and AML- sEVs, compared to untreated 

cells, to establish transcriptomic changes induced following receipt of these sEVs, 

followed by various experiments using knock-down models of driver candidates. 

 

The current EV-RNA literature focuses largely on EV-miRNAs.  EV-miRNAs can 

regulate protein levels by targeting their mRNAs in recipient cells (Terlecki-
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Zaniewicz et al., 2018), shown to play important roles in cell-cell communication 

between the tumour and its microenvironment.  Given that this RNA-Seq 

experiment was not designed for optimal miRNA detection, and all except one 

miRNA with significant differential expression in AML- sEVs were downregulated, it 

is difficult to predict the role of miRNAs in AML- sEVs currently.  More targeted 

analysis of the miRNA cargo in AML- sEVs could integrate technologies including 

miRNA sequencing, the high sensitivity of which would also permit use of low input 

starting volumes (Benesova et al., 2021) which could be particularly advantageous 

for EV experiments and liquid biopsy applications.  There has also been some 

recent debate about how functional EV-miRNAs could be in actuality. One study 

reported that less than 5% of miRNAs were actually associated with purified EVs 

upon purification, with the vast majority remaining largely in the supernatant 

(Albanese et al., 2021).  Similar results have been observed in other studies 

(Arroyo et al., 2011; as reviewed by Turchinovich et al., 2019), further calling into 

question how much miRNA can genuinely be delivered by sEVs.  Coupling this with 

small amounts of sEVs from tumour cells amidst the abundance of sEVs secreted 

from all cell types in the body, it is difficult to know definitively the functional 

consequences of EV-miRNA. 

 

Even less is known about the functional role played by EV-lncRNAs in cancer, as 

their roles in EVs have largely focused on their use in prognostic biomarker panels.  

As previously mentioned, validating expression of both miRNA and lncRNA before 

investigating their function in TSC or as biomarkers is important. This can be done 

using real time qPCR methods (Ferero et al., 2019; Dhamija and Menon, 2021).  

Protocols for sequencing RNA at a single EV level may aid in gaining a better 
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understanding of RNA mechanistic function in disease more precisely and are 

currently in development.  Sequencing EV-RNA at the single EV level has thus far 

used digital PCR platforms, such as Droplet Digital PCR System (Biorad) or 

QuantStudio™ 3D Digital PCR System (ThermoFisher).  One study showed that 

microfluidic micropillars that were immuno-enriched with anti-CD8 monoclonal 

antibodies captured CD8-positive EVs of acute ischemic stroke patients, allowing 

RNA analysis of the EVs to correlate with the CD8 EV surface marker (Wijerathne 

et al., 2020).  Additionally, further work in developing methods to detect coinciding 

surface proteins on single EVs using multiplex (Ko et al., 2020) and DNA-barcoded 

beads (Ko et al., 2021) has been published, which could reveal genuine EV-

associated RNAs with greater specificity.  

 

7.2.3. AML- sEVs are enriched for mTORC1-signalling components at both 

the mRNA and protein level 

I report that AML- sEVs appear to be enriched for various mTORC1-signalling 

components at both the mRNA (Fig. 4.3) and protein (Fig. 5.7) level, using qPCR 

and western blot techniques.  The findings that four mTORC1-signalling 

components - TSC2, Rheb, 4E-BP1, and Akt - had the same relative directional 

expression in AML- sEVs compared to AML+ sEVs at both the mRNA and protein 

levels were fascinating discoveries, as it supports with suggestion that intraluminal 

cargo of sEVs reflects the cytosolic composition of the parental cell.  Seeing that 

TSC2 mRNA and TSC2 protein are carried by AML+ sEVs, and not AML- sEVs, 

could signify downstream consequences to mTOR in recipient cells, though it is 

difficult to interpret given its unknown association with other key elements of the 

TSC1/TSC2/TBC1D7 tumour suppressor complex within sEVs. As AML- sEVs 
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carry Rheb and Akt mRNA and proteins (with both proteins being relatively small in 

size), could suggest a mechanism of activating mTORC1 signalling in recipient 

cells, more efficiently than transporting bigger proteins such as mTOR itself.  

mTOR is required to translocate successfully to the lysosomal surface to function 

typically in the cell.  This poses the question as to how sEV-mTOR would escape 

lysosomal degradation to elicit function.  Furthermore, delivery of proteins that can 

activate receptors at the cell surface level are more likely to be effective at 

modulating signalling.  Activation of Akt, for example, takes place at the plasma 

membrane (Barkdale and Bijur, 2009).  From there, activated Akt can translocate to 

various subcellular structures, including the cytosol, the nucleus (Andjelković et al., 

2003), and the mitochondria (Bijur and Jope, 2003); where it activates these 

compartment-specific substrates (Barkdale and Bijur, 2009). Therefore, sEVs could 

bring Akt to the plasma membrane to facilitate this signalling process.  

Furthermore, Rheb is a cytosolic protein, so sEVs could transport Rheb to the 

recipient cell cytosol via effective plasma membrane fusion.  Enriched 4E-BP1 

mRNA and protein in AML- sEVs could highlight differential protein translation 

capacities compared to that of AML+ sEVs, though it is important to reiterate that 

sEV delivery does not guarantee protein translation as other factors, such as 

successful transport towards the ribosomal sites for protein synthesis, are also 

critical to elicit a functional effect.  With regard to EV protein effectors, 

bioavailability of compatible cell surface receptors and intracellular phosphate 

groups, for example, may also be vital for protein integration into the cell and 

effective functionality.  
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7.2.4. AML- sEVs carry distinct protein cargo with tumour-promoting potential 

Twenty-nine tumour-associated proteins were differentially expressed in AML- 

sEVs compared to their AML+ sEV counterparts (Fig. 5.2).  Validation of a number 

of these proteins was successful using ELISA (Fig. 5.5), and provided three 

candidates that would eventually be detected in TSC patient plasma-derived sEVs 

(Fig. 6.3).  It is worth noting that this proteome profiler antibody array was based on 

a relatively small number of proteins (n=84), well known in oncology protein 

networks, and is not exhaustive.  More comprehensive screens of the proteomes in 

these sEVs could be attained using mass spectrometry (MS)-based proteomics (as 

reviewed by Mallia et al., 2020), and subsequently downstream gene ontology 

analysis for enriched biological pathways, for example, could illustrate more clearly 

how these sEV protein networks could contribute to disease.  Many EV proteomics 

studies use bottom-up MS approaches (i.e. extraction/separation of proteins pre-

MS) (Li et al., 2019; as reviewed by Mallia et al., 2020).  Developments into a top-

down (i.e. sequencing of intact proteins) MS approach have been made, though 

there are some obstacles including costly instrumentation, in-efficient dissociation 

techniques, and difficulty in interpreting mass spectra (Geis-Asteggiante et al., 

2015; Barrachina et al., 2019).  Other methods such as SOMAscan, an aptamer-

based method of proteomics measures in the range of thousands of proteins, with 

reported greater sensitivity than specificity compared to MS (Billing et al., 2017).  

 

7.2.5. AML- sEVs stimulate growth factor secretion from recipient fibroblasts 

Determining the functional impact of sEVs delivered to recipient cells is an insightful 

avenue of exploration to gauge alterations in cell phenotypes or disease processes 

promoted, or indeed inhibited, by these sEVs.  Given the differential RNA and 
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protein cargoes observed in AML+ sEVs and AML- sEVs (Chapter 4 and Chapter 

5), differential function of AML+ versus AML- sEVs, and therefore differences in 

their impact on recipient cells, was expected.  The elevated secretion of the growth 

factors VEGF and HGF following treatment with AML- sEVs compared to treatment 

of recipient cells with AML+ sEVs (Fig. 5.11) was an interesting observation.  

Known roles of VEGF largely revolve around angiogenic processes, and HGF is 

known to be involved in promoting proliferation or cell migration, so secretion of 

these short-range growth factors could have impact in modifying the surrounding 

tumour microenvironment to support optimal tumour growth and development.  

Given that elevated soluble VEGF-D is used clinically as a biomarker for TSC-LAM 

and spontaneous LAM (Hirose et al., 2019), it is interesting that this experimental 

model of AML- sEV treatment of non-transformed lung fibroblasts could stimulate 

VEGF secretion from these recipient fibroblasts.  Uncovering if these AML- sEVs 

stimulate non-transformed lung fibroblasts to become more LAM-like, through 

immunofluorescence imaging and molecular marker analysis post-sEV treatment, 

could be interesting to determine sEV mediated AML-LAM crosstalk.  In the GO 

analysis conducted on the AML- sEV protein cargo, other mechanisms that could 

support tumour growth and development would be interesting to investigate further, 

such as activation of specified recipient cell-receptors of enriched sEVs proteins as 

outlined in Table 5.4.  Furthermore, knowing that AML is characterised by a dense 

angiogenic network, it could also be interesting to understand if sEVs contribute to 

promoting angiogenesis in the microenvironment. This could be explored 

experimentally using endothelial vessel-formation assays, which utilise a co-culture 

of fibroblasts and endothelial cells to recapitulate the tumour microenvironment 
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(Sheldon et al., 2010; Webber et al., 2015), perhaps more accurately than similar 

assays, such as the tube formation assay, which utilises endothelial cells alone. 

 

7.2.6. Rapamycin can modulate EV-mediated signalling in recipient 

fibroblasts 

mTORC1 inhibition by rapamycin and its rapalogs has some treatment limitations 

as anti-tumour therapy.  In this study, I explored the existing knowledge gap and 

sought to understand if rapalog treatment affects AML- EVs characteristics and 

cargo, and if these treated cells have a different intercellular signalling capacity via 

sEVs compared to untreated AML- cells. To make findings as clinically relevant as 

possible, cells were treated with a concentration of rapamycin to match trough 

levels of patients in the three leading clinical trials investigating rapamycin’s anti-

tumour effect on AMLs (Bissler et al., 2008; Davies et al., 2011; Bissler et al., 

2013).  Rapamycin treatment appeared to reduce sEV secretion (Fig. 5.8) and 

expression of five selected cargo proteins, compared to the AML+ sEVs controls 

(Fig. 5.10).  There have been some studies on EVs secreted from chemotherapy-

treated tumour cells, and many report an increase in EV secretion from these 

chemotherapy-treated cells in vitro (Bandari et al., 2018) and in vivo (Emam et al., 

2018). It is also plausible that EV secretion may be altered as an immediate 

response to cellular stress induced by chemotherapeutic agents (as reviewed by 

Ab Razak et al., 2019), but overall the transient secretion of sEVs across these 

treatment regimens remains unclear.  Improved technologies that can quantify EVs 

more accurately and reproducibly will aid analysis of EV secretion in response to 

treatment.   
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In this study, I identified five sEV cargo proteins that showed reduced expression in 

sEVs from rapaAML- cells compared to sEVs from non-treated AML- cells in vitro.  

This change in EV cargo suggests that rapamycin treatment is able to impact EV 

biogenesis and loading of specific cargo into the sEV, which may in turn affect EV 

function.  These findings are also reflective of the reduced mTORC1 activity of the 

parental cells as rapaAML- sEV cargo more closely resembles that of AML+ sEV 

cargo, from cells with lower mTORC1 activity, than untreated AML- sEV cargo from 

cells with high mTORC1 activity. Importantly, for this study, this data highlights the 

utility of EVs as a surrogate for reporting changes occurring within the tumour in 

response to therapeutic interventions, such as rapamycin treatment.  One previous 

study has reported that rapamycin treatment (1.0 × 10−7 M, for a 24-hour period) 

altered only eleven miRNAs and two proteins significantly in the EV cargo secreted 

from HeLa cells grown in monolayer culture (Zou et al., 2019).  Results presented 

in this Thesis, however, focused on the analysis of sEVs derived from long-term 

rapamycin treatment of AML- cells, which is likely to provide better representation 

of the long-term treatment regimens that TSC patients are administered to control 

their tumours.  Further profiling, using transcriptomics and proteomics, is necessary 

to unveil the cargo of rapaAML- sEVs comprehensively.   

 

Profiling rapaAML- sEV cargo seems even more important when considering the 

varying roles uncovered in this project that these sEVs play in modulating recipient 

cells. Regarding their intercellular functionality, rapaAML- sEVs acted as mediators 

of: i. a mechanism of treatment resistance with the increased stimulation of growth 

factor secretion from recipient cells, equal to that of AML- sEVs (Fig. 5.11); and ii. 

a potential intercellular therapeutic effect, by eliciting reduced mTORC1-related 
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signalling capacities in recipient cells (Fig. 5.12).  More specifically, rapaAML- sEV 

treatment induced lower levels of phosphorylated MAPK and S6, suggesting 

reduced mTORC1 signalling, compared to that observed in AML- sEV-treated 

fibroblasts (Fig. 5.12).  This is a previously unknown therapeutic intercellular effect 

of rapamycin. However, delineating a broader network of how these sEVs mediate 

phosphorylation of proteins associated with mTORC1 signalling in cells of the 

tumour microenvironment would shed further light on regulation of mTORC1 

signalling by specific EV subtypes.  Also, it is important to mention that this current 

study did not examine the presence of phospho-proteins within EVs, which may 

also affect this signalling activation capacity. The presence of phosphorylated 

proteins in EVs has been reported previously in oncology studies.  For example, 

144 phosphorylated proteins had elevated expression in EVs from breast cancer 

patient plasma compared to equivalent EVs from healthy donor plasma samples, 

with potential as disease biomarkers (Zhang et al., 2018).  RapaAML- sEVs also 

induced similar elevated secretion of the tested growth factors to that induced by 

AML- sEVs.  As rapamycin treatment did not attenuate growth factor secretion, this 

could suggest an intercellular treatment resistance mechanism induced by sEVs 

from rapamycin-treated cells.  Further understanding of this mechanism could be 

sought by profiling of phenotypic alterations to vessel formation or migration, for 

example, post sEV treatment.  Nonetheless, there is a need to further dissect the 

intercellular effects on signalling induced by rapamycin, as there is evidence of 

potential treatment resistance and therapeutic effects via sEVs following treatment.  

 

However, a caveat to this experimental design was that I could not determine if 

rapamycin treatment of the parental cells has affected cargo loading and then 
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subsequent function, or if rapamycin has impacted EV characteristics that affect 

interactions with or internalisation into the recipient cell.  Though sEV 

characteristics were not significantly different in rapaAML- and AML- sEVs, high 

resolution sEV characterisation and more extensive omics profiling of rapamycin 

sEV cargo would illuminate their true nature more clearly.  This brings in another 

potential use of sEVs as biocompatible drug delivery vectors.  Could rapamycin be 

packaged into sEVs for extracellular export, and could this have a favourable 

therapeutic effect in targeting the tumour microenvironment?  

 

A potential limitation of these rapamycin-associated investigations was that one 

dose of rapamycin (10 ng/mL) was selected for use in this study.  This dose was 

chosen to mimic trough levels seen in patients in various clinical trials.  However, 

the trough level range is variable within these studies. One study testing sirolimus 

(N=25) reported serum trough levels of between 10-15 ng/mL, for all but one 

patient who achieved tumour shrinkage with the initial dose of 1-5 ng/mL (Bissler et 

al., 2008).  Another study testing sirolimus (N=16) had most patients with tumour 

shrinkage with trough levels between 3-6 ng/mL, while four patients had escalated 

doses of 6-10 ng/mL to achieve tumour shrinkage (Davies et al., 2011).  The 

EXIST-II trial (N=118) testing everolimus reported trough levels of between 7.63-

9.37 ng/mL with significant interpatient variability after 24 weeks on trial (Bissler et 

al., 2013).  Perhaps different doses of rapamycin should be included to determine if 

dose-dependent effects could affect EV secretion, cargo loading, and functionality 

in recipient cells.  Furthermore, in the broader context of mTORC1 signalling, this 

could reveal important developments in understanding of how mTORC1 mediates 

EV biogenesis.   
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7.2.7. Three novel sEV cargo proteins as plasma-based biomarkers for TSC  

Discovery of three sEV cargo proteins with potential as plasma-derived biomarkers 

for TSC brought the translational impact of this research to the fore, as set out in 

Chapter 6.  Endoglin, enolase γ, and VEGF protein were detected at significantly 

elevated quantities in TSC patient plasma sEVs compared to healthy donor plasma 

sEVs (Fig. 6.3).  A noted unmet clinical need within the TSC research and medical 

communities is the lack of a biofluid-derived biomarker for TSC. While this work 

completed a small pilot study (N=9/treatment group) to address this unmet clinical 

need, further testing and validation of these sEV proteins in larger patient cohorts is 

required to unravel if these findings have true translational impact.  If any of these 

biomarkers were found to associate with a particular aspect of TSC e.g. TSC 

status, or presence of AMLs, they could be used to confirm diagnosis or aid in 

monitoring AML growth.  Additionally, if any of the biomarkers were found to 

correlate with tumour shrinkage, they could be used in a therapeutic surveillance 

strategy.  

 

There are some aspects of experimental design to consider in future validation of 

this work.  In this study, I utilised healthy donor plasma as the control group.  There 

may be additional benefit in examining expression of these sEV proteins in a 

control group of unaffected relatives of the TSC patients (e.g. parent or sibling), to 

determine thresholds of elevated expression in affected patients.  In this case, 

these biomarkers could also be used to monitor family members having a genetic 

diagnosis of TSC with no clinical signs.  This could be useful when contextualising 

the specificity of these cargoes to TSC specifically.   A frequently arising challenge 
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in development of EV-based biomarkers is identifying the origin of the EVs, and 

therefore the overall disease specificity of the biomarker.  One suggestion is to link 

investigation of sEV proteins with proteins co-expressed within the tumour tissue.  

Other mTORC1-active tumours also exist, including hepatocellular carcinomas 

(HCCs) or pancreatic neuroendocrine tumours (PNETs), and so determining if 

these sEV biomarkers were detectable in these tumour settings could help 

elucidate how TSC-specific or mTORC1-driven tumour-specific these biomarkers 

could be.  Similarly, to determine if endoglin, enolase γ, and VEGF sEV proteins 

could be biomarkers for TSC specifically, sEVs from other similar inherited tumour 

conditions such as neurofibromatosis type 1 (NF1) and polycystic kidney disease 

(PKD) should be trialled as a control. Developing more sophisticated means of 

ensuring this specificity, such as using multiple-panel markers within EVs, capture 

methods, or mapping expression profiles of EV markers with disease progression 

or treatment regimens, could improve this.  In the broader context of TSC, it could 

be worth exploring sEVs secreted from TSC1-deficient cells, or models of different 

manifestations of TSC, which could determine a more holistic insight into the TSC 

sEV secretome and its role in TSC.  It would also be interesting to determine if 

there are mutation specific changes in EV cargo and functioning, given that TSC2 

mutant functionality is different (Dunlop et al., 2011), as mutation specific 

signatures in EVs could be used in a personalised medicine approach.  For 

example, Pasini et al. recently demonstrated that EGFR mutations L858R and 

T790M could be detected in vesicle RNA of non-small cell lung cancer patients 

(Pasini et al., 2021).  Furthermore, knowing now that TSC2 deficiency causes 

distinct alterations to RNA and protein cargo of secreted sEVs, it would be 
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interesting to establish if these TSC2 mutation-associated findings broaden to 

relevance in other TSC2-mutant cancers. 

 

Furthermore, normalisation of the protein biomarker candidates to CD9 is important 

to consider.  Normalisation to multiple EV biomarkers may be necessary to include 

all sEVs in this discovery stage of biomarker development, so as to ensure that I 

are not biasing towards a subpopulation of CD9+ sEVs.  Furthermore, mTORC1-

signalling components (Fig. 5.7) with differential expression in AML- sEVs 

compared to AML+ sEVs in vitro could also be investigated as potential biomarkers 

for TSC. 

Evidence of the diagnostic success of EVs came with the development of the 

ExoDx™ Prostate (IntelliScore) (EPI) test, developed by Dr Johan Skog (bio-

techne, Martinsried, Germany).  This test assesses urine-derived EVs for 

expression of a three-gene panel, to inform the need for further biopsy in suspected 

cases of high-grade prostate cancer (Tutrone et al., 2020; McKernan et al., 2020), 

and was granted FDA approval in 2020.  Other companies include MetaguideX 

(Oxford, United Kingdom), focused on developing an EV-based in vitro diagnostic 

test for assessing metastatic risk in breast cancer.  Furthermore, other studies have 

published evidence of EVs improving sensitivity and specificity of currently used 

clinical tests, such as a panel of five EV mRNAs used in combination, with or 

without prostate-specific antigen (PSA), in a multimodal liquid biopsy approach for 

prostate cancer patients (Shephard et al., 2021).   
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7.3. CONCLUDING REMARKS 

This research has examined TSC tumour growth and development in an 

intercellular context, and provides evidence for AML sEVs as important mediators 

in priming the tumour microenvironment to facilitate optimal TSC tumour growth.  

 

Thus, the key findings of this work are:  

 

I. TSC cells secrete sEVs of endosomal origin 

II. AML- sEVs are enriched in RNAs predicted to mediate tumour-supporting 

functions, including extracellular matrix and growth factor binding; pathways 

associated with kidney function, including ion channel functioning, fat 

differentiation, and angiogenic processes; and processes affecting other 

TSC-relevant organs, including as bone and brain 

III. AML- sEV protein cargo is distinct from healthy cell EV cargo, and has 

tumour-promoting potential, with rapamycin treatment altering this protein 

cargo and downstream signalling activation capacity in recipient fibroblasts 

IV. Three sEV-associated proteins have elevated expression in TSC patient 

plasma compared to healthy donor controls, highlighting their potential as 

biomarkers for TSC 
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Figure 7.1: Graphical summary of novel features and key findings presented 

in this Thesis. 
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Appendix A: Amino acids and corresponding three-letter codes and one-

letter symbols. 

 

 

Amino acid Three letter code One letter symbol 

Alanine Ala A 

Arginine Arg R 

Asparagine Asn N 

Aspartic acid Asp D 

Cysteine Cys C 

Glutamic acid Glu E 

Glutamine Gln Q 

Glycine Gly G 

Histidine His H 

Isoleucine Ile I 

Leucine Leu L 

Lysine Lys K 

Methionine Met M 

Phenylalanine Phe F 

Proline Pro P 

Serine Ser S 

Theonine Thr T 

Tryptophan Trp W 

Tyrosine Tyr Y 

Valine Val V 
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Appendix B: Mutations across TSC1 gene. Data from COSMIC 

(www.cancer.sanger.ac.uk/cosmic). 
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Appendix C: Mutations across TSC2 gene. Data from COSMIC 

(www.cancer.sanger.ac.uk/cosmic). 
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Appendix D: Principal Component Analysis (PCA) plots for RNA-Sequencing.  

TSC2plus denotes AML+; TSC2minus denotes AML-. 
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