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Abstract 

Idiopathic pulmonary fibrosis (IPF) is a chronic progressive lung scarring 

disease. The abnormal and aberrant wound healing response leads to excess 

matrix production. The aetiology of IPF is unknown, the prognosis is poor and 

current treatments are ineffective. 

Transforming growth factor-β is a critical cytokine which is increased in IPF 

patients, due to repetitive epithelial injury. TGF-β1 is responsible for driving the 

progression of the disease through the activation and differentiation of local 

and recruited fibroblast populations. TGF-β1 initiates signalling pathways 

within the fibroblasts which drives their differentiation programme into the 

myofibroblast and the deposition of matrix proteins, in particular collagen I. 

TGF-β1 regulates genes involved in fibrogenesis. It does this by regulating 

several transcription factors as well as promoting the translation of the mRNA. 

Critically, it mediates the transcription of the collagen I gene through the 

activation of SMAD 3 and the translation of this gene via mammalian target of 

rapamycin complex 1 (mTORC1) activation. The mechanism of TGF-β1 

stimulated mTORC1 activation is currently unknown in primary human lung 

fibroblasts. To examine the TGF-β1 stimulated pathway required for mTORC1 

activation I employed pharmacological, siRNA and gene editing techniques.  

This study defined the mechanisms of mTOR phosphorylation at the amino 

acid residue site S2448 and ruled it was not required for TGF-β1 mediated 

collagen synthesis. This study delineated that ras homology enriched in brain 

(RHEB) was critical for mTORC1 activation. However, the role of RHEBs 

regulatory complex, comprised of tuberous sclerosis 1 and tuberous sclerosis 

2 (TSC1/2), still remains ambiguous. Finally, it identified that mothers against 

decapentaplegic (SMAD) 3 was required for early mTORC1 activation through 

an unknown transcriptionally regulated protein.    

The work reported in this thesis raises the possibility that there is a protein 

acting as a link between SMAD 3 and the mTORC1 regulatory components 

TSC1/2 and RHEB which could be a potential drug target for the treatment of 

IPF. There could be additional benefits of inhibiting this target rather than 

directly inhibiting TGF-β1, the TGF-β1 receptors or mTORC1 which have 
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unwanted and serious side-effects. The niche targeting of a SMAD 3 

transcriptionally regulated protein that enhances mTORC1 signalling 

downstream of TGF-β1 should in theory minimise these unwanted side-effects. 

Finally, the implications of SMAD 3 and mTORC1 activation downstream of 

TGF-β1 are relevant in other fibrotic diseases adding to the potential of a 

translatable drug between diseases.    
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Impact statement 

This thesis describes several aspects revolving around TGF-β1 stimulated 

mTORC1 activation and collagen I synthesis in primary human lung 

fibroblasts. In this study, I have described the mechanisms of mTOR 

phosphorylation. Specifically, the S2448 site on mTOR was phosphorylated 

by TGF-β1 stimulation at early time-points which correlated with the 

phosphorylation of its substrates 4E-BP1 and P70S6K. The initial investigation 

delineated that the mTOR S2448 phosphorylation was independent of the well 

characterised pathway PI3K/AKT. Next, I established that the mTOR kinase 

activity acted as a feedback loop to facilitate its own phosphorylation. 

Furthermore, I established that it must be mTORC1 kinase activity that was 

required because the inhibition of P70S6K prevented S2448 phosphorylation. 

Finally, for the first time, I established that PDK1 was also required for the 

phosphorylation of S2448. This mechanism highlights the importance of both 

PDK1 and mTORC1 signalling converging on P70S6K to activate it. The 

histological analysis of this site revealed low signalling in the fibroblast. 

However, there is large amounts of staining in the epithelium, suggesting that 

this site may be important for epithelial cell signalling. Furthermore, S2448 

could be a useful biomarker in clinical studies for distinguishing active 

mTORC1 signalling and perhaps looking at the difference between the 

epithelium and the myofibroblasts.  

This investigation built upon the role of SMAD 3 signalling, highlighting its 

requirement for TGF-β1 stimulated mTORC1 activation. The identification that 

TGF-β1 activates SMAD 3 to transcribe a protein to activate mTORC1 is 

interesting conceptually because mTORC1 will be required for the translation 

of this SMAD 3 transcribed gene. This highlights that the combination of TGF-

β1 stimulated SMAD 3 and the basally activated mTORC1 facilitates increased 

activation of mTORC1 in a pseudo feedforward loop. Interestingly, 

investigations of the two known SMAD 3 to mTOR activation pathways were 

ruled out in our primary human lung fibroblasts. Therefore, there is a novel 

protein or signalling pathway that remains unidentified. To identify a SMAD 3 

dependent transcribed protein, RNAseq technology could be employed. From 

the host of transcribed proteins identified from this data set, a compound 
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screen could then be used to see which of the targets lead to mTORC1 and 

collagen inhibition. This could lead to the discovery of a novel protein for 

mTORC1 activation leading to future therapeutic opportunities. Additionally, 

identifying early SMAD 3 regulated genes may identify new proteins that are 

important to other aspects of the disease IPF. 

Finally, the GTPase RHEB was found to be critical for TGF-β1 stimulated 

mTORC1 activation and collagen I synthesis. Interestingly, knock-down of 

TSC1/2 highlights its complex relationship with mTORC1 suggesting that it not 

only works synergistically with TGF-β1 but also functions in an independent 

manner because knock-down increases mTORC1 signalling independent of 

TGF-β1. However, it also shifts the TGF-β1 curve in favour of increased 

mTORC1 activation.  The investigation of the TSC1/2-RHEB axis revealed that 

this pathway is independent of several kinases in isolation and there may be 

compensatory pathways in place which need to be blocked in parallel in order 

to inhibit TGF-β1 stimulated collagen I synthesis. This may suggest TGF-β1 

stimulated collagen synthesis needs to be conceived as a more complex 

model rather than singular isolated signalling pathways. Therefore, 

combinatorial compound studies targeting these kinase will be critical for ruling 

out their importance in this response. This research has been important in 

ruling out these singular signalling pathways and future research offers 

opportunities that other kinases may be responsible for the phosphorylation 

and inhibition of the TSC1/2 complex which could present novel therapeutic 

targets. 
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1. Introduction 

1.1. Interstitial lung disease 

Interstitial lung disease (ILD) encompasses a large group of lung diseases. 

There are over 200 ILD’s which are categorized by their impact on the 

interstitium which is a tissue network that supports the air sacs of the lungs. 

The aetiology is often unknown but these diseases are typically associated 

with tissue injury which triggers an abnormal wound healing response leading 

to lung scarring. This subsequently impairs gas exchange via either 

inflammation, scarring or oedema – which can be acute or chronic depending 

on the disease. Examples of these conditions include: cryptogenic organising 

pneumonia, sarcoidosis and notably idiopathic pulmonary fibrosis (IPF).  

1.2.  Idiopathic pulmonary fibrosis 

Idiopathic pulmonary fibrosis patients represent 70% of the total ILD sufferers, 

however, prevalence does vary (Wolters et al. 2014). Epidemiological studies 

calculating the prevalence of IPF between continents has been approximated 

to represent 300,000 people in Europe, 640,000 in East Asia and 300,000 

people in the United States – with an estimated 3 million people world-wide 

(Martinez et al. 2017). The incidence of IPF increases with age: below the age 

of 65, the range is 2-30 cases per 100,000 people;  this  increases to 400 

cases per 100,000 in patients over the age of 65 (Martinez et al. 2017). Other 

studies also suggest that the incidence of IPF increased by 11% annually 

between 1991 and 2003 (Gribbin et al. 2006). Most studies also report a 

predominance of the disease in men although the reason why is unclear. 

(Gribbin et al. 2006).  

The median survival for IPF patients is 3-5 years from diagnosis, which is often 

delayed and only apparent when there is already considerable fibrosis 

present. IPF patients exhibit increasing dyspnoea, a persistent and increasing 

dry cough and fatigue, with less common symptoms being fever, weight loss 

and muscle and joint pain. Initial patient diagnosis will detect lung crackles 

heard with a stethoscope and follow-up pulmonary function tests will detect 

the decreased total lung capacity and abnormal gas exchange indicative of 

ILD. Difficulties can arise when distinguishing between different ILDs due to 
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the commonality shared between the symptoms, for example a decline in lung 

function. Classification of IPF is established from clinical, radiographic and 

histological evaluation. The ATS/ERS/JRS/ALAT statement states that the 

diagnosis of IPF specifically requires the presence of a usual interstitial 

pneumonia (UIP) pattern including the exclusion of secondary causes of 

pulmonary fibrosis. 

High-resolution computed tomography (HRCT) imaging is used to distinguish 

IPF from other ILDs. The HRCT image of an IPF lung reveals a heterogeneous 

lung architecture with honeycomb-like structures in the sub-pleural regions of 

the lung with a predominantly bilateral, peripheral and basal distribution;  

peripheral septal thickening and traction bronchiectasis (Raghu et al. 2011; 

Martinez et al. 2017). The presence of honeycombing with heterogeneous 

sub-pleural distribution has a success rate 90-100% of determining the 

histologic pattern of UIP (Wells 2013).  

The distinction of a clear UIP pattern and the exclusion of other ILDs is made 

by a team of experienced radiologists/clinicians to determine if the diagnosis 

is IPF. From the ATS/ERS/JRS/ALAT statement, misdiagnosis from 

inexperienced radiologists and clinicians can lead to large variability between 

diagnoses when less usual HRCT UIP patterns are observed (Wells 2013). 

Therefore, any remaining uncertainty in diagnosis will necessitate a lung 

biopsy to be taken for histological analysis, unless the risk to patient health 

out-weighs the benefits of a clear diagnosis (Wells 2013; Martinez et al. 2017). 

Histological analysis of a typical IPF lung biopsy reveals a lung that is heavily 

laden with extracellular matrices that are sporadically deposited throughout 

the lung. In particular, collagen I and collagen III make up a large portion of 

this excess matrix. The epithelial cell population is heterogeneous with regions 

of apoptosis, and areas characterized by epithelial hyperplasia. The 

disorganized deposition of collagen correlates with regions of epithelial cell 

damage, abnormal proliferation and hyperplastic type II epithelial cells (Datta 

et al. 2011).  

A critical population of cells is the α-SMA positive myofibroblast which arises 

from differentiation of local and recruited fibroblast populations. A hall-mark 
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feature is the presence of fibrotic foci which are observed as a bulge-like 

protrusion into the alveolar airspace and are heterogeneously spaced 

throughout the lung (Katzenstein & Myers 1998). Fibrotic foci are 

characterised by a hyperplastic type II epithelium, dense extracellular matrix 

with high populations of fibroblasts and α-SMA expressing myofibroblasts 

(Datta et al. 2011). 

Microarray studies using IPF lung tissue revealed that gene expression for 

proteins required for ECM turnover and inflammatory processes were 

increased (Zuo et al. 2002).  

1.3. Treatment of IPF 

The drug treatment options for IPF patients are limited and currently no drug 

is available that halts or resolves the disease. In all wound healing responses, 

the initial injury leads to inflammation and the recruitment of inflammatory cells 

such as macrophages. Therefore, historical treatments used 

immunosuppressive, anti-inflammatory and anti-oxidant drugs which are 

azathioprine, prednisolone and N-Acetylcysteine, respectively. In the 

‘PANTHER-IPF trial’ the combinatorial treatment with these three drugs was 

investigated. The treatment was proved to be ineffective and caused an 

increased in the incidence of death. The increase in hospitalisation resulted in 

the trial discontinuing (clinicaltrials.gov identifier NCT00650091). However, 

this led to a better understanding of IPF. It is now believed that the point at 

which IPF is detected there is no longer any inflammatory response and as a 

result anti-inflammatory treatments are ineffective. 

There are only two drugs licenced and marketed specifically for the treatment 

of IPF, Nintedanib and Pirfenidone, marketed as Ofev and Esbriet 

respectively. The first drug to be specifically licensed for the use in IPF patients 

was Pirfenidone in Japan in 2008. The compound was later licensed in Europe 

in 2011 and in the USA in 2014. The ASCEND phase III trial treated patients 

over a 52 week comparing Pirfenidone to a placebo group. Treatment with 

Pirfenidone preserved lung function as measured by forced vital capacity 

(FVC) and vital capacity. However, Pirfenidone only slowed the progression of 

the disease and lung function decline still occurred (King et al. 2014). 
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Pirfenidone is a well-tolerated compound but there are still significant side-

effects. The early in vivo studies investigated the effect of Pirfenidone in the 

bleomycin mouse model of fibrosis (Kakugawa et al. 2004). This research 

observed that Pirfenidone attenuated the bleomycin induced lung fibrosis 

(Kakugawa et al. 2004). Pirfenidone’s mode of action is not well defined. 

However, the compound showed decreased matrix deposition and fibroblast 

proliferation which is attributed to the attenuation of the heat shock protein 47 

(HSP47) (Kakugawa et al. 2004).  

Nintedanib was approved in 2014 in Europe and America.  The INPULSIS-1 

and INPULSIS-2 trials assessed a total 1066 patients (placebo and Nintedanib 

treated patients) and demonstrated that Nintedanib reduced  the decline in IPF 

patient FVC (Richeldi et al. 2014). The treatment with Nintedanib has adverse 

effects although symptoms are easily treated and well tolerated (Richeldi et al. 

2014; Hajari Case & Johnson 2017). Nintedanib was demonstrated to be anti-

fibrotic in two fibrotic models, the bleomycin and the silica particle 

administration mouse models (Wollin et al. 2014) which meant it was taken 

forward for clinical trials. Furthermore, the in vitro studies have demonstrated 

that the mechanism of action of Nintedanib is as a triple receptor tyrosine 

kinase inhibitor targeting the receptors for vascular epithelial growth factor 

(VEGF), platelet-derived growth factor (PDGF) and fibroblast growth factor 

(FGF) which can supress the sarcoma kinases (Src) pathway showing 

decreased proliferation and differentiation of human lung fibroblasts (Hilberg 

et al. 2008; Wollin et al. 2014; Wollin et al. 2015). Therefore, this has given 

some insight in the underlying cell signalling pathways important for the 

synthesis of collagen and the progression of the disease. However, neither 

compound is capable of halting or preventing the terminal outcome of the 

disease. Recent evidence from the NCT02598193 clinical trial has 

demonstrated that the combined treatment of Pirfenidone and Nintedanib is 

well tolerated in patients. Whether the combined treatment will be effective in 

IPF patients over the single dose treatment has yet to be been determined 

(Flaherty et al. 2017). The current drug treatments with either Pirfenidone and 

Nintedanib are only partially effective for the treatment of IPF but they do 

improve the length of survival. Therefore, development of new therapeutic 
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treatments is essential. There are more than fifty IPF clinical trials including:  a 

monoclonal antibody targeting the integrin αVβ6 (clinical trials identifier 

NCT01371305); Lysophophatidic acid (clinical trials identifier NCT01766817); 

PI3K/mTOR inhibitor (clinical trials identifier NCT01725139); JNK inhibitor 

(clinical trials identifier NCT03142191). Although these clinical trials hold 

potential for the treatment of the disease there is still a high drop-out rate of 

compounds from clinical trials and they may have the problem of unwanted 

side-effects. Therefore, by further understanding IPF, research will further the 

development of new therapeutic treatments. 

1.4. Aetiology of IPF 

The diagnosis of IPF occurs in the late stages of the disease and therefore its 

aetiology is currently unknown and the exact underlying pathophysiological 

mechanisms of IPF are poorly understood. However, a number of theories 

have been proposed. The most popular and prevailing theory is the disease is 

caused by repetitive epithelial injury. The causes of epithelial cell injury have 

been attributed to several factors: viral infections, smoking and certain co-

morbidities or genetic risks (Oh et al. 2012; Camelo et al. 2014). These factors 

lead to epithelial cell apoptosis. Increased apoptosis is observed as evidenced 

by increased markers of apoptosis (p53, p21, bcl-2 bax and caspase 3) in 

alveolar and bronchial epithelial cells in IPF patient biopsies (Plataki et al. 

2005). In addition, evidence has also been gathered from animal models. The 

most common animal model of fibrosis is the bleomycin mouse model. Mice 

are administered with bleomycin which leads to a similar pathology as the IPF 

lung, including increased transforming growth factor β1 (TGF-β1), the 

recruitment and differentiation of the fibroblasts and the excessive production 

of matrix proteins. In this mouse model, apoptotic markers are also observed, 

giving further evidence that epithelial cell damage is initiating the fibrotic 

response (X. Li et al. 2003).  

The genetic factors do not cause the underlying epithelial cell damage in IPF. 

However, it is believed that gene mutations may pre-dispose or increase the 

susceptibility of the epithelial cells to injury, infection or damage. This will 

contribute to epithelial cell apoptosis. This evidence comes from studies 

identifying mutations in familial or sporadic cases of IPF. The gene variants 
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identified are mainly associated with the familial form of the disease. A cluster 

of genes regulating telomeres has been identified: TERT, TERC, TINF2, 

DKC1, RTEL1, PARN and NAF (Martinez et al. 2017; Armanios et al. 2007; 

Tsakiri et al. 2007; Kropski et al. 2014; Alder et al. 2015; Stuart et al. 2015; 

Stanley et al. 2016). Telomeres loss or shortening is felt to be one potential 

mechanism by which alveolar type II cells become unstable. Cell instability can 

lead to cell apoptosis and this releases the fibrotic mediators that can lead to 

the progressive lung scarring.  

Variants in the MUC5B promoter occurs in both familial and sporadic cases of 

IPF (Seibold et al. 2011). MUC5B mutations prevent correct cell defence from 

infection. However, the exact reason why MUC5B mutations increase lung 

susceptibility to infection is not known. TOLLIP and SP-C are genes that 

encode proteins which are implicated in sporadic cases of IPF. Mutations in 

both genes lead to increased ER stress which subsequently leads to increased 

epithelial cell damage (Tanjore et al. 2012). Therefore, the injured cells release 

pro-fibrotic mediators. This is why continuous epithelial cell apoptosis is 

believed to underlie the aetiology of the disease. 

Epigenetic changes have been identified in IPF patients. The loss of histones, 

deregulation of micro-RNAs (miRNAs) and DNA methylation lead to the 

dysregulation of cell signalling pathways in IPF patients (Martinez et al. 2017). 

MicroRNA (miRNA) is important for regulating the levels of their target mRNAs. 

They do this by targeting the mRNA for degradation. Several dysregulated 

miRNA’s have been identified in epithelial cells; let-7d, miR-200, and miR-26a 

and these may be responsible for the aetiology of IPF, or the pathogenesis of 

the disease (Pandit et al. 2010; Li et al. 2016; Yang et al. 2012; Li et al. 2014).  

1.5. Pathogenesis of IPF 

Normal wound healing occurs in four generalised stages: Haemostasis, 

inflammation, proliferation or granulation (including ECM deposition) and 

matrix remodelling or maturation. The initial injury to the lung causes the 

release of several inflammatory mediators recruiting inflammatory cells 

(macrophages and neutrophils) to the site of injury. These cells release the 

critical mediators that promote the expansion of the fibroblast population. One 
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key mediator, TGF-β1, stimulates the fibroblasts to differentiate into 

myofibroblasts which deposit large quantities of extracellular matrix and they 

contract alpha-smooth muscle actin (α-SMA) stress fibres. The contraction of 

the stress fibres pull the wound together. This allows re-epithelisation of the 

wound followed by apoptosis of the myofibroblast population. Over a period of 

weeks the extracellular matrix is remodelled leading to wound resolution. In 

contrast, IPF represents an aberrant wound healing response whereby normal 

resolution does not occur. There is no re-epithelialization of the wound and the 

myofibroblast population does not apoptose. Continued matrix production, 

epithelial cell apoptosis and the release of more pro-fibrotic mediators leads 

to the perpetual cycle of fibroblast recruitment, epithelial cell death and matrix 

production in the IPF lung.  

The repetitive alveolar epithelial type I cell injury leads to an imbalance 

between apoptosis and mitosis of two cell types, the epithelial cells and the 

fibroblasts. This imbalance is one driver of disease progression. This is 

evidenced by histological stains which show regions of hyperplastic type II 

epithelium and a complete loss of the alveolar epithelial type I cells (Datta et 

al. 2011). This is caused by the continual death of (alveolar) epithelial type I 

cells which are then replaced with epithelial type II cells. This begins to change 

the architecture of the lung promoting further cells loss and aberrant cell 

signalling (Selman 2006; Zoz et al. 2011; Kelly et al. 2003). A cell type 

recruited to the site of epithelial type I apoptosis is the fibroblast. The fibroblast 

is responsible for the deposition of the extracellular matrix (ECM) and it does 

this in response to the pro-fibrotic mediators released by the epithelial cells to 

begin the wound healing process. The disproportional and continued release 

of these mediators leads to an imbalance between fibroblast apoptosis and 

epithelial apoptosis. The fibroblasts no longer apoptose and the epithelial cells 

continue to die. One protein that is believed to underlie this imbalance in 

apoptosis is prostaglandin E2 (PGE2). PGE2 is an anti-fibrotic agent which 

has been investigated in vitro and in vivo and can have different effects 

depending on the cell type. This protein is decreased in IPF which promotes 

fibroblast cell survival but leads to increased epithelial cell death leading to the 

‘apoptosis – paradigm’ (Lama et al. 2002; Keerthisingam et al. 2001; Borok et 
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al. 1991; Maher et al. 2010). Critically, it is the apoptosis of the epithelial cells 

that recruit and drive the proliferation of the fibroblasts and other cell types 

contributing to the disease pathogenesis.  

Understanding of the pro-fibrotic mediators is believed to help develop the 

understanding of disease progression and intervention of these mediators may 

halt or slow the perpetual cycle of epithelial type I cell apoptosis and fibroblast 

recruitment and proliferation. Several key pro-fibrotic mediators have been 

measured from IPF patients’ bronchiolar lavage which revealed several pro-

fibrotic mediators were increased in comparison to healthy controls. These 

proteins were: PDGF, FGF, TGF-β1, CTGF, angiotensin, MMPs, TNF, CCL2 

and CXCL12 (Selman 2006; Zoz et al. 2011; Kelly et al. 2003). The release of 

these pro-fibrotic mediators led to the recruitment, proliferation and 

differentiation of cells including macrophages, neutrophils, fibroblasts and 

platelets which are believed to underlie the development of the disease. In 

particular, it is the relationship between TGF-β1 and the fibroblast that can 

drive the disease pathogenesis (TGF-β1 signalling is discussed in more detail 

below 1.6). Fibroblasts are recruited to the sites of wound injury in the lung via 

the secreted mediators; their imbalanced cross-talk to the epithelial cells leads 

to increased levels ROS and angiotensin which leads also leads to further 

epithelial type I cell death (Wang et al. 1999). Another cause of the epithelial 

type I cell death is the fibroblasts depositing excessive matrix proteins, which 

causes changes in matrix tension and the dense fibrotic areas make it difficult 

for the epithelial cells to repopulate them. This complex cross-talk between the 

damaged epithelium and recruited fibroblasts leads to a feed-forward 

mechanism that acts to perpetuate the disease (Wang et al. 1999). The 

research within our group focuses on the fibroblast/myofibroblast since we 

believe that halting the matrix production would prove an effective method of 

treating the disease. Therefore, the remaining sections will focus on their role 

in IPF and their relationship to TGF-β1 which is a driver or matrix production 

and fibroblast differentiation. 

1.5.1. The myofibroblast 

A key effector cell type involved in pathogenesis of IPF is the fibroblast and its 

differentiated form the myofibroblast. The expansion and differentiation of the 
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fibroblast is what promotes the progressive deposition of matrix proteins 

leading to the aberrant lung scarring and to the cells dominating the lung. The 

population of fibroblasts is heterogeneous in the fibrotic foci. The identification 

of these observed sub-populations of fibroblasts comes from their expression 

of different proteins including type I collagen, Thy-1, α-SMA, cyclooxygenase 

2 (COX-2), telomerase and caveolin-1 (Derdak et al. 1992; Hagood et al. 2005; 

Zhang et al. 1996; Wilborn et al. 1995; Nozaki et al. 2000; Wang et al. 2006). 

The expression of these different markers is evidence to suggest that more 

than one source can contribute to the fibroblast/myofibroblast cell population 

in IPF lungs (Hung et al. 2013). Resident lung fibroblasts are believed to be 

the primary source for their expansion and differentiation in response to 

epithelial cell damage. However, other types of cells have been investigated 

and are believed to give rise to the population of fibroblasts and 

myofibroblasts. Firstly, epithelial to mesenchymal transition (EMT), which is a 

process where endothelial cells lose their markers (e.g. E-cadherin) and begin 

expressing mesenchymal markers (e.g. fibroblast-specific protein-1 and 

critically α-SMA) (Grünert et al. 2003). Experimentally, EMT can occur in an in 

vitro setting when exposed for long periods with TGF-β on a provisional wound 

matrix (Willis et al. 2005). Secondly, there is emerging literature that 

endothelial to mesenchymal transition (EdMT) may contribute to the fibroblast 

population. It was shown from capillary endothelial cells that they gave rise to 

a fibroblast population through mesenchymal transition in the bleomycin 

induced mouse model (Hashimoto et al. 2010). Thirdly, Foxd1-derived 

pericytes have been demonstrated to expand in bleomycin injured mice and 

may contribute to the population of myofibroblasts. Fourthly, fibrocytes have 

also been implicated in IPF, on the basis that  CXCL12 is increased in IPF lung 

which is a key migratory chemokine that recruits fibrocytes to areas of wound 

healing (Strieter & Mehrad 2009; Bucala et al. 1994; Phillips et al. 2004). This 

cell type has also been identified in  BALF fluid of IPF patients (Borie et al. 

2013). There is evidence, however, against the role of the fibrocyte in IPF with 

CXCL12-CXCR4 targeted treatment proving ineffective in bleomycin-induced 

mouse fibrosis (Chow et al. 2016) and the inability to grow fibrocytes from 

BALF fluid (Chow et al. 2016; Borie et al. 2013). Collectively this research 
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suggests that several populations of cells can give rise to the fibroblast 

population contributing to the pathogenesis of IPF. 

In IPF lungs, the myofibroblasts expressing α-SMA are Thy-1 and caveolin-1 

negative, indicating they play a role in lung fibrosis. It has been reported in 

fibroblasts Thy-1 expressing cells are less fibrogenic than Thy-1 negative cells, 

considering myofibroblast’s are negative in Thy-1 this helps explain their 

fibrogenic nature (Hagood et al. 2005). Furthermore, caveolin-1 negative 

fibroblasts display similar fibrogenic properties as the Thy-1 negative cell 

(Wang et al. 2006). Importantly, the α-SMA expressing myofibroblast’s are the 

pre-dominant source of ECM and contribute to a considerable amount of the 

fibrogenic/inflammatory cytokines in the fibrotic lesions (Phan 2008). TGF-β1 

regulates all three of these proteins. The stimulation of fibroblasts with TGF-

β1 down-regulates both caveolin-1 and Thy-1, whilst upregulating the 

expression of α-SMA  (Sanders et al. 2015; Neveu et al. 2015). The majority 

of the deposited ECM in IPF lungs is contributed by the α-SMA positive 

myofibroblast’s, making TGF-β1 a critical regulator of the fibroblast and this is 

why the following sections (sections to 1.6 – 1.9) will focus on the cytokine 

TGF-β1. 

1.6. TGF-β  

The TGF-β cytokine family consists of over 30 members that are evolutionary 

conserved between mammals which include TGF-β, activins and BMPs 

amongst others (Derynck & Miyazono 2008). TGF-β family members’ 

functions include regulation of tissue homeostasis, inflammation, wound 

resolution and embryo development (Derynck & Miyazono 2008). 

Furthermore, specifically, the TGF-β cytokines maintains a tight control over 

cell growth, DNA repair and protein synthesis. Due to its range of functions 

TGF-β1’s effects have been studied in cell types including macrophages, 

neutrophils, epithelial cells, B cells, T cells, endothelial cells, fibroblasts and 

myofibroblasts.  

TGF-β1 homeostasis is important because of its broad range of effects. 

Therefore, the dysregulation of TGF-β1 signalling leads to several different 

diseases. The increases or decreases in the levels of TGF-β have been 
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implicated in diseases such as: cancer, hypertension, diabetes, Marfan’s 

syndrome and several fibrotic conditions (Akhurst 2004). In this smaller subset 

of TGF-β cytokines there are three isoforms, TGF-β1, TGF-β2 and TGF-β3. 

TGF-β1 is extensively studied in fibrotic diseases, particularly IPF, (including 

liver and kidney fibrosis) due to its implications in matrix synthesis, notably 

collagen.  

1.7.  TGF-β1 in IPF  

TGF-β1 is increased in IPF patients and is a key mediator involved in the 

pathogenesis of IPF (Leask & Abraham 2004). TGF-β1 protein levels were 

compared between healthy and IPF lung from bronchoalveolar lavage which 

identified raised levels of TGF-β1 in the disease (Hagimoto et al. 2002). In 

addition, lung biopsies taken from IPF patients for immunohistological staining 

reveal that TGF-β1 is localised to the dense regions of extracellular matrix. The 

source of this TGF-β1 is primarily believed to be from the epithelial cells and 

macrophages (Khalil et al. 1996). TGF-β1 is a pro-fibrotic mediator in IPF and 

this fact is further supported because it contributes to the pathogenesis of 

other fibrotic diseases such as kidney and liver fibrosis (Choi et al. 2012; 

Böttinger & Bitzer 2002; Dooley & ten Dijke 2012). Hence, there is evidence 

to support that TGF-β1 is a driving force in the pathogenesis of the disease.   

TGF-β1 driven fibrosis has also been implicated in animal models of fibrosis 

such as the bleomycin mouse model and the bleomycin hamster model of lung 

fibrosis. In both models, TGF-β1 protein expression and mRNA levels are 

increased (Gurujeyalakshmi et al. 1998; Giri et al. 1993). Furthermore, TGF-

β1 has been directly implicated in driving the development of lung fibrosis  

when over-produced in the TGF-β1 adenovirus mouse model (Ask et al. 2008). 

These models demonstrate that the increase in TGF-β1 drives effector cell 

activation (fibroblasts), synthesis of collagens and recruitment of other cell 

types (Giri et al. 1993; Ask et al. 2008). The observations made from these 

animal models are comparable to the human disease and therefore, these 

models are often used for in vivo studies of IPF when investigating signalling 

pathways and potential compound treatments that will be progressed to 

clinical trials. 
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TGF-β1 initiates the fibroblasts differentiation program leading to α-SMA 

expression, a marker of the differentiated fibroblast (the myofibroblast) and the 

synthesis of collagen. To regulate this differentiation program, TGF-β1 controls 

signalling pathways that regulate the proliferation of the fibroblast, inhibition of 

apoptosis, cell metabolism, protein synthesis, differentiation and 

reorganisation of the cytoskeleton (Massagué 2012). The expression of α-

SMA leads to the formation of stress fibres and the contraction of the matrix. 

In addition, the increased matrix deposition causes the formation of fibrotic 

foci.  Together, these destroy the lung architecture and prevent normal lung 

function in IPF patients.  

TGF-β1 perpetuates the scarring problem in IPF by inhibiting collagen 

degradation. This occurs because TGF-β1 increases the over-expression of 

TIMP which inhibits MMP proteins (Kang et al. 2007). Without MMPs, the 

matrix cannot be degraded as it would usually do during a normal wound 

healing response. 

1.8.  TGF-β1 activation 

TGF-β1 is synthesised and secreted from cells as a latent complex which is 

then covalently bonded to the surrounding matrix prior to being activated. This 

complex consist of the mature dimeric growth factor, the latency-associated 

propeptide (LAP) and the latent TGF-β1 binding protein (LTBP). The LTBP and 

TGF-β1 are the same protein which is later associated with LAP by forming 

disulphide-bonds. When the complex is secreted from the cells the LTBP 

forms covalent bonds with the ECM proteins where it remains inactive until it 

is required (Khalil 1999).   

The activation of the latent complex is important for the response to biological 

stimulus including to lung injury. The release of the active form of TGF-β1 can 

be initiated by several mechanisms either physical or biological. Physical 

processes include acidification, extreme temperature changes and oxidation. 

These are not all typical mechanisms that occur in vivo. However, it may 

explain how asbestos can promote lung fibrosis which is believed to contribute 

to TGF-β1 activation via oxidation of the latency complex.  (Tatler & Jenkins 

2012; Sullivan et al. 2008; Pociask et al. 2004). Biological mechanisms of 
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TGF-β1 activation include mechanical stress of the extracellular matrix where 

the latent complex is associated to it or by protease cleavage. Several of these 

mechanism are believed to contribute to TGF-β1 activation in IPF.  

There are a number of enzymes and proteases that can cleave the latent form 

of TGF-β1 including MMP2 and MMP9, plasmin, tryptase, elastase and 

integrins (Jenkins 2008; Tatler & Jenkins 2012). Integrin’s are transmembrane 

proteins capable of signalling inside and outside the cell. The individual 

integrins are formed from different combinations of 26 subunits (18 α and 8 β 

subunits). Eight of these family members are capable of recognising the 

arginine-glycine-aspartate (RDG) sequence in the LAP of TGF-β1 and TGF-

β3. The TGF-β2 LAP does not have this sequence. Four Av-containing 

integrin’s αvβ3, αvβ5, αvβ6, and αvβ8 can activate TGF-β1 in vivo (Tatler & 

Jenkins 2012). αvβ6 is able to release TGF-β1 from the latency complex to 

allow it to mediate its pro-fibrotic effects.  In the lung, αvβ6 is only expressed 

by the epithelium at low levels helping to maintain tissue homeostasis and low 

levels of TGF-β1 activation. Epithelial cell stress and damage in IPF, as a result 

of lung injury, upregulates the expression of αvβ6 leading to the increased 

activation of TGF-β1 (Tatler & Jenkins 2012). Thrombin and lysophosphatidic 

acid (LPA) have both been implicated in IPF (Howell et al. 2005; Tager et al. 

2008). Thrombin and LPA mediate their pro-fibrotic effects by inducing αvβ6 

expression via PAR1 or RhoA kinases activation, respectively (Jenkins et al. 

2006). Therefore, increased αvβ6 expression leads to the activation of TGF-

β1 which promotes its pro-fibrotic effects and this contributes to the 

progression of IPF. Increased levels of αvβ6 are associated with poor patient 

survival and a monoclonal antibody targeting this integrin is now in phase 2 

clinical trials for the treatment of IPF (Clinical trials identifier NCT01371305). 

Matrix metalloproteases (MMPs) are proteases which exist in a subfamily 

called endopeptidases consisting of 23 members. Some of these MMP family 

members can also activate TGF-β1 by cleaving the latent TGF-β complex. In 

IPF, the gene expression profile of MMPs reveals that MMP-2 and MMP-9 are 

increased in IPF patients. MMP-2 and MMP-9 can both activate TGF-β (Rosas 

et al. 2008; Pardo et al. 2016; Zuo et al. 2002). Furthermore, histological 

investigations show MMP-2 and MMP-9 are localised to the fibrotic foci 
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(Selman et al. 2000). Thy-1 negative fibroblasts are capable of synthesising 

MMP-9 in vitro through the activation of the ERK1/2 pathway (Ramírez et al. 

2011). Therefore, the increased expression of MMP-9 and MMP-2 is believed 

to be contributing to the active portion of TGF-β1 leading to the stimulation of 

the fibroblast and increasing their pro-fibrotic response in IPF patients. 

Finally, the release of pro-fibrotic mediators leading to the expression of 

MMP’s and increased matrix proteins changes the architecture of the lung and 

causes the stiffening of the matrix. Healthy lung stiffness is around 4 kPa in 

comparison to the IPF lung stiffness which is near 27 kPa. Increased matrix 

stiffness contributes to TGF-β1 activation (Froese et al. 2016). When 

myofibroblasts contract in vitro it leads to the activation of ECM associated 

TGF-β1. This result was dependent upon the matrix stiffness in vitro. The 

myofibroblasts grown on soft matrix demonstrated no activation of TGF-β1 and 

in contrast on stiff matrix TGF-β1 became activated. The transient over-

expression of TGF-β1 in a rat model of fibrosis demonstrated that the 

harvested lung when mechanically stressed, releases the active form of TGF-

β1 (Froese et al. 2016). This was also demonstrated by taking slices from 

human lung, with a UIP pattern, and exerting a mechanical stress. This 

showed increased TGF-β1 activation, which was matched with an increase in 

mothers against decapentaplegic (SMAD) 2 and SMAD 3 phosphorylation 

which are direct substrates of the TβRI/TβRII receptor (discussed in 1.9.2). In 

addition, SMAD 3 is a transcription factor that promotes collagen I  gene 

expression (Froese et al. 2016). Therefore, matrix stiffness plays a critical role 

in activating TGF-β1 in the IPF lung and thereby contributing to the progression 

of the disease.  

1.9.  TGF-β1 signalling 

1.9.1. TGF-β1 receptors  

TGF-β1 stimulates its intracellular signalling cascades through the TβRI/TβRII 

receptor complex and this is how it stimulates matrix synthesis in fibroblasts. 

Evidence initially came from work in animals. Investigations in rat fibroblasts 

showed that TGF-β1 mediates its effects through the TβRI receptor. The 

treatment with a TβRI inhibitor, SD-208, inhibits TGF-β1 stimulated matrix 

synthesis, growth factors and proteinase inhibitors (Bonniaud et al. 2005).  
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Additionally, the TβRII receptor has been implicated in animal models. In the 

bleomycin induced lung fibrosis model in hamsters, the treatment with 

recombinant inactive TβRII led to a reduction in hydroxyl-proline levels (an 

amino acid present in collagen which is utilised as a measure of collagen 

synthesis) (Kawabata et al. 1995).  

There are 7 type I receptors and 5 type II TGF-β receptors in humans 

(Massagué 2012). TGF-β1 signalling is highly conserved between species due 

to its critical role regulating a large number of cellular processes. (Massagué 

2012). The TGF-β1 cytokine binds to the TGF-β receptor II (TβRII). This leads 

to an increase in the affinity of TβRII receptor for the TβRI which forms a 

complex consisting of two TβRI and two TβRII. Under basal conditions FK506-

binding protein inhibits the TβRI, however, once the TβRI and TβRII complex 

has formed, the TβRII phosphorylates the TβRI in the GS domain at several 

sites. The phosphorylated TβRI receptor undergoes a conformational change 

within the GS domain which dissociates the FK506-binding protein and 

promotes the recruitment of MH2 containing proteins (Massagué 2012; 

Souchelnytskyi et al. 1996). The activation of the receptor complex therefore 

allows the activation of a number of downstream pathways. SMAD 2 and 

SMAD 3 are MH2 containing proteins which allows their recruitment and 

activation by the TβRI. TβRI phosphorylates SMAD 2 and SMAD 3 at 

Ser465/467 and Ser423/425, respectively (Massagué 2012; Shi 2006). 

Additionally, the receptors also activate several other signalling pathways 

including PI3K and mitogen activated kinases (MAPK). Several of these 

pathways are important to fibroblast matrix synthesis and differentiation. 

Figure 1.1 gives an overview of several of the TGF-β1 signalling pathways. 
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Figure 1.1: TGF-β1 stimulated signalling pathways 

TGF-β1 stimulation of the TβRI and TβRII complex leads to the activation of several signalling 

cascades. These pathways have different functions within the cell which can be cell and context 

dependent. Some of these pathways can cross-talk and signal to the same proteins.  

1.9.2. SMAD signalling  

TGF-β family members are capable of activating select SMAD proteins 

downstream of their associated receptors to mediate gene transcription. The 

SMAD proteins are divided into three groups, receptor activated SMADs (R-

SMADs), co-SMADs and inhibitory SMADs (I-SMADs). The R-SMADs are 

phosphorylated by the receptor complex and drive gene transcription with the 

aid of the co-SMAD, SMAD 4, and a range of co-transcription factors. The R-

SMADs include SMAD 1, SMAD 2, SMAD 3, SMAD 5, SMAD 8 and SMAD 9. 

SMAD 6 and SMAD 7 are I-SMADs which repress SMAD signalling and are 

often up-regulated by R-SMADs as an inhibitory feedback loop (Das et al. 

2013; Heldin & ten Dijke 1999; Jung et al. 2013; Tsuchida et al. 2003).  

TGF-β1 activation of the TβRI/TβRII complex mediates the activation of SMAD 

2 and SMAD 3. The SMAD 2 and SMAD 3 protein structure has 3 distinct 

regions, the MAD homology 1 (MH1) and MAD homology 2 (MH2) domains 

and a region that bridges the two is the phosphor-linker region. The MH2 

domain recognises and binds to the phosphorylated TβRI where it is 
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phosphorylated at the carboxy-terminus at the SXS motif (Shi 2006). The MH1 

domain is required for DNA binding. The phosphor-linker region is 

phosphorylated by kinases (such as MAPKs) activated also by TGF-β1 or other 

mediators. The phosphor-linker (linker) on SMAD 2 and SMAD 3 can be 

phosphorylated on 4 sites in response to mitogen stimulation.  This can 

promote or prevent the SMAD complexes ability to translocate to the nucleus 

(Shi 2006). Therefore, this can regulate SMAD’s ability to initiate transcription 

of its target gene (Sapkota et al. 2006; Mori et al. 2004; Kamaraju & Roberts 

2005; Kretzschmar et al. 1999).  

SMAD 2 and SMAD 3 exist as homodimers and upon phosphorylation they 

dissociate from the receptor complex and associate with SMAD 4 which 

promotes their translocation into the nucleus via nuclearporins (Derynck et al. 

1998; Massagué 2012). The MH1 domain is then responsible for binding to 

the DNA either directly (SMAD 3) or indirectly (SMAD 2). SMAD 2 and SMAD 

3 utilise a host of co-transcription factors to promote gene transcription 

(Massagué et al. 2005; J. Chen et al. 1999; Imoto et al. 2005). Key co-

transcription factors involved in SMAD 2 and SMAD 3 signalling include: p300 

and CREB-binding protein (CBP), jun, and AP-1 (Verrecchia & Mauviel 2002; 

Ghosh et al. 2000). To summarise, TGF-β1 drives gene transcription through 

receptor mediated phosphorylation of the SMAD proteins which allows them 

to form a complex with SMAD 4. Binding with SMAD 4 allows the SMAD 

complex to translocate into the nucleus to drive gene transcription. A simplified 

schematic is represented in Figure 1.2. 
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1.9.3. SMAD regulation of collagen genes  

The SMAD proteins have been linked to many diseases including kidney 

disease, chronic obstructive pulmonary disease and in most fibrotic diseases 

(kidney, liver, heart and lung) which are characterised by the excessive 

deposition of matrix proteins.  

There are 19 types of collagens identified. In particular, collagen I and collagen 

III are the most abundant in the fibrotic lesions making up approximately 95% 

of the total lung parenchymal collagen and are heavily increased in IPF (Madri 

& Furthmayr 1980; Reynolds 1978; Verrecchia & Mauviel 2002; Last et al. 

1983). The myofibroblast synthesises collagen I and collagen III concurrently 

(Gay et al. 1976). The collagen I fibres are used in several of our experiments 

to quantify the effects of TGF-β1 stimulation on our fibroblasts. So in brief I will 

describe the synthesis of collagen I.  

Figure 1.2: TGF-β1 activates SMAD 2 and SMAD 3 to regulate gene transcription  

TGF-β1 signalling drives gene transcription via the translocation of the SMAD complex into the 

nucleus where they recognise their gene targets. Co-transcription factors aid the SMAD 2 and 

SMAD 3’s ability to bind to the promoter region of the gene to initiate gene transcription. 
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1.9.3.1. Collagen synthesis 

Collagen I is composed of α1 and α2 chains, in a 2:1 ratio, which are encoded 

by the COL1A1 and COL1A2 gene, respectively (Karsenty & de Crombrugghe 

1991). Collagens are made up of tandem repeats of glycine-X-Y. The X and Y 

positions are proline and hydroxyproline residues. Post-translational 

modifications and the number of repeats determine the type of collagen that is 

formed (Reiser & Last 1981). The pro-COL1A1 and COL1A2 are synthesised 

as polypetide chains by the myofibroblasts and enter into the endoplasmic 

reticulum. The proline and lysine residues are hydroxylated to form 

hydroxyproline and hydroxylysine, respectively (Ghosh 2002). This allows the 

collagen pro-chains to hydrogen bond and form the triple helix pro-collagen 

which is secreted by the myofibroblasts through the golgi apparatus. Finally, 

proteases in the extracellular space cleave the N and C terminus of the pro-

peptides to form the mature collagen molecule. These mature molecules 

aggregate to form larger collagen fibrils and form the ECM with other  matrix 

proteins (Ghosh 2002). The amino acid glycine makes up almost one third of 

the collagen protein and, therefore, the biosynthesis of glycine is critical. To 

manage this biosynthetic need, the glycine synthesis pathways can be 

upregulated. Emerging evidence is beginning to unravel several glycolytic 

enzymes that are required to convert glucose into glycine and meet the cell’s 

glycine demands in response to stimuli such as insulin, serum and TGF-β1 

(DeNicola et al. 2015; Adams 2007; Seo et al. 2009; Zhu et al. 2013). The 

proteins that promote the conversion of glucose into glycine are PHGDH, 

PSAT1, PSPH and SHMT2. Activating transcription factor 4 (ATF4) is a basic 

leucine zipper domain containing transcription factor that regulates stress 

responses, amino acid metabolism and oxidative stress (Roybal et al. 2005; 

Yang et al. 2004; Seo et al. 2009). ATF4 is able to upregulate all of these 

glycolytic enzymes to increase serine and glycine synthesis. Emerging 

evidence from our group and others believe that TGF-β1 upregulates ATF4 to 

metabolically re-programme the cells to meet the glycine requirements of the 

fibroblasts (Chang et al. 2018; Selvarajah unpublished data). Therefore, this 

helps to mediate collagen synthesis. 
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1.9.3.2. SMAD 3 and IPF 

There are several enhancer and repressor elements in the promoter of both 

COL1A1 and COL1A2. Within the COL1A1 and COL1A2 genes are TGF-β1 

responsive elements, subsequently allowing TGF-β1 to control both genes to 

promote myofibroblast collagen synthesis. TGF-β1 does this through the 

activation of the SMAD proteins. The promoter region of each gene has a 

SMAD binding element (SBE) which is made up of CAGA repeats and these 

repeats are recognised by SMAD 2 and SMAD 3 (Chen et al. 1999; Zawel et 

al. 1998; Verrecchia & Mauviel 2002). These repeats are found in COL1A1 

and COL1A2. In the COL1A2 gene, these repeats are located between -263 

to 258 bp (Ghosh 2002). 

In the IPF lung, TGF-β1 is mediating the transcription of the collagen genes via 

the activation of SMAD 3. cDNA microarray analysis has revealed a number 

of fibrillar collagens that are regulated by TGF-β1 activated SMAD 3 

transcriptional activity including: COL1A1, COL1A2, COL3A1, COL5A2, 

COL6A1, COL6A3, COL7A1 and TIMP-1 (Verrecchia & Mauviel 2002). 

Furthermore, in bleomycin induced lung fibrosis in mice, SMAD 3 expression 

correlates with the peak of fibrosis in the lung and this then steadily declines 

as the fibrotic lung injury resolves (Zhao & Geverd 2002). In addition, in SMAD 

3 deficient mice, bleomycin-induced lung fibrosis is attenuated. This was 

attributed to a decrease in collagen mRNA and hydroxyproline levels (Zhao et 

al. 2002). SIS3 is a SMAD 3 inhibitor. It has been investigated in the bleomycin 

mouse model of lung fibrosis, demonstrating that treatment with SIS3 reduced 

the collagen deposition in histological slices and lowered hydroxyproline 

content. The decrease in hydroxyproline and collagen deposition were 

believed to be because of the decrease in phosphorylated SMAD 3 caused by 

SIS3 treatment (Shou et al. 2018). This recent evidence may suggest a 

potential therapeutic treatment for IPF. Finally, IPF derived lung fibroblasts 

demonstrate increased SMAD 2 and SMAD 3 phosphorylation and this leads 

to their increased nuclear localisation, this translocation is promoted by 

calcium influx through the KCa3.1 channel (Roach et al. 2015). The evidence 

demonstrates that in IPF, TGF-β1 is controlling the transcription of the collagen 

genes through the activation of SMAD 3. 



Introduction 

40 
 

1.9.4. MAPK signalling in response to TGF-β1  

TGF-β1 activation of the TβRI/TβRII complex also promotes the activation of 

mitogen activated kinases (MAPK) signalling. MAPK signalling is based on a 

tiered system of MAP4K (MAP Kinase kinase kinase kinase) and MAP3K 

(MAP kinase kinase kinase) at the top of the pathway which mediate the 

activation of MAP2K’s and these then mediate the activation of MAPK’s. The 

activation of MAPK’s does not always have to start at the top of this tiered 

system but this is the general rule (Figure 1.3). The activation of MAPK is 

responsible for activating a number of transcription factors, such as JNK 

(MAPK), which activates the transcription factor c-jun. TGF-β1 can mediate the 

activation of several MAPK’s including: MK2, P38 MAPK, ERK and RSK 

(Zhang 2009). These pathways are also highlighted in Figure 1.1. The 

activation of these kinases can all activate a number of transcription factors 

and in addition can converge on the protein complex TSC1/2, which will be 

discussed in more detail later (section 11.1.3). Interestingly, several kinases 

including TAK1, MK2 and ERK1/2 have either been implicated in collagen 

synthesis or IPF (Liang et al. 2018; Kim et al. 2007; Bhogal & Bona 2008). 

Figure 1.3: TGF-β1 signalling activates MAP3K or MAP4K to initiate signalling cascade  

The activation of MAP4K’s or MAPK3K’s promote the activation of their down-stream substrate which 

leads to the activation of several transcription factors which carry out several of TGF-β1 cellular functions 

.  
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1.9.5. PI3K/AKT 

The Phosphatidylinositol 3-Kinase (PI3K) is divided into three classes: Class 

I, Class II, and Class III. The Class I PI3K’s (through-out the thesis will be 

referred to as PI3K) are formed of two subunits, the P110 (α, β, γ and δ) 

catalytic subunit and a P85 regulator subunit, which in turn, are broadly 

expressed in a number of cell types including fibroblasts (Kok et al. 2009; 

Conte et al. 2011). PI3K activation is measured through the phosphorylation 

of its downstream effector AKT, which is activated after TGF-β1 stimulation 

(Bakin et al. 2000). Activated PI3K catalyses the conversion of 

phosphatidylinositol 4,5-bisphosphate (PIP2) to phosphatidylinositol 3,4,5-

triphosphate (PIP3) to recruit AKT to the membrane where it is phosphorylated 

by PDK1 and mammalian target of rapamycin complex 2 (mTORC2) (Figure 

1.4). The PI3K/AKT signalling axis is a central regulator of cell metabolism, 

proliferation and survival (Engelman et al. 2006). The PI3K/AKT signalling 

pathway has been demonstrated to activate the mammalian target of 

rapamycin complex 1 (mTORC1) signalling hub, which will be discussed in 

more detail below (1.10). The dysregulation of the PI3K/AKT/mTORC1 axis 

has been implicated in a number of diseases, including cancer and fibrosis.  

 

Figure 1.4: TGF-β1 stimulation of the PI3K/AKT axis 

TGF-β1 stimulation of PI3K converts PIP2 to PIP3 in the plasma membrane. PIP3 recruits Akt to the 

plasma membrane (via AKT’s PH domain). Akt is then phosphorylated by PDK1 and mTORC2  
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PI3K/AKT regulates the activation of mTORC1 in several cell types and 

subsequently plays an important role in mediating TGF-β1 signalling in 

fibroblast. More recent evidence also points to a role for a PI3K/AKT axis in 

IPF (Nho et al. 2013). The investigation of PI3K/AKT/mTORC1 axis with a 

novel PI3K/mTOR inhibitor, GSK2126458, demonstrated that the compound 

inhibited TGF-β1 stimulated AKT phosphorylation and collagen I deposition 

(Mercer et al. 2016). Furthermore, GSK2126458 inhibited the progression of 

fibrosis in the bleomycin mouse model and has now progressed through phase 

I clinical trials for the treatment of IPF (ClinicalTrials.gov Identifier: 

NCT01725139).  In addition, there was some indication that Rapamycin 

inhibition of mTORC1 attenuated both bleomycin and radiation induced 

pulmonary fibrosis, suggesting that this complex through the PI3K/AKT axis is 

important for collagen synthesis (Chung et al. 2016; Jin et al. 2014). However, 

our group’s recent evidence has demonstrated that selective inhibition of 

either PI3K or AKT results in no inhibition of collagen synthesis in pHLFs 

(Woodcock, unpublished data). The inhibition of PI3K and AKT still prevented 

serum stimulated fibroblast proliferation, but was not required for TGF-β1 

stimulated collagen I synthesis. However, mTORC1 was demonstrated to be 

important for collagen I synthesis, which explains the effects of GSK2126458 

were through the inhibition of mTORC1 and not the PI3K/AKT axis. The role 

of mTORC1 in collagen I synthesis is supported by studies we have conducted 

which demonstrate that selective inhibition of mTOR using AZD8055 inhibited 

TGF-β1 stimulated collagen synthesis (Woodcock, unpublished data). mTOR 

is required for TGF-β1 stimulated collagen I synthesis and its role in animal 

models of fibrosis identify it as a critical component in TGF-β1 stimulated 

fibrosis. Therefore, I will now focus upon the mTOR kinase and its 

mechanisms of activation upon which this thesis is centred. 

1.10. mTOR 

The kinase, target of rapamycin (TOR) is named due to its sensitivity to the 

macrolide ester rapamycin. Rapamycin was initially used as an anti-fungal and 

immunosuppressant and its role in the treatment of these contexts led to the 

discovery of the TOR protein in Saccharomyces cerevisiae (Abraham & 

Wiederrecht 1996; Diggle et al. 1996). There are two copies of the TOR protein 
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in yeast which share approximately 60% homology. Further investigation in 

human cells led to the discovery of a mammalian version of TOR (known as 

RAFT1 at the time) which had similar homology to the yeast protein (40% 

shared homology). This protein was later termed mechanistic target of 

rapamycin (mTOR).  mTOR belongs to the family of Phosphatidylinositol 3-

kinase-related kinases (PIKK) which are serine/threonine kinases. These are 

very large proteins spanning between 280 kDa and 470 kDa in size. PIKK 

catalytic domains share similar homology with the PI3K families’ kinase 

domain at around 20-30% homology, although their cellular roles are very 

different (Smith & Jackson 2010). This similarity means some PI3K inhibitors 

like GSK2126458 can inhibit PIKK family members (Liu et al. 2005; McNamara 

& Degterev 2011). There are six PIKK family members including: mTOR; 

transformation/transcription associated protein (TRRAP); DNA-dependent 

protein kinase catalytic subunit (DNA-PKcs); the protein product of the gene 

mutated in ataxia-telangiectasia (ATM); ATM Rad3-related (ATR) protein; 

SMG-1 (Smith & Jackson 2010). As previously discussed mTOR has emerged 

as a kinase involved in TGF-β1 stimulated collagen synthesis and IPF 

pathogenesis. 

1.10.1. mTOR structure 

mTOR is a 282 kDa protein composed of 2892 amino acids. Its structure 

consists of regions and domains including: HEAT repeats, FAT domain, the 

FRB domain, kinase domain, NRD, and FATC. These domains determine the 

function of mTOR allowing it to associate with several proteins. Furthermore, 

mTOR can be phosphorylated at numerous sites (Figure 1.5). This determines 

the configuration of the final complex which can either be as mTORC1 or 

mTORC2 (Figure 1.5) which will be discussed below. 
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Figure 1.5: The mTOR structure. 

Several regions and associated proteins are critical for determining its activation and substrate 

recognition of the mTOR kinase. The domains allow it to form into distinct complexes, mTORC1 and 

mTORC2, by binding to different accessory proteins which alters its cellular function. In addition, the 

mTOR structure can be phosphorylated to regulate it activity. 

1.10.2. Heat domain 

The Huntingtin, EF3, the alpha regulatory subunit of PP2A, and TOR (Heat) 

repeats are 20 repeats of 30-40 hydrophobic amino acids along the length of 

the N-terminal end of mTOR between the regions of 16 and 1397. This region 

is important for binding the mTORC1 specific protein regulatory-associated 

protein of mTOR (RAPTOR) and is also capable of binding to other proteins 

Gephrin and Ubiquilin 1. Towards the end of the Heat repeat domain and 

before the FAT domain is where rapamycin-insensitive companion of 

mammalian target of rapamycin (RICTOR) the mTORC2 associated protein 

can bind to. Both RICTOR and RAPTOR are critical for the function of their 

complexes. 

1.10.3. FAT and FAT-C domain 

The FRAP, ATM, and TRRAP (FAT) domain and the FRAP, ATM, and TRRAP 

C-terminus end (FAT-C) domain are the defining domains for PIKK family of 

kinases. There is not much research attributed to the function of these 

domains but evidence suggests these domains come together to form the 

overall tertiary complex (Yamashita, et al., 2001). This region serves as a 

binding site for the accessory protein DEP domain containing mTOR 

interacting protein (DEPTOR) which is common to both mTORC1 and 

mTORC2 complexes and is capable of inhibiting them to regulate their cellular 

activity. 
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1.10.4. FRB domain 

FKBP-rapamycin complex binding (FRB) domain spans residues 2025-2114. 

This domain is believed to be required for mTOR catalytic activity (Vilella-

Bach, et al., 1999). The FRB domain is where rapamycin binds to in 

association with FKBP-12 to inhibit the mTORC1 complex (Schmelzle & Hall 

2000; Van Duyne et al. 1991; Choi et al. 1996). The crystal structure for this 

has been established in association with the rapamycin/FKBP-12 complex. 

Rapamycin is an allosteric inhibitor, allosteric inhibition is when a molecule 

binds to a protein not at its active site, and this leads to inhibition of the protein 

and it does this by causing structural changes. Rapamycin inhibits mTORC1 

by altering its structure and this causes steric hindrance to the mTOR structure 

promoting a partial closing of the active site and because it is only a partial 

closing it allows mTORC1 to still phosphorylate some of its substrates (Yang 

et al. 2013; Choo & Blenis 2009).  

1.10.5. NRD 

The negative regulatory domain (NRD) or “repressor” domain regulates mTOR 

kinase activity (Sekulić et al. 2000). Deletion of the NRD domain has been 

shown to activate mTOR (Sekulić et al. 2000). This region has three 

phosphorylation sites: T2446, S2448 and S2481. In contrast to the deletion 

study, point mutations of the T2446 or S2448 to alanine residues has no 

impact on mTOR activity in vitro (Chiang & Abraham 2005). Structural 

investigation of mTOR suggests that the tertiary structure leads to the NRD 

domain being folded in such a way that it restricts entry into the 

phosphorylation sites (Chiang & Abraham 2005). Therefore, structural 

changes in mTOR may be required for certain phosphorylation sites to be 

exposed. This may then impact on mTORC1 activation. Importantly, this 

region impacts on mTOR’s kinase activity and these phosphorylation sites are 

regulated by proteins including P70S6K and AMPK (Cheng et al. 2004; Holz & 

Blenis 2005; Chiang & Abraham 2005). 

1.10.6. mTORC1 and mTORC2 

mTORC1 consists of three proteins bound to its structure: mammalian lethal 

with Sec13 protein 8 (mLST8), RAPTOR and DEPTOR (Peterson et al. 2009). 

In association with this complex, proline-rich Akt substrate of 40 kDa 
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(PRAS40) binds to RAPTOR to complete the mTORC1 complex (Vander 

Haar, et al., 2007; Sancak et al., 2007). mTORC2 consists of three accessory 

proteins bound to the mTOR kinase: Rictor, mLST8, DEPTOR. In addition, 

RICTOR associates with Protor and mSIN1 (Pearce et al. 2007). mTORC1 

and mTORC2 have different downstream substrates which is determined by 

their associated proteins. mTORC2 is known for its regulation of AGC (termed 

from PKA, PKG and PKC, but is now known to be a large family of over 60 

kinases) kinases including: PKA,PKG,PKC and SGK1. In addition, it 

phosphorylates AKT at the S473 site completing the full activation of AKT 

(Ikenoue et al. 2008). mTORC1 regulates three well known substrates 4E-

BP1, P70S6K and ULK1. The proteins associated in each complex and their 

downstream substrates are shown in Figure 1.6. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.6: mTOR is a critical kinase in two complexes mTORC1 and mTORC2 

Each complex is comprised several proteins. The overall complex dictates their ability to recognise and 

allow mTOR to activate the downstream substrates. 

The cellular roles of each complex varies depending on their target substrates. 

A key distinction between the two complexes is that mTORC1 is rapamycin 

sensitive. In contrast, mTORC2 is only sensitive to long exposure to rapamycin 

which is attributed to the rapamycin complexed to mTORC1 preventing the 
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formation of the mTORC2 complex. This rapamycin selectivity has allowed 

researchers to begin to distinguish between the two complexes’ cellular 

functions (Sarbassov et al. 2006; Lamming et al. 2012). This allows 

researchers to tease apart the role of mTORC1 from mTORC2. The role of 

mTORC1 is diverse in that it regulates: protein synthesis; lipid, nucleotide and 

glucose metabolism and protein turnover. mTORC2 is a key regulator of 

proliferation and survival and the organisation of the actin cytoskeleton 

(Saxton et al. 2017). Together both complexes regulate a large range of 

cellular functions and others are still emerging. 

1.10.7. 4E-BP1 

Eukaryotic translation initiation factor 4E binding protein 1 (4E-BP1) belongs 

to a family of eIF4E-binding proteins (4EBP 1-3). 4E-BP1 is an important 

inhibitor of cap-dependent translation when in its hypo-phosphorylated form 

by binding eukaryotic translation initiation factor 4E (EIF4E). To promote cap-

dependent translation, EIF4E needs to be liberated from binding to 4E-BP1 

and allowed to associate with EIF4G and EIF4A to form the complex termed 

as EIF4F and this initiates cap-dependent translation of mRNA. To remove the 

inhibition of 4E-BP1 and allow the complex to form and promote mRNA 

translation, 4E-BP1 is phosphorylated by mTORC1. The best characterised 

sites are T37/46, S65 and T70. There are other phosphorylation sites, such as 

S101 and S112 which are believed to be constitutively phosphorylated and 

important for the release of 4E-BP1 from EIF4E.  S101 is also important for 

the phosphorylation of S65 (Wang et al. 2003). Finally there is a S83 

phosphorylation site which is also believed to be involved in dissociating 4E-

BP1 from the complex (Fadden et al. 1997). The T37/46 and T70 are priming 

sites and the phosphorylation of these sites is not sufficient to cause 

dissociation of 4E-BP1 from EIF4E (Gingras et al. 1999). The phosphorylation 

of 4E-BP1 is reported to be sequential starting with T37/46 which allows the 

phosphorylation of T70 and then subsequently S65 which promotes the 

dissociation of 4E-BP1 (Gingras, Raught & Sonenberg 2001). However, this 

is not always true and it is likely that a combination of the different 

phosphorylation sites that may regulate the dissociation of 4E-BP1 from the 
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mRNA. As long as 4E-BP1 is hyper-phosphorylated this will allow translation 

of the mRNA to occur (Velásquez et al. 2016)  

1.10.8. P70S6K 

S6K is a serine/threonine kinase and belongs to the AGC kinase family. There 

are three S6K1 isoforms, P70S6K and its alternatively spliced forms P85S6K 

and a very truncated form P31S6K.  P70S6K consists of 502 amino acids and 

it is localised to the cytoplasm and nucleus of the cell (Rosner & 

Hengstschläger 2011).To activate P70S6K,  it is initially required to be primed 

at 4 sites: S411, S418, S241 and S424, but the kinase responsible is unknown. 

These sites are observed to be phopsphorylated under basal conditions 

(Tavares et al. 2015; Burnett et al. 1998). However, priming at these sites 

allows activated mTORC1 to recognise P70S6K and phosphorylate the T389 

residue (Tavares et al. 2015; Burnett et al. 1998). T389 phosphorylation 

primes P70S6K for phosphorylation at its T229 site which is mediated by PDK1 

(Pullen et al. 1998). Phosphorylation at the T229 promotes P70S6K catalytic 

activity and allows P70S6K to phosphorylate its key effector substrate S6. S6 

promotes protein synthesis and cell survival (Pende et al. 2004). P70S6K also 

mediates cell survival by inhibiting pro-apoptotic proteins BAD and Mdm2 

(Harada et al. 2001). In addition, P70S6K inhibits AMPK (an inhibitor of 

mTORC1) activity thus preventing the inhibition of mTORC1 which promotes 

metabolism and energy homeostasis (Dagon et al. 2012). Finally, P70S6K 

increases mRNA translation via S6 which promotes the assembly of the EIF3 

translation initiation complex (Holz et al. 2005). Therefore, P70S6K activation 

allows mTORC1 to mediate several cellular functions.  

1.11. Regulation of mTORC1 

1.11.1. RAPTOR/PRAS40 

In combination with RAPTOR, mTOR is able to mediate targeted 

phosphorylation of the mTORC1 substrates 4E-BP1 and P70S6K. RAPTOR 

is a core component of the mTORC1 complex. It is a 149 kDa protein that is 

well conserved in eukaryotic cells including D. melanogaster, S. pombe, S. 

cerevisiae, C. elegans, and A. thaliana (Kim et al. 2002; Hara et al. 2002). 

RAPTOR is critical for the mTORC1’s ability to interact with its two key 

substrates P70S6K and 4E-BP1 and like mTOR, RAPTOR is able to recognise 
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and bind to the TOS motif (Schalm & Blenis 2002; Nojima et al. 2003). This 

motif exists in 4E-BP1 at the C-terminus and P70S6K at the N-terminus 

(Schalm & Blenis 2002). It is well described that the loss of this TOS motif 

prevents 4E-BP1 phosphorylation (Nojima et al. 2003). RAPTOR has been 

implicated in cellular processes including: Mitosis/cell cycle progression, 

nutrient sensing and mRNA translation because it regulates mTORC1 kinase 

activity, substrate recognition and cellular localisation (Kim et al. 2002; Gwinn 

et al. 2010; Ramírez-Valle et al. 2010) 

RAPTOR is regulated by several mechanisms which determine how the 

mTORC1 complex functions. RAPTOR is complexed to PRAS40 which is a 

negative regulator of mTORC1 when it is localised to the cytoplasm (Lv et al. 

2017). It accomplishes its inhibition of the complex by impeding RAPTOR’s 

ability to bind to P70S6K and 4E-BP1. Therefore, to remove PRAS40’s 

negative inhibition on the mTORC1 complex, it can be regulated by several 

mechanisms. PRAS40 has a number of phosphorylation sites at the C-

terminus: Ser183, Ser184, Ser203, Ser212, Ser213, Ser221, Thr246, and Thr247 

(Oshiro et al. 2007; Lv et al. 2017). The phosphorylation of PRAS40 at its 

Ser183 and Thr246 sites inhibit the protein and alleviates its inhibitory effects on 

the mTORC1 complex (Kovacina et al. 2003). In addition,  the phosphorylation 

of PRAS40 leads to its dissociation from the complex (RAPTOR) allowing it to 

be sequestered by the protein 14-3-3 (Kovacina et al. 2003). AKT has primarily 

been demonstrated to directly phosphorylate the Thr246 site which has been 

confirmed to be TGF-β1 sensitive in our primary human lung fibroblast (pHLF) 

cell line (unpublished data). Additionally, mTORC1 kinase activity has also 

been demonstrated to regulate PRAS40 phosphorylation (Oshiro et al. 2007). 

TGF-β1 also regulates PRAS40 protein expression. TGF-β1 upregulates the 

gene transcription of miR-96 via SMAD 3. The increase in miR-96 targets and 

degrades PRAS40 mRNA leading to a decrease in PRAS40 protein levels (Siu 

et al. 2015). Furthermore, PRAS40 phosphorylation can also be regulated by 

leucine and high glucose levels (Dey et al. 2010; Sanchez Canedo et al. 2010). 

PRAS40 can be regulated by kinase phosphorylation upstream of mTORC1 

or downstream of mTORC1 kinase activity. The phosphorylation of PRAS40 

alleviates its inhibition of the complex and allows RAPTOR to recruit 4E-BP1 
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and P70S6K to mTORC1 making PRAS40 an important protein for mTORC1 

regulation. 

RAPTOR can also be regulated by phosphorylation sites which are grouped 

into 2 clusters; cluster 1: Ser696/Thr706 and cluster 2: 

Ser855/Ser859/Ser863/Ser877. Several of the phosphorylation sites are regulated 

by the GTPase RHEB (discussed later on, 1.11.3)(Foster et al. 2010). The 

mechanism of how RAPTOR is regulated by RHEB is not fully defined. It is 

believed a number of these sites are down-stream of mTOR kinase activity 

suggesting that RAPTOR can receive inputs upstream of the mTORC1 

complex but also mTOR can feedback to regulate its own activity through 

RAPTOR (Foster et al. 2010). In addition, RAPTOR plays a crucial role in 

energy stress conditions.  Energy stress caused by low ATP or amino acid 

levels causes the upregulation of AMPK. AMPK can phosphorylate RAPTOR 

at two sites, Ser722 and Ser792
 leading to an inhibition of mTOR kinase activity 

in vitro and in vivo (Gwinn et al. 2008). RAPTOR can also be phosphorylated 

by RSK, which recognises Ser719, Ser721, and Ser722 and this promotes Phorbol 

12-myristate 13-acetate  (PMA)-induced mTOR activation (Carrière et al. 

2008). The regulation of RAPTOR is not only crucial for integrating different 

stimulatory inputs for mTORC1 activation, but also preventing its ability to 

function leading to mTORC1 inhibition. 

1.11.2. DEPTOR 

DEPTOR is a 46 kDa protein that is localised to either cytoplasmic, 

mitochondrial or in nuclear locations (Catena & Fanciulli 2017). DEPTOR has 

been implicated in a number of functions, including apoptosis, autophagy, cell 

growth, proliferation and inflammation (Catena & Fanciulli 2017). DEPTOR 

inhibits both mTORC1 and mTORC2 activity. However, overexpression of 

DEPTOR increases the phosphorylation of AKT residues (S473 and T308), 

the S473 being a substrate of mTORC2, which is contradictory to its role in 

suppressing mTORC2 activity. This increase is explained by the loss a 

mTORC1 negative feedback loop to AKT (Peterson et al. 2009). 

In low energy states DEPTOR binds to mTOR and inhibits its kinase activity. 

In contrast, serum treatment leads to the phosphorylation of DEPTOR at Ser293 
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and Ser299 which primes it for further phosphorylation from P70S6K and RSK 

at Ser286, Ser287 and Ser291 which leads to ubiquitin E3 targeted degradation 

(Zhao et al. 2011; Gao et al. 2011; Duan et al. 2011; Catena & Fanciulli 2017). 

This allows the cell to regulate DEPTOR activity based on both kinase and 

energy levels, which in turn will regulate mTORC1 or mTORC2 accordingly. 

There is also evidence to suggest that DEPTOR can be regulated by oxidative 

stress and lipid biosynthesis. PLD is a regulator of DEPTOR. PLD produces 

phosphatidic acid (PA) which binds to mTOR and competes with DEPTOR for 

binding. The competition for binding leads to dissociation of DEPTOR from 

mTOR. Dissociation of DEPTOR targets it for the same ubiquitin E3 ligase 

mediated degradation and promotes an increase in mTOR kinase activity  

(Yoon et al. 2015). Importantly, inhibition of DEPTOR leads to its degradation.  

DEPTOR is also regulated at the transcriptional level by Che-1 during oxygen 

deprivation, DNA damage or glucose starvation. Caenorhabditis elegans-1 

(Che-1) driven DEPTOR expression then leads to mTOR inhibition which 

promotes the activation of ULK1 (mTORC1 substrate) which drives autophagy 

(Desantis et al. 2015). Finally, TGF-β1 stimulated SMAD 3 activation also 

mediates cross-talk to mTORC1 leading to a depletion in DEPTOR via 

proteasomal degradation which promotes an increase in mTORC1 activity 

(Das et al. 2013).  Overall several mechanisms are in place to regulate 

DEPTOR to control either mTORC1 or mTORC2 activity. 

1.11.3. TSC complex 

The tuberous sclerosis complex (TSC) is formed of three proteins TSC1, TSC2 

and TBC1D7. Tuberous sclerosis is an autosomal dominant disorder which is 

caused by mutations in either TSC1 or TSC2. The loss of function of TSC1 or 

TSC2 leads to benign tumour development across several organs including 

the skin, kidney, brain and the heart (Young & Povey 1998). TSC mutations 

are also linked to the sporadic development of lymphangioleiomyomatosis 

(LAM) (Carsillo et al. 2000). Other serious diseases linked to TSC mutations 

include epilepsy, autism and renal angiomyolipomase (Huang & Manning, 

2008). Therefore, this is a tightly controlled complex. 
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TSC1 (140 kDa) and TSC2 (200 kDa) are encoded by two different genes 

chromosomes 9 and 16, respectively (van Slegtenhorst et al. 1997; Nellist et 

al. 1993). TSC1 is formed of a coiled-coil domain, with no catalytic activity. At 

the N-terminal end it is predicted there is transmembrane domain (van 

Slegtenhorst et al. 1997). TSC1 acts as a molecular heat shock protein 90 

(HSP90) co-chaperone for kinases and non-kinases which prevents them from 

being targeted for proteasomal degradation (Woodford et al. 2017). TSC1 is 

required to stabilise the TSC2 protein and prevent its ubiquitination, which is 

mediated by HERC1 (Benvenuto et al. 2000; Chong-Kopera et al. 2006). In 

addition, TBC1D7 promotes TSC1 and TSC2 binding, helping the formation of 

this trimeric complex (Dibble et al. 2012). TSC2 forms the active part of the 

complex; it has a coiled-coil domain and at the C-terminus it has its functional 

domain. This domain is a GTPase-activating protein (GAP) which is 

responsible for the hydrolysis of GTP bound proteins into GDP bound proteins 

which alters their function usually leading to inhibition (Nellist et al. 1993). 

TSC2 has several substrates including RAP1, Rab5 and Ras homologue 

enriched in brain (RHEB) in vitro (Wienecke et al. 1995; Xiao et al. 1997; Inoki 

2003). However, only RHEB (out of the three substrates) is regulated by 

TSC1/2 in vivo (Huang & Manning 2008). Due to its GAP activity TSC2 is 

tumour suppressive because this complex negatively regulates RHEB activity 

to inhibit mTORC1 (Jin et al. 1996). TSC1/2 converts RHEB from its GTP 

bound form into its GDP bound form, making RHEB inactive. 

The TSC1/2 complex was first associated with the regulation of P70S6K in an 

insulin receptor mediated study. The deletion of the insulin receptor prevented 

the phosphorylation of AKT and P70S6K. The loss of P70S6K phosphorylation 

was recovered by the deletion of either TSC1 or TSC2 in Drosophila cells (Gao 

& Pan 2001). This suggested that the TSC1/2 complex was capable of 

negatively regulating P70S6K. RHEBGTP is an activator of mTORC1 and a 

substrate of TSC2 GAP activity and this bridged the link between mTORC1 

substrate activity and TSC1/2 negative regulation. 

RHEB is a member of the RAS superfamily that is a highly conserved GTPase 

in all eukaryotic cells. RHEB was first identified in Drosophila cells to promote 

cell growth and cell cycle progression by activating mTORC1 (Patel et al. 
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2003). In addition, the TSC1/2 complex regulates RHEB in mammalian cells 

which was evidence to suggest that RHEB could regulate mTORC1. 

Biochemical studies have revealed that RHEB in its GTP bound form can bind 

to and promote mTORC1 activity in a concentration dependent manner 

(Sancak et al. 2007; Long, Lin, et al. 2005). However, the precise mechanism 

of RHEB mediated mTORC1 activation has not been fully established, 

although it is known that RHEB is essential for complete mTORC1 activation. 

The relationship between TSC1/2-RHEB-mTORC1 dictates that for mTORC1 

to become activated through this axis, TSC1/2 must be inhibited. Both TSC1 

and TSC2 have more than 20 phosphorylation sites, which can be 

phosphorylated by several different kinases/proteins. The phosphorylation of 

these sites, can either inhibit or activate the complex (Figure 1.7). The TSC1/2 

phosphorylation sites have been summarised in Table 1.1,  (Huang & Manning 

2008; Astrinidis et al. 2003; Lee et al. 2007; Ma et al. 2005; Long, Lin, et al. 

2005; Dan et al. 2002; Y. Li et al. 2003; Inoki et al. 2006; Roux et al. 2004). 

This means the complex can integrate several pathways into one node 

(TSC1/2) to mediate whether mTORC1 is activated or not.   

Independent of phosphorylation, TSC1/2 can also be regulated by the 

availability of amino acids. In amino acid depleted conditions, the proteins 

called Ras-related GTP-binding protein (RAGs, discussed in 1.11.4) can 

recruit TSC1/2 to the lysosome which is where RHEB is also located (Menon 

et al. 2014; Demetriades et al. 2014). As a consequence increased contact 

with RHEB enhances TSC1/2’s ability to convert RHEBGTP to RHEBGDP. In 

amino acid replete conditions, the TSC1/2 complex is dissociated from the 

lysosome, therefore, promoting mTORC1 activation via RHEBGTP 

(Demetriades et al. 2014). Subsequently, under homeostasis, amino acid 

availability means a good percentage of TSC1/2 will be dissociated from the 

lysosome allowing RHEB to activate mTORC1. 

The regulation of mTORC1 can be the sum combination of a number of 

regulatory pathways which synergise to regulate the overall activation of 

mTORC1. 
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Figure 1.7: TSC1/2 negatively regulates mTORC1 activation.  

Inhibition of the complex relieves the mTORC1 inhibition. Stress signals can activate the complex to 

inhibit mTORC1 
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Table 1.1 The phsophorylation sites on TSC1 or TSC2 and the kinases responsible for its 

phosphorylation 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1.11.4. Amino acids 

Eukaryotic cells utilise the 20 available amino acids for most cellular 

processes. The presence of amino acids are required for mTORC1 activation 

(Hara et al. 1998; Wang et al. 1998). All amino acids are required to allow 

mTORC1 to become activated, but arginine and leucine are the most important 

(Hara et al. 1998; Bar-Peled & Sabatini 2014). The mTORC1 complex is 

recruited to the lysosome in the presence of amino acids which brings it into 

contact with RHEB which promotes increased mTORC1 activity (Sancak et al. 

2010; Menon et al. 2014). mTORC1 is recruited to the lysosome via RAPTOR 

which binds to GTP bound Ras related GTP binding (RAG): A or B. RAG A or 

B are associated with a GDP bound RAG: C or D. The RAG dimers are 

Phosphorylation site Kinase that 
targets the site 

Effects on TSC1/2 
GAP activity 

Effect on mTOR 

TSC1 sites 
   

Thr
417 CDK1 Inhibition Activation 

Ser
487 IKκβ Inhibition Activation 

Ser
511 IKκβ Inhibition Activation 

Ser
584 CDK1 Inhibition Activation 

Ser
1047 CDK1 Inhibition Activation 

TSC2 sites 
   

Ser
540 ERK Inhibition Activation 

Ser
664 ERK Inhibition Activation 

Ser
939 AKT/RSK1 Inhibition Activation 

Ser
1130 AKT Inhibition Activation 

Ser
1132 AKT Inhibition Activation 

Thr
1271 AMPK Activation Inhibition 

Ser
1371 GSK3β  Activation Inhibition 

Ser
1375 GSK3β  Activation Inhibition 

Ser
1379 GSK3β  Activation Inhibition 

Ser
1383 GSK3β  Activation Inhibition 

Ser
1387 AMPK Activation Inhibition 

Thr
1462 AKT/RSK1 Inhibition  Activation 

Ser
1798 RSK1 Inhibition Activation 

Ser
1254 MK2 Inhibition Activation 
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localised to the lysosome by a larger complex termed the ‘RAGULATOR’. This 

is a large complex comprised of 5 proteins termed late endosomal/lysosomal 

adaptor MAPK and mTOR activator 1-5 (LAMTOR 1-5) (Bar-Peled & Sabatini 

2014; Sancak et al. 2010). The RAGULATOR has GEF activity towards RAG 

A and RAG B and promotes their GTP bound form which is required for 

mTORC1 recruitment. The RAGULATOR is only able to catalyse the addition 

of the phosphate group to the RAGS in the presence of amino acids (Zoncu et 

al. 2011; Bar-Peled & Sabatini 2014). The loss or decrease in amino acid 

levels subsequently leads to the hydrolysis of RAG A and RAG B into their 

GDP bound forms leading to the dissociation of mTORC1 from the lysosome 

preventing its activation (Sancak et al. 2010).  

To allow the RAGULTOR and RAGs to detect the presence of amino acids, 

there are several other complexes involved in amino acid signalling which help 

regulate mTORC1 activation (through the RAGULATOR/RAG complex). The 

proteins/complexes are: GATOR1 (comprised of protein DEPDC5, Nprl2 and 

NPRL3); GATOR2 (comprised of proteins Mios, WDR24, WDR59, She 1l, Sec 

13); Cellular arginine sensor for mTORC1 (CASTOR1); Sestrin2; SLC38A9; 

v-ATPase. These proteins and complexes are responsible for the sensing of 

the amino acids which in-turn dictates whether mTORC1 is localised to the 

lysosome. The amino acid sensing can occur in a few ways through the 

proteins SLC38A9, v-ATPase, Sestrin 2 and CASTOR1. The presence of 

leucine inhibits Sestrin 2 and Arginine inhibits CASTOR 1 which both converge 

on GATOR 2. In the presence of these amino acids GATOR 2 can become 

activated to inhibit GATOR 1 which is a negative regulator of the RAGs (Bar-

Peled et al. 2013; Chantranupong et al. 2014; Chantranupong et al. 2016; 

Parmigiani et al. 2014; Saxton et al. 2016). GATOR 1 exerts it’s inhibition via 

its GAP activity towards RAG A and RAG B and converts them from the GTP 

bound form to the GDP bound form. Therefore, in the presence of arginine and 

leucine, mTORC1 can be activated through the concerted inhibition of GATOR 

1. 

The v-ATPase interacts with the RAGULATOR-RAG complex. It works by 

detecting amino acids inside the lumen of the lysosome and this allows it to 

promote the GEF activity of the RAGULATOR. SLC38A9 is an amino acid 
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transporter situated on the lysosome, where it transports arginine from the 

lumen into the cytoplasm. Arginine promotes the activation of GATOR 2 which 

subsequently promotes mTORC1 activity (Jung et al. 2015; Rebsamen et al. 

2015; Wang et al. 2015). 

Glutamine is utilised by proliferating cells as an energy source and  a nitrogen 

source (Saxton et al. 2017). The mechanism is independent of RAGs, but this 

pathway is capable of regulating mTORC1 lysosomal localisation and its 

activation (Jewell et al. 2015). This mechanism utilises ADP ribosylation factor 

1 (Arf1) which is a GTPase related to the RAG family (Jewell et al. 2015). The 

exact mechanism is not defined, but an increase in mTORC1 substrate 

phosphorylation can be observed. Figure 1.8 gives an overview of amino acid 

regulation of mTORC1. 

 

Figure 1.8: Amino acid sensing and mTORC1 activation. 

Several proteins detect the levels of amino acids within the cells. This allows the activation of the 

RAGULATOR complex which can activate the RAG proteins A or B. Their activation leads to the 

recruitment of mTORC1 to the lysosome where it can come into contact with RHEB to become activated. 

 

1.11.5. Phosphatidic acid (PA) 

Phosphatidic acid is a phospholipid which can be produced by three enzymes 

phospholipase D, diacylglycerol kinases (DAGK) and lysophosphatidic acid-

acyltransferase (LPAAT). PA has multiple roles within the cell: it acts as a 

precursor for lipid production; it is incorporated in the cell membrane to 

contribute to its properties and it can act as a second messenger. The second 

messenger role of PA has been associated with mTOR activation. When PLD1 

is activated it produces PA which leads to mTORC1 activation (Fang et al. 
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2001; English et al. 1996). Increased PLD1 activity has been identified in a 

number of cancers. The increased PLD 1 activity produces increased PA 

which activates mTOR. In addition, PA promotes cancer resistance to 

rapamycin (Gadir et al. 2008; Shi et al. 2007). This is because PA binds to the 

FRB domain of mTOR which is crucial for the formation of each complex 

(Toschi et al. 2009).The FRB domain is the site of rapamycin interaction and 

PA competes with rapamycin for binding, therefore shifting the concentration 

at which rapamycin inhibition is effective and this promotes cancer resistance 

(Toschi et al. 2009). This provides some evidence that PA might be functioning 

to activate mTOR through a conformational change in its structure. 

Furthermore, RHEB is a key regulator of PLD1. RHEB in the GTP bound form 

binds to and promotes PLD activity, additionally this activity is inhibited by 

TSC1/2 (Luo et al. 1998; Fang et al. 2001).The inhibition of the TSC1/2 

complex is required for PA to be produced by PLD and the presence of amino 

acids are also required. PLD is regulated by mitogens (serum), but some 

evidence shows that TGF-β1 have also been associated to PLD activation and 

both promote mTORC1 activation (Sun et al. 2008; Bing Hong et al. 2000). 

The signalling pathways downstream of serum activation of PLD 1 suggest 

that PI3K is required (Sun et al. 2008). Therefore, PA under certain cellular 

conditions may be required for mTORC1 activation. 

1.12. Hypothesis and aims 

Idiopathic pulmonary fibrosis is an aberrant wound healing response 

characterised by the excessive deposition of matrix proteins driven by cross-

talk between a number of cell types, particularly epithelial cells and fibroblasts. 

Central to the pathogenesis of IPF is the cytokine TGF-β1 which promotes the 

fibroblast to myofibroblast differentiation and matrix protein synthesis.  

TGF-β1 exerts its cellular effects via a cascade of signalling pathways, this is 

mediated by SMAD signalling which is critical for the transcription of matrix 

proteins, specifically collagen I. The translation of the mRNA is mediated via 

the activation of thr mTORC1 complex. Recent evidence from our laboratory 

has shown that the well characterised mechanism for mTORC1 activation, the 

PI3K/AKT axis, is not required for TGF-β1 induced collagen synthesis but that 

mTORC1 plays a key role. Therefore, the mechanism by which TGF-β1 



Introduction 

59 
 

stimulates mTORC1 activation and collagen I synthesis in pHLFs remains 

undefined. The identification of the mechanism involved in both mTORC1 

activation and collagen I synthesis downstream of TGF-β1 may reveal novel 

therapeutic targets for the treatment of IPF. 

Hypothesis: TGF-β activates mTORC1 to promote collagen I deposition 

in pHLFs through SMAD dependent and PI3K/AKT independent 

pathways 

Aims: 

• To identify a TGF-β1 sensitive phosphorylation site on mTOR that 

temporally correlates with mTORC1 substrate phosphorylation 

• Investigate the cross-talk between SMAD 3 and mTORC1 

activation downstream of TGF-β1 using siRNA approaches  

• To identify the importance of the TSC1/2 complex and investigate 

the kinases capable of inhibiting this complex to delineate their 

role in TGF-β1 mediated mTORC1 activation and collagen I 

synthesis using genetic and pharmacological approaches 
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2. Methods 

2.1. Plasticware  

Tissue culture-grade flasks, plates and disposable pipettes were all supplied 

by Nunc, (Denmark) unless otherwise stated. Sterile polypropylene centrifuge 

tubes were supplied by Falcon (New Jersey USA) and micro-centrifuge tubes 

were supplied by Fisher Scientific (UK).  

2.2. General reagents  

Reagents and buffers prepared with distilled and deionised water using a 

Millipore Water Purification System (Millipore R010 and Milli-Q Plus 

respectively, Millipore, (Germany)). Chemicals were obtained from Sigma 

Aldrich (UK) unless otherwise stated, all were analytical grade. Sterile cell 

culture reagents Dulbeco’s modified eagles medium (DMEM) was supplied by 

Sigma-Aldrich (D6546). Sterile cell culture reagents trypsin/EDTA, antibiotics 

(penicillin/streptomycin) and foetal bovine serum (FBS) were supplied by 

Thermo Fisher scientific (UK). 

2.3. Cytokines 

Transforming growth factor β1 (TGF-β1) was purchased from R&D Biosystems 

(UK) and was reconstituted in 4 mM HCL/ 0.1% BSA (w/v) at 10 µg/mL. 

Interleukin 1β (IL1β) was purchased from Sigma Aldrich (UK) and the 

lyophilized recombinant human IL1β was reconstituted in sterile distilled water 

to a concentration of 10 μg/mL  

2.4. Antibodies 

Antibodies used for protein detection for western blotting were purchased from 

Cell Signalling Technologies (USA) see Table 2.1. The secondary antibody for 

western blotting was purchased from DAKO (UK). Antibodies used for 

immunofluorescence were either purchased from Thermofisher Scientific (UK) 

or Cell Signalling Technologies (USA), these are denoted in Table 2.1. 

2.5. SiRNA 

siRNA were used to address a number of the aims of this thesis. All siRNA 

used was purchased from Dharmacon (UK): TAK1 (L-003790-00-0005); 

SMAD3 (L-020067-00-0005), ATF4 (L-005125-00-0005), RHEB (L-009692-
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00-0005), TSC2 (L-003029-00-0005), Scrambled siRNA (Invitrogen, 

4390844). The siRNA was reconstituted in deionised water to 10 μM.  

Table 2.1: Antibody table for western blots (wb) and Immunoflourescence (IF) 

Protein Target Code Host species Dilution 
Primary Ab (wb)       
TAK1 5206 Rabbit 1:1000 
p-P70S6K 9234 Rabbit 1:1000 
P70S6K 9202 Rabbit 1:1000 
p-S6K 4858 Rabbit 1:1000 
S6K 2217 Rabbit 1:1000 
p-T37/46 4E-BP1 2855 Rabbit 1:1000 

p- S65 4E-BP1 9451 Rabbit 1:1000 
p-T70 4E-BP1 13396 Rabbit 1:1000 

4E-BP1 9644 Rabbit 1:1000 
p-SMAD3 9520 Rabbit 1:1000 
SMAD3 9523 Rabbit 1:1000 
p-SMAD2 3108 Rabbit 1:1000 
SMAD2 3103 Mouse 1:1000 
p-T2446 mTOR ab63552 Rabbit 1:666 
p-S2481 mTOR 2974 Rabbit 1:666 
p-S2448 mTOR 2971 Rabbit 1:666 
mTOR  2972 Rabbit 1:666 
DEPTOR 11816 Rabbit 1.2000 

TSC2 3635 Rabbit 1:1000 
RHEB 13879 Rabbit 1:1000 
p-P38 MAPK  9215 Rabbit 1:1000 
P38 MAPK 5690 Rabbit 1:1000 
p-MAPKAPK2 3007 Rabbit 1:1000 
MAPKAPK2 3042 Rabbit 1:1000 
p-ERK1/2 9102 Rabbit 1:1000 
ERK1/2 4695 Rabbit 1:1000 
α-Tubulin 9099 Rabbit 1:3000 
Secondary Ab (wb)       
Polyclonal Rabbit 
Anti-Mouse Immunoglobulins/HRP 

(DAKO) 
PO448 Rabbit 1:1000 

Polyclonal Goat 
Anti-Rabbit Immunoglobulins/HRP 

(DAKO) 
PO447 Goat 1:1000 

Primary Ab (IF)    

Anti-collagen type I monoclonal 

antibody (Sigma) 

C2456 Mouse 1:1000 

DAPI (Sigma) D9542 Rabbit 1:10000 

Secondary Ab (IF)    

AlexaFlour 488 (Life technologies) A-11034 Goat 1:1000 

 

2.6. Pharmacological inhibitors 

Tool compounds were used to interrogate the aims of the thesis and are as 

listed: AS703026 (Selleckchem, S1475), BMS-265246 (Tocris, 5654), SL0101 

(Merck, 559285), LY2584702 (Selleckchem, S7698) TAK715 (Tocris, 4254), 
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(5z)-7-Oxozeaenol (Cayman chemical, 17459), SB202190 (Tocris, 1264), 

BIRB796 (Tocris, 5989), PF3644022 (Tocris, 4279), MKIV (Merck, 475964), 

NG25 (Sigma, SML-1332), Actinomycin D (Tocris, 1229), CB-839 (Cayman 

chemicals, 22038). The inhibitors SB-525334, GSK2334470, Rapamycin, 

Compound 12 and AZD8055 were kindly supplied by GlaxoSmithKline, 

transferred under the Materials Transfer Agreement to Professor Rachel 

Chambers. 

2.7. Fibroblast cell culture 

Control explant tissue were obtained by GlaxoSmithKline from Asterand 

Europe (Royston, UK) and national disease research interchange (NDRI). The 

primary human lung fibroblasts (pHLF) (cell lines: 0311, 0110, 0610) were 

grown out of the explant tissue at the Centre for inflammation and tissue repair 

under third party transfer agreements. Briefly, human lung parenchyma was 

harvested as 1 mm3 – sized pieces under sterile conditions and placed in a 

petri dish containing 2 mL of Dulbecco’s Modified Eagle Medium (DMEM) 

(Gibco®) supplemented with 20% foetal bovine serum (FBS) (Gibco®); 2 mM 

L-Glutamine (l-Glu); 50 U/ml penicillin/50µg/mL streptomycin (pen/strep) and 

2.5µg/ml Amphotericin B. After the lung sections were cut, 8 mL of the 

supplemented DMEM was added to the petri dishes and cells were incubated 

at 37°C, 10% CO2 for 24 hours. Media was replaced with 10 mL of the 

supplemented DMEM every 3 days. An Olympus TCK-2 inverted phase 

contrast light microscope (Olympus Optical Ltd., UK) was used to observe 

outgrowth from the parenchyma slices. Once 80-90% confluence was 

achieved the media was aspirated and the cells were detached from the petri 

dish using trypsin-EDTA (Gibco®, Life Technologies, UK) with a 5 minute 

incubation period at 37°C. The trypsin was neutralised using an equal volume 

of DMEM with FBS, the suspension was centrifuged at 300 x g for 5 minutes. 

The supernatant was aspirated and the cell pellet was re-suspended in 2 mM 

L-glutamine, 50U/µg/mL pen/strep, and 10% FBS DMEM. The cell count of 

the suspension was determined using the Scepter™ 2.0 Handheld Automatic 

Cell Counter (Millipore, Germany). The appropriate cell density was then used 

to seed cells for culture in flasks, plates or frozen in liquid nitrogen (DMEM 

supplemented with normal L-glu and pen/strep concentrations, 20% FBS and 
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10% DMSO (Sigma-Aldrich, UK (#D2650)). The highest passage of cells used 

were P8. 

2.8. Routine cell culture 

PHLF were passaged when confluence was reached. The media was removed 

from the cells followed by a wash with sterile Dulbecco’s phosphate buffered 

saline (PBS) (Sigma-Aldrich, UK) which was aspirated as well. The cells were 

treated with 5 mL of trypsin-EDTA and was incubated for 5 minutes at 37°C 

and 10% CO2. The use of a microscope (Olympus TCK-2) confirmed the 

fibroblasts had detached from the flask. 5 mL of DMEM with 10% FBS was 

used to neutralise the trypsin-EDTA. The suspension of fibroblasts was 

centrifuged for 5 minutes at 300 x g. The cells were pelleted, the supernatant 

was removed and discarded. The pellet was re-suspended in fresh 10% FBS 

DMEM. Cells were counted using the Scepter™ 2.0 Handheld Automatic Cell 

Counter. The final cell density was determined by the amount of media added 

per well; 6 well plate 2 mL; 12 well plate 1 mL; 96 well plate  100 µL (black-

walled:Corning, USA #3603; White-walled Perkin Elmer, USA) which were 

pipetted from a density of 1x105 cells/mL. All cell cultures were incubated at 

37°C and 10% CO2. 

2.9. Experimental cell culture 

All work completed using pHLFs were derived from one control donor, with the 

exception of two experiments (noted in the results section). The choice to use 

one single primary cell culture was based upon the Chambers group prior 

characterisation of the fibroblast responses for these cells to several stimuli 

including TGF-β1.  Cells were grown until confluent or to a specified confluence 

(60-80% for siRNA) for the required experimental conditions. At the correct 

confluence the media was removed and replaced with serum starvation 

conditions (0% FBS DMEM) or low serum condition which was used for 

collagen deposition assay experiments (0.4% FBS DMEM). The cells were 

incubated for 24 hours in starvation conditions before treatment to stop cell 

proliferation and ensure any active signalling pathways were the result of TGF-

β1. The treatments were carried out under the same starvation conditions. 
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Pharmacological inhibitors were incubated with cells for 1 hour prior to TGF-

β1 stimulation. DMSO was the selected diluent for inhibitor preparation. The 

concentrations of the inhibitors were prepared in serial dilutions in DMSO 

followed by a final dilution factor of 1000 to provide the final inhibitor working 

concentration whilst ensuring the DMSO level was below toxic levels (0.1%). 

Samples which were not prepared with inhibitor were controlled for with the 

addition of DMSO (0.1% concentration). 

2.10. Collagen deposition assay 

A high content macromolecular crowding assay for collagen deposition has 

been characterised in our laboratory previously (Mercer et al., 2016). Briefly, 

cells were seeded in a 96 well plate format and collagen I was quantified as 

an end-point read-out post TGF-β1 stimulation and inhibitor treatment. Cells 

were starved in 0.4% FBS DMEM 24 hours prior to treatment.  At the point of 

treatment, macromolecular crowding was employed by preparing a 

macromolecular crowding media containing 0.4% FBS, L-Ascorbic acid 2-

phosphate sesquimagnesium salt hydrate (ascorbic acid, 16.6μg/ml,), Ficoll® 

PM 70 (37.5mg/ml) and Ficoll® PM 400 (25mg/ml) (Sigma Aldrich). The cells 

were incubated with the pharmacological inhibitor, which was prepared in the 

macromolecular crowding media, for 1 hour prior to treatment with TGF-β1 at 

1 ng/mL. Additionally, as a control in some experiments a TGF- β1 

concentration-response curve was prepared from a 10 µM stock and prepared 

in serial dilutions in media followed by a final 1000 dilution to give the final 

working concentration in the wells. 

The cells were incubated for 48 hours with treatment/inhibitor before cell 

fixation in ice cold methanol (VWR) for 2 minutes. The cells were washed with 

PBS and then permeabilised with 0.1% Triton-X-100 in PBS for a further 2 

minutes. Mouse anti-collagen type I monoclonal antibody (Sigma Aldrich) was 

diluted at 1:1000 in PBS and was incubated with the permeabilised cells 

overnight at 4°C. The next day cells were washed with 0.05% Tween in PBS 

three times, followed by the addition of DAPI 1:10,000 (Life Technologies) and 

goat anti-mouse secondary antibody conjugated with AlexaFluor® 488 1:1000 

(Life Technology) in PBS. The secondary antibody was incubated in the wells 

for 1 hour at room temperature. Finally the plates were washed with 0.05% 
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Tween-PBS, and then the cells were stored in 200 μL/well PBS to be imaged 

on the InCell 6000 (GE Healthcare Life Science, UK). The plates were stored 

at 4°C in the dark when not in use. High content imaging and quantitative 

analysis was carried out using the InCell 6000. The images were obtained at 

a 20x magnification, with four images taken per well. The InCell 6000 

workstation was used to quantify the total collagen intensity (GE Healthcare 

Life Science, UK). 

2.11. Generation of protein lysates 

Human lung fibroblasts were cultured in a 6 or 12 well plate. Post-treatment 

the cells were placed on ice and the supernatant was removed at the 

corresponding time-point. The cells were washed with ice cold PBS which was 

removed and followed by the addition of 90 μL of Phosphosafe™ (Novagen®, 

USA) combined with protease inhibitors (complete mini, Roche). The cell layer 

was scraped from the plastic and transferred to 0.5 mL microcentrifuge tubes 

and frozen at -20°C. 

2.12. BCA assay   

To determine the protein concentration in each lysate the bicinchoninic acid 

protein assay (BCA) (Pierce, USA) was used according to manufacturer’s 

instructions. 5μL of sample or standards was added in triplicate (standards) 

and duplicate (samples) on a clear 96 well plate. The standards were prepared 

from a stock concentration of 2 mg/mL bovine serum albumin (BSA). BCA 

reagent is added as 100 µL per well followed by sample mixing for 30 seconds 

(MixMate®, Eppendorf, Germany). The 96-well plate is then incubated for 30 

minutes at 37°C. The VersaMax plate reader (Molecular Devices, USA) 

detected the protein absorbance at 562 nm. The averages of the replicates 

were taken and a standard curve was produced using the BSA standards. The 

standard curve was used to calculate protein concentration (Y=mx+c). 

2.13. Western blotting 

The loading protein concentration of each lysate was determined by the BCA 

assay, using a minimum of 3 μg of sample. The samples were prepared with 

Novex® 4X Bolt® LDS Sample Buffer, Novex® 10X Bolt® Sample Reducing 

Agent and water to make up the final loading volume, equal across all 
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samples. Samples were boiled at 80°C for 10 minutes and then centrifuged 

briefly at 4°C. The size of the protein determined what gel and transfer method 

was used. 

2.13.1. Proteins 10 -150 KDa 

Samples were loaded on a pre-cast 4-12% Bis-Tris Plus Gel (Novex® Bolt®) 

along with a 10-250 kDa protein ladder (PageRuler™ Plus Prestained Protein 

Ladder, Thermo Scientific, UK). Electrophoresis was performed in Bolt® MES 

SDS Running Buffer at 125 V for a minimum of 30 minutes (according to 

protein weight). The protein from the gel was heat transferred to nitrocellulose 

membranes which are provided in the iBlot® Transfer Stack required for the 

iBlot2® dry transfer system which uses a 20 V current for 7 minutes to allow 

sufficient transfer of the protein. To ensure the protein transfer had worked 

correctly the membranes were stained briefly with 2% Ponceau Red (Sigma-

Aldrich, UK).  

2.13.2. Proteins 150 – 300 KDa 

Samples were loaded on a pre-cast 6% Tris-glycine Gel (Novex® Bolt®) along 

with a 40 – 300 KDa protein ladder (LC5699, Thermo Scientific, UK). 

Electrphoresis was performed in Bolt® Tris-glycine Running Buffer at 125 V 

for 1 hour. The samples were transferred by wet transfer. The Immobilon-P 

PVDF Membrane (Merck Millipore IPVH07850) were activated using 100% 

ethanol for 20 seconds followed by rinsing in MilliQ water for 1 minute. The 

gel, membrane and filter paper were all incubated at 4°C for 20 minutes in 

transfer buffer (25mM Tris-base, 192mM glycine, 10% methanol (v/v) in 

water). The transfer was then conducted for 16.5 hours at 30 V at 4°C.  

According to the protocol set by the manufacturer, membranes were either 

blocked in 5% BSA or 5% Milk in TBS-0.1% Tween (TBST) for a minimum of 

1 hour prior to primary antibody incubation at 4°C for 16 hours.  The 

membranes were washed 3 times for 10 minutes for each wash. Horseradish 

peroxidase (HRP)-linked secondary antibody (Dako, UK) was used according 

to the species of the primary antibody (mouse or rabbit). The secondary 

antibody was incubated at room temperature for 2 hours followed by the same 

washing steps mentioned above. The addition of Luminata Crescendo 
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Western HRP Substrate (Merck Millipore, Germany) produces a luminescent 

derivative which can be detected on the ImageQuant4000 (GE Healthcare Life 

Sciences, UK). Protein loading was controlled for by either their total protein 

or by α-Tubulin. The α-Tubulin was already HRP-conjugated and so does not 

require the secondary antibody step. To probe the membrane using a new 

antibody the membranes were stripped using RestoreTM Plus Western Blot 

Striping Buffer (ThermoScientific, USA), following the antibody removal the 

membrane was re-blocked and probed with a different primary antibody. The 

protein bands were analysed using ImageJ to obtain the densitometry. The 

densitometry was normalised between the target protein densitometry and the 

reference protein densitometry to detect differences between the sample 

treatments. The replicates were averaged and plotted as a densitometry plot, 

Table 2 summarises the Antibodies used for the western blots. All antibodies 

were purchased from Cell Signalling Technologies. 

2.14. siRNA 

2.14.1. Reverse transfection 

The lipofectamine RNAImax and lipofectamine 3000 were prepared as a 10 

times stock and pipetted into the wells the cells were being seeded on. The 

cells were seeded at 1 X 105; 1.5 X 105; 2.0 X 105; 2.5 X 105 on top of the 

siRNA leaving the siRNA at a final 1 X concentration. The cells were seeded 

in 10% FBS DMEM penicillin and streptomycin. The cells were incubated for 

24, 48 and 72 hours before imaging on a Zeiss axio vert A1microscope (Zeiss) 

using the Zen pro software (Zeiss). 

2.14.2. Forward transfection 

Cells were cultured in a 12 well plate or a 96 well plate in 10% FBS DMEM at 

37°C in 10% CO2. At 80% cell confluence the siRNA was prepared as a 10 

times working solution in DMEM and spiked into each well to give the final 1X 

concentration. Cells were incubated with the siRNA for 6 hours before half the 

media was removed followed by adding 3 parts of fresh 0% or 0.4% media to 

the media in the well (1 in four dilution). After 24 hours post siRNA treatment 

the media was removed and replaced with fresh 0% DMEM or 0.4% for the 

collagen deposition assay. This allowed 48 hours for the protein to be 

knocked-down. Post transfection period the media is replaced with fresh 
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DMEM and the cells were left to incubate for 1 hour prior to stimulation with 1 

ng/mL TGF-β1. The cell were lysed at the specified time point, see the above 

protocol and western blot protocol. For the collagen deposition assay the 

knock-down is the same and then the same protocol used as described above. 

2.15. CRISPR-Cas9 gene editing 

CRISPR guidesRNA were designed using the deskgen design platform 

(https://www.deskgen.com/guidebook/advanced.html). The deskgen design 

platform identifies the protospacer adjacent motif (PAM) site where the Cas9 

gene can cleave the DNA. To target the DNA a guide RNA is required to bind 

to this complementary region which is adjacent to the PAM site and this is 

designed by the deskgene platform. 4 guideRNA were designed, Table 2.2, 

and run in parallel with a control guideRNA to validate them. The crRNA /guide 

RNA (100 μM) was mixed with tracrRNA and IDT duplex buffer. The ratio of 

crRNA/tracrRNA is equal to 1.2:1. The RNAs were annealed at 95°C for 5 

mins. Followed by cooling at RT for 10 mins. The annealed RNA (72.5 pmol) 

was mixed with the Cas9 enzyme (10 μg, 60 pmol) to get a 1.2:1 RNA/cas9 

ratio. After 10 mins of incubation this was mixed with (60 pmol) of 

electroporator enhancer (100 μM) which was incubated for 10 minutes.  

Table 2.2: The guide RNA's generated for CRISPR 

Target 

exon 

CRISPR guide Sequence 

1 AGATGCCGCAGTCCAAGTCC 

1 ATCTTCCGGGACTTGGACTG 

1 CACCGCCGCCGCGGTTGATG 

3 CCAGAGGTCACTTACTTGCC 

 

250k cells were used per condition and washed with PBS and spin at 90g for 

10 min. After removal of the PBS the cells were re-suspend with 15.5 µL 

Nucleofactor solution P3 (Lonza). To each condition (5 including control) 4.5 

µL of the RNP complex was added. The cells/RNP were pipetted into the 16-

well strips, one well per condition, for electroporation. The cells were 

electroporated using the program CM138 in the X unit on the Lonza 4D 

nucleofactor (Lonza). The cells were left to rest for 5 min at RT. Following this 

rest period 100 µL of pre-warmed media was added to the strip and used to 

https://www.deskgen.com/guidebook/advanced.html
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transfer the cells to the pre-warmed T25 flask (5 mL of media). For validation 

of the guideRNA, at confluence, the cells were harvested using the lysis-

western blot protocol.  

To investigate the effect of CRISPR RNAguide 1 effect on the cells, they were 

grown in T25 to confluence and then expanded in T175. They were then plated 

into a 6 well plate and grown to confluence at 37oC and 5% CO2. At confluence 

cells were starved for 24 hours in 0% DMEM. After the starvation, the media 

was replaced with fresh 0% DMEM and was incubated for 1 hour prior to 

stimulation with 1 ng/mL TGF-β1. The cells were stimulated with TGF-β1 for 3 

hours before being harvested before using the lysis-western blot protocol. For 

the collagen deposition assay the CRISPR treated cells are plated and treated 

under the same conditions and then the protocol described in the collagen 

deposition assay protocol.   

2.16. Caspase 3/7 glo apoptosis assay 

PHLF were seeded in 96 well plates (Perkin-Elmer, UK) and grown to 

confluence. Cells were exposed to low serum (0.4% FBS DMEM) for 24 hours 

prior to treatment. The cells were treated with (5z)-7-Oxozeaenol for 48 hours 

which was equivalent to the collagen deposition assay treatment time. After 

48 hours the cells the manufacturer’s instructions were followed using the 

Caspase 3/7 glo assay protocol (Promega, UK) which quantifies the activity of 

caspase 3 and caspase 7. In brief, 100 μL of assay buffer was added to the 

cell supernatant and incubated for 1 hour. Staurosporine was added as a 

positive control known to induce apoptosis. The cells luminescence was 

measured on a FLUOstar® Omega plate reader (BMG Labtech, Germany) to 

determine the levels of caspase 3 and caspase 7. 

2.17. LDH necrosis assay 

PHLF were seeded in 96 well plates (Perkin-Elmer, UK) and grown to 

confluence. They were exposed to low serum (0.4% FBS DMEM) for 24 hours 

prior to treatment. The cells were treated with (5z)-7-Oxozeaenol for 48 hours 

equivalent to the collagen deposition assay treatment time. After 48 hours the 

cells LDH levels were uded to measure cell death were tested, as per the 

manufacturer’s instructions. In brief, 50 µL of supernatant was removed and 
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added to a new clear 96 well plate. A buffer including NAD+ is added to the 

supernatant, LDH catalyses NAD+ to NADH and H+ which then reacts with a 

tetrazolium salt to reduce it to a red coloured formazan which was then 

quantified by measuring the absorbance wavelength at 490 nm on a VersaMax 

plate reader. The background was measured at 680nm. This value was 

subtracted from the replicates to get the LDH activity reading. Then the 

following equation was used to calculate the cytotoxicity: 

% Cytotoxicty = (Compound-treated LDH activity – Spontaneous LDH 

activity)/(Maximum LDH activity – Spontaneous LDH activity) * 100. 

The spontaneous activity controls were TGF-β negative control which was 

used to only calculate the drug cytotoxicity in (5z)-7-Oxozeaenol only treated 

cells. The TGF-β1 positive control was used to only calculate the drug 

cytotoxicity in (5z)-7-Oxozeaenol stimulated with 1 ng/mL. The maximum LDH 

activity was calculated by using 10 X lysis buffer provided in the kit. 

2.18. RT-qPCR 

2.18.1. RNA extraction 

PHLF were seeded in 6-well plates and the samples were collected a select 

time-points. Surfaces were cleaned with RNaseZap (Sigma-Aldrich, UK). The 

supernatant was removed from tissue culture plates and washed with cold 

PBS prior to the addition of 350 µL RLT buffer (RNeasy mini kit, Qiagen). The 

lysed cell were scraped and transferred into 1.5 mL microcentrifuge tubes. An 

equal volume of 70% ethanol was added to the lysates and centrifuged for 15s 

at > 8000 x g. The flow-through was discarded and 700 µL of Buffer RW1 

(Qiagen) was added to the column and spun the same as before. Flow-through 

was discarded and 500 µL RPE buffer was added to the column and re-

centrifuged, and this was repeated. After the flow-through was discarded 

again, 50 µL RNase-free water was added to the column and centrifuged at 

13000 x g to elute the RNA. 

2.18.2. DNase treatment  

The RNA was purified from the DNA using DNAse (Thermo-Fisher, U.S.A.) 

treatment. The DNAse was incubated at 37oC for 10 minutes followed by heat 
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inactivation at 60oC for one hour. A NanoDrop 8000 spectrophotometer 

(Thermo Fisher Scientific) was used to calculate the RNA concentrations. 

2.18.3. cDNA synthesis 

cDNA was prepared from the RNA extracts using reverse transcription using 

qcript cDNA supermix kit (Quanta Biosciences, USA). 500 ng of RNA from 

each sample was mixed with 4 µL of qscript, the volume was made up to a 

total of 20 µL using nuclease-free water. The samples were incubated cycling 

from 25oC for 5 minutes followed by 42oC for 30 minutes and then 85oC for 5 

minutes on a tetrad thermocycler (Bio-Rad). 

2.18.4. Quantitative RT-PCR 

Quantitative real-time polymerase chain reaction (qRT-PCR) was conducted 

using the Power SYBR® Green PCR Master Mix (Applied Biosystems®, Life 

Technologies, UK). The PCR reaction mix consisted of 2 µL cDNA, forward 

and reverse primers and master mix all prepared in white 96-well plates. The 

samples were run in duplicate. The PCR reaction was conducted on the 

Mastercycler® EP Realplex (Eppendorf, Germany) on the following cycle: 95° 

for 10 minutes, followed by 40 cycles of 95° for 15 seconds and 60° for 60 

seconds. To assess the amplification of the RNA of interest the cycle threshold 

(Ct) is taken, which is determined from the earliest point of the linear region of 

the logarithmic amplification plot that reached the threshold of detection. The 

Ct values were normalised to the reference genes (ATP synthase 5B (ATP5B) 

and β2 microglubulin (B2M) to give the ΔCT. The relative expression of the 

gene of interest was then calculated using the equation 2-ΔCT. The primers 

used are described in Table 2.3. 

2.19. Click-IT assay 

2500 cells were seeded in a 96 well plate (Corning). After 24 hours the cells 

were starved in 0% DMEM at 50% confluence for another 24 hours. The starve 

media was removed and replaced with either control, BMS-265246 or SL0101 

(4 concentrations of each) diluted in either 10% FBS or 0% DMEM and 

incubated for 48 hours. 8 hours before the end of the experiment 100 µL/well 

EdU (Life Technologies) was spiked into each well. After the 8 hours the media 

was removed and replaced with ice cold methanol for 15 minutes followed by 
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2 PBS washes. The PBS was removed and replaced with 0.1% triton in PBS 

for 15 minutes at room temperature. The click-IT cocktail was prepared from: 

2 x click-IT reaction buffer, CuSO4, Oregon green 488 Azide and click-IT Edu 

buffer additive and 50 µL of this was added to the cells and incubated for 25 

minutes in the dark at room temperature. The cells were then incubated with 

blocking buffer (supplied by the kit (component H). After blocking, 50 µL of 

anti-Oregon Green HRP antibody solution was incubated in the dark for 30 

minutes at room temperature. The wells were washed and followed by 

incubation with 100 µL of Amplex UltraRed buffer and incubated for 15 mins 

at room temperature in the dark. The reaction was quenched using 10 µL of 

Amplex UltraRed stop reagent. The plate was read at excitation 568 and 

emission at 585 nM on the FLUOstar® Omega plate reader (BMG Labtech, 

Germany) 

Table 2.3: The forward and reverse primers used for PCR 

Gene Forward sequence Reverse sequence 

ATP5B Not supplied by manufacturer (PrimerDesign, #HK-SY-hu-1200), accession number: 

NM_001686 

B2M Not supplied by manufacturer (PrimerDesign, #HK-SY-hu-1200), accession number: 

NM_004048 

SMAD 3 Not supplied by manufacturer (PrimerDesign, #SY-hu-600), accession number: 

NM_005902  

COL1A1 5’ ATGTAGGCCACGCTGTTCTT 3’ 5’ GAGAGCATGACCGATGGATT 3’ 

ATF 4 5’ TTCTCCAGCGACAAGGCTAAGG 3’ 5’ CTCCAACATCCAATCTGTCCCG 3’ 

 

2.20. Statistics 

The datasets are presented as mean values ± SEM. The statistical tests used 

were two-way-ANOVA with Tukey’s multiple comparison. The values were 

considered significant if p<0.05 (*). The graphs and statistical analysis were 

generated on GraphPad Prism v7.0 using the inhibition-concentration 

response curve model, with the four-parameter non-linear regression for the 

curve. 
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3. Results 

3.1. Characterising the temporal activation of TGF-β1 activated SMAD 

3 and mTORC1 pathways   

The excessive deposition of collagen is a central feature of IPF. TGF-β1 is a 

key mediator that stimulates the synthesis of collagen by fibroblasts and 

myofibroblasts. TGF-β1 does this by mediating gene transcription via SMAD 

3. SMAD 3 activation is directly phosphorylated by the activated TβRI receptor 

and this allows it to bind and translocate to the nucleus with SMAD 4. SMAD 

3 then mediates the transcription of the COL1A1 gene and the translation of 

the collagen mRNA is regulated indirectly via mTORC1. However, at the time 

of investigation, it was not clear whether mTORC1 or mTORC2 were 

responsible for regulating the downstream pathways that led to the translation 

of collagen I mRNA. Collectively as a group we now know that it is mTORC1 

mediated (Woodcock et al. 2019). Our evidence demonstrates that PI3K/AKT 

activation does not increase mTORC1 kinase activity downstream of TGF-β1 

stimulation. The inhibition of PI3K and AKT did not affect the phosphorylation 

of mTORC1 substrates, 4EBP1 and P70S6K (Woodcock et al. 2019). 

Furthermore, the inhibition of PI3K or AKT does not inhibit TGF-β1 stimulated 

collagen I synthesis (Woodcock et al. 2019).  This means the mechanism by 

which TGF-β1 mediates mTORC1 activation is unknown. This generated the 

basis of my hypothesis. 

The temporal phosphorylation profile of SMAD 3 and mTORC1 downstream 

of TGF-β1 stimulation was established first. The temporal activation of two of 

the core TGF-β1 signalling pathways is critical for understanding how TGF-β1 

stimulates mTORC1 activation. Therefore, it was determined when the initial 

activation of mTORC1 occurred by measuring the phosphorylation of the 

mTORC1 substrates 4E-BP1 or P70S6K. This would help temporally align 

when the phosphorylation of other proteins occurred with mTORC1 activation 

and this would help determine whether they could be required for the activation 

of mTORC1 downstream of TGF-β1 stimulation.  

Time 0 is taken 1 hour after the starvation media (0% FBS) is removed and 

replaced with fresh starvation media. At each time-point pHLFs are treated 

with or without TGF-β1 [1 ng/mL].  In response to TGF-β1, SMAD 3 
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phosphorylation peaks at 1 hour (Figure 3.1A). The phosphorylation 

decreases at three hours however a degree of phosphorylation can be 

observed for up to 12 hours. In addition, the SMAD 3 total levels of protein are 

decreased at 24 hours (Figure 3.1). The 4E-BP1S65 was investigated to assess 

mTORC1 activity. This has previously been demonstrated to be the most 

responsive site to TGF-β1 stimulation in our pHLFs and it is directly 

phosphorylated by mTORC1 (Woodcock et al. 2019). There are basal levels 

of 4E-BP1S65 phosphorylation in the absence of TGF-β1. However, in response 

to TGF-β1 stimulation 4E-BP1S65 phosphorylation is increased from 3 hours 

onward and this continues for 24 hours (Figure 3.1). Using this temporal profile 

of SMAD 3 and mTORC1 activation, this determined the time-points for future 

investigations. 

3.2. The mechanisms of TGF-β1 stimulated mTOR phosphorylation 

3.2.1. Introduction 

mTOR is phosphorylated at several different phosphorylation sites, including 

S1261, S2159, T2164 T2446, S2448 and S2481 (Chen et al. 2002; S. W. Y. 

Cheng et al. 2004; Acosta-Jaquez et al. 2009; Ekim et al. 2011). In particular, 

the T2446, S2448 and S2481 are located in the NRD domain of mTOR. The 

deletion of this domain prevents mTORC1 from phosphorylating 4E-BP1 and 

P70S6K (Sekulić et al. 2000). Published work has identified different roles for 

each site. The T2446 is an inhibitory site that has been investigated for its role 

in inhibiting mTOR in response to negative stimuli, such as increased AMPK 

activity and a decrease in amino acid levels (Cheng et al. 2004). The S2481 

site has been implicated as an mTORC2 site and its phosphorylation is 

regulated by mSIN1 (a component of the mTORC2 complex) (Copp et al. 

2009). In addition, it is known that TGF-β1 regulates this site to increase 

mTORC2 activity (Chen et al. 2002).  The S2448 site is regulated by insulin 

and FBS and two signalling pathways have been defined. The site is argued 

to be either regulated by the PI3K/AKT axis or via a PDK1/P70S6K feedback 

loop that is dependent on mTORC1 phosphorylating P70S6K (Chiang & 

Abraham 2005; Cong et al. 2018; Navé et al. 1999). The S2448 site is also 

sensitive to TGF-β1 stimulation, however, the signalling pathway involved is 

unknown. A time-course of all three sites in fibroblasts or in response to TGF-
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β1 has never been published. These sites have the potential to serve as 

markers of TGF-β1 stimulation relevant to collagen synthesis and could help 

identify the upstream mechanism(s) required for mTORC1 (S2448) or 

mTORC2 (S2481) activation.  

The following section aims to define the signalling pathways leading to mTOR 

S2448 phosphorylation in response to TGF-β1 stimulation in pHLFs using 

several selective pharmacological inhibitors. 

3.2.2. Investigating the effect of TGF-β1 stimulation on the mTOR 

regulatory domain phosphorylation sites 

The evidence from Figure 3.1 demonstrates that mTORC1 activity is increased 

in response to TGF-β1 from 3 to 24 hours. The effects of TGF-β1 on T2446, 

S2448 and S2481 mTOR phosphorylation sites were assessed and compared 

to the activity profile of mTORC1. To assess the phosphorylation states of 

these three sites the pHLFs were cultured in serum-free DMEM with or without 

TGF-β1 [1 ng/mL] and three phosphorylation sites were analysed at selected 

time-points by western blotting (Figure 3.2).  

The mTOR T2446 phosphorylation site is phosphorylated when amino acid 

availability is low (Cheng et al. 2004). Figure 3.2A indicates that the T2446 site 

was unresponsive to TGF-β1 stimulation but is constitutively phosphorylated 

at baseline. Previous reports have identified this as an inhibitory site (Cheng 

et al. 2004). Therefore, observing no change in this site had not been expected 

and so this site was investigated further, see below, section 3.2.3 (Figure 3.3).  
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The mTOR S2481 phosphorylation site is an autocatalytic site and typically 

used as a marker of mTORC2 activity (Copp et al. 2009). The S2481 

phosphorylation site showed a marginal increase in phosphorylation above the 

basal levels at 6 and 12 hours (Figure 3.2B). This delayed phosphorylation 

signalling is indicative of the auto-phosphorylation of S2481 which is 

associated with mTORC2  and occurs in line with PI3K/AKT signalling 

(Woodcock et al. 2019; Mercer et al. 2016). Furthermore, this site is 

phosphorylated by AKT downstream of PI3K activation (Copp et al. 2009; 

Chen et al. 2002).  The delay in response demonstrated that S2481 was 

unlikely to be required for the TGF-β1 stimulated activation of mTORC1 

complex which occurs at three hours. Taken together with previous reports 

defining this as an mTORC2 specific site, the phosphorylation of S2481 on 

mTOR was not pursued any further.  

Figure 3.1: The effect of TGF-β1 stimulation on SMAD 3 and 4E-BP1 phosphorylation over 24 
hours in pHLFs  

Confluent pHLFs were serum-starved prior to stimulation with 1 ng/mL TGF-β1 for the indicated time-
periods. Phosphorylated SMAD 3 and 4E-BP1 were assessed by western blotting. Protein loading was 
verified by blotting with anti- α-tubulin antibody. The densitometry was calculated and plotted as a 
phopho-protein to total protein ratio shown in Panel B. The data is representative of two independent 
experiments performed. 

 

A 

B 
 

0 1 3 6
1
2

2
4

0 .0

0 .2

0 .4

0 .6

0 .8

1 .0

T im e  (H rs )

S
M

A
D

 3
(S

4
2

3
/4

2
5

) /S
M

A
D

 3

d
e

n
s

it
o

m
e

tr
y

 r
a

ti
o V e h ic le  c o n tro l

T G F -  [1  n g /m L ]

0 1 3 6
1
2

2
4

0 .0

0 .1

0 .2

0 .3

0 .4

0 .5

T im e  (H rs )

4
E

B
P

1
(S

6
5

) /4
E

B
P

1

d
e

n
s

it
o

m
e

tr
y

 r
a

ti
o

C 
 



Results 

77 
 

The next site investigated was the S2448, which is used as a marker of 

mTORC1 activity and is responsive to exogenous stimuli, including TGF-β1 

(Chen et al. 2002).  TGF-β1 induced an increase in phosphorylation above the 

basal levels at 3, 6 and 12 hours (Figure 3.2C). On the first section of the blot 

(0-1 hours) at 0 and 15 minutes there is a higher level of phosphorylation in 

both TGF-β1 stimulated and unstimulated cells compared to 30 mins and 1 

hour. S2448 in HEK293 cells has been shown to be sensitive to acute changes 

in nutrients, therefore it is possible that these early fluctuations in 

phosphorylation state reflect sensitivity to media changes (Cooper et al. 2017). 

Therefore, when the fresh media is added to the pHLFs the availability of 

amino acids present in the media may contribute to the higher levels of 

phosphorylation at 0 and 15 minutes compared to the 30 and 1 hour time-

points (Figure 3.2C). 

Taken together these results shows that phosphorylation of mTOR at S2448 

in response to TGF-β1 temporally correlates with the phosphorylation of 4E-

BP1S65.  
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3.2.3. The effects of amino acid starvation on T2446 phosphorylation 

The T2446 phosphorylation site on mTOR is unresponsive to TGF-β1 (Figure 

3.2). This phosphorylation site is regulated by a decrease in amino acids levels 

and AMPK, and marks inhibited mTORC1 activity (Cheng et al. 2004). Since 

Figure 3.2 demonstrated constitutive phosphorylation of this site this means, 

according to previous reports, a portion of mTOR is inhibited. This contradicts 

the observed phosphorylation of 4E-BP1 and the increase in S2448 

phosphorylation which are markers of mTORC1 activity (Cheng et al. 2004). 

To determine if the phosphorylation of T2446 is due to either a technical issue 

or the result of a portion of mTOR that is inhibited, pHLFs were exposed to low 

amino acid levels which would demonstrate sensitivity of the T2446 site to 

amino acid deprivation. The pHLFs were treated by removing the DMEM and 

replacing it with PBS and assessing the phosphorylation over a 3 hours, with 

Figure 3.2: Time course of TGF-β1 stimulated mTOR phosphorylation in pHLFs 

pHLFs were serum-starved prior to stimulation with 1ng/ml TGF- β1 for the indicated time periods. 

The different mTOR phosphorylation sites, T2446, S2481 and S2448 were assessed Western blotting 

panel A-C, respectively. Protein loading was verified by blotting with an anti-α-Tubulin antibody. 

These data are representative of two independent experiments performed.   
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the aim of inducing a change in the phosphorylation status. Treatment with 

PBS increased the phosphorylation of the T2446 mTOR site after 3 hours 

(Figure 3.3). This indicates that T2446 was responsive to starvation conditions 

but is not responsive to TGF-β1 stimulation. The S2448 site was the only site 

that was responsive to TGF-β1 and was congruent with the phosphorylation of 

mTORC1 substrates at 3 hours. Therefore, my subsequent investigations 

remained focussed on the S2448 phosphorylation site. 

 

 

 

 

 

 

Figure 3.3: The effect of media removal and incubation with PBS on mTORT2446 phosphorylation 

in pHLFs 

pHLFs were serum-starved 24 hours prior to the  media change to PBS. The phosphorylation of T2446 

was assessed by Western blotting over a period of 3 hours (panel A). Protein loading was verified by 

blotting with an anti-α-Tubulin antibody. Densitometric analysis of T2446 phospho-protein relative to total 

mTOR is calculated for each time-point shown in Panel B. Data are representative of two independent 

experiments performed.   

 

3.2.4. The effect of PI3K inhibition on S2448 mTOR phosphorylation 

The kinases involved in TGF-β1 induced phosphorylation of the active S2448 

site which temporally coincided with the early events of mTOR substrate 

phosphorylation were investigated next. The difference in phosphorylation 

window at 3 hours between basal and TGF-β1 stimulated conditions might not 

have been great enough to detect the change in phosphorylation when 

exposed to the pharmacological inhibitor. A time-point (6 hours) was therefore 

selected to ensure that temporal proximity was maintained when we know that 

the early activation of mTORC1 (4E-BP1 and P70S6K phosphorylation) 

occurs but would provide a sufficient window to detect any change in 

phosphorylation because of pharmacological inhibition. With this in mind, any 

identified mechanisms could then be explored at earlier time-points. 
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Previous reports have demonstrated that in response to insulin the activation 

of the PI3K/AKT axis leads to increased phosphorylation of the S2448 site 

(Reynolds et al. 2002; Navé et al. 1999). However, work within our group has 

demonstrated that mTOR activation and collagen synthesis occur 

independently of PI3K/AKT activation downstream of TGF-β1 stimulation 

(Woodcock et al. 2019). This was demonstrated using the PI3K inhibitor 

compound 12. Therefore, it was contextually important for the phosphorylation 

of the S2448 residue to be independent of PI3K/AKT activity. To investigate 

the relationship between PI3K activation and mTOR S2448 phosphorylation, 

PI3K was inhibited with compound 12 which had previously been used to 

identify the PI3K/AKT independent mTORC1 dependent pathway (Woodcock 

et al. 2019).  

PHLFs were incubated with either vehicle (DMSO 0.1%) or compound 12 [1 

µM (0.1%DMSO)] for 1 hour prior to TGF-β1 being spiked into the wells. After 

6 hours of treatment with TGF-β1 the cells were lysed and the S2448 

phosphorylation site was interrogated to determine the effects of PI3K/AKT 

inhibition on S2448 phosphorylation. Figure, 3.4A shows that TGF-β1 

stimulated P70S6K phosphorylation was not inhibited by the PI3K inhibitor 

(compound 12), demonstrating mTORC1 activity is preserved in the presence 

of compound 12 and this data agrees with previously published work 

(Woodcock et al. 2019). Nonetheless, the demonstration that TGF-β1 

stimulated AKT phosphorylation was decreased in the presence of the 

inhibitor, reinforced that compound 12 was engaging its target, PI3K (Figure 

3.4C). Next, the inhibition of PI3K in pHLFs did not affect TGF-β1 stimulated 

S2448 phosphorylation (Figure 3.4A and B). This high-lighted that S2448, like 

mTORC1 acts independently of PI3K activity when stimulated with TGF-β1. 

Therefore, S2448 phosphorylation may still play a role in TGF-β1 stimulated 

mTORC1 activation and collagen I synthesis.   
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Figure 3.4: The effect on PI3K inhibition on TGF-β1 stimulated mTORS2448 phosphorylation in 

pHLFs  

pHLFs were serum-starved prior to treatment, the cells were incubated for 1 hour with and without 

compound 12 (cmpd) prior to stimulation with 1ng/ml TGF- β1 for 6 hours. The mTOR S2448, P70S6K 

and AKT phosphorylation sites was assessed by Western blotting, panel A, panel C (AKT). Protein 

loading was verified by blotting with an anti-α-Tubulin antibody. Densitometric analysis of S2448 

phospho-protein relative to total mTOR is calculated for each condition, panel B. These data are 

representative of two independent experiments performed. The replicate experiment is shown in 

Appendix  1   

 

3.2.5. The effect of mTOR inhibition on S2448 mTOR phosphorylation 

The phosphorylation of mTOR S2448 occurs at 3 hours and the peak of 

phosphorylation occurs 12 hours. In comparison between Figure 3.1 and 

Figure 3.2, the delay in S2448 phosphorylation compared to mTOR’s substrate 

4E-BP1S65 phosphorylation suggested that the delay in phosphorylation may 
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be as a result of S2448 being potentially down-stream of mTOR kinase activity. 

This has been previously reported in myeloma, HEK 293, MCF-7, and HeLa 

cells  (Cirstea et al. 2014; Chiang & Abraham 2005). To examine the 

mechanism of mTOR S2448 site phosphorylation, I wanted to identify whether 

this was phosphorylated before or after mTOR kinase activation. AZD8055 is 

an ATP-competitive inhibitor of mTOR that is highly selective for mTOR over 

other PIKK family members, including the class I PI3Ks. Therefore, it does not 

inhibit PI3K (or AKT). This allowed for the interrogation of mTOR activity and 

its role in regulating the phosphorylation of the S2448 site without inhibiting 

the PI3K/AKT axis in pHLFs. PHLFs were treated with either vehicle (DMSO 

0.1%) or AZD8055 [1 µM (0.1% DMSO)] for 1 hour prior to 6 hours of TGF-β1. 

The inhibition of mTOR demonstrated that the phosphorylation of S2448 site 

is dependent on mTOR kinase activity at 6 hours with a decrease in 

phosphorylation observed back to basal levels, Figure 3.5. 

The inhibition data obtained with AZD80550 confirmed that the 

phosphorylation of S2448 is most likely downstream of mTOR kinase activity. 

This could have provided an interesting mechanism by which mTOR could 

perhaps regulate its own activity at 3 hours and provide a mechanism for 

recognising its substrates. Therefore, S2448 is not required for the initial 

activation of mTORC1 at 3 hours. 
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Figure 3.5: The effects of mTOR kinase activity inhibition on TGF-β1 stimulated mTORS2448 

phosphorylation in pHLFs 

pHLFs were serum-starved prior to treatment, the cells were incubated for 1 hour with and without 

compound AZD8055 prior to stimulation with 1ng/ml TGF- β1 for 6 hours. The mTOR S2448 and P70S6K 

phosphorylation site was assessed by Western blotting, panel A. Protein loading was verified by blotting 

with an anti-α-Tubulin antibody. Densitometric analysis of S2448 phospho-protein relative to total mTOR 

is calculated for each condition, panel B. These data are representative of two independent experiments 

performed.  The replicate experiment are shown in Appendix  2   
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phosphorylation, it was possible that P70S6K mediates mTOR S2448 

phosphorylation (Chiang & Abraham 2005). Therefore, the requirement of 

P70S6K to mediate the phosphorylation of the S2448 site was investigated. 

The P70S6K inhibitor, LY2584702, was used to interrogate this mechanism 

within our primary human lung fibroblasts and determine if P70S6K regulates 

the phosphorylation of S2448 site downstream of TGF-β1. The potency of this 

compound was unknown in pHLFs. To determine an effective concentration 

that inhibits P70S6K the phosphorylation state of S6 was determined. S6 is 

directly phosphorylated by the P70S6K kinase, so a decrease in S6K 

phosphorylation when stimulated with TGF-β1 and when treated with 

LY2584702 would indicate that P70S6K was inhibited. The pHLFS were 

incubated with either vehicle (DMSO 0.1%) or LY2584702 [0.1, 1 and 10 µM 

(0.1% DMSO)] for 1 hour prior to stimulation with TGF-β1 for 6 hours. Figure 

3.6 demonstrates that good inhibition of P70S6K is achieved with 1 and 10 µM 

with almost complete loss of S6 phosphorylation when compared to the TGF-

β1 treated control. The concentration of 1 µM was chosen to minimise any 

potential off-target effects whilst achieving good inhibition of the kinase.  

Having established a working concentration of the compound, LY2584702 [1 

μM] was used to investigate the effects of P70S6K inhibition on S2448 

phosphorylation. Incubation of pHLFs with LY2584702 inhibited S2448 

phosphorylation at 6 hours back to basal levels (Figure 3.7). In parallel 

P70S6K inhibition is confirmed by examining S6K phosphorylation which is 

also decreased by LY2584702 at 6 hours. Taking this in combination with the 

AZD8055 data and previous literature these indicate TGF-β1 stimulated mTOR 

S2448 phosphorylation is downstream of its own activity and requires the 

activation of its substrate P70S6K. 
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Figure 3.6: The effects of P70S6K inhibition on TGF-β1 stimulated S6 phosphorylation in pHLFs  

pHLFs were serum-starved prior to treatment, the cells were incubated for 1 hour with and without 3 

concentrations of compound LY2584702 prior to stimulation with 1ng/ml TGF- β1 for 6 hours. The pS6 

phosphorylation sites was assessed as a read-out for P70S6K inhibition by Western blotting, panel A. 

Protein loading was verified by blotting with an anti-α-Tubulin antibody. Densitometric analysis of the 

S2448 phospho-protein relative to total mTOR is calculated for each condition, panel B.  
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Figure 3.7: The effects of P70S6K inhibition of TGF-β1 stimulated mTORS2448 phosphorylation in 

pHLFs  

pHLFs were serum-starved prior to treatment, the cells were incubated for 1 hour with and without 

compound LY2584702 prior to stimulation with 1ng/ml TGF- β1 for 6 hours. The mTOR S2448 and pS6 

phosphorylation sites was assessed by Western blotting, panel A. Protein loading was verified by blotting 

with an anti-α-Tubulin antibody. Densitometric analysis of the S2448 phospho-protein relative to total 

mTOR is calculated for each condition, panel B. These data are representative of two independent 

experiments performed. The replicate is shown in Appendix 3  
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requirement of PDK1 for TGF-β1 stimulated mTOR S2448 phosphorylation 

was investigated. The PDK1 inhibitor, GSK2334470, inhibited the TGF-β1 

stimulated phosphorylation of P70S6K, which confirmed that PDK1 was being 

inhibited (Figure 3.8). Furthermore, the inhibition of PDK1 inhibited the TGF-

β1 stimulated phosphorylation of mTOR S2448 site (Figure 3.8). Work within 

our group has demonstrated that PDK1 does not inhibit 4E-BP1 

phosphorylation suggesting that PDK1 facilitates the phosphorylation of 

P70S6K and mTOR S2448 phosphorylation on an alternative axis to mTOR 

kinase activation. This supports the notion that P70S6K is required for mTOR 

S2448 phosphorylation.  

Other data obtained by the UCL group during the course of my PhD thesis 

demonstrated that the P70S6K inhibitor, LY2584702, did not inhibit collagen 

synthesis. In addition, the inhibition of PDK1 (which is required to stimulate 

P70S6K catalytic activity) did not inhibit collagen synthesis (Woodcock et al. 

2019).  Taken together these data suggest that mTOR S2448 phosphorylation 

is responsive to TGF-β1. However, the phosphorylation of S2448 is not likely 

to be required for TGF-β1 induced collagen I synthesis owing to P70S6K and 

PDK1’s redundancy in TGF-β1 stimulated collagen I synthesis in fibroblasts. 
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Figure 3.8: The effects of PDK1 inhibition on mTORS2448 phosphorylation in pHLFs 

pHLFs were serum-starved prior to treatment, the cells were incubated for 1 hour with and without 

compound GSK2334470 prior to stimulation with 1ng/ml TGF- β1 for 6 hours. The mTOR S2448 

phosphorylation site was assessed by Western blotting, panel A. Protein loading was verified by blotting 

with an anti-α-Tubulin antibody. Densitometric analysis of phospho-protein relative to total mTOR is 

calculated for each condition, panel B. These data are representative of two independent experiments 

performed.   

 

3.2.8. Summary 

 All three phosphorylation sites exhibit basal levels of phosphorylation in 

pHLFs. 

GSK2334470 [1 µM]  

6 

TGF-β
1 

(1 ng/mL)  

mTOR
(S2448)

 

Total mTOR 

Time (hrs) 

-       -      -       +     +     +     +      +      +  

-       -      -       -      -      -      +      +      +  

α-Tubulin 

A 

B 

V e h ic le  

c o n tr o l

T G F - T G F -  +  

G S K 2 3 3 4 4 7 0

0 .0

0 .5

1 .0

1 .5

2 .0

T re a tm e n t

m
T

O
R

(
S

2
4

4
8

)
/m

T
O

R

d
e

n
s

it
o

m
e

tr
y

 r
a

ti
o

P70S6K 



Results 

89 
 

 T2446 phosphorylation is insensitive to TGF-β1 treatment over a 24 

hour period. 

 S2448 and S2481 phosphorylation sites are responsive to TGF-β1 

treatment. 

 S2448 phosphorylation correlates with downstream mTOR substrate 

phosphorylation. 

 The phosphorylation of S2448 is independent of TGF-β1 stimulated 

PI3K activation. 

 P70S6K phosphorylation activation down-stream of TGF-β1 activated 

mTOR and PDK1 is required for S2448 phosphorylation. 
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3.3. The role of SMAD signalling in mTORC1 activation 

The role of SMAD signalling in TGF-β stimulated cells is well established for 

gene transcription of the collagen genes (Verrecchia et al. 2001). SMAD 3 is 

directly phosphorylated by TβRI which allows it to form a complex with SMAD4 

and translocate to the nucleus to initiate gene transcription. There is now 

evidence emerging that SMAD 3 can regulate the activation of the mTORC1 

complex in fibroblasts (Lampa et al. 2017; Bernard et al. 2017; Peterson et al. 

2009). This series of studies aims to define the role of TGF-β1 stimulated 

SMAD 3 signalling in pHLFs and to examine how this affects early mTORC1 

signalling and downstream collagen I response.  

3.3.1. Characterisation of the collagen deposition assay 

In the following sections, an immunofluorescence based technique was 

employed to quantify collagen levels between conditions. The assay is termed 

the ‘collagen deposition assay’ or ‘Scar-in-a-jar’ and was originally developed 

by Chen and colleagues, 2009, and has been further optimized and validated 

within our group to interrogate TGF-β1 stimulated collagen I stimulation in 

pHLFs.  

The collagen deposition assay is well suited to demonstrate the sensitivity of 

pHLFs to TGF-β1 stimulation and, unlike other assays, allows the timely 

conversion of pro-collagen into collagen. Therefore, the cells can be fixed after 

only 48 hours of incubation with TGF-β1. Stimulation with increasing 

concentrations of TGF-β1 leads to a concentration-dependent increase in 

collagen I deposition which is quantified by high-content imaging of collagen I 

immunofluorescence (Figure 3.9). The EC50 was approximately 0.5 - 0.6 

ng/mL with the peak of collagen synthesis found to be achieved at 1 ng/mL 

TGF-β1 in agreement with previous data from our laboratory (Woodcock et al. 

2019; Mercer et al. 2016). 
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Figure 3.9: The concentration reposnse of TGF-β1 on collagen 1 deposition in pHLFs  

Confluent pHLFs were starved for 24 hours before being stimulated with increasing concentrations of 

TGF-β (1pg/ml to 30ng/ml) in DMEM containing Ficoll for 48 hours, prior to fixation and staining for type1 

collagen. The individual fluorescent intensity is normalised over cell count (DAPI) per read (n=4 reads 

per well) and the average of the normalised replicates (n=4) was plotted. The data is plotted as arbitrary 

units (Au) The data is expressed as the mean (± SEM of n=4 replicate wells per condition). This is 

representative of two independent experiments.  

In addition to being able to detect the increase in collagen deposition in 

response to TGF-β1 the assay is also well-suited for the interrogation of the 

impact of inhibitors and siRNA. The TβRI receptor mediates several 

downstream pathways in response to the exogenous TGF-β1 stimulus. These 

pathways, in particular SMAD and mTORC1, signal for the synthesis of 

collagen I. Previous reports demonstrate that by inhibiting the TβRI receptor, 

cells stimulated with TGF-β1 are unable synthesise collagen I (Bonniaud et al. 

2005). Therefore, the collagen deposition assay should be able to recapitulate 

these previous results by treating pHLFs with the TβRI inhibitor, SB525334. 

PHLFS were treated with ten concentrations of SB525334 to inhibit the TGF-

β1 stimulated collagen I deposition. SB525334 inhibits collagen I synthesis in 

a concentration-dependent manner with an IC50 of 0.17 μM (Figure 3.10A). 

There was no effect of the inhibitor on cell count (Figure 3.10B). This confirms 

a role of the TGF-β1 receptor in our pHLFs and further that this assay is robust 

enough to investigate the effects of compounds on TGF-β1 stimulation of 

collagen I synthesis.  
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Finally, the collagen deposition assay was tested for its suitability for 

investigating siRNA treatment and its effects on TGF-β1 stimulated collagen I 

synthesis. To demonstrate this assay is suitable for siRNA treatment, a protein 

that we have established as a regulator of collagen down-stream of mTORC1 

was investigated. ATF4 regulates collagen synthesis by upregulating the 
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Figure 3.10: The concentration response of TβRI inhibition on TGF-β1 stimulated collagen I 

synthesis  

Confluent pHLFs were starved for 24 hours before being incubated with increasing concentrations of 

SB525334 (vehicle controls were incubated with 0.1% DMSO) in DMEM containing Ficoll for 1 hour. 

Following incubation cells were treated with or without TGF-β1 [1 ng/mL] which was spiked into the 

wells and incubated for 48 hours, prior to fixation and staining for type1 collagen, Panel A. Cell counts 

were obtained from a DAPI counter stain, Panel B. Data are expressed as mean fluorescent intensity 

(n=4 reads per well) averaged across 4 replicates. IC50 values were calculated using a three-parameter 

non-linear regression. This is representative of two independent experiments. 
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proteins required for the conversion of glucose to glycine, and it is glycine that 

makes up one third of the collagen molecule (Selvarajah et al. 2019). pHLFs 

were treated with ATF4 siRNA [10 nM] for 48 hours followed by stimulation 

with TGF-β1 [1 ng/mL] for 48 hours. Collagen deposition was quantified by high 

content imaging of collagen I immunofluorescence. The siCTRL treated cells 

demonstrated an approximate 2-fold increase in collagen I deposition (Figure 

3.11). The knock-down of ATF4 inhibited TGF-β1 stimulated collagen I 

deposition. This also confirmed knock-down proteins in a 96 well format can 

be achieved and utilised for interrogating the effects of further protein knock-

down in the collagen deposition assay. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.11: The effect of ATF4 knock-down on TGF-β1 stimulated collagen I protein deposition 

in pHLFs 

At 60-80% confluence pHLFs were transfected with ATF4 siRNA or control siRNA for 24 hours prior to 

starvation with 0% DMEM. Cells were starved for 24 hours in 0% DMEM. After starvation cells were 

incubated with DMEM containing Ficoll for 1 hour. Following incubation cells were treated with or without 

TGF-β1 [1 ng/mL] which was spiked into the wells and incubated for 48 hours, prior to fixation and staining 

for type1 collagen, Panel A. The individual fluorescent intensity is normalised over cell count (DAPI) per 

read (n=4 reads per well) and the average of the normalised replicates (n=4) was plotted. The data is 

expressed as the mean (± SEM of n=4 replicate wells per condition). This is representative of two 

independent experiments. Panel B shows representative images from each condition. 
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3.3.2. A comparison of the effects of AZD8055 and Rapamycin on 4E-

BP1 phosphorylation sites 

TGF-β1 stimulated collagen synthesis is mediated through 4E-BP1 which 

controls the translation of an unknown protein that is required for collagen I 

synthesis (Woodcock et al. 2019). 4E-BP1 is a repressor of translation, 4E-

BP1 mediates its inhibition by preventing the formation of the translation 

initiation complex on mRNA. For complete inhibition of 4E-BP1, each of its 

phosphorylation sites are phosphorylated in a sequential manner starting with 

T37/T46, followed by T70 and then S65 (Gingras, Raught, Gygi, et al. 2001). 

For full inhibition of 4E-BP1 all three sites must be phosphorylated. 

Subsequently, with only partial inhibition of mTORC1, the remaining activity is 

still able to phosphorylate T37/T46 on 4E-BP1 to promote some translation. 

This can be seen when comparing the two inhibitors, rapamycin and AZD8055. 

AZD8055 is a highly selective ATP-competitive mTOR inhibitor, whereas 

rapamycin is an allosteric inhibitor of mTORC1 by binding to the FRB domain. 

This is believed to disrupt RAPTOR binding to 4E-BP1 and P70S6K and 

prevents mTORC1 from being able to phosphorylate P70S6K and the S65 

phosphorylation site on 4EBP1. Other data obtained by the group during the 

course of my PhD demonstrated that AZD8055 inhibits collagen I synthesis in 

pHLFs whereas rapamycin treatment does not (Woodcock et al. 2019). This 

was demonstrated by the ability of AZD8055 to inhibit all of the 4E-BP1 

phosphorylation sites and not just partially inhibit the S65 and T70 sites. I 

recapitulated this work and focussed my investigation at 3 hours. This 

represents the initial TGF-β1 induced mTORC1 activation time point. 

Furthermore, this is also the time point when SMAD 3 phosphorylation 

decreases from its peak. I first characterised the effect of AZD8055 and 

Rapamycin on TGF-β1 stimulated 4E-BP1 phosphorylation at the three sites: 

4E-BP1T37/46, 4E-BP1S65 and 4E-BP170
. This data built a profile of the 4EBP1 

phosphorylation states in response to two compounds, one that inhibits 

collagen (AZD8055) and one that does not (Rapamycin) (Woodcock et al. 

2019). In addition, the phosphorylation states between the two compounds is 

a useful guide when investigating the effects of other pharmacological tools, 

siRNA or CRISPR. 
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PHLFs were incubated with and without either compound (AZD8055 or 

rapamycin) for 1 hour prior to TGF-β1 treatment. AZD8055 was used at 1 μM 

and rapamycin 100 nM according to their previously characterised inhibitory 

concentrations in pHLFs (Woodcock et al. 2019). Treatment with TGF-β1 

stimulates an increase in 4E-BP1S65 and prevents the phosphorylation of 4E-

BP1T70
 (Figure 3.12 A and Figure 3.13A). Treatment of pHLFs with AZD8055 

inhibits the phosphorylation of the three 4E-BP1 sites under basal and TGF-

β1 treated conditions (Figure 3.12A). The densitometry confirms the decrease 

in the phosphorylation of 4EBP1T37/T46, 4EBP1S65 and 4EBP1T70 (Figure 3.12 

B, C and D).  In contrast, Rapamycin inhibits TGF-β1 stimulated 4EBP1S65 and 

4EBP1T70 phosphorylation. Moreover, it had no impact on the basal levels of 

4EBP1 phosphorylation suggesting only partial inhibition of the mTORC1 

complex (Figure 3.13). The densitometry confirms that there is a decrease in 

the phosphorylation of 4EBP1S65, however, it did not change the 

phosphorylation states of either 4EBP1T37/T46 or 4EBP1T70 (Figure 3.13 B, C 

and D).  TGF-β1 increased the expression of total 4E-BP1 levels and this was 

inhibited by treatment with either AZD80550 or Rapamycin (Figure 3.12E and 

Figure 3.13E). In particular, this shows that full inhibition of mTORC1 is 

required to prevent the phosphorylation of 4E-BP1 completely at all sites.  
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Figure 3.12: The effect of AZD8055 on TGF-β1 stimulated 4E-BP1 phosphorylation in pHLFs  

Confluent pHLFs were serum-starved prior for 24 hours prior to incubation with AZD8055 for 1 hours 

followed by stimulation with 1 ng/mL TGF-β1 for 3 hours. The phosphorylation of 4E-BP137/46, 4E-BP1S65 

and 4E-BP1T70 were assessed by western blotting, Panel A. Protein loading was verified by blotting 

with anti- α-tubulin antibody. The densitometry (panels B-E) was calculated and plotted as a phospho-

protein to total protein ratio. The data is representative of two independent experiments performed 
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Figure 3.13: The effect of Rapamycin on TGF-β1 stimulated 4E-BP1 phosphorylation in pHLFs  

Confluent pHLFs were serum-starved prior for 24 hours prior to incubation with Rapamycin for 1 hours 

followed by stimulation with 1 ng/mL TGF-β1 for 3 hours. The phosphorylation of 4E-BP137/46, 4E-

BP1S65 and 4E-BP1T70 were assessed by western blotting, Panel A. Protein loading was verified by 

blotting with anti- α-tubulin antibody. The densitometry (panels B-E)  was calculated and plotted as a 

phospho-protein to total protein ratio. These data are representative of two independent experiments 

performed 
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3.3.3. Characterising SMAD 3 knock-down in pHLFs 

There are two receptor SMAD (SMAD 2 and SMAD 3) that are directly 

phosphorylated by the TβRI upon TGF-β1 stimulation. The TβRI/TβRII 

receptor phosphorylates the SMAD homodimer. The phosphorylation at their 

C-terminus promotes SMAD 2 or SMAD 3 binding to the co-SMAD SMAD 4 

which promotes translocation into the nucleus followed by gene transcription. 

Specifically, SMAD 3 can recognise several collagen gene promoters due to 

the CAGA repeats in this domain (Verrecchia et al. 2001). Therefore, SMAD 3 

is important in IPF due to its role in facilitating collagen mRNA transcription 

(Zhao & Geverd 2002; Verrecchia et al. 2001). To start, SMAD 3 was assessed 

to identify if it was responsible for regulating collagen mRNA levels in pHLFs, 

since there may be differential responses between cell lines. The role of SMAD 

3 was investigated by using siRNA to knock-down SMAD 3. 

Knock-down of SMAD 3 was assessed by RT-qPCR at 24 hours, the time-

point at which the COL1A1 mRNA level is are at its peak (Woodcock et al. 

2019). It was confirmed that treatment with SMAD 3 siRNA [10 nM] was 

sufficient to decrease SMAD 3 mRNA by approximately 70% (Figure 3.14A). 

In addition, TGF-β1 regulates SMAD 3 mRNA levels at 24 hours post-

treatment, independent of siRNA treatment. This observation was confirmed 

and translated at the protein level (Figure 3.14B) suggesting that TGF-β1 

potentially regulates SMAD 3 signalling in the cell by promoting the 

degradation of SMAD 3 mRNA. Taken together, this confirmed that SMAD 3 

could be knocked-down in pHLFs. 
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To establish if the 70% SMAD 3 knock-down achieved with siRNA treatment 

was sufficient to have a functional impact on the collagen mRNA (COL1A1)  

levels the effect of the SMAD 3 siRNA was assessed, since this link has been 

reported on previously (Zhao & Geverd 2002; Verrecchia et al. 2001). The 

mRNA levels of the COL1A1 were assessed by RT-qPCR. Treatment of TGF-

β1 increases COL1A1 mRNA levels by approximately 6-fold in pHLFs. This 

increase is significantly reduced in the presence of SMAD 3 siRNA (Figure 

3.15).  

The depletion of the SMAD 3 protein in pHLFs inhibits the TGF-β1 stimulated 

increase in COL1A1 mRNA levels. Therefore, the effects of SMAD 3 mRNA 

inhibition was likely to decrease the collagen I protein levels. As previously 

demonstrated for ATF4 (Figure 3.11), the collagen deposition assay was 

capable of quantifying the effects of siRNA on collagen deposition and 

therefore this assay was used to investigate the effects of SMAD 3 knock-

down on collagen I synthesis. The effects of siRNA knock-down completely 

inhibits TGF-β1 induced collagen deposition (Figure 3.16). Taken together, this 

data confirms SMAD 3 is required for TGF-β1 stimulated collagen I synthesis.  

Figure 3.14: The effect of SMAD 3 knock-down on SMAD 3 mRNA levels 

At 60-80% confluence pHLFs were transfected with SMAD 3 siRNA for 24 hours prior to starvation with 

0% DMEM. Cells were starved for 24 hours prior to treatment with or without 1 ng/mL TGF-β1. The cells 

were harvested 24 hours post stimulation.  The lysates were assessed by rt-qPCR. Data are shown as 

gene expression of COL1A1 expression relative to the geometric mean of two housekeeping genes 

(mean ± SEM, n=3 replicates). This data is representative of two independent experiments performed. 

Differences between groups were evaluated with two-way ANOVA and Tukey multiple comparison 

testing. Panel B, after 24 hours of TGF-β1 stimulation SMAD 3 total protein levels were assessed by 

western blot   
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Figure 3.15: The effect of SMAD 3 knock-down on TGF-β1 stimulated COL1A1 gene 

expression and collagen I synthesis in pHLFs 

At 60-80% confluence pHLFs were transfected with SMAD 3 siRNA for 24 hours prior to 

starvation with 0% DMEM. Cells were starved for 24 hours prior to treatment with or without 1 

ng/mL TGF-β1. The cells were harvested 24 hours post stimulation.  The lysates were assessed 

by rt-qPCR. Data are shown as gene expression of COL1A1 expression relative to the geometric 

mean of two housekeeping genes (mean ± SEM, n=3 replicates). These data are representative 

of two independent experiments performed. Differences between groups were evaluated with 

two-way ANOVA and Tukey multiple comparison testing. Panel B, after 24 hours of TGF-β1 

stimulation SMAD 3 total protein levels were assessed by western blot   

 

Figure 3.16: The effect of SMAD 3 knock-down on TGF-β1 stimulated collagen I synthesis 

in pHLFs 

At 60-80% confluence pHLFs were transfected with SMAD 3 siRNA or control siRNA for 24 hours 

prior to starvation with 0% DMEM. Cells were starved for 24 hours prior to treatment. After 

starvation cells were incubated with DMEM containing Ficoll for 1 hour. Following incubation cells 

were treated with or without TGF-β1 [1 ng/mL] which was spiked into the wells and incubated for 

48 hours, prior to fixation and staining for type1 collagen, Panel A. The individual fluorescent 

intensity is normalised over cell count (DAPI) per read (n=4 reads per well) and the average of 

the normalised replicates (n=4) was plotted. These data are expressed as the mean (± SEM of 

n=4 replicate wells per condition). These data are representative of two independent 

experiments. Panel B shows representative images from each condition. 
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3.3.4. The effect of SMAD 3 knock-down on 4E-BP1 phosphorylation 

The effect of SMAD 3 knock-down was sufficient to deplete the TGF-β1 

stimulated COL1A1 mRNA levels and collagen protein deposition. Recent 

reports have suggested that SMAD 3 knock-down also impacts on mTORC1 

activity (Das et al. 2013; Lampa et al. 2017; Bernard et al. 2017; Peterson et 

al. 2009). Therefore, to establish whether SMAD 3 also regulates mTORC1 

activation in response to TGF-β1 in pHLFs, the mTORC1 substrate 4E-BP1 

was used as a measure of mTORC1 catalytic activity by blotting for the 4E- 

BP1 phosphorylation sites (as described above, Figure 3.12 and Figure 3.13).  

Treatment of pHLFS with SMAD 3 siRNA [10 nM] demonstrated that protein 

levels were decreased at three hours. The densitometry readings calculated 

from the western blots demonstrate 87% of the protein was knocked-down 

compared to the control siRNA treated pHLFs (Figure 3.17A and E). The 87% 

knock-down is also similar to that quantified by the RT-qPCR (Figure 3.15) 

showing that there is consistency between techniques. 4E-BP1T37/46
 

phosphorylation was investigated. The siCTRL had no effects on the 4E-

BP1T37/46
 in vehicle or TGF-β1 treated pHLFs (Figure 3.17A and B). In the 

SMAD 3 siRNA treated pHLFs, the knock-down demonstrated a decrease in 

4E-BP1T37/46 phosphorylation in basal and TGF-β1 treated conditions. This 

suggests that SMAD 3 may be required under basal conditions to maintain the 

phosphorylation of this site. However, because the phosphorylation was not 

completely lost, when compared with the treatment with AZD8055 (Figure 

3.12), more than one protein may be required for mTORC1 activation or the 

remaining 13% of the SMAD 3 protein is sufficient to maintain mTORC1 

activity and subsequently 4E-BP1T37/46 phosphorylation. The second site 

investigated was the 4E-BP1S65. Treatment with TGF-β1 induced the 

phosphorylation of 4E-BP1S65 in control pHLFs. 4E-BP1S65 phosphorylation 

was present at basal levels and treatment with SMAD 3 siRNA inhibited both 

baseline and TGF-β1 stimulated 4E-BP1S65 phosphorylation (Figure 3.17A and 

C). TGF-β1 prevented the increase in 4E-BP1T70 phosphorylation which is 

higher in non-TGF-β1 stimulated pHLFs. Treatment with SMAD 3 siRNA 

abrogated this decrease in phosphorylation (Figure 3.17A and D). However, 

the baseline increase was only minimal and significance was not achieved. In 
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addition, it was demonstrated that TGF-β1 at three hours causes an increase 

in the total levels of 4E-BP1 protein which was inhibited by SMAD 3 knock-

down. Therefore, this evidence suggests that TGF-β1 regulates SMAD 3 

activation to regulate the transcription of 4E-BP1 (Figure 3.17A and F). Taken 

together, SMAD 3 regulates all three sites on 4E-BP1, however, all in a TGF-

β1 independent manner with the exception of the 4E-BP1T70
.  
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Figure 3.17: The effect of SMAD 3 knock-down on TGF-β1 stimulated 4E-BP1 phosphorylation in 

pHLFs 

At 60-80% confluence pHLFs were transfected with SMAD 3 siRNA for 24 hours prior to starvation with 0% 

DMEM. Cells were starved for 24 hours prior to treatment with or without 1 ng/mL TGF-β1. The cells were 

harvested 3 hours post stimulation.  The lysates were assessed by either western blotting investigating four 

4E-BP1 phosphorylation sites. Protein loading was verified by blotting with an anti-α-Tubulin antibody. 

Densitometric analysis (panels B-F)  of phosphor/protein relative to total protein or SMAD 3 total to α-Tubulin 

is calculated for each condition (n=3 replicates). These data are representative of two independent 

experiments performed. Differences between groups were evaluated with two-way ANOVA and Tukey 

multiple comparison testing. The replicate is shown in Appendix 4.   
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3.3.5. The effect of actinomycin D on TGF-β1 stimulated mTORC1 

activation  

The previous evidence demonstrated that SMAD 3 was capable of regulating 

mTORC1 activity, however, the mechanism involved is unknown. It is possible 

that SMAD 3 binds to mTORC1 through an unknown mechanism to promote 

a conformational change to the mTORC1 structure allowing mTORC1 to bind 

and phosphorylate its downstream targets. However, because SMAD 3 is a 

transcription factor, it is more likely that it regulates mTORC1 via the 

transcription of a protein. To identify if SMAD 3 was transcribing a protein to 

regulate mTORC1 phosphorylation, 4E-BP1S65 was used as a measure of 

mTORC1 activity because this was the site most inhibited by SMAD 3 knock-

down and it is a site that is highly regulated by TGF-β1. Actinomycin D is 

capable of inhibiting transcription by preventing RNA chain elongation and so 

was used to interrogate the effect of transcription inhibition on TGF-β1 

stimulated mTORC1 activation. The first experiment was conducted to 

investigate if treatment of pHLFS with actinomycin D [100 nM] inhibits TGF-β1 

stimulated SMAD 3 phosphorylation, since this has been demonstrated to 

directly impact on mTORC1 activity. This was feasible since feedback 

pathways exist to inhibit SMAD 3 if transcription prevented. The effect of 

actinomycin D caused a small decrease in SMAD 3 phosphorylation (Figure 

3.18A). However, this was not a significant decrease when analysed by the 

densitometry (Figure 3.18B). In addition, the treatment does not impact on the 

total levels of the SMAD 3 protein. Actinomycin D inhibited TGF-β1 stimulated 

4E-BP1S65
 phosphorylation (Figure 3.18 A and D). Treatment with actinomycin 

D inhibited the TGF-β1 stimulated increase in total 4E-BP1. This data suggests 

that the inhibition of transcription is capable of regulating TGF-β1 stimulated 

mTORC1 activation. Taken together with the SMAD 3 knock-down data, this 

supports the notion that SMAD 3 is regulating a protein that is required for 

TGF-β1 to activate mTORC1 to allow it to phosphorylate 4E-BP1.  
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3.3.6. The effects of GLS inhibition on TGF-β1 stimulated mTORC1 

activation 

The experiment utilising the inhibitor of transcription, actinomycin D, 

demonstrated that SMAD 3 may regulate mTORC1 through a transcriptionally 

regulated protein. There are currently two known proteins, Glutaminase (GLS) 

and DEPTOR that are regulated by SMAD 3 and have been shown to regulate 

mTORC1 (Bernard et al. 2017; Peterson et al. 2009; Das et al. 2013). 
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Figure 3.18: The effect of Actinomycin D on TGF-β1 signalling in pHLFs  

Confluent pHLFs were serum-starved prior for 24 hours prior to incubation with Actinomycin D for 1 

hours followed by stimulation with 1 ng/mL TGF-β1 for 3 hours. The phosphorylation of 4E-BP1T37/46, 

4E-BP1S65 and 4E-BP1T70 were assessed by western blotting. Protein loading was verified by blotting 

with anti- α-tubulin antibody. The densitometry (panels B-D) was calculated and plotted as a phopho-

protein to total protein ratio. These data are representative of two independent experiments 

performed. See Appendix 5 for repeat 
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Glutaminase is an enzyme required for the conversion of glutamine to 

glutamate and this subsequently is used in the synthesis α-Ketoglutarate. 

Recent evidence demonstrates that α-Ketoglutarate is required for mTORC1 

activition in pHLFs (Lampa et al. 2017). Furthermore, SMAD 3 was 

demonstrated to regulate GLS (Bernard et al. 2017). Therefore, there was a 

potential pathway where TGF-β1 activates GLS to regulate mTORC1 

activation. The effects of GLS inhibition on 4E-BP1 phosphorylation were 

investigated by western blot. The concentration of CB-839, a GLS inhibitor, 

was previously optimised within our group when investigating its effects on 

collagen I synthesis. PHLFs were incubated with CB-839 [1 μM] for 1 hour 

prior to TGF-β1 treatment. Cells were lysed at three hours post-stimulation with 

TGF-β1. Treatment with CB-839 did not inhibit the TGF-β1 sensitive sites 4E-

BP1S65 or 4E-BP1T70 (Figure 3.19A, C and D). The treatment visually did not 

have an effect on the 4E-BP1T37/46 but the densitometry suggests a small 

decrease in phosphorylation (Figure 3.19B). Since the compound CB-839 did 

not change the TGF-β1 responsive sites, next DEPTOR, another SMAD 3 

regulated protein, was investigated.  
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Figure 3.19: The effect of CB-839 on TGF-β1 stimulated 4E-BP1 phosphorylation in pHLFs  

Confluent pHLFs were serum-starved prior for 24 hours prior to incubation with CB-839 for 1 hours 

followed by stimulation with 1 ng/mL TGF-β1 for 3 hours. The phosphorylation of 4E-BP1T37/46, 4E-

BP1S65 and 4E-BP1T70 were assessed by western blotting. Protein loading was verified by blotting 

with anti- α-tubulin antibody. The densitometry (panels B-D) was calculated and plotted as a 

phopho-protein to total protein ratio. These data are representative of two independent experiments 

performed. 
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3.3.7. The role of DEPTOR in mTORC1 activation 

DEPTOR is an inhibitory component of the mTORC1 and mTORC2 complex. 

SMAD 3 can increase mTORC1 activation by down-regulating DEPTOR 

(Peterson et al. 2009; Das et al. 2013). The relationship established in both 

reports demonstrates that SMAD 3 transcriptionally regulates DEPTOR, and 

based on the actinomycin D and SMAD 3 knock-down data, this was another 

potential mechanism that SMAD 3 regulates TGF-β1 stimulated mTORC1 

activity in pHLFs. 

To delineate the relative time-course of DEPTOR the protein levels were 

measured by western blot over a 24 hour period after treatment with TGF-β1 

(Figure 3.20). In the vehicle and TGF-β1 treated pHLFs there were no changes 

in DEPTOR protein levels. There was no evidence to show that this 

mechanism is required for SMAD 3 regulated mTORC1 activity.  

 

 

 

 

 

 

 

 

3.3.8. Summary 

 AZD8055 and Rapamycin both have different inhibitory profiles on 4E-

BP1 phosphorylation. AZD8055 shows complete inhibition of all 4E-

BP1 phosphorylation whereas Rapamycin only shows partial inhibition 

 SMAD 3 knock-down inhibits both collagen gene transcription and 

collagen I deposition 

 SMAD 3 protein and mRNA expression is decreased at 24 hours by 

TGF-β1 treatment 

 TGF-β1 regulates total 4E-BP1 levels at 3 hours 

0 1 3 6 12 24 

   -       -       +       -       +       -        +       -        +       -         +            

DEPTOR 

TGF-β1 

Time (hours) 

α-Tubulin 

Figure 3.20: The effect of TGF-β1 stimulation on DEPTOR protein expression over 24 hours in 

pHLFs  

Confluent pHLFs were serum-starved prior to stimulation with 1 ng/mL TGF-β1 for the indicated time-

periods. DEPTOR was assessed by western blotting. Protein loading was verified by blotting with anti- 

α-tubulin antibody. The densitometry was calculated and plotted as DEPTOR to α-tubulin antibody ratio. 

These data are representative of two independent experiments. See Appendix 6 for the repeat. 
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 SMAD 3 and mTORC1 are required for TGF-β1 stimulated increase in  

4E-BP1 levels  

 SMAD 3 is required for TGF-β1 stimulated 4E-BP1S65 and 4E-BP1T70 

phosphorylation 

 GLS and DEPTOR are not required for early mTORC1 activation   

 SMAD 3 is required for TGF-β1 stimulated activation of mTORC1, 

however, the mechanism remains unknown.  
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3.4. The role of the TSC1/2-RHEB axis and TGF-β1 stimulated mTORC1 

activation 

3.4.1. Introduction  

TSC2 forms a heterotrimer with TSC1 and TBC1D7 and together they form a 

complex that negatively regulates the activation of mTORC1. Critically, TSC2 

has GAP activity and is able to hydrolyse RHEBGTP into RHEBGDP, therefore 

preventing RHEB from activating the mTORC1 complex. This following section 

aims to define the role of the TSC2 complex in mTORC1 activation 

downstream of TGF-β1 stimulation. Furthermore, it aims to investigate kinases 

that are capable of inhibiting the TSC1/2 complex (promoting mTORC1 

activation) using selective pharmacological inhibitors. In addition, this complex 

could bridge the link between SMAD 3 signalling and mTORC1 activation 

since several kinases (ERK1/2, MK2, CDK1 and RSK1) that regulate the 

TSC1/2 complex can also regulate SMAD signalling (Shi 2006). 

3.4.2. The effect of TSC2 knock-down on TGF-β1 stimulated 4E-BP1 

phosphorylation 

The TSC1/2 complex inhibits RHEB, which means knocking-down or inhibiting 

either TSC1 or TSC2 will lead to an increase in mTORC1 activity due to the 

increased availability of RHEBGTP. This observed increase in mTORC1 activity 

is well-characterised in tumour growth (harmartomas) which has decreased 

TSC activity, caused by a mutation in either TSC1 or TSC2 (Kohrman 2012). 

I rationalised that by generating a TGF-β1 response curve, with TSC2 knock-

down in pHLFs, and looking at the shift in the curve it would help identify 

whether TGF-β1 was acting through the TSC1/2 complex or via an alternative 

mechanism. TSC2 was the protein target since TSC1 is also known to have a 

role in shuttling proteins in cells, which could have unforeseen effects in our 

fibroblasts (Woodford et al. 2017). In contrast, TSC2 has only been identified 

to be associated with TSC1 with the sole function of regulating mTORC1 

activity. The effect of TSC2 knock-down was assessed along with increasing 

concentrations of TGF-β1 and this was evaluated by western blot measuring 

the phosphorylation of the mTORC1 substrate 4E-BP1. The knock-down of 

TSC2 in pHLFs was established, finding that TSC2 siRNA [100 nM] knocked-

down TSC2 efficiently (Figure 3.21).  Next, pHLFs were treated with TSC2 or 
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control siRNA for 48 hours prior to treatment with 4 concentrations of TGF-β1 

(0.03, 0.1, 0.3, 1, 3 ng/mL). The pHLF were stimulated with TGF-β1 across two 

time-points, 3 and 6 hours. 3 hours was selected because this is when the 

increase 4E-BP1 phosphorylation is first detected in response to TGF-β1 

(Figure 3.1). In addition, the 6 hour time-point was selected because this would 

detect any changes in the curve missed at the earlier time-point. Treatment 

with TGF-β1 has no effect on the TSC2 protein levels at 3 hours in pHLFs 

treated with the control siRNA (Figure 3.21A and B).  PHLFs treated with TSC2 

siRNA demonstrates that the knock-down of the protein was decreased about 

6-fold in comparison to the control siRNA, confirming good knock-down was 

achieved. At 3 hours, TSC2 siRNA treated cells demonstrates that 4E-BP1S65 

phosphorylation is increased in comparison to the control cells, whilst still 

showing a TGF-β1 dependent increase in 4EBP1S65 phosphorylation (Figure 

3.21 A and C). At 6 hours, the curve was more pronounced for the control 

cells. However, the TSC2 knock-down cells still demonstrates a shift in the 

curve and a shift in the maximum phosphorylation observed (Figure 3.21 A 

and D). The shift suggests pHLFs with TSC1/2 knocked-out have increased 

sensitivity to TGF-β1 stimulation and therefore TGF-β1 potentially regulates the 

TSC2 complex to mediate TGF-β1 stimulated mTORC1 activation. Other 

reports show that mutated TSC2 leads to hyper-activated mTORC1 and the 

inhibition of RHEB prevents this  both of which support this data (Mahoney et 

al. 2018).  
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Figure 3.21: The effect TSC2 knock-down on TGF-β1 stimulation of 4E-BP1 in pHLFs 

At 60-80% confluence pHLFs were transfected with TSC2 siRNA for 24 hours prior to starvation 

with 0% DMEM. Cells were starved for 24 hours prior to treatment with a range of TGF-β1 

concentrations (0.03-3 ng/mL). The cells were harvested 3 and 6 hours post stimulation.  The lysates 

were assessed by either western blotting investigating 4E-BP1S65 phosphorylation site. Protein 

loading was verified by blotting with an anti-α-Tubulin antibody. Densitometric (panels B-D) analysis 

of phosphor/protein relative to total protein or TSC 2 total to α-Tubulin is calculated for each 

condition.  
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3.4.3. The effect of RHEB knock-down on TGF-β1 stimulated 4E-BP1 

phosphorylation   

RHEB is a GTP-binding protein which is required for mTOR activation in 

response to amino acids and MAPK. Since RHEB is a positive regulator of 

mTORC1 (negatively regulated by TSC1/2 complex), reduction or deletion of 

RHEB should lead to mTORC1 inhibition. RHEB siRNA and CRISPR knock-

outs were used to investigate the relationship between TGF-β1 stimulated 

mTORC1 activation and RHEB.  

PHLFS were treated with RHEB siRNA (50 nM) or control siRNA for 48 hours 

(Figure 3.22A). Following the knock-down period, the cells were then 

stimulated with TGF-β1. The effects of the knock-down on RHEB protein 

expression and 4E-BP1S65 phosphorylation were assessed by western blot. 

Treatment with RHEB siRNA was sufficient to reduce the protein levels by 

around 5.5 to 6.5-fold (Figure 3.22A and B). Visually, very little RHEB protein 

remains in the RHEB treated knock-down cells. TGF-β1 had no impact on 

RHEB protein levels and increased the phosphorylation of 4E-BP1 in the 

siRNA control cells. In contrast 4EBP1S65 phosphorylation was decreased 

when RHEB was knocked-down (Figure 3.22A and C) .Taken together these 

data suggest that RHEB is required for TGF-β1 stimulated 4E-BP1 

phosphorylation.  
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In addition to siRNA, a CRISPR approach was taken since pharmacological 

tools were not available at the time. However, there is now a small molecule, 

NR1, available for the inhibition of RHEB (Mahoney et al. 2018). CRISPR is a 

tool for editing DNA at specifically targeted locations using the Cas9 enzyme 

and a guide RNA sequence. Together they form the Cas9 complex. The guide 

RNA targets the Cas9 enzyme to its complementary region on the DNA which 

then allows the Cas9 enzyme to cut the DNA at specific sites called 

protospacer adjacent motif (PAM) sites which correspond of the sequence 

‘NGG’ of nucleotides (where N can be any nucleotide). The repair mechanisms 
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Figure 3.22: The effect of RHEB knock-down on TGF-β1 stimulated 4E-BP1 phosphorylation in 

pHLFs 

At 60-80% confluence pHLFs were transfected with RHEB siRNA for 24 hours prior to starvation with 

0% DMEM. Cells were starved for 24 hours prior to treatment with or without 1 ng/mL TGF-β1. The cells 

were harvested 3 hours post stimulation.  The lysates were assessed by western blotting investigating 

the 4E-BP1S65 phosphorylation site. Protein loading was verified by blotting with an anti-α-Tubulin 

antibody. Densitometric analysis (panels B-C) of phosphor/protein relative to total protein or RHEB total 

to α-Tubulin is calculated for each condition (n=3 replicates). These data are representative of two 

independent experiments performed. Differences between groups were evaluated with two-way ANOVA 

and Tukey multiple comparison testing. See repeat Appendix 7. 
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of the cells will then introduce mistakes into the cut regions as they are 

repaired, leading to insertions, deletions, or mutations. Typically for CRISPR 

experiments, CRISPR treated cells are single cell sorted allowing the culture 

of a homogenous population with the gene of interest knocked-out. However, 

since single cell isolation is not possible due to the slow growth of fibroblasts 

and restrictions based around Hayflick’s constant (which leads to primary cells 

becoming senescent), the knock-out is conducted on a heterogeneous 

population of pHLFs. Therefore, like siRNA, the RHEB knock-out is based on 

the efficiency of transfecting the guide RNA into the pHLFs and the recognition 

of guide RNA for its target. Four guide RNA sequences were generated to 

target different regions of the RHEB DNA and were investigated for their ability 

to knock-out RHEB. These guide RNAs targeted different regions on the exons 

or different exons. 

pHLFs were treated with the Cas9 guideRNA complex via electroporation and 

then grown to confluence. Using a fluorescent probe which is incorporated 

onto the Cas9 enzyme, this established that electroporation has occurred in 

the pHLFs and how well this corresponds to the cells visually using fluorescent 

microscopy. The fluorescent signal can be seen evenly spread across the 

images and is located in regions populated by cells which is seen by visible 

light, Figure 3.23.  

 

 

 

 

 

 

 

 

 

Control Guide 1 

Cy3 

VL 

Figure 3.23: Electroporated CAS9enzyme in pHLFs 

250,000 cells were harvested per condition and electroporated with their guideRNA and the CAS9 

enzyme. The Cas9 enzyme has a fluorescent probe which can be visualized by using the cy3 

fluorescent channel on a fluorescent microscope.  
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The efficiency of knock-out was assessed by quantifying RHEB protein levels 

in pHLFs by western blot. The four guide RNA were assessed in comparison 

to a control guide. Guides 1 and guide 2 demonstrated decreased RHEB 

protein levels. Therefore, Guide 1 was taken forward for further investigation 

with TGF-β1 stimulation because it consistently was the most effective at 

decreasing RHEB protein levels (Figure 3.24). 

 

 

 

 

 

 

 

 

 

 

 

To investigate whether RHEB is required for TGF-β1 stimulated mTORC1 

activation, the phosphorylation of 4E-BP1 was assessed when RHEB was 

knocked out. The treatment with the RNA guide 1 gave an almost complete 

loss of the RHEB protein across the 6 replicates (including – and + TGF-β1 

conditions) (Figure 3.25). In the control guide treated cells, treatment with 

TGF-β1 increased the phosphorylation of 4E-BP1S65
.   In comparison, in cells 

with RHEB knocked-out, the TGF-β1 stimulated phosphorylation was inhibited. 

Therefore, RHEB is required for TGF-β1 stimulated mTORC1 activation in 

pHLFs.  Taken together, the siRNA knock-down and CRISPR knock-out 

demonstrate that pHLFs with reduced RHEB protein levels are inhibited from 

activating mTORC1 when treated with TGF-β1. Furthermore, this supports the 

data that the TSC1/2 complex is important in pHLFs for inhibiting RHEB 
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Figure 3.24: The comparison between 5 CRISPR guide RNA’s effect on RHEB knock-out 

pHLFs were electroporated with individual guide/CAS9 complex. The cells were then seeded into a 6 

well plate and cultured until confluence. The pHLFs were harvested and the lysates were assessed by 

either western blotting investigating RHEB total protein levels. Protein loading was verified by blotting 

with an anti-α-Tubulin antibody. Densitometric analysis of RHEB total to α-Tubulin is calculated for 

each condition. These data are representative of two independent experiments performed.  
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activity and is inhibited upon TGF-β1 stimulation to allow mTORC1 to become 

activated. These data are also supported by recent literature evidence, which 

shows the importance of the TSC1/2-RHEB axis in the kidney cell line TRI102 

which have a mutated TSC2 protein leading to increased mTORC1 activation.  

In this report the inhibition of RHEB with NR1 results in decreased mTORC1 

activation reversing the effects of the TSC1/2 mutation (Mahoney et al. 2018). 

Furthermore in MCF-7 cell RHEB inhibition inhibits insulin and EGF stimulated 

mTORC1 activation (Mahoney et al. 2018). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The previous evidence high-lighted the importance of the TSC1/2-RHEB axis 

for TGF-β1 stimulated mTORC1 activation. To investigate the potential 
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Figure 3.25: The effect of RHEB knock-out on TGF-β1 stimulated 4E-BP1 phosphorylation in 

pHLFs  

pHLFs were electroporated with individual RHEB guide1/CAS9 complex. The cells were then seeded 

into a T25 cultured until confluence. The cells were treated with trypsin and re-seeded in 6 well plates.  

Cells were starved for 24 hours prior to treatment with or without 1 ng/mL TGF-β1. The cells were 

harvested 3 hours post stimulation.  The lysates were assessed by western blotting investigating the 

total levels of RHEB and 4E-BP1S65 phosphorylation site. Protein loading was verified by blotting with 

an anti-α-Tubulin antibody. Densitometric analysis of phosphor/protein relative to total protein or RHEB 

total to α-Tubulin is calculated for each condition (n=3 replicates). These data are representative of two 

independent experiments performed. Differences between groups were evaluated with two-way 

ANOVA and Tukey multiple comparison testing 
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importance of RHEB for TGF-β1 stimulated collagen synthesis RHEB knock-

out pHLFs were used (Figure 3.26). TGF-β1 stimulation induced an increase 

collagen deposition in control guide cells. In contrast the CRISPR cells which 

had reduced RHEB protein levels were inhibited from synthesising collagen I. 

Collectively, these data support that the TSC1/2-RHEB axis regulates TGF-β1 

induced mTORC1 activation as measured by phosphorylation of 4E-BP1S65. 

Moreover, RHEB is required for collagen synthesis downstream of TGF-β1 

stimulation.  

 

 

 

 

 

 

 

 

 

 

 

3.4.4. The inhibition of TSC2 upstream kinases, MK2 CDK1, ERK and 

RSK and its effect on TGF-β1 stimulated mTORC1 activation and 

collagen synthesis   

The initial TSC2 data was ambiguous (Figure 3.24). However, the RHEB 

knock-out and knock-down data demonstrated that RHEB regulates mTORC1 

activity and inhibits TGF-β1 stimulated collagen I synthesis. RHEB is the only 

known substrate of TSC1/2 in vivo and because of previously reported data 

and the data presented in this thesis, this implicates the TSC1/2 complex in 

TGF-β1 induced mTORC1 activation  (Huang & Manning 2008). In addition, 

previous reports have shown that TSC2 is tumour suppressive because this 

Figure 3.26: The effect of RHEB knock-out on TGF-β1 stimulated collagen I synthesis in pHLFs  

pHLFs were electroporated with individual RHEB guide1/CAS9 complex. The cells were then seeded 

into a T25 cultured until confluence. The cells were treated with trypsin and re-seeded in 96 well plates 

in 10% DMEM. At confluence the pHLFs were starved for 24 hours prior to treatment. After starvation 

cells were incubated with DMEM containing Ficoll for 1 hour. Following incubation cells were treated 

with or without TGF-β1 [1 ng/mL] which was spiked into the wells and incubated for 48 hours, prior to 

fixation and staining for type1 collagen (left column) and cell counts (right column) were obtained from 

a DAPI counter stain. Data are expressed as mean fluorescent intensity or cell count (n=4 reads per 

well) averaged across 4 replicates. These data are representative of two independent experiments. 

Differences between groups were evaluated with two-way ANOVA and Tukey multiple comparison 

testing. This was done in collaboration with Dr D.Guillotin. See Appendix 8 
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complex negatively regulates RHEB activity to inhibit mTORC1 (Jin et al. 1996; 

Huang & Manning 2008; Gao & Pan 2001; Patel et al. 2003). Therefore, 

TSC1/2 and its role in TGF-β1 stimulated mTORC1 activation was pursued 

next.   

TSC1 and TSC2 are both large proteins and have several phosphorylation 

sites (Table 1.1). The phosphorylation sites determine the activity of the 

complex as a whole. TSC1 is critical for the stability of TSC2 and the 

phosphorylation of TSC1 can cause it to dissociate from TSC2. TSC1 

dissociated from TSC2 means TSC2 is targeted for proteasomal degradation, 

which promotes increased mTORC1 activity. 14-3-3 proteins can target and 

inhibit or sequester TSC1/2 when it is phosphorylated at specific sites. All 

inhibitory sites lead to a decrease or loss of TSC2 GAP activity. Finally, some 

phosphorylation sites on TSC1/2 lead to an increase in its activation. The 

complex can receive input from multiple different kinases to determine its final 

GAP activity. The aim was to identify the pathway between TGF-β1 activating 

the receptor and the TSC1/2 complex which is negatively regulating RHEB, 

knowing that RHEB is critical for mTORC1 activation and collagen I synthesis 

(Figure 3.25 and Figure 3.26). Therefore, the kinases investigated in this thesis 

are the upstream inhibitors of the TSC1/2 complex. In addition, if a kinase was 

identified its relationship with SMAD 3 could also be explored since this 

regulates mTORC1 activation. Furthermore, the identified kinase could be a 

potential therapeutic target.  

3.4.5. The investigation of the effects of the MK2/TSC1/2 node 

3.4.6. The effects of (5z)-7-Oxozeaenol inhibition of pHLF collagen I 

synthesis 

TGF-β1 Activated Kinase 1 (TAK1) has been identified as a mediator of several 

TGF-β1 stimulated pathways in several cell types and can be directly 

phosphorylated by the TβRI receptor. This kinase sits upstream of P38 MAPK 

which is a critical activator of MK2 and it is MK2 that can inhibit TSC1/2. TAK1 

was an optimal target because it was at the top of the pathway and has also 

been identified as a kinase required for collagen synthesis (Kuk et al. 2015; Li 

et al. 2017; Grillo et al. 2015; Guo et al. 2013; Ono et al. 2003).  
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The effects of TAK1 inhibition on TGF-β1 stimulated collagen synthesis using 

(5z)-7-Oxozeaenol (a TAK1 inhibitor) were investigated (Figure 3.27). The 

collagen deposition assay was used to investigate the treatment of pHLFs with 

a concentration range of (5z)-7-Oxozeaenol (0.3 nM – 10 μM). The pHLFs 

were incubated for 1 hour with each concentration prior to TGF-β1 stimulation. 

The collagen deposition was quantified after 48 hours using high content 

imaging of collagen I immunofluorescence. (5z)-7-Oxozeaenol significantly 

inhibited TGF-β1 induced collagen I deposition with an IC50 of 0.24 μM (Figure 

3.27). In addition, a reduction in cell count was observed with an IC50 of 11 

μM, indicating that higher concentrations are toxic to the cells. The loss in cell 

count suggested that this may be driving the decrease in collagen synthesis 

and perhaps not the compound inhibiting pathways for collagen I synthesis. 

However, the difference in IC50 values suggests that there is a separation 

between the inhibitory effects of the compound on collagen synthesis versus 

the effect on the loss in cell count. Visibly, during the experiment, no rounding 

or floating cells were detected. Therefore, to investigate whether the decrease 

in collagen deposition was driven by pHLF cell death or driven through TAK1 

inhibition, two assays that detect cell death were used. The assays used were 

LDH assay (quantifies apoptosis and necrosis) and caspase 3/7 glo assay 

(quantifies cell apoptosis) (Figure 3.28).  For both assays, staurosporine was 

utilised as a positive control because it acts as a pan kinase inhibitor that leads 

to the activation of apoptotic pathways. The LDH and caspase 3/7 glo assays 

both demonstrate high levels of cell death when treated staurosporine [100 

nM] (positive control), with just over a 2-fold increase in luminescence signal 

for the Caspase 3/7 glo assay and a 30-fold increase in absorbance for the 

LDH assay. Treatment with (5z)-7-Oxozeaenol for 48 hours demonstrated no 

increase in cell death in comparison to the vehicle control. This meant that 

decrease in collagen synthesis measured by the treatment of (5z)-7-

Oxozeaenol was not likely driven by cell death. 
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Figure 3.27: The effects of TAK1 inhibition on TGF-β1 stimulated collagen I synthesis  

Confluent pHLFs were starved for 24 hours before being incubated with increasing concentrations of 

(5z)-7-Oxozeaenol (the vehicle controls were incubated with 0.1% DMSO) in DMEM containing Ficoll 

for 1 hour. Following incubation cells were treated with or without TGF-β1 [1 ng/mL] which was spiked 

into the wells and incubated for 48 hours, prior to fixation and staining for type1 collagen, Panel A. Cell 

counts were obtained from a DAPI counter stain, Panel B. Data are expressed as mean fluorescent 

intensity (n=4 reads per well) averaged across 4 replicates. IC50 values were calculated using a three-

parameter non-linear regression.  Panel C shows representative images from each condition. These 

data are representative of two independent experiments. 
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Before further investigation continued into the mechanisms of (5z)-7-

Oxozeaenol, It was important to ensure the effect seen was observable in 

other pHLF cell lines as well. Two pHLF cell lines were used (0611 and 0110). 

The pHLF were incubated with (5z)-7-Oxozeaenol one hour prior to the 

treatment with TGF-β1. Treatment with (5z)-7-Oxozeaenol demonstrated a 

concentration dependent decrease in collagen I intensity (Figure 3.29). The 

compound IC50 from the other cell lines were 1.5 μM and 1.2 μM respectively. 

This is 5-fold higher than the 0311 cell line (0.24 μM). In addition, no cell loss 

observed in these cell lines which may explain the shift in the concentration 

curve. This suggests that there is variability between cell lines in terms of 

sensitivity to the compound.  

 

 

Figure 3.28: The effect on (5z)-7-Oxozeaenol on cell death 

Confluent pHLFs were starved for 24 hours before being incubated with increasing concentrations of 

(5z)-7-Oxozeaenol (excluding the vehicle controls 0.1% DMSO) or staurosporine in DMEM containing 

Ficoll for 1 hour. Following incubation cells were treated with or without TGF-β1 [1 ng/mL] which was 

spiked into the wells and incubated for 48 hours. Panel A, caspase 3/7 glo assay buffer was added to 

the wells and luminescence was quantified. Panel B, LDH buffer was added and the absorbance (490 

nm) was read. The data were plotted as ± SEM of n=4 replicate wells per condition (Panel A and B).  
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Figure 3.29: The effect of (5z)-7-Oxozeaenol on TGF-β stimulated collagen I synthesis in pHLF 

additional cell lines 

Confluent pHLFs were starved for 24 hours before being incubated with increasing concentrations of (5z)-7-

Oxozeaenol (including the vehicle controls 0.1% DMSO) in DMEM containing Ficoll for 1 hour. Following 

incubation cells were treated with or without TGF-β1 [1 ng/mL] which was spiked into the wells and incubated 

for 48 hours, prior to fixation and staining for type1 collagen and cell counts were obtained from a DAPI counter 

stain. Panel A and B are representative of two different cell lines. The data are expressed as mean fluorescent 

intensity or cell count (n=4 reads per well) averaged across 4 replicates.  Panel C shows representative images 

from each condition of Panel A. This is representative of two independent experiments. 
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3.4.7. The effects of (5z)-7-Oxozeaenol on TGF-β1 stimulated mTORC1 

activation 

P38 MAPK is activated by different stimuli including IL1β, EGF and TGF-β1. A 

time-course of P38 MAPK phosphorylation was used to identify the time frame 

that this kinase becomes activated and determine whether it correlates with 

the temporal activation of mTORC1 downstream of TGF-β1 stimulation. 

Secondly, it was used to establish a time frame to asses if (5z)-7-Oxozeaenol 

was engaging its target, TAK1, which would be observed by a loss of P38 

MAPK phosphorylation. 

To establish the temporal activation of P38 MAPK, the effect of stimulation on 

P38 MAPK phosphorylation was assessed over 24 hours by western blot 

(Figure 3.30). TGF-β1 stimulates P38 MAPK phosphorylation at as early as 3 

hours and this prolonged for 24 hours (Figure 3.30). TβRI does not 

phosphorylate P38 MAPK directly. Therefore, the active TβRI receptor is likely 

activating a kinase required for P38 MAPK phosphorylation. In addition, this 

signalling cascade resulting in P38 MAPK phosphorylation temporally 

coincides with mTORC1 substrate 4E-BP1 phosphorylation, which has been 

demonstrated previously (Figure 3.1).  
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Knowing that P38 MAPK is being phosphorylated when pHLFs are induced 

with TGF-β1 the next investigation was whether (5z)-7-Oxozeaenol was able 

to inhibit this TAK1 signalling pathway since P38 MAPK is a downstream 

kinase of TAK1. This was assessed by quantifying the p38 MAPK 

phosphorylation state in the presence of the inhibitor. PHLFs were incubated 

with (5z)-7-Oxozeaenol and a time-course of P38 MAPK phosphorylation was 

measured by western blot. (5z)-7-Oxozeaenol inhibits P38 MAPK 

phosphorylation from 3 hours onwards (Figure 3.31A and B). This 

demonstrated (5z)-7-Oxozeaenol was inhibiting a target required for P38 

MAPK and this was most likely TAK1. To examine the role of TAK1 kinase in 

Figure 3.30: The effect of TGF-β1 stimulation on P38 MAPK phosphorylation over 48 hours in 

pHLFs  

Confluent pHLFs were serum-starved prior to stimulation with 1 ng/mL TGF-β1 for the indicated time-
periods. Phosphorylated p38 MAPK was assessed by western blotting. Protein loading was verified by 
blotting with anti- α-tubulin antibody. The densitometry was calculated and plotted as a phopho-protein 
to total protein ratio shown in Panel B. The data is representative of two independent experiments 
performed. 
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mTORC1 activation in pHLFs the same lysates were used to assess the 

effects of (5z)-7-Oxozeaenol on 4E-BP1 and P70S6K phosphorylation. (5z)-

7-Oxozeaenol decreased the phosphorylation of 4E-BP1S65 and P70S6K  from 

3 hours onwards, temporally coinciding with the loss in P38 MAPK 

phosphorylation (Figure 3.31A, C and D). 

Collectively, these data support the notion that TAK1 mediates TGF-β1 

activation of mTORC1 and it is required for collagen I synthesis.  
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Figure 3.31: The effect of (5z)-7-Oxozeaenol on TGF-β1 stimulated P38 MAPK and mTORC1 

phosphorylation over 24 hours in pHLFs  

Confluent pHLFs were serum-starved prior for 24 hours prior to incubation with 1 μM (5z)-7-

Oxozeaenoll for 1 hours and then stimulation with 1 ng/mL TGF-β1 for the indicated time-periods. 

Phosphorylation of p38 MAPK, P70S6K and 4E-BP1 were assessed by western blotting. Protein 

loading was verified by blotting with anti- α-tubulin antibody. The densitometry (panels B-D) was 

calculated and plotted as a phopho-protein to total protein ratio shown in Panel B. The data is 

representative of three independent experiments performed. Replicate data is presented in 

appendix 9 
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3.4.8. The effect of P38 MAPK or MK2 inhibition on TGF-β1 stimulated 

collagen I synthesis 

The previous figures showed that (5z)-7-Oxozeaenol inhibited collagen I 

synthesis and mTORC1 substrate phosphorylation (Figure 3.27, 3.29 and 

3.31). This suggested that the TAK1 kinase facilitates collagen synthesis 

down-stream of TGF-β1 stimulation. mTORC1, P38 MAPK and MK2 were 

investigated to understand how TAK1 mediates their activation. P38 MAPK is 

a kinase downstream of TAK1 activation and MK2 is a substrate of P38 MAPK. 

Previous reports have provided evidence that MK2 can activate the mTORC1 

complex by inhibiting the TSC1/2 complex (phosphorylation of the S1210 site) 

(Y. Li et al. 2003).  

The effect of MK2 and P38 MAPK inhibition was assessed by screening a 

range of compounds for both kinases. There are 4 isoforms of P38 MAPK (α, 

β, δ and γ) and there is some evidence that they can compensate for each 

other (Krementsov et al. 2013). Therefore, three compounds were selected to 

inhibit P38 MAPK to cover its range of isoforms, Table 3.1. In addition, two 

compounds were selected to inhibit MK2, which both showed different 

mechanisms of inhibition. PF-3644022 is an ATP-competitive inhibitor and 

MKIV is a reversible and non-ATP-competitive inhibitor, Table 3.1. 

Table 3.1 P38 MAPK and MK2 inhibitors 

Target (isoform) Compound  IC50 (nM) 

P38 MAPK (α) TAK715 7.1 

P38 MAPK (α,β) SB202190 50 and 100 

P38 MAPK (α/β/γ/δ (pan)) BIRB796 38, 65 , 200 and 520 

MK2 PF-3644022  5.2 

MKIV 110 

  

The effect of the three P38 MAPK inhibitors TAK715, BIRB796 and SB202190 

on collagen deposition was evaluated in the collagen deposition assay. Unlike 

(5z)-7-Oxozeaenol inhibition, P38 MAPK inhibition did not inhibit TGF-β1 
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stimulated collagen I synthesis (Figure 3.32). There is a decrease in collagen 

deposition with the compound TAK715, however this is associated with by a 

decrease in cell loss. 

The inhibition of MK2 was investigated using PF-3644022 and MKIV and the 

collagen deposition was measured using high content imaging of collagen I 

immunofluorescence. TGF-β1 stimulated collagen deposition was not inhibited 

by pHLF treatment with PF-3644022 or MKIV (Figure 3.33). Taken together, 

these data suggested that TAK1 mediated activation of P38 MAPK and MK2 

was not required for TGF-β1 stimulated collagen synthesis.  
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Figure 3.32: The effect of P38 MAPK inhibition on TGF-β1 stimulated collagen I synthesis in 

pHLF  

Confluent pHLFs were starved for 24 hours before being incubated with increasing concentrations of 

either TAK715 (Panel A), SB202190 (Panel B) or BIRB796 (Panel C) (vehicle controls were incubated 

with 0.1% DMSO) in DMEM containing Ficoll for 1 hour. Following incubation cells were treated with 

or without TGF-β1 [1 ng/mL] which was spiked into the wells and incubated for 48 hours, prior to 

fixation and staining for type1 collagen (left column) and cell counts (right column) were obtained from 

a DAPI counter stain. Data are expressed as mean fluorescent intensity or cell count (n=4 reads per 

well) averaged across 4 replicates. These data are representative of two independent experiments 
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3.4.9. Investigating TGF-β1 stimulated MK2 phosphorylation 

The inhibition of MK2 and P38 MAPK did not affect TGF-β1 stimulated collagen 

synthesis. An explanation for the lack of effect could have been because the 

compounds were not engaging their targets. However, the compounds used 

in Table 3.1 were used around 100-fold higher than their IC50 and more than 

one compound was used for P38 MAPK and MK2. To support the inhibitor 

data and to rule out MK2 as a kinase involved in TGF-β1 stimulated collagen I 

synthesis, the phosphorylation state of MK2 in pHLFs was investigated when 

stimulated with TGF-β1. The phosphorylation of MK2 is a marker of its catalytic 

activity.  

Figure 3.33: The effect of MK2 inhibition on TGF-β1 stimulated collagen I synthesis in pHLF  

Confluent pHLFs were starved for 24 hours before being incubated with increasing concentrations of 

either PF3644022 (Panel A) or MKIV (Panel B) (vehicle controls were incubated with 0.1% DMSO) in 

DMEM containing Ficoll for 1 hour. Following incubation cells were treated with or without TGF-β1 [1 

ng/mL] which was spiked into the wells and incubated for 48 hours, prior to fixation and staining for 

type1 collagen (left column) and cell counts (right column) were obtained from a DAPI counter stain. 

Data are expressed as mean fluorescent intensity or cell count (n=4 reads per well) averaged across 4 

replicates. These data are representative of two independent experiments 
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MK2 has been shown to be phosphorylated by TGF-β1 stimulation at the T334 

site (Xu et al. 2006). MK2 phosphorylation was measured across 3 hours 

period. This time period was selected because P38 MAPK is activated as early 

as 30 minutes and published evidence suggests that MK2 can be 

phosphorylated as early as 10 minutes under some conditions (Xu et al. 2006). 

Previous reports show IL1β and anisomycin stimulate MK2 phosphorylation. 

These stimuli were included as additional controls in this investigation to show 

that MK2 phosphorylation can be detected (Y. Li et al. 2003). In addition, TGF-

β1 was used at an increased concentration which had been used in previous 

reports (Xu et al. 2006). Four time-points were assessed: 5, 10, 30 minutes 

and 3 hours in combination with either TGF-β1 treatment ([1 ng/mL and 5 

ng/mL]); IL1β ([10 ng/mL]) and anisomycin ([10 µg/mL]). MK2T334 

phosphorylation was assessed in response to these stimuli by western blot, 

(Figure 3.34). The treatment of pHLFs with anisomycin and IL1β induced MK2 

phosphorylation at several time-points. IL1β stimulates the phosphorylation of 

MK2 between 5 minutes with the peak of phosphorylation at 10 minutes. The 

phosphorylation persists for up to 3 hours. Treatment of pHLFs with 

Anisomycin induces MK2 phosphorylation at 10 minutes and peaked at 30 

minutes. The phosphorylation had declined by 3 hours post anisomycin 

stimulation. In comparison, the treatment with TGF-β1, even at the higher 

concentration [5 ng/mL], did not induce MK2 phosphorylation at any time-point 

(Figure 3.34). 

Taken together with the inhibitory data from the collagen deposition assay and 

these western blots, this would suggest that (5z)-7-Oxozeaenol inhibition of 

mTORC1 and collagen deposition is not mediated through a TAK1-P38 

MAPK-MK2 axis. Therefore, based upon this evidence it is possible that TAK1 

is acting independently of P38 MAPK and MK2, via other kinases such as 

MKK4 and MKK6. 
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Figure 3.34: Comparing the effects of various stimuli on MK2 phosphorylation in pHLFs 

Confluent pHLFs were serum-starved prior to stimulation with four different stimulus, TGF-β1 [1 

ng/mL], TGF-β1 [5 ng/mL], Anisoymcin [10 μg/mL], IL1β [100 ng/mL] for the indicated time-periods. 

Phosphorylated MK2 was assessed by western blotting, Panel A. Protein loading was verified by 

blotting with anti- α-tubulin antibody. The densitometry was calculated and plotted as a phopho-protein 

to total protein ratio shown in, Panel B. These data are representative of two independent experiments 

performed 
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3.4.10. Investigation of TAK1 knock-down on TGF-β1 stimulated 

mTORC1 activation and collagen I synthesis 

The down-stream substrate of TAK1, MK2, failed to demonstrate any 

phosphorylation in response to TGF-β1 stimulation. In addition, the inhibitors 

of MK2 and P38 MAPK had no effect on TGF-β1 induced collagen synthesis. 

Therefore, how TAK1 was mediating mTORC1 activation in response to TGF-

β1 stimulation was yet to be determined. Before investigations went further, it 

was important to solidify the data demonstrating that TAK1 was responsible 

for mediating TGF-β1 stimulated collagen I synthesis, since the data for MK2 

and P38 MAPK (its only substrates linking it to TSC1/2) were not involved in 

TGF-β1 stimulated collagen I synthesis.  

The effect of TAK1 knock-down was used to investigate the effects TGF-β1 

stimulated collagen I synthesis. In parallel, the knock-down of TAK1 was 

assessed by western blot to ensure that knock-down was achieved at the time 

of TGF-β1 treatment and that knock-down was maintained at the end of the 

experiment when the cells are fixed for the collagen deposition assay. The 

treatment of pHLFs with TAK1 siRNA did not inhibit TGF-β1 stimulated 

collagen synthesis. Between control and knock-down cells a 1.5-fold increase 

in TGF-β1 stimulated collagen deposition remained (Figure 3.35 Panel A). The 

knock-down of TAK1 during the experimental period was shown, with TAK1 

knock-down confirmed to be decreased at the start and end of the collagen 

deposition assay (Figure 3.35 Panel B). 

Next, TAK1 knock-down effects were was assessed on TGF-β1 stimulated 

mTORC1 substrate (4EBP1 and P70S6K) phosphorylation. The western blot 

confirmed that pHLFs treated with TAK1 siRNA have a decrease of 70-80% of 

the TAK1 protein. TAK1 knock-down did not prevent the TGF-β1 stimulated 

phosphorylation of P38 MAPK, P70S6K and 4E-BP1 (Figure 3.35 Panel C).  
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Figure 3.35: The effect of TAK1 knock-down on TGF-β1 stimulated P38 MAPK and mTORC1 

signalling  

At 60-80% confluence pHLFs were transfected with TAK1 siRNA or control siRNA for 24 hours prior to starvation 

with 0% DMEM. Cells were starved for 24 hours prior to treatment. Panel A, after starvation cells were incubated 

with DMEM containing Ficoll for 1 hour. Following incubation cells were treated with or without TGF-β1 [1 ng/mL] 

which was spiked into the wells and incubated for 48 hours, prior to fixation and staining for type1 collagen. The 

individual fluorescent intensity is normalised over cell count (DAPI) per read (n=4 reads per well) and the average 

of the normalised replicates (n=4) was plotted. The data is expressed as the mean (± SEM of n=4 replicate wells 

per condition). Panel B, an additional two 6 well plates were run in the same conditions to the collagen deposition 

assay but were harvested pre-TGF-β1 stimulation, 48 hours and 96 hours and TAK1 protein expression was 

assessed by western blot. Total Protein loading was verified by blotting with an anti-α-Tubulin antibody. Panel 

C, post knock-down and starvation steps cell were treated with or without TGF-β1 and harvested 3 hours post 

stimulation.  P38 MAPK, 4E-BP1 and P70S6K phosphorylation were assessed by western blot. Protein loading 

was verified by blotting with an anti-α-Tubulin antibody. These data are representative of two independent 

experiments performed.  
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3.4.11. The effect of NG25 on TGF-β1 stimulated collagen I 

synthesis 

The siRNA data contradicted the data obtained with (5z)-7-Oxozeaenol, so a 

third approach was taken to further understand why the compound inhibits 

TGF-β1 stimulated mTORC1 activation and collagen I synthesis but the siRNA 

was not. A second pharmacological inhibitor was used, NG25, as an 

alternative to (5z)-7-Oxozeaenol. NG25 was considered a good choice 

because it is a different chemotype and has a different mechanism of action 

to (5z)-7-Oxozeaenol, minimising the risk of inhibiting over-lapping kinase 

targets.  

The effects on NG25 inhibition were assessed on TGF-β1 stimulated collagen 

deposition (Figure 3.36). In line with the siRNA data, treatment with NG25 did 

not have a significant effect on TGF-β1 stimulated collagen synthesis (Figure 

3.36). 

Collectively, these data do not support a role for TAK1 signalling in mediating 

the pro-fibrotic effects of TGF-β1 and suggests that (5z)-7-Oxozeaenol inhibits 

a target other than TAK1 to block TGF-β1-induced collagen I synthesis. 

 

 

 

 

 

 

 

 

 

Figure 3.36: The effect of NG25 on TGF-β1 stimulated collagen I synthesis in pHLF  

Confluent pHLFs were starved for 24 hours before being incubated with increasing concentrations of 

NG25 (vehicle controls were incubated with 0.1% DMSO) in DMEM containing Ficoll for 1 hour. 

Following incubation cells were treated with or without TGF-β1 [1 ng/mL] which was spiked into the wells 

and incubated for 48 hours, prior to fixation and staining for type1 collagen (left column) and cell counts 

(right column) were obtained from a DAPI counter stain. Data are expressed as mean fluorescent 

intensity or cell count (n=4 reads per well) averaged across 4 replicates. These data representative of 

two independent experiments 
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3.4.12. (5z)-7-Oxozeaenol regulates SMAD 2 and SMAD 3 

phosphorylation 

The siRNA experiments and NG25 data suggest that TAK1 was not likely to 

be required for TGF-β1 stimulated mTORC1 activation or collagen synthesis. 

This suggests that (5z)-7-Oxozeaenol is eliciting its effect through another 

mechanism that isn’t TAK1.  

TGF-β1 activation of the TβR complex (TβRI + TβRII) leads to the direct 

phosphorylation of SMAD 2 and SMAD 3 at sites S423/425 and S465/467, 

respectively. This subsequently leads to the binding of SMAD4 and the 

translocation of this complex into the nucleus to regulate gene transcription 

(Abdollah et al. 1997). Before investigating the kinase that (5z)-7-Oxozeaenol 

is targeting, the effect of (5z)-7-Oxozeaenol inhibition on SMAD 2 and SMAD 

3 phosphorylation was assessed. (5z)-7-Oxozeaenol was incubated with 

pHLFS and the phosphorylation status of TGF-β1 stimulated SMAD 2 and 

SMAD 3 was assessed by western blot across several time-points. (5z)-7-

Oxozeaenol treatment was found to inhibit TGF-β1 stimulated SMAD 2 

(S423/425) and SMAD 3 (S465/467) phosphorylation across a range of time-

points (Figure 3.37A, B and C). 

TβRI directly phosphorylates SMAD 2 and SMAD 3. How (5z)-7-Oxozeaenol 

inhibits TGF-β1 stimulated SMAD2 and SMAD 3 phosphorylation remains 

unknown. However, an explanation for this was that (5z)-7-Oxozeaenol 

directly engages and inhibits the TβRI/TβRII receptor complex. Regardless, 

taken together the data suggest that TAK1 was not the kinase of interest.  
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Figure 3.37: The effect of (5z)-7-Oxozeaenol on TGF-β1 stimulation of SMAD 2 and SMAD 3 

in pHLFs  

Confluent pHLFs were serum-starved prior for 24 hours prior to incubation with (5z)-7-Oxozeaenol 

for 1 hours and then stimulation with 1 ng/mL TGF-β1 for the indicated time-periods. 

Phosphorylation of SMAD 2 and SMAD 3 were assessed by western blotting.. The densitometry 

was calculated and plotted as a phopho-protein to total protein ratio shown in Panel B. The data 

is representative of two independent experiments performed 
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3.4.13. (5z)-7-Oxozeaenol analysis of potential targets 

The inhibitory effect of (5z)-7-Oxozeaenol on TGF-β1 stimulated collagen 

synthesis are likely to be mediated through the inhibition of SMAD 2 and 

SMAD 3 phosphorylation. One report identifies an amino acid sequence that 

the compound can recognise on TAK1 kinase, which makes up part of the 

ATP-binding pocket and is targeted by (5z)-7-Oxozeaenol  (Ohori et al. 2007). 

The sequence needs to be similar to: 

HRDLKPSNLLLNTTCDLKICDFGLARVADP. The letters highlighted in bold 

are common to most MAPK’s, the red C marks the important cysteine residue 

which needs to be approximately at position 20, from the start of that 

sequence, for (5z)-7-Oxozeaenol to recognise and form a covalent bond to its  

target (Ohori et al. 2007). This is what makes (5z)-7-Oxozeaenol an 

irreversible inhibitor. Table 3.2, highlights a number of MAPK’s that could be 

targeted by this compound. Additionally, an MRC screen has clarified an 

activity profile of (5z)-7-Oxozeaenol inhibition including a range of proteins 

(Figure 3.38). It is likely however, that the compound may be inhibiting the 

TGF-β1 receptor (Tan et al. 2017). Taken together, these data suggest (5z)-7-

Oxozeaenol mediates its inhibition through the TGF-β1 receptor. 

Table 3.2: Indentfication of MAPK’s that have the required consensus sequence and the 

cysteine residue required for (5z)-7-Oxozeaenol to recognise the kinase  

 

 

 

 

 

 

 

 

 

 

MAPK Tier NAME Sequence C residue 

MAPK MAPK1(ERK1) HRDLKPSNLLLNTTCDLKICDFGLARVADP Yes 

  MAPK3(ERK2) HRDLKPSNLLINTTCDLKICDFGLARIADP Yes 

  MAPK7(ERK5) HRDLKPSNLLVNENCELKIGDFGMARGLCT Yes p15 

MAP2K MAP2K1(MEK1) HRDVKPSNILVNSRGEIKLCDFGVSGQLID Yes 

  MAP2K2(MEK2) HRDVKPSNILVNSRGEIKLCDFGVSGQLID Yes 

  MAP2K3(MKK3) HRDVKPSNVLINKEGHVKMCDFGISGYLVD Yes 

  MAP2K4(MKK4) HRDIKPSNILLDRSGNIKLCDFGISGQLVD Yes 

  MAP2K5 HRDVKPSNMLVNTRGQVKLCDFGVSTQLVN Yes 

  MAP2K6(MKK6) HRDVKPSNVLINALGQVKMCDFGISGYLVD Yes 

  MAP2K7(MKK7) HRDVKPSNILLDERGQIKLCDFGISGRLVD Yes 

MAP3K MAP3K1(MEKK1) HRDVKGANLLIDSTGQRLRIADFGAAARLA No 

  MAP3K2 HRDIKGANILRDSTGNVKLGDFGASKRLQT   No 

  MAP3K3 HRDIKGANILRDSAGNVKLGDFGASKRLQT No 

  MAP3K4(MEKK4) HRDIKGANIFLTSSGLIKLGDFGCSVKLKNN Yes p24 

  MAP3K5(ASK1) HRDIKGDNVLINTYSGVLKISDFGTSKRLA No 

  MAP3K6 HRDIKGDNVLINTFSGLLKISDFGTSKRLA No 

  TAK1(MAP3K7) HRDLKPPNLLLVAGGTVLKICDFGTACDIQ Yes 

  MAP3K8 HHDIKPSNIVFMSTKAVLVDFGLSVQMTED No 

  MAP3K9 HRDLKSSNILILQKVENGDLSNKILKITDF No 

  MAP3K10 HRDLKSINILILEAIENHNLADTVLKITDF No 

  MAP3K11 HRDLKSNNILLLQHIESDDMEHKTLKITDF No 

Serine/Threonine 

kinase 

ALK5 HRDLKSKNILVKKNGTCCIADLGLAVRHD 

  

P17 and 

P18 
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Having established that MK2 does not mediate the effects of TGF-β1 

stimulated mTORC1 activation and collagen synthesis, there were other 

kinases capable of inhibiting the TSC1/2 complex to consider. The effects of 

inhibitors on each of these kinases were investigated to quantify their effects 

on TGF-β1 stimulated mTORC1 activity and collagen I synthesis.  

3.4.14. CDK1 

CDK1 is well documented for its role in cell cycle progression, which was 

demonstrated by the inhibition of CDK1 which stopped cell division and the 

expansion of the pHLF population (Enserink & Kolodner 2010). This 

mechanism was used to investigate whether the inhibitor of CDK1 was 

engaging its target. The click-it assay measures newly synthesised DNA to 

Figure 3.38: (5z)-7-Oxozeaenol inhibition of a panel of kinases 

In a cell free assay the MRC have screen hundreds of kinases and quantified their activity in the presence 

of the inhibitor (5z)-7-Oxozeanol at 1 μM, Panel A is all the kinases plotted. Panel B, zoomed in on the most 

inhibited kinases. The data was taken from the screen from the website: http://www.kinase-

screen.mrc.ac.uk/kinase-inhibitors last assessed: 11/9/18 and plotted as a graph in Graphpad prism 7.0.  
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detect changes in cell proliferation. The click-it assay works by using EDU (5-

Ethynyl-2’-Deoxyuridine) which incorporates itself into newly synthesised 

DNA. A fluorescent azide dye detects the EDU and the fluorescent signal can 

be quantified. Using the click-it assay, cell proliferation in the presence of the 

compound, BMS-265246, when stimulated with FBS (used to promote cell 

proliferation) was assessed. PHLFs were grown to 50% confluence before 

starving for 24 hours (Figure 3.39). This stops the cells from any further 

proliferation and allows any treatment that inhibits proliferation to be detected 

when the cells are reintroduced to FBS. Following the starvation period, cells 

were incubated with 3 concentrations of BMS-265246 (0.01, 0.1 and 1 μM) for 

one hour prior to being stimulated with 10% FBS for 24 hours, in addition, the 

EDU reagent is spiked into the wells to allow it to be incorporated into any 

proliferating cells. The effect of BMS-265246 treatment was demonstrated to 

inhibit FBS stimulated cell proliferation in a concentration dependent manner. 

The vehicle treated cells demonstrate a clear increase when comparing 

between FBS treated and non-FBS treated cells. At the top concentration of 

BMS-265246, 1 μM, no cell proliferation was observed when compared to 

baseline and this was approximately 3.5 fold less proliferation when compared 

to the FBS treated vehicle control. Therefore, this suggests BMS-265246 [1 

μM] completely inhibits CDK1.  
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Figure 3.39: The effect of BMS-265246 on FBS induced pHLF proliferation 

pHLF were grown to 50% confluence before starving them for 24 hours. The cells were then incubated 

with BMS-265246 [1 μM] with or without 10% FBS for 40 hours (control cells received 0.1% DMSO). 

Cells were then incubated with click-it buffer for 8 hours before fixing in methanol. Click-IT assay buffer 

was then added to the cells after fixation and the emission at 520 was read to determine the change in 

proliferation between conditions (n=4 replicates). Differences between groups were evaluated with two-

way ANOVA and Tukey multiple comparison testing. 

 

The inhibition of CDK1 on TGF-β1 stimulated 4E-BP1 phosphorylation was 

investigated (Figure 3.40). Treatment of pHLFs with BMS-265246 had no 

impact on 4EBPT37/46
 (Figure 3.40A and B), whereas in contrast BMS-265246 

treatment increased both basal and TGF-β1 treated 4E-BP1S65 stimulation 

(Figure 3.40A and C). BMS-265246 treatment also increased basal levels of 

4E-BP1T70 phosphorylation (Figure 3.40A and D). This data suggests that 

CDK1 regulates mTORC1 independent of TGF-β1 stimulation.    

In parallel to this, the effects of the compound were assessed on TGF-β1 

stimulated collagen synthesis in the collagen deposition assay (Figure 3.41). 

BMS-265246 did not inhibit TGF-β1 stimulated collagen synthesis. There were 

no changes in the collagen I synthesis in non-TGF-β1 stimulated cells. 

Collectively, this suggests that TGF-β1 does not engage CDK1 to regulate 

mTORC1 activation or collagen I synthesis. Taken together the inhibitor had 

no impact on collagen deposition and increased 4E-BP1 signalling 
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independent of TGF-β1 stimulation, therefore, it is not likely to play a role in 

regulating the inhibition of TSC1/2 in response to TGF-β1 stimulation.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.40: The effect of BMS-265246 on TGF-β1 stimulated 4E-BP1 phosphorylation in 

pHLFs  

Confluent pHLFs were serum-starved prior for 24 hours prior to incubation with BMS265246 for 1 

hours followed by stimulation with 1 ng/mL TGF-β1 for 3 hours. The phosphorylation of 4E-BP137/46, 

4E-BP1S65 and 4E-BP1T70 were assessed by western blotting. Protein loading was verified by blotting 

with anti- α-tubulin antibody. The densitometry (panels B-D) was calculated and plotted as a phopho-

protein to total protein ratio. These data are representative of two independent experiments 

performed. 
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3.4.15. MEK1/2   

MEK1/2 are the direct upstream kinases responsible for mediating ERK1/2 

phosphorylation. To investigate if ERK1/2 is required for TGF-β1 stimulated 

mTORC1 activation and collagen I synthesis MEK1/2 was targeted with an 

inhibitor, since the compounds available were more selective and potent. To 

ensure that MEK1/2 was inhibited and therefore ERK1/2, ERK1/2 

phosphorylation was investigated when treated with the inhibitor. The loss of 

ERK1/2 phosphorylation would suggest that MEK1/2 was inhibited and can no 

longer phosphorylate its substrate ERK1/2 compounds. Therefore, suggesting 

the compound is able engage its target MEK1/2. TGF-β1 treatment increased 

the phosphorylation of ERK1/2. The treatment with AS703026 completely 

abolished the phosphorylation of vehicle and TGF-β1 treated cells. A decrease 

of approximately 10-fold in ERK1/2 phosphorylation was seen for the 

compound when comparing the TGF-β1 treated control and TGF-β1 treated 

cells with compound (Figure 3.42).  

 

Figure 3.41: The effect of BMS-256246 on TGF-β1 stimulated collagen I synthesis in pHLF  

Confluent pHLFs were starved for 24 hours before being incubated with increasing concentrations of 

BSM-256246 (vehicle controls were incubated with 0.1% DMSO) in DMEM containing Ficoll for 1 hour. 

Following incubation cells were treated with or without TGF-β1 [1 ng/mL] which was spiked into the 

wells and incubated for 48 hours, prior to fixation and staining for type1 collagen (left column) and cell 

counts (right column) were obtained from a DAPI counter stain. Data are expressed as mean 

fluorescent intensity or cell count (n=4 reads per well) averaged across 4 replicates. These data are 

representative of two independent experiments. Replicate data is shown in Appendix 10. 
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The previous experiment demonstrated that AS703026 engages its target 

kinase MEK1/2 in the pHLFs. The effect of MEK1/2 (ERK1/2) inhibition with 

AS703026, on TGF-β1 stimulated 4E-BP1 was investigated (Figure 3.43A). 

AS703026 had a marginal amount of inhibition on the 4E-BP1T37/47 site (Figure 

3.43A and B). It did not inhibit TGF-β1 stimulated phosphorylation of 4E-BP1S65
 

(Figure 3.43A and C). Finally, it led to the increase in 4E-BP1T70 

phosphorylation in TGF-β1 treated cells (Figure 3.43A and D). Taking the three 

sites together, the western blots suggest inhibition of the ERK kinase alone 

does not affect TGF-β1 stimulated 4E-BP1 phosphorylation. 

The effect of the compound was also assessed in the collagen deposition 

assay (Figure 3.44). Treatment with AS703026 did not inhibit the TGF-β1 

stimulated increase in collagen I deposition, Figure 3.44. However, in vehicle 

treated cells in the presence of AS703026, the top two concentrations showed 

a small increase in collagen deposition. This suggests that ERK1/2 is not 

Figure 3.42: The effect of AS703026 on TGF-β1 stimulated collagen I synthesis in pHLF  

Confluent pHLFs were serum-starved prior for 24 hours prior to incubation with AS703026 for 1 

hours followed by stimulation with 1 ng/mL TGF-β1 for 3 hours. The phosphorylation of ERK1/2 were 

assessed by western blotting. Protein loading was verified by blotting with anti- α-tubulin antibody. 

The densitometry was calculated and plotted as a phopho-protein to total protein ratio. The data is 

representative of two independent experiments performed. 
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required for TGF-β1 stimulated collagen deposition. Taken together the 

inhibitor had no impact on TGF-β1 stimulated collagen deposition or 4EBP1 

signalling, therefore, it is not likely to play a role in inhibiting TSC1/2 in 

response to TGF-β1 stimulation. 
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Figure 3.43: The effect of AS703026 on TGF-β1 stimulated 4E-BP1 phosphorylation in pHLFs  

Confluent pHLFs were serum-starved prior for 24 hours prior to incubation with AS703026 for 1 hours 

followed by stimulation with 1 ng/mL TGF-β1 for 3 hours. The phosphorylation of 4E-BP137/46, 4E-BP1S65 

and 4E-BP1T70 were assessed by western blotting. Protein loading was verified by blotting with anti- α-

tubulin antibody. The densitometry (panels B-D) was calculated and plotted as a phopho-protein to total 

protein ratio. These data are representative of two independent experiments performed. 
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3.4.16. RSK1 

RSK is a substrate of ERK1/2, but it can also be activated by other ERK such 

as ERK5. To ensure that RSK was not acting independently from ERK1/2 

activation, RSK was inhibited using the compound SL0101. RSK, like CDK1, 

has been implicated in regulating cell proliferation, so the click-it assay was 

used, as before (Figure 3.39), to test the effects of the compound on cell 

proliferation and ensure that SL0101 engaged its target, RSK (Figure 3.45). 

Treatment of pHLFs with SL0101 inhibited FBS stimulated pHLF proliferation 

at the top two concentrations 0.1 and 1 μM. This suggests that the compound 

was engaging its target mechanism by inhibiting RSK to which prevented cell 

proliferation. 

 

 

Figure 3.44: The effect of AS703026 on TGF-β1 stimulated collagen I synthesis in pHLF  

Confluent pHLFs were starved for 24 hours before being incubated with increasing concentrations of 

AS703026 (vehicle controls were incubated with 0.1% DMSO) in DMEM containing Ficoll for 1 hour. 

Following incubation cells were treated with or without TGF-β1 [1 ng/mL] which was spiked into the 

wells and incubated for 48 hours, prior to fixation and staining for type1 collagen (left column) and cell 

counts (right column) were obtained from a DAPI counter stain. Data are expressed as mean 

fluorescent intensity or cell count (n=4 reads per well) averaged across 4 replicates. These data are 

representative of two independent experiments. Replicate data is presented as Appendix 11 
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Figure 3.45: The effect of SL0101 on FBS induced pHLF proliferation 

pHLF were grown to 50% confluence before starving them for 24 hours. The cells were then incubated 

with SL0101 [1 μM] with or without 10% FBS for 40 hours (control cells received 0.1% DMSO). Cells 

were then incubated with click-it buffer for 8 hours before fixing in methanol. Click-IT assay buffer was 

then added to the cells after fixation and the emission at 520 was read to determine the change in 

proliferation between conditions (n=4 replicates). Differences between groups were evaluated with two-

way ANOVA and Tukey multiple comparison testing 

To investigate the effect of RSK1 inhibition on TGF-β1 stimulated 4E-BP1 

phosphorylation, pHLFS were incubated with SL0101 (Figure 3.46A). 

Treatment with SL0101 did not inhibit TGF-β1 stimulated 4E-BP1T37/46 or 4E-

BP1T70 phosphorylation (Figure 3.46A, B and D). In contrast, SL0101 

increased basal and TGF-β1 stimulated phosphorylation of 4E-BP1S65, (Figure 

3.46A and C).  

The effect of the compound was also assessed in the collagen deposition 

assay. Treatment with SL0101 did not inhibit the TGF-β1 stimulated increase 

in collagen I deposition (Figure 3.47). In addition, the SL0101 inhibitor had no 

effect on the baseline collagen synthesis. This suggests that inhibition of RSK 

alone is not sufficient to inhibit TGF-β1 stimulated collagen synthesis. Taken 

together these data demonstrate SL0101 had no impact on TGF-β1 stimulated  

collagen deposition or 4EBP1 phosphorylation, therefore, it is not likely to play 

a role in inhibiting TSC1/2 in response to TGF-β1 stimulation. 
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Figure 3.46: The effect of SL0101 on TGF-β1 stimulated 4E-BP1 phosphorylation in pHLFs  

Confluent pHLFs were serum-starved prior for 24 hours prior to incubation with SL0101 for 1 hours followed 

by stimulation with 1 ng/mL TGF-β1 for 3 hours. The phosphorylation of 4E-BP137/46, 4E-BP1S65 and 4E-

BP1T70 were assessed by western blotting. Protein loading was verified by blotting with anti- α-tubulin 

antibody. The densitometry (panel B-D) was calculated and plotted as a phopho-protein to total protein 

ratio. These data are representative of two independent experiments performed. 
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Each of the compounds had no impact on collagen synthesis, even at 

concentration 10-fold higher than that used to engage their target kinases. The 

compound AS703026, did seem to have some effects on the phosphorylation 

of 4E-BP1 going against the effect of TGF-β1 on 4E-BP1T70 phosphorylation 

and inhibited marginally the 4E-BP1T37/46 site. It was possible that the 

signalling was compensated by other kinases. A combination of the PI3K 

inhibitor and MEK1/2 inhibitor was used to assess the effects on collagen 

synthesis. The combination compound 12 [1 μM] of and a dose response curve 

of AS703026 had no impact on TGF-β1 stimulated collagen synthesis (Figure 

3.48). Therefore, this demonstrated that the inhibition of PI3K and ERK1/2 

together does not in inhibit TGF-β1 stimulated collagen I synthesis. 

 

 

 

 

 

 

 

Figure3.47: The effect of SL0101 on TGF-β1 stimulated collagen I synthesis in pHLF  

Confluent pHLFs were starved for 24 hours before being incubated with increasing concentrations of 

AS703026 (vehicle controls were incubated with 0.1% DMSO) in DMEM containing Ficoll for 1 hour. 

Following incubation cells were treated with or without TGF-β1 [1 ng/mL] which was spiked into the 

wells and incubated for 48 hours, prior to fixation and staining for type1 collagen (left column) and cell 

counts (right column) were obtained from a DAPI counter stain. Data are expressed as mean 

fluorescent intensity or cell count (n=4 reads per well) averaged across 4 replicates. This is 

representative of two independent experiments. See Appendix 12 for replicate data 
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3.4.17. Summary 

 TSC1/2 regulates mTORC1 activity in pHLFs 

 RHEB is required for TGF-β1 stimulated mTORC1 activation and 

collagen I synthesis  

 (5z)-7-Oxozeaenol inhibits TGF-β1 stimulated mTORC1 activation and 

collagen I synthesis but these effects are not mediated by the inhibition 

of TAK1 since the siRNA knock-down and NG25 shows no effect  

 (5z)-7-Oxozeaenol inhibits collagen I synthesis and mTORC1 activation 

by inhibiting the TβRI/TβRII receptor complex and preventing SMAD 2 

and SMAD 3 phosphorylation  

 P38 MAPK and MK2 are not required for TGF-β1 stimulated collagen 

synthesis 

 Pharmacological inhibition of ERK, CDK1 and RSK1 does not inhibit 

TGF-β1 stimulated  mTORC1 activation or collagen I synthesis 

 Combined inhibition of PI3K and ERK does not inhibit TGF-β1 

stimulated collagen I synthesis 

Figure 3.48: The effect of combined inhibition with AS703026 and compound 12 on TGF-β1 

stimulated collagen I synthesis in pHLF  

Confluent pHLFs were starved for 24 hours before being incubated with increasing concentrations of 

AS703026 with or without compound 12 [1 μM] in DMEM containing Ficoll for 1 hour. Following 

incubation cells were treated with or without TGF-β1 [1 ng/mL] which was spiked into the wells and 

incubated for 48 hours, prior to fixation and staining for type1 collagen (left column) and cell counts (right 

column) were obtained from a DAPI counter stain. Data are expressed as mean fluorescent intensity or 

cell count (n=4 reads per well) averaged across 4 replicates. These data are representative of two 

independent experiments.  
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4. Discussion 

4.1. Introduction 

Idiopathic pulmonary fibrosis (IPF) is an interstitial lung disease characterised 

by an aberrant wound healing response believed to be caused by repetitive 

epithelial lung injury, however, the exact aetiology still remains unknown. The 

IPF lung is characterised by the chronic production of extracellular matrix, in 

particular collagen I. 

TGF-β1 is central to the pathogenesis of IPF and promotes the recruitment, 

proliferation and differentiation of fibroblasts and causing type I epithelial cell 

apoptosis. This subsequently releases more pro-fibrotic mediators which 

perpetuate the aberrant wound healing response. 

Understanding the core TGF-β1 signalling pathways underlying the 

differentiation of the fibroblast to the myofibroblast and the synthesis of 

collagen I and may provide novel opportunities for therapeutic intervention.  

Our understanding of TGF-β1 signalling has grown. SMAD 3 signalling is the 

transcriptional driver of several matrix genes including COL1A1 and COL1A2. 

We and others have identified mTORC1 downstream of TGF-β1 is a key axis 

required for collagen I deposition. However, the signalling pathway between 

TGF-β1 stimulation and mTORC1 activation in pHLFs is unknown. This 

pathway is critical for controlling downstream pathways that lead to the 

translation of the collagen I mRNA, this still needs further investigation 

(Woodcock et al. 2019). Our understanding of this pathway has lead us to 

believe that mTORC1 by inhibiting 4EBP1 allows for a critical protein(s) to be 

translated which is then sufficient to promote collagen I mRNA translation. Our 

investigations in pHLFs and their response to TGF-β1 demonstrate that 

mTORC1 is activated at as early as 3 hours and this activation is prolonged 

for 48 hours post-stimulation (Woodcock et al. 2019). During this time our 

group has highlighted several TGF-β stimulated, mTORC1 dependent 

pathways including the upregulation of ATF4 which is essential for collagen I 

deposition (Selvarajah, unpublished data also see Figure 3.11). The pathway 

between TGF-β1 activating the pHLFS TβRI/TβRII receptors at the membrane 

and the internal signal that leads to mTORC1 remains unknown. Several 
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groups believe that the PI3K/AKT axis is important for mTORC1 activation 

(Hinault et al. 2004; Yoon et al. 2011; Garami et al. 2003), however, others 

have highlighted other mechanisms for mTORC1 activation (Carrière et al. 

2008; Y. Li et al. 2003). Critically, our group has highlighted that this pathway 

which promotes mTORC1 activation and collagen I synthesis is independent 

of PI3K/AKT in TGF-β1 stimulated pHLF activation. Therefore, identifying the 

pathway was a key focus of my research.    

During the course of my thesis, work in pHLFs using the inhibitory compounds 

12 (PI3K) and MMK205 (AKT) has confirmed that TGF-β1 stimulated 

mTORC1/mTORC2 activation and collagen I synthesis is PI3K and AKT 

independent. However, the mTOR inhibitor AZD8055 inhibits TGF-β1 

stimulated collagen I synthesis. Previously, it was unknown which mTOR 

complex was mediating the synthesis of collagen in response to TGF-β1 

stimulation.  mTORC1 was identified as the critical complex. This was 

demonstrated by the inhibition of mTORC2 associated AGC kinases, such as 

SGK1. When AGC kinases were inhibited, there was no effect on collagen I 

synthesis. Furthermore, the mTORC1 substrate 4E-BP1 was demonstrated to 

be an inhibitor of collagen synthesis, likely by preventing the translation of 

‘protein X’ which is required for the mediation of translation COL1A1 mRNA 

(Woodcock et al. 2019). mTORC1 is required in response to TGF-β1 to hyper-

phosphorylate 4E-BP1 to promote translation and subsequently lead to the 

downstream synthesis of collagen I. The other mTORC1 substrate P70S6K 

was identified to not be required for translation. Our group investigated 

P70S6K inhibition (the inhibitor used was LY2584702) and demonstrated that 

it’s inhibition did not inhibit TGF-β1 stimulated collagen synthesis (Woodcock 

et al. 2019). The critical experiment conducted by our group that identified 4E-

BP1 inhibition was required for collagen synthesis was through the use of 

siRNA. This experiment demonstrated that AZD8055 inhibited mTORC1 

mediated collagen I synthesis but this could be recovered by siRNA knock-

down of 4E-BP1 (since 4E-BP1 is an inhibitor of translation). 

Investigations are on-going to identify which 4E-BP1 phosphorylation sites are 

critical for its inhibition and are required for TGF-β1 to stimulate translation. 

The important phosphorylation sites have begun to be delineated through the 
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comparison between the treatments with either AZD8055 or rapamycin. In 

addition, investigation of point-mutations of each site may yield information on 

which sites are important for inhibiting 4EBP1 to allow for the downstream 

regulation for COL1A1 mRNA through a factor which is still to be discovered. 

However, a large gap in our knowledge still remained which was the signalling 

pathway between TGF-β1 stimulation and mTORC1 activation.  

Hypothesis: TGF-β activates mTORC1 to promote collagen I deposition 

in pHLFs through SMAD dependent and PI3K/AKT independent 

pathways 

Aims: 

• To identify a TGF-β1 sensitive phosphorylation site on mTOR that 

temporally correlates with mTORC1 substrate phosphorylation 

• Investigate the cross-talk between SMAD 3 and mTORC1 

activation downstream of TGF-β1 using siRNA approaches  

• To identify the importance of the TSC1/2 complex and investigate 

the kinases capable of inhibiting this complex to delineate their 

role in TGF-β1 mediated mTORC1 activation and collagen I 

synthesis using genetic and pharmacological approaches 

      

4.2. The mechanisms of TGF-β1 induced mTOR phosphorylation in 

pHLFs  

4.2.1. Introduction 

The mTOR kinase has three phosphorylation sites in its regulatory domain, 

T2446, S2448 and S2481 and this domain is known to regulate mTOR activity 

(Sekulić et al. 2000). The S2481 and S2448 are the better characterised sites 

and have often been used as markers for mTOR kinase activity. In contrast 

the T2446 is used as a marker for mTOR inhibition. The S2481 site has been 

mainly linked with mTORC2 activity or auto-kinase activity and the S2448 is 

linked with mTORC1 activity. Both sites can be phosphorylated in response to 

the same stimuli such as follicle stimulating hormone (FSH), PDGF-BB and 

insulin (Chen et al. 2002; Cong et al. 2018; Copp et al. 2009). The S2481 and 
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S2448 sites are also responsive to TGF-β1 (Chen et al. 2002). T2446 had been 

characterised by others that in response to inhibitory stimuli such as AICAR, 

DNP, decrease in amino acids or an increase in adenosine monophosphate 

(AMP), leads to the activation of AMPK (Cheng et al. 2004; Abooali et al. 

2015). The increase in AMPK activity leads to mTOR phosphorylation at the 

T2446 site which leads to a decrease in downstream mTOR substrate 

phosphorylation (mTOR inhibition) (Cheng et al. 2004). 

In this study, the phosphorylation pattern of all three residues was investigated 

in response to TGF-β1 over a 24 hour periods. The TGF-β1 responsive site, 

S2448, was investigated further and the signalling pathways for its 

phosphorylation were identified and its likely redundancy for collagen I 

synthesis.   

4.2.2. The temporal phosphorylation profile of the mTOR kinase 

regulatory domain 

The results outlined in Figure 3.2 demonstrated the temporal time-course of 

the phosphorylation of three mTOR phosphorylation sites (S2481, S2448 and 

T2446). 

The T2446 site was not TGF-β1 sensitive. There have been no previous 

reports of T2446 sensitivity to TGF-β1. Previous evidence reports T2446 is 

strongly linked to increased AMPK activity and depleted amino acid levels 

(Cheng et al. 2004). To support my data and demonstrate that this was likely 

to be an inhibitory site, I demonstrated that nutrient starvation or cell stress 

increased T2446 phosphorylation. Interestingly, since this site is a marker for 

AMPK or amino acid deprivation, it would not have been unexpected to 

demonstrate that T2446 phosphorylation is increased at later time points in 

pHLFs post TGF-β1 stimulation.  As a result this may suggest that the pHLFs 

amino acid depletion does not decrease sufficiently to inhibit mTORC1 in 

pHLFs and this may be the result of the amino acid levels being sufficiently 

maintained. The mechanism by which T2446 was being phosphorylated in 

PBS treated conditions was not investigated because TGF-β1 stimulation had 

no impact on T2446 phosphorylation. Therefore, this mechanism was not felt 

to be relevant to IPF which is a TGF-β1 driven disease.  
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The S2481 site on mTOR demonstrated some sensitivity to TGF-β1 stimulation 

with an observable increase in phosphorylation at 6 and 12 hours. Previous 

reports have demonstrated that S2481 is TGF-β1 sensitive in rat granuloma 

cells (Chen et al. 2002).  However, S2481 phosphorylation observed here did 

not coincide with the early activation of mTORC1 (observed by the 

phosphorylation of its substrates) and reports have attributed S2481 to 

mTORC2 autocatalytic activity because in immunoprecipitation studies 

RICTOR, but not RAPTOR, is pulled down with S2481 (Copp et al. 2009). 

mSIN1, a protein that binds to mTOR to form part of the mTORC2 complex, is 

required for S2481 phosphorylation. In mSIN1 knock-down MEFs, S2481 

phosphorylation is inhibited (Copp et al. 2009). This suggests that the 

phosphorylation I observed is associated with mTORC2 and not mTORC1 

activation. 

With respect to the role of mTORC2 during TGF-β1 stimulated collagen 

synthesis, our group has strong evidence to support that mTORC1 mediates 

it’s effects through the inhibition of 4E-BP1 and is therefore mTORC2 

independent (Woodcock et al. 2019). This evidence of mTORC2 

independence is supported by our group’s demonstration that collagen 

inhibition with AZD8055 is recovered by 4E-BP1 knock-down in TGF-β1 

stimulated pHLFs. Since this site shows late activation and is linked to 

mTORC2 activity, there was not enough evidence to support that S2481 was 

required for early mTORC1 activation or collagen I synthesis. Therefore, 

S2481 phosphorylation would not inform about the TGF-β1 stimulated 

pathways required for early mTORC1 activation in TGF-β1 mediated collagen 

synthesis.  

Further research into this site in the future may still be informative. The 

temporal disconnect between S2448 and S2481 phosphorylation might allow 

mTORC1 and mTORC2’s functions to be separated, which is often difficult to 

achieve because there is no selective tool for mTORC2 and the selective 

mTORC1 compound rapamycin is only a partial inhibitor. In addition, in our 

pHLFs, mTORC1 and mTORC2 substrates are activated by TGF-β1 at the 

same time making the functional separation between the two even more 

difficult.   
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In contrast, the phosphorylation of S2448 was induced by TGF-β1 at the early 

time point of 3 hours. The phosphorylation of S2448 correlates well with the 

mTORC1 substrate phosphorylation time-course, Figure 3.2. In contrast, other 

reports have demonstrated increases in S2448 phosphorylation at earlier time-

points. In HEK293 cells which were stimulated with 200 nM of insulin 

demonstrated increased mTOR S2448 phosphorylation was captured at 5 

minutes (Copp et al. 2009). In contrast NSCLC cells  and mesenchymal stem 

cells had increased S2448 phosphorylation in response to stimulation with 20 

ng/mL of  TGF-β1 at 30 minutes and 60 minutes, respectively  (Cong et al. 

2018; Cooper et al. 2017). These differences may be explained by the use of 

different cell types and the use of stimuli. Additionally, the use of high TGF-β1 

concentrations (20 ng/mL) is likely to be driven by increased receptor 

occupancy (Dijke & Hill 2004). These high concentrations are not required 

within our cells since the peak of collagen synthesis in pHLFs cells and at 1 

ng/mL TGF-β1. Although differences in timings were found for the 

phosphorylation of mTORC1, the temporal phosphorylation aligns well with 

what was expected. Therefore, I investigated the mechanisms of S2448 

phosphorylation with the concept that it may play a functional role during early 

mTORC1 activation and shed light on the upstream pathways required for 

mTORC1 activation.  

4.2.3. Pharmacological interrogation delineates the mechanisms of TGF-

β1 induced S2448 phosphorylation  

The mechanism of TGF-β1 stimulated S2448 phosphorylation has not been 

delineated and most literature has only implied this site is AKT-dependent.  

In previous studies within our group we demonstrated that PI3K and AKT are 

not required for TGF-β1 stimulated activation of mTORC1 or for collagen I 

synthesis. My work was focussed on interrogating the mechanisms of S2448 

phosphorylation to identify how upstream proteins may be influencing the early 

activation of mTOR (3 hours) and collagen I synthesis.  A kinase identified for 

regulating this site could then be analysed for its role in mTORC1 activation 

and collagen synthesis. Therefore, before I continued investigations further, I 

wanted to demonstrate that S2448 phosphorylation in response to TGF-β1 was 

PI3K/AKT independent.  
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The treatment of pHLF’s with the PI3K inhibitor, compound 12, did not inhibit 

TGF-β1 stimulated S2448 phosphorylation and this was matched to a 

decrease in AKT phosphorylation, which is a good marker of inhibited AKT 

enzyme activity. Therefore, in our cells this S2448 phosphorylation was 

independent of the PI3K/AKT axis. Previous reports demonstrate that S2448 

phosphorylation was dependent on PI3K and AKT activation (Cheng et al. 

2004; Navé et al. 1999). The difference between my work and the previous 

reports may be explained by the choice of compound used between studies. 

In previous reports, it has been demonstrated that S2448 was sensitive to 

treatment with wortmannin, an inhibitor of PI3K (Cheng et al. 2004; Navé et al. 

1999). Others have reported that wortmannin also inhibits Polo-like Kinases, 

DNA-PKcCs and mTOR. As a consequence, inhibition of mTOR or another 

kinase may explain why wortmannin inhibits S2448 phosphorylation 

(McNamara & Degterev 2011; Liu et al. 2005). This is also supported by my 

data and other reports show this site is sensitive to mTOR inhibition, Figure 

3.5 (Ferguson et al. 2017; Cirstea et al. 2014). Therefore, it is likely that this 

site is PI3K/AKT insensitive and previous reports report the consequence of 

mTOR kinase inhibition, which is required to phosphorylate this site. 

In support of my work, others have demonstrated that S2448 phosphorylation 

is sensitive to wortmannin but independent of AKT (Chiang & Abraham 2005). 

Other investigators demonstrated that S2448 phosphorylation was attributable 

to P70S6K activation downstream of mTOR activation and this observation 

was also supported by a second group (Chiang & Abraham 2005; Holz & 

Blenis 2005). The previous investigations believed this was explained by the 

compound's ability to inhibit PI3K which is required for PDK1 recruitment 

(independent of AKT activity). Therefore, by inhibiting PI3K this would lead to 

the inhibition of PDK1 and prevent P70S6K becoming activated and 

phosphorylating the S2448 site (Chiang & Abraham 2005). However, this was 

not experimentally demonstrated. Another group demonstrated that mTORC1 

activation is independent of PI3K and AKT and believe that mTORC1 is 

mediating P70S6K activation in synergy with PDK1 (Holz & Blenis 2005). This 

supports my observation that the phosphorylation of S2448 was independent 

of PI3K and AKT and it was still possible that the effects of wortmannin 
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observed by Chiang & Abraham (2005) were mediated by mTOR inhibition. I 

have confidence in my observations because the pharmacological tool utilised 

in my work, compound 12, exhibits much greater selectivity for PI3K in 

comparison to mTOR with an IC50 of 40 nM and 50 μM, respectively. The 

1000-fold increase in selectively allows PI3K to be assessed independently of 

mTOR and demonstrated that S2448 phosphorylation of mTOR is 

independent of PI3K. This was confirmed because TGF-β1 stimulated AKT 

phosphorylation is inhibited by compound 12 whilst P70S6K phosphorylation 

was still maintained, Figure 3.4. Therefore, the effects of wortmannin are not 

likely mediated through the PI3K/AKT axis, but by the compound inhibiting 

mTOR directly in other studies.  

The role of mTOR kinase activity was investigated in order to determine if 

S2448 was being phosphorylated downstream mTORC1 activation when 

pHLFs are stimulated with TGF-β1. PHLF’s treated with an mTOR inhibitor, 

AZD8055, inhibited the increase in mTORC1 S2448 phosphorylation. This 

confirmed that S2448 phosphorylation is likely temporally situated 

downstream of mTORC1 activation. Reports confirm that AZD8055 is able to 

inhibit the phosphorylation of this phosphorylation site (Cirstea et al. 2014) 

along with other mTOR inhibitors (Ferguson et al. 2017).  

Treatment with LY2584702 (P70S6K inhibitor) also confirmed that mTOR 

activity is required for the phosphorylation of S2448 via the P70S6K. A number 

of reports support this feed-back mechanism driven by P70S6K and this is 

sensitive to mTOR inhibition via rapamycin treatment (Chiang & Abraham 

2005; Holz & Blenis 2005; Cirstea et al. 2014). This further supports the 

previous argument that wortmannin likely mediates its effect through the 

inhibition of mTOR thus preventing it from activating P70S6K to mediate the 

phosphorylation of the S2448 site. 

The compound wortmannin is also believed to be able to inhibit the 

phosphorylation of S2448 via inhibition of PI3K (Chiang & Abraham 2005). 

PI3K activation is required for PDK1 recruitment because it converts PIP2 to 

PIP3 at the cell membrane which recruits PDK1, AKT and P70S6K via their 

PH (pleckstrin homology) domains and brings the three kinases into close 
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contact allowing PDK1 to phosphorylate AKT and P70S6K.  PDK1 is 

responsible for phosphorylating P70S6K at the T229 site in the kinase domain 

to promote P70S6K catalytic activity. Therefore, I wanted to understand if 

PDK1 was required for P70S6K activation to allow the phosphorylation of 

S2448. 

Treatment with GSK2334470 (PDK1 inhibitor) inhibited the phosphorylation of 

the mTOR S2448 amino acid site. Previous reports show that PDK1 is 

essential for the activation of P70S6K by phosphorylating P70S6K’s activation 

loop which promotes kinase activity. Therefore, inhibiting PDK1 with 

GSK2334470 identified the requirement of the PDK1 to P70S6K axis in TGF-

β1 stimulated mTORC1 S2448 phosphorylation. Interestingly this inhibitory 

data from Figure 3.4 and Figure 3.8, demonstrate that PDK1 is acting 

independently of PI3K recruitment in our pHLFs. In addition to my own data, I 

was confident that compound 12 was inhibiting AKT via PI3K, since I could 

see a decrease in AKT phosphorylation and others within the group have also 

shown it completely inhibits AKT phosphorylation and cell proliferation at 1 μM 

(Woodcock et al. 2019). Therefore, I believe that PDK1 is acting independently 

from PI3K activation. To explain this, PDK1 is known to be active under basal 

conditions. This suggested that PDK1 does not need to be localised to the cell 

membrane to sufficiently activate P70S6K or that another mechanism 

promotes its recruitment to the membrane. Furthermore, mTORC1 under 

amino acid replete conditions is also believed to be localised to the lysosome 

and this may support a role for an alternative pathway that leads to PDK1 

recruitment to the lysosome (Bar-Peled et al. 2012). There are also reports 

which support the notion that PDK1 can be regulated independently of PI3K 

(Caohuy et al. 2014), but the mechanism still remains elusive. My work 

provides a number of potential insights within our cells that could be explored 

in the future by identifying the signalling pathways that regulate PDK1 and 

subsequently regulate P70S6K phosphorylation/activity. 

A Previous report demonstrated a dual mechanism involving PDK1 and 

P70S6K whereby mTORC1 can be activated in an AKT-independent manner 

in cancer cells and demonstrated resistance to PI3Kα inhibition (Castel et al. 

2016). Their work identified two mechanisms that regulate the S2448 site on 
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mTOR requiring both PDK1 and P70S6K suggesting they may play a role in 

mediating mTORC1 activity and this could have been required for collagen I 

synthesis. These cancer cells compensate for this inhibition by driving 

mTORC1 activation via SGK1 and PDK1 (Castel et al. 2016). However, work 

within our group demonstrated that using the same inhibitors for PDK1, 

P70S6K or SGK1, there was no effect on TGF-β1 stimulated collagen I 

synthesis (Woodcock et al. 2019). This suggests that this site is 

phosphorylated for alternative reasons which are not linked to TGF-β1 

stimulated collagen I synthesis. An alternative method of measuring the 

activity of mTORC1 would be to use a radioactive kinase assay on co-

immunoprecipitations of Raptor. This would pull-down specifically mTORC1 

and not mTORC2. This would allow the quantitation of different inhibitor 

treatments and how they impact the kinase activity of mTORC1. 

Summary 

Taking together the data obtained with these four inhibitors, the kinases 

required for the phosphorylation of mTOR at the S2448 site are P70S6K, 

mTORC1 and PDK1. Importantly, this work has also supported that TGF-β1 

activation mTORC1 is independent of the PI3K/AKT axis. This data also sheds 

light on the PDK1 to P70S6K axis which is independent of PI3K but dependent 

on TGF-β1 stimulation that can lead to the phosphorylation of the S2448 on 

mTORC1. In addition to previous reports, my data has helped align the 

temporal order of these kinases to lead to the increased phosphorylation of 

the S2448 site in response to TGF-β1 stimulation. Figure 4.1 represents a 

model that shows the known kinases important for the phosphorylation of 

S2448 based upon the inhibitory data presented in this thesis.  
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4.3. SMAD3 is required for TGF-β1 mTORC1 activation  

4.3.1. Introduction 

TGF-β1 binds to the TβRII receptor which increases its affinity for TβRI 

receptors which leads to the formation of the TβRI/TβRII receptor complex. 

TβRII activates the TβRI through phosphorylation allowing TβRI to then 

directly phosphorylate SMAD 2 and SMAD 3.  The phosphorylation of either 

transcription factor promotes their binding to SMAD 4 allowing them to 

translocate into the nucleus and promote gene transcription. Early work on 

SMAD 3 regulated genes identified that it can regulate a number of collagen 

genes, including COL1A1, implicating SMAD 3 in most TGF-β1 driven  pro-

fibrotic responses (Tsuchida et al. 2003; Verrecchia et al. 2001). mTOR has 

also been implicated as a pro-fibrotic hub, regulating the translation of the 

mRNA of several pro-fibrotic proteins in response to TGF-β1 stimulation (Platé, 

unpublished data; Woodcock et al. 2019;Rozen-Zvi et al. 2013). Finally, 

evidence has emerged that there may be cross-talk between SMAD activation 

TGF-β
1
  

P70S6K 

mTOR 

S2448 

? 

? 

PDK1 

3. 

1. 

2. 4. 

1. TGF-β
1
 activates 

mTOR  

2. mTOR primes 
P70S6K though 
phosphorylation of 
the T389 site  

3. PDK1 recognises 
the phosphorylated 
form of P70S6K and 
phosphorylates its 
T229 site activating 
its catalytic activity 

4. P70S6K mediates 
the phosphorylation 
of the S2448 site 

Figure 4.1: The TGF-β
1
 stimulated mechanism of mTOR S2448 phosphorylation in pHLFs 

 1. TGF-β
1
 activates mTOR through and unknown mechanism. 2. The activation of mTOR kinase 

activity leads to mTORC1 targeted phosphorylation of P70S6K at the T389 site. 3. This allows 
P70S6K to be targeted by PDK1 which phosphorylates P70S6K at the T229 site which is located 
in the activation loop and subsequently leads to increased P70S6K catalytic activity. 4. The 
activated P70S6K then mediates the phosphorylation of mTOR at the S2448 site. 
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and mTORC1 (Rozen-Zvi et al. 2013). In the present study, the contribution of 

SMAD 3 signalling and gene transcription to the activation of mTORC1 was 

evaluated using a range of techniques including siRNA knock-down and 

selective pharmacological inhibitors in pHLFs. 

4.3.2. A comparison of the effects of two mTOR inhibitors on TGF-β1 

stimulated 4E-BP1 phosphorylation  

Rapamycin and AZD8055 are both inhibitors of the mTORC1 complex. 

However, both show different pharmacological mechanisms of inhibition. 

AZD8055, like Torin-1, is an ATP-competitive inhibitor of mTOR and is, 

therefore, capable of inhibiting mTORC2 substrate phosphorylation as well. In 

contrast, rapamycin is an allosteric inhibitor of mTORC1. Crystal structure 

analysis revealed that rapamycin and FKBP12 forms a complex to bind to the 

FRB domain on mTOR (Choi et al. 1996). These differences in rapamycin and 

AZD8055 mean that AZD8055 can inhibit the phosphorylation of all 4E-BP1 

sites, however, 4E-BP1 has both rapamycin-sensitive and insensitive sites. It 

is well documented that rapamycin is capable of influencing the 

phosphorylation of 4E-BP1S65 and 4E-BP1T70, yet 4EBPT37/46 is rapamycin 

insensitive (Walker et al. 2016; Kang et al. 2013; Thoreen et al. 2009). The 

differences in site-specific sensitivity are most likely explained by the negative 

impact rapamycin may have on substrate conformational binding to the mTOR 

active site, preventing the phosphorylation of the 4E-BP1S65 site and P70S6K 

(Kang et al. 2013). Furthermore, phosphoproteomic studies have 

demonstrated that mTORC1 has a much higher affinity for the 4E-BP1T37/46 

sites, but, is much weaker for the 4E-BP1S65 and 4E-BP1T70 sites and P70S6K. 

This means mTORC1 can still phosphorylate the 4E-BP1T37/46 site in the 

presence of rapamycin (Kang et al. 2013; Thoreen et al. 2009). 

These differences between rapamycin and ATP-competitive mTOR inhibitors 

was recapitulated in our pHLFs; whereas AZD8055 was capable of inhibiting 

all three 4E-BP1 sites, rapamycin only inhibited the effects of TGF-β1 

stimulation of 4E-BP1S65 and 4E-BP1T70. This served as a strong basis when 

comparing the effects of both pharmacological inhibitors and siRNA on 

mTORC1 activation, importantly because AZD8055 inhibits collagen 

synthesis, whereas rapamycin does not (Woodcock et al. 2019).  
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4.3.3. Characterisation of SMAD 3 knock-down in pHLFs 

TGF-β1 stimulated SMAD 3 phosphorylation is a direct event that is driven by 

TβRI phosphorylating SMAD 3 in the MH2 domain. This allows it to translocate 

to the nucleus after binding to SMAD 4. The MH1 domain of SMAD 3 

recognises the CAGA repeats in the COL1A1 gene to drive transcription 

(Verrecchia et al. 2001).  

The aim of my initial experiments was to ensure that good knock-down of 

SMAD 3 was achieved in pHLFs and that the knock-down recapitulates the 

known contribution of SMAD 3 for COL1A1 gene transcription. The effect of 

SMAD 3 siRNA knock-down inhibited TGF-β1 stimulated COL1A1 mRNA 

levels and this was recapitulated at the protein level, with a decrease in TGF-

β1 stimulated collagen deposition observed. It has been reported in numerous 

fibroblast cell lines that TGF-β1 regulates collagen synthesis through the 

activation of the SMAD pathway, in particular SMAD 3, to promote its pro-

fibrotic effects (Zhang et al. 2011; Higashiyama et al. 2007; Tsuchida et al. 

2003; Verrecchia et al. 2001).  

I next demonstrated after 24 hours following TGF-β1 stimulation, TGF-β1 

negatively regulates SMAD 3 mRNA and protein levels in pHLFs. Reports 

support this evidence, and it has been well-documented as a regulatory 

mechanism to inhibit continued SMAD 3 signalling. TGF-β1 down-regulates 

SMAD 3 gene transcription through an as yet unknown mechanism and SMAD 

3 luciferase reporter activity drops significantly when glomerular mesangial 

cells are treated with TGF-β1 (Poncelet et al. 2007). TGF-β1 has also been 

shown to regulate SMAD 3 protein levels through targeted ubiquitination by F-

box/WD repeat-containing protein 1a (Fbw1a) in COS7 cells (Fukuchi et al. 

2001). There is also evidence that has implicated a signalling axis involving 

Protein inhibitor of activated STAT (PIAS) 4 and fibrosis-inducing E3 ligase 1 

(FIEL1) (Lear et al. 2016). PIAS4 is an important inhibitor of TGF-β signalling, 

which supresses SMAD 3 signalling via SMAD 3 degradation, complex binding 

and recruitment of histone deacetylase 1 (HDAC1) which supresses SMAD 3 

transcription (Long et al. 2003; Imoto et al. 2004). FIEL1 is a direct negative 

regulator of PIAS4 which promotes its degradation and prolongs TGF-β1 

stimulated activation of SMAD 3. Interestingly, a small molecule inhibitor of 
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FIEL 1 has been shown to promote increased survival and reduced collagen 

levels in mice following bleomycin induced lung fibrosis (Lear et al. 2016). 

Considering in our pHLFs, SMAD 3 is being degraded, this has no relevance 

for early mTORC1 activation mediated collagen synthesis, but in the disease 

context may promote the prolonged transcription of the collagen I gene.  

4.3.4. SMAD 3 regulates TGF-β1 stimulated mTORC1 activation through 

the transcription of an unknown protein  

The requirement for TGF-β1 stimulated SMAD 3 signalling and the collagen I 

gene expression is well-established. However, the cross-talk between SMAD 

3 and mTORC1 activation has only just recently begun to emerge. SMAD 3 

knock-down was assessed across the four 4E-BP1 phosphorylation sites, of 

which 4E-BP1S65 and 4E-BP1T70 show TGF-β1 dependence. Treatment with 

SMAD 3 siRNA in pHLFs strongly inhibited 4E-BP1S65 at baseline and under 

TGF-β1 stimulated conditions. Conversely SMAD 3 siRNA treatment increased 

4EBP70
 phosphorylation, preventing the TGF-β1 regulated inhibition. The effect 

on 4E-BP1T37/46 was only marginal although it was statistically significant when 

quantified by densitometry. Treatment with actinomycin D supported the 

notion that this response was indeed transcriptionally regulated for the TGF-

β1 sensitive site 4E-BP1S65. Reports support that SMAD 3 is capable of 

regulating mTORC1 activation, however, these reports differ slightly in 

selected time-points examined (Das et al. 2013; Lampa et al. 2017; Bernard 

et al. 2017). These reports also link two SMAD 3 transcriptionally regulated 

proteins that have the capability to modulate mTOR activity, DEPTOR and 

GLS. DEPTOR negatively regulates mTOR complexes (mTORC1 and 

mTORC2). The first report identified DEPTOR as a SMAD 3 regulated protein 

but this regulation was down-stream of mTORC1 in glomerular mesangial cell 

(Das et al. 2013). This observation was not recapitulated in pHLFs which 

demonstrated that DEPTOR is not down-regulated by TGF-β1.  Considering 

this evidence, it is likely that the pHLF do not require the mTORC1 regulated 

decrease in DEPTOR to prolong mTORC1 activation for 48 hours post 

stimulation with TGF-β1. The explanation for this may be that sufficient 

nutrients are being supplied, allowing pHLFs to maintain mTORC1 activation 

or the differences in cell type examined. 
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Work within our group has demonstrated that glycolysis is a core metabolic 

pathway that is upregulated in pHLFs stimulated with TGF-β1 (Selvarajah, 

unpublished data). The upregulation of these glycolytic pathways are driven 

by the TGF-β1 dependent upregulation of ATF4. ATF4 has been investigated 

within our group and its upregulation occurs at 6 hours and peaks at 24 hours 

(Selvarajah, unpublished data). Figure 3.11, highlights how the knock-down of 

ATF4 using siRNA inhibits TGF-β1 stimulated collagen I deposition in pHLFs. 

This suggested that a protein or metabolite involved in glycolysis could be 

responsible for the TGF-β1 stimulated activation of mTORC1. Previous reports 

support this idea, and report that the glycolytic inhibitor 3PO attenuated 

bleomycin induced fibrosis (Xie et al. 2015). GLS, an enzyme that converts 

glutamine to glutamate which is then converted to α-Ketoglutarate by 

glutamate dehydrogenase (Yang et al. 2014). The α-Ketoglutarate produced 

as a result of the upregulation of GLS is capable of mediating increased 

mTORC1 activity through the RAG complex (discussed in the next paragraph) 

(Durán et al. 2012). In addition, it was reported that breast cancer cells 

incubated with CB-839, a GLS inhibitor, for a period 24 hours had decreased 

levels of P70S6K and 4E-BP1T70 phosphorylation (Lampa et al. 2017). This 

compound has now been entered into clinical phase I trials for the treatment 

of cancer (Clinical trials identifier: NCT02071927). Importantly, it has been 

identified that SMAD 3 transcriptionally regulates GLS (Bernard et al. 2017). 

This highlighted GLS as potential target within our pHLFS. It was theorised 

that TGF-β1 could be transcriptionally regulating GLS via SMAD 3 and the 

subsequent increase in GLS expression would increase the synthesis of α-

Ketoglutarate, therefore promoting RAG mediated activation of mTORC1.  

In contrast to what was observed in these previous reports, my investigation 

of CB-839 demonstrated it has no effect on two of the TGF-β1 sensitive 4E-

BP1 sites: 4E-BP1T70 and 4E-BP1S65. There was a very marginal effect on 4E-

BP1T37/46 based upon the densitometry but the western blot visually does not 

look decreased. The difference between the reported literature and what I 

observed is likely due to the early time point I selected. The previous reports 

discussed above examined time points at 24-48 hours which is much later than 

the early activation seen with mTORC1 (Xie et al. 2015; Bernard et al. 2017; 
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Lampa et al. 2017). One explanation for the observation seen is that over the 

48 hour period, mTORC1 activation requires the maintenance of amino acids 

and other influences required for its activation and hence it up-regulates a 

number of glycolytic enzymes. The 4E-BP1T37/46 is well characterised as a high 

affinity site that is recognised by mTORC1 (Kang et al. 2013; Thoreen et al. 

2009). This site acts as a priming site for the other two sites allowing for their 

phosphorylation (Gingras et al. 1999). This site has also been demonstrated 

to be regulated by glutaminolysis which produces α-ketoglutarate which is 

required to keep RAGB in its GTP bound form (Durán et al. 2012). The RAG 

proteins RAG A-D are all critical proteins that are required for mTORC1 

activation. In the GTP bound form, RAG A or RAG B associate with either RAG 

C or RAG D in their GDP bound form. The RAG proteins are tethered to the 

lysosome to a complex termed the RAGULATOR. Along with tethering the 

RAGS to the lysosome, the RAGULATOR is a GEF. This exchanges the RAG 

A or RAG B GDP for GTP which allows mTORC1 to be recruited. In the 

absence of amino acids, the GTP is converted to the GDP bound form, 

preventing mTORC1 from remaining localised to the lysosome. Therefore, 

prolonged treatment with the compound CB-839 over a 24 hour period would 

lead to the depletion of α-ketoglutarate which is critical for maintaining basal 

levels of mTORC1 activity which can be demonstrated by quantifying the 

phosphorylation 4E-BP1T37/46
 which is primed ready so the other 4EBP1 sites 

can be phosphorylated. So, while α-ketoglutarate is critical for maintaining 

mTORC1 localisation at the lysosome and mTORC1 basal levels of activity, 

this is independent of TGF-β1 stimulated early mTORC1 activation, which is 

required for the increased phosphorylation of 4EBPS65 and 4EBP1T70. In our 

culture conditions, over a four hour exposure period with CB-839, this is not 

sufficient to deplete the levels of α-ketoglutarate and therefore this leads to the 

reduction of 4E-BP1T37/46 phosphorylation. This also may explain why there is 

only a marginal effect on this site at the 3 hour time-point. This does not 

discount that TGF-β1 in our cells may up-regulate glutaminolysis and GLS 

expression (to produce α-ketoglutarate) to maintain mTORC1 baseline activity 

which is required to allow TGF-β1 driven mTORC1 activation. Considering this 

information, the upregulation of ATF4 in our cells and its requirement for 

collagen synthesis, Figure 3.11, ATF4s ability to upregulate glycolytic 
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enzymes (Appendix 14) may be sufficient to keep mTORC1 activated and 

therefore does not need DEPTOR to be down-regulated in pHLFs. This has 

been evidenced in other reports, which show mTORC1 balances amino acid 

levels through the upregulation of ATF4 and in turn this maintains mTORC1 

activity (Park et al. 2017). To conclude I believe that α-ketoglutarate is required 

for the maintenance of mTORC1 basal activity. The synthesis of α-

ketoglutarate by GLS is required to promote the availability of mTORC1 at the 

lysosome which subsequently allows it to be fully activated by other stimuli 

such as TGF-β1. Therefore, α-ketoglutarate and DEPTOR are not required for 

the early activation of mTORC1 in response to TGF-β1 stimulation in pHLFS.  

Our group use the TGF-β1 sensitive 4E-BP1 phosphorylation sites and use a 

secondary read-out which is collagen I deposition. This supports that we are 

inhibiting collagen I and this is likely through mTORC1. TGF-β1 activates 

SMAD 3 in pHLFs to mediate the transcription of the collagen I gene. The 

evidence that only SMAD 3, downstream of TGF-β1, is required to activate 

mTORC1 is ambiguous, Figure 3.17. Although it demonstrates that SMAD 3 

knock-down regulates the mTORC1 there was still large amounts of 4EBP1 

phosphorylation remaining at each of the sites, making the results more 

comparable to rapamycin which does not inhibit collagen compared to 

AZD8055 which does. In light of this I wanted to explore other known 

mechanisms that regulate mTORC1 and it would not be too far to assume that 

SMAD 3 still had the potential to regulate or feed into this other pathway which 

was the TSC1/2 complex. 

4.4. TSC1/2 

4.4.1. Introduction 

The TSC1/2 complex is a large negative regulatory complex. The complex is 

formed of three proteins, TSC1, TSC2 and TBC1D7. Mutations in these 

tumour suppressor genes encoding either TSC1 or TSC2 leads to tuberous 

sclerosis, a disease characterised by the formation of hamartoma’s. Mutations 

in the TSC1 or TSC2 genes have also linked to sporadic cases of 

lymphangioleiomyomatosis (Carsillo et al. 2000). The loss of function of TSC2 

and the development of these conditions was attributed to TSC1/2 being 

required as a negative regulator of the protein RHEB, which is required for 
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mTORC1 activation (Carsillo et al. 2000; Inoki 2003; Huang & Manning 2008; 

Demetriades et al. 2014).  

TSC1 and TSC2 are both large proteins with a large number of 

phosphorylation sites, particularly TSC2. The various phosphorylation sites on 

TSC1 or TSC2 can either inhibit or activate overall activity of the complex. A 

number of stimulatory signals including amino acids, TGF-β1 and EGF can 

lead to the inhibition of this complex to promote mTORC1 activation, which 

occurs through the activation of select kinases that phosphorylate and inhibit 

the complex or by changing its localisation.  

4.4.2. The TSC1/2 complex and RHEB are required for mTORC1 

activation  

The results outlined in Figures 3.21, 3.22, 3.25 and 3.26 demonstrate that the 

TSC2-RHEB axis is critical for TGF-β1 stimulated 4E-BP1S65 phosphorylation 

and collagen I synthesis. The results regarding TSC2 were difficult to interpret 

owing to its ability to shift the TGF-β1 curve to the left and also increase the 

Emax which was investigated by western blot analysis. This may be explained 

because the relationship between TSC1/2 complex and mTORC1 is 

multifaceted. TSC2 can be regulated by both amino acids and numerous 

kinase inputs (Huang & Manning 2008; Demetriades et al. 2014). My results 

suggest I may be enhancing both amino acid inhibition and kinase inputs 

inhibition of the TSC2 complex. This suggests that the loss of TSC2 can 

increase mTORC1 activity and this observation is well supported by the 

current literature (Demetriades et al. 2014; Huang et al. 2008; Carsillo et al. 

2000; Garami et al. 2003). 

In amino acid rich conditions, a large portion of TSC2 is dissociated from the 

lysosome, however, not completely (Demetriades et al. 2014). The knock-

down in pHLFs promotes an increase in mTORC1 activity as seen by an 

increase in 4EBP1S65 phosphorylation, Figure 3.21. Taking the demonstration 

of the previous report (Demetriades et al. 2014) into account the knock-down 

in my pHLF’s could be acting with the amino acids synergistically by removing 

the remaining TSC2 complex from the lysosome, therefore, theoretically 

promoting RHEBGTP formation, which would explain the increase in Emax, 
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Figure 3.21. However, Figure 3.21, demonstrates there is also a leftward shift 

in the response of 4E-BP1S65 to TGF-β1, the curve suggests TSC2 regulation 

is TGF-β1 dependent. This indicates TGF-β1 may be capable of increasing 4E-

BP1S65 phosphorylation through the inhibition of the TSC1/2, this supports 

previous observations that external stimuli can inhibit this complex  

(Demetriades et al. 2014; Huang et al. 2008; Carsillo et al. 2000; Garami et al. 

2003).  

To better link the role of the TSC1/2 complex to TGF-β1 and its role in 

activating mTORC1, RHEB was selected as a target for CRISPR and siRNA. 

RHEB has been well established as a substrate of TSC2’s GAP activity (Inoki 

et al. 2003). RHEB is critical for the activation of mTORC1 and has been 

established to be responsible for fibroblast collagen synthesis in kidney fibrosis 

(Jiang et al. 2013) and lung mesenchymal cells (Walker et al. 2016). Using 

siRNA and CRISPR techniques, I demonstrated that RHEB was required for 

TGF-β1 stimulated mTORC1 activation for the phosphorylation of 4E-BP1S65 

and for the synthesis of collagen I. Taken together this suggests that RHEB 

and TSC2 are required for TGF-β1 stimulated 4E-BP1 phosphorylation and for 

collagen synthesis. Interestingly, CRIPSR and siRNA had no effect on the 

basal levels of 4E-BP1 phosphorylation, which could be explained by residual 

levels of RHEB remaining in both the CRISPR and siRNA treated cells as 

demonstrated by the western blots. Previous reports have suggested that 

RHEB regulates mTORC1 activity by increasing mTORC1’s binding to 4E-BP1 

(Sato et al. 2009). This may explain why we also see differences between the 

4E-BP1 phosphorylation sites. mTORC1 has a high avidity for the 4E-BP1T37/46 

phosphorylation site (Kang et al. 2013; Thoreen et al. 2009). Therefore, 

mTORC1 binding to RHEB mediated by TGF-β1 stimulation in our pHLFs 

promote mTORC1 recognition of the low affinity 4E-BP1 phosphorylation sites, 

4E-BP1S65 and 4E-BP1T70. 

4.5. The role of MK2 signalling in modulating the fibrotic response 

following TGF-β1 stimulation of pHLFs.  

4.5.1. Introduction 

MK2 is a serine/threonine kinase encoded by the MAPKAPK2 gene on 

chromosome 1. The protein expression is fairly ubiquitous, but it is mainly 
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expressed by immune cells, particularly dendritic cells. MK2 is a substrate of 

P38 MAPK and TAK1, and has been implicated in regulating cellular 

processes including: stress, DNA damage and cell migration (Holtmann et al. 

2001; Liang et al. 2018; Yang et al. 2011).  

TAK1, is a MAP3K which is best known for its ability to initiate signalling 

cascades in response to TNF-α, whereby TAK1 mediates the activation of NF-

κB in inflammatory disorders and cancer (Sakurai 2012). Stimuli including 

TGF-β1, IL1β, and TNF-α can initiate other signalling pathways including TAK-

MKK3/6-P38 MAPK; TAK1-MKK4/7-JNK; TAK1-MEK1/2-ERK (Sakurai 2012). 

Anisomycin is a tool used to investigate P38 MAPK activity and subsequently 

its substrate MK2. (Y. Li et al. 2003). Anisomycin treatment activates MK2 

activity which phosphorylates and inhibits TSC2 (Y. Li et al. 2003).  

TAK1 is a direct target of TβRI and has been implicated in regulating TGF-β1 

driven gene expression and in collagen I synthesis (Ono et al. 2003; 

Yamaguchi et al. 1995). To explore the pro-fibrotic role of TAK1 in pHLFs and 

its effects on SMAD and mTORC1, (5z)-7-Oxozeaenol and siRNA were used 

to explore their effects on mTORC1 activation and collagen I synthesis. The 

two approaches yeilded conflicting results, which will be discussed below. 

4.5.2.  (5z)-7-Oxozeaenol inhibits TGF-β1 stimulated collagen I synthesis  

Treatment with (5z)-7-Oxozeaenol demonstrated a significant inhibitory effect 

on TGF-β1 induced collagen I deposition in pHLFs, Figure 3.27 and 3.29. 

Previous studies have suggested that (5z)-7-Oxozeaenol inhibits TAK1 which 

leads to a decrease in TGF-β1 stimulated  collagen synthesis across several 

cell types  (Kuk et al. 2015; Li et al. 2017; Grillo et al. 2015; Guo et al. 2013; 

Ono et al. 2003). To determine whether (5z)-7-Oxozeaenol was engaging its 

target, TAK1, I demonstrated that it inhibited the phosphorylation of P38 

MAPK. This has been used by various groups to demonstrate TAK1 is being 

inhibited by the compound (Refaat et al. 2015; Ninomiya-Tsuji et al. 2003) 

However, in these previous reports identifying TAK1 as a mediator of collagen 

synthesis, there was no data implicating (5z)-7-Oxozeaenol as a regulator of 

mTORC1 activation (Kim et al. 2009; Li et al. 2017; Grillo et al. 2015; Ono et 

al. 2003). In pHLFs, treatment with (5z)-7-Oxozeaenol inhibited the TGF-β1 



Discussion 

173 
 

induced phosphorylation of mTORC1 substrates, 4E-BP1S65 and P70S6K. 

This was the first time that this compound had been linked to mTORC1 

regulation in response to TGF-β1 signalling. Interestingly, in contrast to my 

data, others report that (5z)-7-Oxozeaenol inhibition of TAK1 leads to an 

increase in mTORC1 activity by preventing bacteria induced TAK1 activation 

of AMPK (an inhibitor of mTORC1) in HeLa cells (Liu et al. 2018). This 

difference may be contextual and dependent on the stimulus and cell type. 

Due to the compound selectivity, the immediate evidence suggested that 

TAK1 may be critical for regulating TGF-β1 stimulated mTORC1 activation to 

regulate collagen I synthesis. In light of other subsequent data my 

observations may be driven by compound polypharmacology (discussed 

below 4.5.3). 

4.5.3. TAK1, P38 MAPK and MK2 are not required for TGF-β1 stimulated 

collagen I synthesis  

Treatment of pHLFs with TAK1 siRNA did not recapitulate the findings that 

were demonstrated with (5z)-7-Oxozeaenol. This was true for both TGF-β1 

stimulated collagen synthesis and mTORC1 activation. I had confidence in the 

siRNA data since good knock-down was obtained. However, complete 

removal of a protein can have unexpected effects within cells and this may 

lead to compensatory mechanisms becoming activated. Several reports 

contrast with my results: studies using mouse KO, siRNA and CRISPR CAS9 

knock-down of TAK1 or TAK1 DN demonstrate that TAK1 is required for TGF-

β1 stimulated collagen synthesis (Kuk et al. 2015; Li et al. 2017; Grillo et al. 

2015; Kim et al. 2007). To explain these differences to those obtained in my 

studies, it is worth commenting that there is a large variation of TGF-β1 

concentrations used, ranging from 2 ng/mL to 10 ng/mL across these studies. 

In addition, the cell types are all different, and most of these experiments are 

conducted in rodent cells and although they can be a useful alternative, 

species differences means they will not always recapitulate what will be found 

using human cells. Together this may account for discrepancies between my 

data and what is published in the literature. In contrast and in support of my 

TAK1 knock-down data, Sapkota, 2013 demonstrated that TGF-β1 used at 1 

ng/mL, as used in my studies, did not activate TAK1. Furthermore, it was 
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reported that TAK1 mediated siRNA knock-down in mouse embryonic 

fibroblasts and HaCAT cells did not inhibit P38 MAPK phosphorylation and it 

was suggested that the phosphorylation could be mediated by other MAP3Ks 

(MA3K4 and MAP3K10) (Sapkota 2013).  

Through verbal communication with Dr Holmes (a previous collaborator at 

UCL), it transpires that for Dr Holmes also experienced the same observations 

as I did using scleroderma derived fibroblasts. Dr Holmes’ group also showed 

that TGF-β1 mediated the increase in collagen I synthesis, which was inhibited 

by (5z)-7-Oxozeaenol, whilst TAK1 siRNA knock-down had no impact 

(unpublished data).  

To delineate whether TAK1 was implicated in collagen I and mTORC1 

activation, the work investigating the downstream targets of TAK1, MK2 and 

P38 MAPK showed that their inhibition did not block TGF-β1 stimulated 

collagen I synthesis. This was supported by a minimum of two compounds for 

each kinase resulting in the same outcome. Furthermore, MK2 

phosphorylation could not be achieved by TGF-β1 stimulation, but could with 

other stimuli, including IL1β and anisomycin. 

It has been reported that MK2 is involved in collagen-induced arthritis, a 

predominantly inflammatory-driven disease. The mice used in this study are 

deficient in the MK2 gene and demonstrated improvements in disease 

phenotype. However, the role of MK2’s in collagen synthesis were unclear 

(Hegen et al. 2006). Interestingly, MK2 knock-out mice develop increased 

fibrosis in response to the bleomycin-induced lung fibrosis, suggesting MK2 

may potentially be part of the wound resolution response. In addition, MK2 

knock-out mice demonstrated decreased migration of fibroblasts (Kayyali et 

al. 2009). Notably, a recent report has demonstrated increased MK2 staining 

in the human IPF and bleomycin mouse lung, suggesting MK2 may be 

important in IPF pathogenesis. Treatment with an MK2 inhibitor reduced 

collagen content in the bleomycin-induced mouse lung fibrosis model, which 

was attributed not to the inhibition of collagen synthesis but to inhibiting 

fibroblast migration to the wound (Liang et al. 2018). Collectively, this may 

explain why there is a difference between data obtained with cultured fibroblast 
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and the in vivo data. This also supports my siRNA observations, suggesting 

that both TAK1 substrates MK2 and P38 MAPK are not required for TGF-β1 

stimulated collagen synthesis in pHLFs. 

In an attempt to explain how (5z)-7-Oxozeaenol is mediating its inhibition of 

collagen synthesis, observations about its mechanism of action are important, 

as it is for the use of all inhibitors.  

Studying the structure of (5z)-7-Oxozeaenol has revealed its mechanism as 

an irreversible inhibitor (Wu et al. 2013) and the covalent bond between (5z)-

7-Oxozeaenol and the target kinase requires a cysteine residue within the ATP 

binding socket (Ohori et al. 2007). Table 3.2, in the results section, highlights 

the MAPKs which I identified as having this cysteine residue in the ATP binding 

socket. Interestingly, the kinases I identified correlated well to two independent 

screens. A screen from the MRC and kinomeScan DiscoverX by Gray et al., 

2017, demonstrated that (5z)-7-Oxozeaenol exhibits poly-pharmacology. Both 

screens and Miyake et al., 2007, demonstrated that (5z)-7-Oxozeaenol has 

strong selectivity for several MAP2K’s, in particular MKK6 which is required 

for P38 MAPK phosphorylation. This might explain why inhibition of P38 MAPK 

in the presence of (5z)-7-Oxozeaenol can be observed in pHLFs used here. 

Finally, the most interesting observation from the kinomeScan DicoverX 

screen was that (5z)-7-Oxozeaenol can highly inhibit the TβRII which is 

required to phosphorylate and promote TβRI kinase activity. Therefore, this 

would inhibit the entire TGF-β1 signalling pathway. This would explain why 

(5z)-7-Oxozeaenol inhibits SMAD 2 and SMAD 3 phosphorylation in pHLFs, 

particularly since these sites are directly phosphorylated by the TβRI receptor 

(Shi 2006; Massagué 2012). This would also explain why (5z)-7-Oxozeaenol 

inhibits mTORC1 activation and collagen I synthesis.  

Taken together, it is very likely that (5z)-7-Oxozeaenol has poly-pharmacology 

which has been observed in a number of studies (MRC, (Tan et al. 2017; Ohori 

et al. 2007) and my own (SMAD 2 and SMAD 3 inhibition) and this was likely 

mediating the effects seen within our cells. The effects of the siRNA knock-

down suggests that TAK1 is not required for TGF-β1 mediated mTORC1 

activation or collagen I synthesis, which is further supported by the P38 MAPK 
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and MK2 inhibitory data. The most likely target of (5z)-7-Oxozeaenol inhibition 

is TβRII.  

The evidence suggesting the requirement of the TSC1/2-RHEB axis led me to 

investigate the remaining kinases that had the ability to inhibit the TSC2 

complex, since AKT and MK2 had no effect on collagen synthesis. It was 

crucial in this investigation to examine the 4E-BP1 phosphorylation sites and 

collagen synthesis together. None of the three kinases investigated inhibited 

collagen synthesis. Interestingly, they each did modulate 4E-BP1 

phosphorylation in some ways, albeit only marginally. 

4.5.4. The effect of CDK1 inhibition on TGF-β1 induced mTORC1 

signalling in pHLFs  

CDK1 is better known for its role in cell cycle progression (Enserink & Kolodner 

2010); this kinase has over 70 targets, including TSC1. Considering its role 

within the cell, I utilised this to test whether the CDK1 inhibitor BMS-265246 

was capable of inhibiting cell proliferation when stimulated with 10% FBS. We 

observed that at 1 μM the compound demonstrated near full inhibition of cell 

proliferation when compared to baseline. The ability of BSM-265246 to give 

full inhibition of proliferation is reported in the literature, demonstrating the cells 

stop proliferating and are halted in the G2 phase of the cell cycle (Sutherland 

et al. 2011). The mTORC1 complex has also been implicated in cell cycle 

progression and this mechanism is driven through CDK1 inhibition of the TSC1 

protein at three phosphorylation sites (Astrinidis et al. 2003). Therefore, it was 

possible that a novel mechanism exists whereby CDK1 inhibited TSC1 to 

promote mTORC1 activation and collagen synthesis. However, inhibition with 

CDK1 had no effect on collagen I synthesis. Interestingly, treatment with BMS-

265246 induced a baseline increase of 4E-BP1T70 phosphorylation and an 

increase in the phosphorylation of the 4E-BP1S65 site in TGF-β1 and non-TGF-

β1 treated conditions. There may be a tenuous link to explain this data, in a 

report that has linked CDK1 to directly phosphorylating 4E-BP1 during mitosis 

(Shuda et al. 2015). Therefore, complex cross-talk may exist between 

mTORC1 and CDK1 whereby inhibition of CDK1 under certain conditions 

leads to an increase in mTORC1 activation or access to directly phosphorylate 

4E-BP1. 
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4.5.5. The effect of MEK1/2 inhibition on TGF-β1 induced mTORC1 

signalling in pHLFs  

ERK1/2 signalling influences a broad range of cellular processes including: 

cell survival/apoptosis, proliferation, differentiation, DNA synthesis and 

collagen synthesis (Gille & Downward 1999; Lu & Xu 2006; Lim et al. 2003). 

ERK1/2 are broadly expressed proteins that have been investigated in a 

number of cell types, including fibroblasts. 

The activation of the TβRII through the ligation of TGF-β1 leads to the 

autophophorylation of certain tyrosine residues, although it is primarily a 

serine/threonine kinase. The three phosphorylation sites are: Y259, Y336 and 

Y424 (Lawler et al. 1997). The phosphorylation of these tyrosine residues is 

critical for the recruitment and complex formation of shcA-Grb2-SOS, which 

also require the kinase activity of TβRI. Together this complex is able to 

promote RASGTP formation which leads to the activation of the kinase cascade: 

RAS-RAF-MEK1/2-ERK1/2-RSK1. ERK regulates various proteins 

downstream of its kinase activity. Including transcription factors and kinases. 

In particular, I was interested in its relationship with TSC2. Active ERK1/2 

phosphorylates TSC2 at two sites Ser540 and Ser664. In addition, ERK1/2 

activates RSK. Interestingly, RSK is also capable of phosphorylating the TSC2 

complex at two sites Ser939 (also shared with AKT) and Thr1462 (Ma et al. 2005).  

The inhibitor AS703026 has completed phase 2 clinical trials in patients for the 

treatment of N-ras mutated cutaneous melanoma (NCT01693068) and was 

well suited to inhibit ERK phosphorylation due to it selectivity and inhibition of 

MEK1/2. Figure 3.43 demonstrates the effects of this compound were found 

to be minimal on 4E-BP1 phosphorylation in pHLFs, yet at this concentration 

it almost completely inhibited MEK, which is observed by looking at its 

substrate phosphorylation (ERK1/2). The concentration selected for this 

compound to interrogate its effect on mTORC1 activity was 1 μM which gave 

near maximal inhibition. Reports support this observation using 2 μM as the 

top concentration to get full inhibition of ERK phosphorylation (Kim et al. 2010). 

In the collagen deposition assay, I utilised a high concentration of 10 μM which 

is 10-fold higher than what was required to fully inhibit the MEK1/2 kinases 

and this did not inhibit collagen I synthesis. Taken together these data support 
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that ERK1/2 is being inhibited by the compound but does not inhibit collagen 

and only inhibits 4EBP1 phosphorylation minimally.  

In contrast, reports have shown that ERK1/2 can inhibit TSC2 to promote 

mTORC1 activation of P70S6K (Ma et al. 2005). However, this was linked to 

the promotion of cell proliferation and there was no evidence demonstrating 

an increase in collagen synthesis. Furthermore, this report did not address the 

effects of ERK activation and TSC2 inhibition on 4E-BP1 phosphorylation. The 

differences in results might also be explained by the use of stimulus (PMA) 

and the cell type (HEK393) used in this study (Ma et al. 2005), suggesting that 

the role of ERK1/2 may be context dependent. In human dermal fibroblasts 

ERK1/2 mediates collagen gene expression (Bhogal & Bona 2008). Treatment 

with IL-4 and IL-13 both lead to an increase in EKR1/2 phosphorylation and 

an increase in gene expression. In addition, IL4 and IL13 both increase TGF-

β1 levels which leads autocrine signalling in human dermal fibroblasts (Bhogal 

& Bona 2008). Critically, the stimulus required for the activation of ERK1/2 was 

not addressed, suggesting that either IL4/IL13 or TGF-β1 could be responsible 

(Bhogal & Bona 2008). Furthermore, the ERK1/2 phosphorylation may be 

important for TGF-β1 synthesis and its autocrine signalling is what leads to the 

activation of the SMAD pathway to promote the increase in collagen gene 

expression.  

4.5.6. The effect of RSK inhibition on TGF-β1 induced mTORC1 signalling 

in pHLFs  

RSK1 is not only a down-stream kinase of ERK1/2, but also a substrate of 

ERK5 which acts independently or synergistically with ERK2 (Pearson et al. 

2001). Critically, RSK1 is also able to phosphorylate TSC2 to enhance 

PI3K/AKT induced mTORC1 activation (Roux et al. 2004). RSK1 has been 

implicated in cell proliferation which is inhibited by the compound SL0101 (Lu 

& Xu 2006; Zaru et al. 2015; Hilinski et al. 2012). The inhibition of proliferation 

was reproduced within pHLFs using the same inhibitor which suggests that 

SL0101 was engaging the mechanism within our cells. 

RSK1 has been established to increase mTORC1 activity along with increased 

ERK1/2 activity to promote melanoma growth (Romeo et al. 2013). The reports 
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demonstrate that treatment with SL0101 inhibits P70S6K activity. 

Furthermore, they established that RSK was downstream of ERK activity 

(Romeo et al. 2013). In contrast, treatment with SL0101 in pHLFs 

demonstrated that SL0101 did not inhibit 4E-BP1 phosphorylation, yet 

mediated an increase in 4E-BP1S65 phosphorylation. The explanation for this 

difference in regulation of mTORC1 activity may be stimulus-dependent. In the 

previous study, ERK and RSK activity was driven by a mutation in RAS, 

rendering RAS constitutively active. Interestingly, the pathway RAS-RAF-

MEK1/2-ERK1/2 has a number of critical feedforward and feedback loops 

which regulate their activity (Arkun & Yasemi 2018). This may explain why 

there is a partial increase in 4E-BP1S65
 phosphorylation at baseline and TGF-

β1 treated pHLFs, since inhibition of RSK1 may promote increased ERK1/2 

activity which may feed into the TSC1/2 complex, in a TGF-β1 independent 

manner. Taking the previous point into consideration, this could also be true 

for ERK or AKT inhibition as well. In an attempt to explain why the inhibition of 

these kinases did not impact on TGF-β1-induced collagen I synthesis I 

considered that feedback loops may be in place to compensate for the loss of 

one kinase or another. This particularly makes sense when putting it into the 

context of a wound healing response. The loss of one of these pathways could 

be highly detrimental to the organism when activated in response to a stimulus 

triggered by a wound. Open wounds are at high risk of infection, which can 

subsequently lead to sepsis and death. Therefore, considering these 

implications, from an evolutionary perspective, cells may have developed 

alternative mechanisms to compensate for the loss of one kinase by using 

another. This is well observed for the RAS-RAF-MEK1/ERK1/2 pathway, and 

interestingly the mTORC1 pathway feeding back to AKT (Arkun & Yasemi 

2018; Breuleux et al. 2009). Furthermore, reports have established a synergy 

between both ERK and PI3K signalling, one report suggests that both PI3K 

and ERK are required for collagen I-III production in fibroblasts (Lim et al. 

2003). In addition, the full inhibition of TSC2 in HEK293 cells as measured by 

P70S6K was achieved by a combination of wortmannin (PI3K inhibitor) and 

UO126 (ERK inhibitor). Together the inhibitors fully abolish P70S6K 

phosphorylation. However, it is important to consider that wortmannin is 
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capable of inhibiting mTOR, therefore, the inhibition of PI3K may instead be 

mTOR being inhibited.  

Interestingly, ERK inhibition and RSK1 inhibition demonstrated some marginal 

effects on mTORs ability to phosphorylate 4EBP1. This posed the question of 

whether TSC2 needed input from a number of kinases to promote inhibition of 

the complex and allow for mTORC1 activation, or whether inhibition of one 

pathway could be compensated for another? Investigations are ongoing into 

this question and initial data assessed the effect of dual inhibition of PI3K and 

ERK in the collagen deposition assay. The results in Figure 3.48 were 

negative, however, further investigation is needed before further conclusions 

can be drawn.  

Finally, TSC2-/- mice suggest that amino acid regulation of mTORC1 at all 4E-

BP1 phosphorylation sites can act independently of TSC2 knock-down (Smith 

et al. 2005). This also suggests that it is possible that the TSC1/2 complex is 

not required in our TGF-β1 stimulated response, considering the ambiguous 

data received from the knock-down in combination with the TGF-β1 curve. 

Alternative mechanisms of mTORC1 activation are discussed below. These 

could prove to be pathways that are activated downstream of TGF-β1 

stimulation and be required to activate mTORC1 and mediate collagen I 

synthesis.   

4.6. Other potential factors that could contribute to TGF-β1 regulated 

mTORC1 activation and collagen I synthesis   

mTORC1 is a large complex that can be regulated by various stimuli, including 

cytokines, mitogens, nutrients, cell stress and ROS. Although this study has 

begun to rule out a number of potential inputs into mTOR, it is still important 

to recognise that there are many more possibilities. SMAD 3 is capable of 

regulating mTORC1 and ERK1/2 and RSK were also able to marginally 

decrease mTORC1 mediated 4E-BP1 phosphorylation. In addition, within our 

group, a regulator of TSC1/2, AMPK, was investigated. The work 

demonstrated that the inhibition of AMPK had no impact on our PHLF’s at 

basal or when stimulated with TGF-β1 (Selvarajah, unpublished). In addition, 

when AMPK was over expressed there was also no impact on mTORC1 
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kinase activity or collagen I deposition (Selvarajah, unpublished). There are 

still a number of mechanisms that have not been investigated in pHLFs as 

discussed below. 

4.6.1. Amino acids 

There are 20 amino acids found in eukaryotic cells, each playing important 

functions within the cell. They can fall into three categories essential, non-

essential and partially essential amino acids. Our group and others have 

shown there is a well-established need for glycine synthesis for the production 

of collagen synthesis at later time-points when collagen mRNA is at its peak 

and we begin to observe an increase in deposited collagen. At early time-

points, this increase has not been extensively investigated, with the exception 

of GLS inhibition, as previously described (results section 3.36 and discussion 

section 4.34). 

As a global regulator of translation, it is unsurprising, therefore, to find that 

mTORC1 is regulated by the presence of amino acids. Amino acids are critical 

for the activation mTORC1 and it has been well-documented that, in the 

absence of amino acids, mTORC1 cannot be activated (Hara et al. 1998; 

Wang et al. 1998). Individual amino acids were investigated, showing that 

arginine and leucine are critical for mTORC1 activation, but only if the 18 other 

amino acids were also present (Hara et al. 1998; Bar-Peled & Sabatini 2014). 

This suggests that the role of amino acids is permissive, meaning potentially 

that in their absence, other pathways cannot enhance mTORC1 activation in 

pHLF’s. In the absence of serum stimulation, all three sites on 4E-BP1 and 

P70S6K show some level of phosphorylation, which is important for 

maintaining cellular homeostasis within the cell which requires the translation 

of mRNA. Furthermore, the removal of amino acids leads to the increased 

phosphorylation of the inhibitory phosphorylation site T2446 on mTOR, which 

is also likely attributed to the slow depletion of amino acids in the culture 

medium until they can be returned to sufficient levels. 

mTORC1 activity is regulated by amino acids through the amino acid sensing 

capabilities of the RAG/RAGULATOR complex as previously discussed. The 

RAGs are also well linked to the TSC2 complex and RHEB (Groenewoud & 
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Zwartkruis 2013; Long, Ortiz-Vega, et al. 2005). Amino acid withdrawal does 

not affect the GTP loading of RHEB which is primarily located on the lysosome, 

but does prevent mTORC1’s ability to become activated (Long, Ortiz-Vega, et 

al. 2005). This was later discovered to be due to the RAG/RAGULTOR 

complexes ability to recruit mTORC1 to the lysosome only when amino acids 

are present (Sancak et al. 2010). Attachment of a lysosomal localisation 

marker to RAPTOR critically overcomes amino acid starvation, suggesting that 

RAPTORS role is to localise mTORC1 to the lysosome.  

As previously discussed, in the presence of amino acids, the RAGULATOR 

provides the GEF activity for RAGS which allows RAG A or RAG B to recruit 

mTORC1 via RAPTOR to the lysosome. Another layer of regulation to this is 

GATOR 1, which is essential in the absence of amino acids and provides GAP 

activity towards GTP bound RAGs, therefore inhibiting their ability to recruit 

mTORC1 to the lysosome. In the presence of amino acids, GATOR2, is 

capable of detecting the amino acids levels and therefore inhibits GATOR 1. 

Amino acids regulate TSC1/2 lysosomal localisation and in amino acid-rich 

conditions TSC2 becomes dissociated from the lysosome, preventing it from 

inhibiting RHEB. RAG is able to recruit TSC2 which is mediated by the removal 

of amino acids (Demetriades et al. 2014). 

Taking the above into consideration, it is possible that TGF-β1 might promote 

an influx of amino acids at 3 hours. I have shown that 4E-BP1 phosphorylation 

mediated by the TGF-β1 stimulated axis is dependent on the presence on 

SMAD 3. This could potentially be explained by the transcriptional control over 

a number of amino acid transporters or proteins involved in regulating the 

RAGs/RAGULATOR complex at the lysosome. However, in my opinion this is 

unlikely, even in amino acid-rich conditions as there is still likely some TSC1/2 

localised to the lysosome (Demetriades et al. 2014). This means it is likely that 

there is a pool of RHEBGTP and RHEBGDP which exist in equilibrium. To 

respond to an injurious stimulus, the release of TGF-β1 and this stimulate the 

pHLFs to increase mTORC1 activation, therefore, TGF-β1 signalling pathways 

achieve this through further TSC2 inhibition (on top of what the amino acids 

already maintain). This response to injury needs to be rapid to avoid prolonged 

compromise to the organism and wound resolution needs to occur rapidly. To 
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upregulate amino acid transporters, it is likely to be too slow for the rapid 

response required, however kinases such as MEK1/2 can become activated 

as quickly as 5 mins allowing for a rapid response. Furthermore, it seems 

counterintuitive for this to be the TGF-β1 responsive mechanism, since there 

is no guarantee of sufficient amino acids in the extracellular milieu in a wound 

to support this rapid requirement of activation. Although it is possible that the 

amino acids could be supplied by the blood. 

Taking into consideration that amino acids are still required for the initial 

priming of mTORC1, as seen by the basal levels of the 4E-BP1T37/46 

phosphorylation site (TGF-β1 independent), we observe in pHLFs an increase 

in the expression of a number of amino acid transporters (Platé, unpublished 

data) and the upregulation of a glycolytic enzymes, PSAT1, PHGDH and 

SHMT2, which are regulated by ATF4. This will therefore support the supply 

of amino acids which are being depleted by the production of new proteins, 

especially collagen. Furthermore, this supply of amino acids is needed to keep 

mTORC1 localised to the lysosome to maintain mTORC1s prolonged 

activation of 24-48 hours after the initial signalling cascade at 3 hours post-

TGF-β1 stimulation.   

4.6.2. PA 

Phosphatidylcholine (PC)-specific phospholipase D (PLD) converts 

phosphatidyl choline into phosphoatidic acid (PA) which is required for lipid 

metabolism. There are three enzymes capable of generating PA which are, 

PLD, LPAAT and DAG. PLD has been extensively investigated owing to its 

implication in Parkinson’s, Alzheimer’s and cancer (Bravo et al. 2018; Ahn et 

al. 2002; Chen et al. 2003).  

There are currently two known mammalian PLD enzymes PLD1 and PLD2. 

PLD is important for a number of cellular processes: cytoskeletal 

reorganisation, exocytosis, cell migration and membrane trafficking (Foster et 

al. 2014). Most PLD mediated functions are through PA’s secondary role 

acting as a lipid second messenger. PLD production of PA has  been attributed 

to the binding and activation of the mTOR kinase (English et al. 1996; Fang et 

al. 2001; Sun & Chen 2008; Sun et al. 2008)  
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PLD1 activation is regulated by GTPases, specifically RHEB and RalA (Luo et 

al. 1998; Fang et al. 2001). In response to mitogen stimulation, PLD1 can bind 

to RHEB where it can not only promote mTORC1 activation, but has also been 

recognised to activate mTORC2 (Fang et al. 2001; Toschi et al. 2009). 

Additionally, in response to amino acids, RHEB can also bind to PLD1 to 

promote its activity. However, what functional role this plays has not been 

identified (Sun et al. 2008; Fang et al. 2001). Exogenous treatment with PA 

has been demonstrated to phosphorylate 4E-BP1 and increase P70S6K 

activity (Fang et al. 2001). Interestingly, in the absence of amino acids, 

stimulation with PA is unable to stimulate mTORC1 activation, building upon 

the concept that amino acids are permissive in allowing further mTORC1 

activation (Fang et al. 2001). 

Furthermore, PLD1 is regulated by TSC2 activity, likely through its link with 

RHEB which is also negatively regulated by TSC2 (Sun et al. 2008). This 

report also demonstrates that PLD1 is sensitive to PI3K inhibition (Sun et al. 

2008). Interpretation is ambiguous due to the selectivity of wortmannin (also 

inhibits mTOR) which was utilised to interrogate its effects on PLD1 activity. 

Considering that PLD1 inhibition leads to reduced mTORC1 activation, it is 

likely, therefore, that PLD1 is downstream of PI3K. In addition the 

overexpression of PIP3 (the product of PI3K’s conversion of PIP2) increases 

PLD1 activity (Sun et al. 2008). Stimulation of HEK293 cells with phosphatidic 

acid is rapamycin-sensitive leading to a decrease in P70S6K activity and a 

loss of 4E-BP1 phosphorylation. Interestingly, the mobility shift seen with the 

4E-BP1 on the western blot presented in this article is not completely lost 

compared to untreated cells, suggesting that some sites on 4E-BP1 may still 

be phosphorylated, such as 4E-BP1T37/46 (Sun et al. 2008). PLD can also be 

regulated by amino acid levels, via the amino acid sensing capabilities of the 

class III PI3K Vps34. Vps34 is activated by the availability of amino acids in 

the lysosome, which is where Vps34 is located. Activated Vps34 produces 

PtdIns(3)P which recruits PLD to the lysosome where it can be activated by 

RHEB. However, experiments conducted within our laboratories demonstrated 

that the inhibition of Vps34 in pHLFs did not inhibit TGF-β1 stimulated 

mTORC1 activation or collagen I synthesis (Woodcock, unpublished data). 
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Interestingly, increased PLD activity and increased PA promotes rapamycin 

resistance in cells, owing to competition for binding at the FRB domain on 

mTOR (Toschi et al. 2009; Chen et al. 2003). There is one report linking 

increased PLD activity and PA production to TGF-β1 (Bing Hong et al. 2000). 

This report demonstrated that the TGF-β1 response was variable between 

different cell lines, with some cell lines showing very little increase in PA. 

Considering pHLFs are resistant to rapamycin, unresponsiveness to MAPK 

inhibition but sensitive to the loss of RHEB in terms of TGF-β1-induced 

collagen synthesis, this could suggest a role of PLD synthesis of PA in our 

fibroblasts and therefore, might explain the inability of the compounds used, 

to inhibit 4E-BP1 and collagen synthesis. However, the association between 

PA, PLD and collagen has not yet been established.   

4.7. Conclusion 

TGF-β activates mTORC1 to promote collagen I deposition in pHLFs through 

SMAD-dependent and PI3K/AKT independent pathways.  

This study identified the mechanism required for mTOR S2448 

phosphorylation, which was mediated through a PDK1, P70S6K and mTOR 

axis. 

I also show that SMAD 3 activation is critical for TGF-β1 induced transcription 

of the collagen gene and early mTORC1 activation. 

Finally, RHEB and the inhibition of its negative regulator, TSC2, are required 

for the early activation of mTORC1 but this is independent of AKT, ERK1/2, 

RSK, MK2, P38 MAPK and TAK1 when acting in isolation, but it is unknown 

whether they compensate for each other or act in synergy. 

This present study supports a model (Figure 4.3) whereby TGF-β1 stimulated 

SMAD 3 and RHEB regulate the early activation of mTORC1. A single kinase 

inhibition approach (ERK1/2, TAK1, MK2, RSK and P38 MAPK) failed to 

identify the upstream kinase involved in regulating TSC1/2/RHEB.  
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4.8. Future work 

While the present study has begun to unravel the mechanisms for TGF-β1 

stimulated mTORC1 activation, the precise mechanism involved remains 

undefined. Future investigation would be directed towards assessing SMAD 

3, TSC1/2 complex and mTORC1 localisation. 

During the course of these investigations, I identified that SMAD 3 regulates 

TGF-β1 stimulated mTORC1 activation. Due to the nature of this interaction, it 

would be interesting if this was recapitulated in other cell types. Within our 

group we have demonstrated that mTORC1 is important for mediating 

collagen synthesis in a number of cancer cell lines. It would be interesting to 

Figure 4.3: Proposed model for TGF-β1 stimulated collagen synthesis in pHLF 

TGF-β1 stimulates the activation of the pHLF mediating collagen gene through the activation of the 

SMAD 3 pathway. The activation of mTORC1 is dependent on SMAD 3 activation and the RHEB/TSC1/2 

axis, with amino acids activing as a permissive signal. mTOR mediates the translation of an unknown 

protein, ‘protein x’, which helps mediate collagen I synthesis. 

SMAD 3 

COL1A 
mRNA 

mTORC1 

Collagen  
synthesis 

Extracellular 

Intracellular 

TGF-β
1
  

Activation 

Activation via 
transcriptionally 
regulated protein 

Lysosome 
localisation 

? Inhibition 

Amino acids 

TSC1/2 

RHEB 

Transcription of 
collagen gene Regulation of 

the translation 
of a protein X 
required for 

collagen 
synthesis 

Protein  X 



Discussion 

187 
 

identify if TGF-β1 regulated SMAD 3 activation was required for mTORC1 

activation in these other cell lines.  

Furthermore, how SMAD 3 promotes mTORC1 activation in pHLFs was not 

delineated.  This could be investigated by using RNAseq technology, TGF-β1 

regulated mRNA’s could be compared between untreated and SMAD 3 knock-

pHLFs. This pool of SMAD 3 responsive genes could perhaps help delineate 

proteins known to be involved in mTOR regulation. Using weighted correlation 

network analysis (WGCNA) on this data set would allow modules or network 

nodes to be established. 

The TSC1/2 and RHEB axis was identified in pHLFs for the TGF-β1 response 

and mTORC1 activation. Kinases impacting on TSC2 inhibition reported in the 

literature individually did not inhibit mTORC1 activation or collagen synthesis. 

Further investigation of combined inhibitors to identify if multiple inhibitory 

inputs are required to fully inhibit the TSC1/2 complex or prevent 

compensatory mechanisms are now needed.  

The two proteins, TSC1 or TSC2, have more than 20 phosphorylation sites 

which either inhibit or activate the complex. Investigation of each site may also 

help reveal which sites are TGF-β1 responsive. Additionally, a time-course of 

the phosphorylation sites may reveal different integration patterns from 

different kinases phosphorylating different sites. The availability of antibodies 

for each site is limited. To overcome this, point mutations could be introduced 

at each phosphorylation site to interrogate their role for TGF-β1 and TSC1/2 

complex activity. To further complement this, the GTP/GDP ratio of RHEB 

could be measured to determine if this changes in response to TGF-β1. 

Translational controlled tumour protein (TCTP) is a highly conserved protein 

throughout all eukaryotic organisms (Bommer 2017). Interestingly, the 

conversion of RHEBGDP to RHEBGTP requires the GEF activity of TCTP protein 

(Dong et al. 2009; Hsu et al. 2007). However, this has been disputed (Wang 

et al. 2008). TCTP is a TGF-β1 regulated protein which has been reported to 

be required for EMT and cytoskeletal reorganisation (Mishra et al. 2018). 

Interestingly, TCTP is translationally regulated by mTOR (Bommer et al. 

2015), which could signal a potential feed forward loop that perpetuates 



 

188 
 

mTORC1 activation through increased conversion of RHEBGDP to RHEBGTP 

via the GEF activity of TCTP.  

RHEB, TSC1/2 and mTORC1 are regulated by cellular localisation, critically 

the lysosome where RHEB is believed to be located along with TSC2. 

Investigation of mTORC1 localisation in response to TGF-β1 may reveal 

changes in its localisation temporally. This would also be interesting for other 

components: 4E-BP1, P70S6K, TSC1/2 and RHEB since their localisation can 

regulate their activity. 

14-3-3 proteins are one way of sequestering TSC1/2 activity, however, these 

normally require the phosphorylation of the inhibitory sites (Huang & Manning 

2008; Astrinidis et al. 2003; Lee et al. 2007; Ma et al. 2005; Long, Lin, et al. 

2005; Dan et al. 2002; Y. Li et al. 2003; Inoki et al. 2006; Roux et al. 2004). A 

potential mechanism could be delineated to determine if SMAD 3 is capable 

of regulating the expression of a 14-3-3 protein which could bridge the link 

between SMAD 3 and TSC2, creating a novel SMAD 3-14-3-3–TSC1/2–

mTORC1 axis. 

Finally, the knowledge surrounding amino acid sensing components and 

regulator components is expanding. It would be interesting to investigate 

whether TGF-β1 can mediate rapid influxes of amino acids to regulate 

components such as SESTRIN and CASTOR to increase mTORC1 activity.  
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Appendix 1: The effect on PI3K inhibition on TGF-β1 stimulated mTORS2448 phosphorylation in 

pHLFs  

pHLFs were serum-starved prior to treatment, the cells were incubated for 1 hour with and without 

compound 12 (cmpd) prior to stimulation with 1ng/ml TGF- β1 for 6 hours. The mTOR S2448 

phosphorylation site was assessed by western blot.  

 

 

 

 

 

 

 

 

 

Appendix 2: The effects of mTOR kinase activity inhibition on TGF-β1 stimulated mTORS2448 

phosphorylation in pHLFs 

pHLFs were serum-starved prior to treatment, the cells were incubated for 1 hour with and without 

AZD8055 prior to stimulation with 1ng/ml TGF- β1 for 6 hours. The mTOR S2448 phosphorylation site 

was assessed by western blot.  

 

 

 

 

 

mTOR 
(S2448)

 

Total mTOR 

Cmpd 12 [1 µM]  

6 

TGF-β
1
 (1 ng/mL)  

Time (hrs) 

-       -      -      +     +     +      +     +     +  

-       -      -      -      -      -      +     +      +  

mTOR
(S2448)

 

Total mTOR 

AZD8055 [1 µM]  

6 

-       -      -      +     +     +      +     +      +  
-       -      -      -      -      -       +     +      +  

TGF-β
1 

(1 ng/mL)  

Time (hrs) 



Appendix 

215 
 

 

 

 

 

 

 

 

Appendix 3: The effects of P70S6K inhibition on TGF-β1 stimulated mTORS2448 phosphorylation 

in pHLFs 

pHLFs were serum-starved prior to treatment, the cells were incubated for 1 hour with and without 

LY2584702 prior to stimulation with 1ng/ml TGF- β1 for 6 hours. The mTOR S2448 phosphorylation site 

was assessed by western blot.  
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Appendix 4: The effect of SMAD 3 knock-down on TGF-β1 stimulated 4E-BP1 

phosphorylation in pHLFs 

At 60-80% confluence pHLFs were transfected with SMAD 3 siRNA for 24 hours prior to starvation 

with 0% DMEM. Cells were starved for 24 hours prior to treatment with or without 1 ng/mL TGF-β1. 

The cells were harvested 3 hours post stimulation.  The lysates were assessed by either western 

blotting investigating four 4E-BP1 phosphorylation sites. Protein loading was verified by blotting 

with an anti-α-Tubulin antibody.  
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Appendix 5: The effect of Actinomycin D on TGF-β1 signalling in pHLFs  

Confluent pHLFs were serum-starved prior for 24 hours prior to incubation with Actinomycin D for 1 

hours followed by stimulation with 1 ng/mL TGF-β1 for 3 hours. The phosphorylation of 4E-BP1S65
 was 

assessed by western blotting. 
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Appendix 6: The effect of TGF-β1 stimulation on DEPTOR protein expression over 6 hours 

in pHLFs  

Confluent pHLFs were serum-starved prior to stimulation with 1 ng/mL TGF-β1 for the indicated 

time-periods. DEPTOR was assessed by western blotting. Protein loading was verified by blotting 

with anti- α-tubulin antibody. The densitometry was calculated and plotted as DEPTOR to α-tubulin 

antibody ratio. The data is representative of two independent experiments. See Appendix 6 for the 

repeat. 
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Appendix 7: The effect of RHEB knock-down on TGF-β1 stimulated 4E-BP1 phosphorylation 

in pHLFs 

At 60-80% confluence pHLFs were transfected with RHEB siRNA for 24 hours prior to starvation 

with 0% DMEM. Cells were starved for 24 hours prior to treatment with or without 1 ng/mL TGF-β1. 

The cells were harvested 3 hours post stimulation.  The lysates were assessed by western blotting 

investigating the 4E-BP1S65 phosphorylation site. Protein loading was verified by blotting with an 

anti-α-Tubulin antibody. 

Appendix 8: The effect of RHEB knock-out on TGF-β1 stimulated collagen I synthesis in 

pHLFs  

pHLFs were electroporated with individual RHEB guide1/CAS9 complex. The cells were then 

seeded into a T25 cultured until confluence. The cells were treated with trypsin and re-seeded in 96 

well plates in 10% DMEM. At confluence the pHLFs were starved for 24 hours prior to treatment. 

After starvation cells were incubated with DMEM containing Ficoll for 1 hour. Following incubation 

cells were treated with or without TGF-β1 [1 ng/mL] which was spiked into the wells and incubated 

for 48 hours, prior to fixation and staining for type1 collagen (left column) and cell counts (right 

column) were obtained from a DAPI counter stain. Data are expressed as mean fluorescent intensity 

or cell count (n=4 reads per well) averaged across 4 replicates. Differences between groups were 

evaluated with two-way ANOVA and Tukey multiple comparison testing.  
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Appendix 9: The effect of (5z)-7-Oxozeaenol on TGF-β1 stimulated mTORC1 

phosphorylation at 3 hours in pHLFs  

Confluent pHLFs were serum-starved prior for 24 hours prior to incubation with (5z)-7-Oxozeaenol 

for 1 hours and then stimulation with 1 ng/mL TGF-β1 for 3 hours. Phosphorylation of 4E-BP1S65 

was assessed by western blotting.  
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Appendix 10: The effect of BMS-256246 on TGF-β1 stimulated collagen I synthesis in pHLF  

Confluent pHLFs were starved for 24 hours before being incubated with increasing concentrations of 

BSM-256246 (vehicle controls were incubated with 0.1% DMSO) in DMEM containing Ficoll for 1 hour. 

Following incubation cells were treated with or without TGF-β1 [1 ng/mL] which was spiked into the 

wells and incubated for 48 hours, prior to fixation and staining for type1 collagen (left column) and cell 

counts (right column) were obtained from a DAPI counter stain. Data are expressed as mean 

fluorescent intensity or cell count (n=4 reads per well) averaged across 4 replicates.  
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Appendix 11: The effect of AS703026 on TGF-β1 stimulated collagen I synthesis in pHLF  

Confluent pHLFs were starved for 24 hours before being incubated with increasing concentrations of 

AS703026 (vehicle controls were incubated with 0.1% DMSO) in DMEM containing Ficoll for 1 hour. 

Following incubation cells were treated with or without TGF-β1 [1 ng/mL] which was spiked into the 

wells and incubated for 48 hours, prior to fixation and staining for type1 collagen (left column) and cell 

counts (right column) were obtained from a DAPI counter stain. Data are expressed as mean 

fluorescent intensity or cell count (n=4 reads per well) averaged across 4 replicates.  
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Appendix 12: The effect of SL0101 on TGF-β1 stimulated collagen I synthesis in pHLF  

Confluent pHLFs were starved for 24 hours before being incubated with increasing concentrations of 

AS703026 (vehicle controls were incubated with 0.1% DMSO) in DMEM containing Ficoll for 1 hour. 

Following incubation cells were treated with or without TGF-β1 [1 ng/mL] which was spiked into the 

wells and incubated for 48 hours, prior to fixation and staining for type1 collagen (left column) and cell 

counts (right column) were obtained from a DAPI counter stain. Data are expressed as mean 

fluorescent intensity or cell count (n=4 reads per well) averaged across 4 replicates. This is 

representative of two independent experiments. See Appendix 12 for replicate data 
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Appendix 14: The effect of ATF4 knock-down on TGF-β1 induced glycolytic enzyme gene 

expression in pHLFs  

At 60-80% confluence pHLFs were transfected with ATF4 siRNA for 24 hours prior to starvation with 0% 

DMEM. Cells were starved for 24 hours prior to treatment with or without 1 ng/mL TGF-β1. The cells were 

harvested 24 hours post stimulation.  The lysates were assessed by rt-qPCR. Data are shown as gene 

expression of PSAT1, SHMT2, PHDGH and GLUT1 expression relative to the geometric mean of two 

housekeeping genes (mean ± SEM, n=3 replicates). This data is representative of two independent 

experiments performed. Differences between groups were evaluated with two-way ANOVA and Tukey 

multiple comparison testing. This was made in collaboration with Dr Selvarajah  
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Chemical structures 

 

AZD8055 

 IC50 0.8 nM 

 

Rapamycin 

 IC50 0.1 nM 
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AS703026 

 IC50 5 nM – 2 μM   

 

 

 

SL0101 

 IC50 85 nM  
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MKIV 

 IC50 110 nM 

 

 

 

PF 3644022 

 5.2 nM 
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BMS-265246 

 IC50 6-9 nM 

 

 

(5z)-7-Oxozeaenol 

 IC50 8 nM 
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TAK-715 

 IC50 7.1 nM (p38α) 

 

 

SB 202190 

 IC50 50 nM (p38α) and 100 nM (p38β) 
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BIRB796 

 IC50 50 nM (p38α) and 100 nM (p38β) 38 nM (p38α), 65 nM (p38β), 

200 nM (p38δ), and 520 nM (p38γ) 
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LY-2584702 

 IC50 4 nM 

 

 

 

 

 

GSK2334470 

 IC50 10 nM 
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SB525334 

 IC50 14.3 nM 

 

 

 

 

 

CB-839 

 IC50 24 nM 

 

 

 


