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Abstract…… 

Tissue fibrosis, for which there are at present limited therapeutic strategies, is 

characterised by abnormal wound healing responses resulting in excessive 

extracellular matrix (ECM) production, leading to significant tissue architecture 

distortion and impaired organ function. In the lung, fibrosis may present as 

idiopathic pulmonary fibrosis (IPF), a chronic, progressive and ultimately fatal 

condition with unknown aetiology and poor prognosis.  

The key cytokine mediating progression of IPF and other fibrotic conditions is 

transforming growth factor beta 1 (TGF-β1), driving fibroblast to myofibroblast 

differentiation, defined by de novo expression of alpha smooth muscle actin (α-SMA) 

stress fibres, and stimulating the synthesis and secretion of ECM proteins including 

collagen I. 

To examine TGF-β1-induced collagen I deposition by primary human lung fibroblasts 

(HLFs), I have optimised a high-content assay that facilitates extracellular conversion 

of soluble procollagen monomers into insoluble collagen I fibrils, a process that is 

inefficient in traditional 2-dimensional fibroblast culture. This study utilised the assay 

alongside potent, highly-selective pharmacological compounds to identify a critical 

role for mTOR signalling in the extracellular deposition of collagen I and de novo 

induction of α-SMA. Furthermore, this study delineated the role of specific mTOR 

signalling substrates and defined a key role for 4E-BP1 mediated cap-dependent 

mRNA translation in the regulation of TGF-β1-dependent, rapamycin insensitive de 

novo protein synthesis to modulate collagen I and α-SMA synthesis at the mRNA 

level in HLFs.  

The potential for mTOR activation as a core signalling node in the pro-fibrotic 

response to TGF-β1 in effector cells of other tissues has also been explored, and a 

critical role for this axis in the regulation of α-SMA and collagen I synthesis has been 

identified in primary human dermal fibroblasts and hepatic stellate cells. Overall, 

ATP-competitive inhibition of mTOR and its downstream signalling may therefore 

represent a novel therapeutic strategy in fibrotic disease across multiple organs.  
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Impact Statement 

 

The work presented in this thesis describes the investigation of TGF-β1-induced cell 

signalling mechanisms in the myofibroblast differentiation programme in the context 

of tissue fibrosis.  In this study, I have described the adaptation of an in vitro assay 

that mimics the biosynthetic pathway of collagen I deposition into an extracellular 

matrix. The assay has been coupled with a high-content imaging system to examine 

specific signalling nodes in the profibrotic response of fibrogenic effector cells to 

TGF-β1 and identified a critical role for the mTOR signalling node. In addition to the 

analysis of TGF-β1-induced collagen I deposition, I have also defined the technical 

parameters of this assay to quantify the induction of α-SMA and the assembly into 

cytoplasmic stress fibres, a marker of fibroblast to myofibroblast differentiation, 

which is advantageous over common analyses by western blotting and measurement 

of mRNA levels.  

The application of primary human cells in this assay may have wider implications for 

fibrosis research, as the use of high-content imaging facilitates the analysis of 

multiple data parameters from a single well. This assay could also potentially be 

increased in scale for larger numbers of multi-well formats in the screening of 

pharmacological compounds. Examination of collagen I deposition and α-SMA 

induction utilising this methodology has identified a potential core pro-fibrotic 

signalling mechanism in fibrogenic effector cells of multiple organs. Identification of 

such common pathways may lead to the development of anti-fibrotic therapeutic 

strategies with multiple applications.   
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CTGF Connective tissue growth factor 

DNA Deoxyribonucleic acid 

DEPTOR DEP domain containing mTOR-interacting protein 

DMSO Dimethyl sulfoxide 

DMEM Dulbecco's modified eagle medium 

ER Endoplasmic reticulum 

ELISA Enzyme-linked immunosorbent assay 

ENaC Epithelial sodium transport channel 

EMT Epithelial-mesenchymal transition 

Elk1 Ets domain-containing protein 

eIF4A Eukaryotic translation initiation factor 4A 

eIF4B Eukaryotic translation initiation factor 4B 

eIF4E Eukaryotic translation initiation factor 4E  
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eIF4G Eukaryotic translation initiation factor 4G 

ECM Extracellular matrix 

FGF Fibroblast growth factor 

FKBP12 FK506 binding protein 12 

FRB FKBP-rapamycin binding domain 

FBS Foetal bovine serum 

FVC Forced vital capacity 

FOXO Forkhead box class O 

GR Glucocorticoid receptor 

GAPDH Glyceraldehyde 3-phosphate dehydrogenase 

GSK3 Glycogen synthase kinase 3 

GPCR G-protein coupled receptor 

GAP GTPase activating protein 

HSC Hepatic stellate cell 

HCI High-content imaging 

HPLC High-performance liquid chromatography 

HRCT High-resolution computed tomography 

HRP Horseradish peroxidase 

HDF Human dermal fibroblast 

HLF Human lung fibroblast 

HEAT Huntingtin, elongation factor 3, protein phosphatase 2A, TOR1 

HCl Hydrochloric acid 

HIF-1α Hypoxia inducible factor 1 alpha 

IIP Idiopathic interstitial pneumonia 

IPF Idiopathic pulmonary fibrosis 

IRS Insulin receptor substrate 

IGF-1 Insulin-like growth factor 1 

IL-1β Interleukin 1 beta 

ILD Interstitial lung disease 

LARP La Ribonucleoprotein domain family member 

LAP Latency associated peptide 

LTBP-1 Latent TGF-β binding protein 1  

lncRNA Long non-coding RNA 

LPA Lypophosphatidic acid 
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mLST8 mammalian lethal with sec-13 protein 8 

mSIN1 Mammalian stress-activated map kinase interacting protein 1 

mTOR Mammalian target of rapamycin 

MMP Matrix metalloproteinase 

miRNA micro-RNA 

MAPK Mitogen-activated protein kinase 

mAb monoclonal antibody 

MEF Mouse embryonic fibroblast 

NDRG1 N-Myc downstream regulated 1 

NAFLD Non-alcoholic fatty liver disease 

NASH Non-alcoholic steatohepatitis 

p70S6K p70 S6 kinase 

PGC-1α Peroxisome proliferator-activated receptor gamma coactivator 1-alpha 

PTEN Phosphatase and tensin homolog 

PBS Phosphate buffered saline 

PIP3 Phosphatidylinositol 3,4,5-triphosphate 

PIP2 Phosphatidylinositol 4,5-bisphosphate  

PI3K Phosphatidylinositol-3-kinase (PI3K) 

PIKK Phosphatidylinositol-3-kinase-related kinase 

PDK1 Phosphoinositide-dependent kinase 1 

PAI-1 Plasminogen activator inhibitor-1 

PDGF Platelet-derived growth factor 

PH Pleckstrin homology domain 

PAGE Polyacrylamide gel electrophoresis 

PRAS40 Proline-rich Akt substrate 40 kDa 

PGE2 Prostaglandin E2 

PKCα Protein kinase C alpha 

PAR1 Proteinase-mediated activated receptor 1 

qRT-PCR Quantitative real-time polymerase chain reaction 

RICTOR Rapamycin-insensitive companion of mTOR 

Rheb Ras homolog enriched in brain 

ROS Reactive oxygen species 

RAPTOR Regulatory-associated protein of mTOR 

RNA Ribonucleic acid 
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RSK1 Ribosomal S6 kinase 

SGK1 Serum/glucocorticoid regulated kinase 1 

SNP Single nucleotide polymorphism 

SNIP1 Smad nuclear interacting protein 1 

SBE Smad-binding element 

shRNA small hairpin RNA 

siRNA Small interfering RNA 

SD Standard deviation 

SEM Standard error of the mean 

SP-C Surfactant protein C 

SSc Systemic sclerosis 

TGIF TGF-β-induced factor 

TIMP Tissue inhibitor of matrix metalloproteinase 

TNFα Tissue necrosis factor alpha 

TOS TOR signalling motif 

TGF-β1  Transforming growth factor beta 1 

TBST Tris-buffered saline, tween 

TSC Tuberous sclerosis 

UPR Unfolded protein response 

UTR Untranslated region 

UIP Usual interstitial pneumonia 

VEGF Vascular epithelial growth factor 

YY1 Yin Yang 1 
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1 Introduction 

1.1 Tissue fibrosis 

 

Tissue injury of any organ stimulates a wound healing response regulated by a range 

of cellular and molecular mechanisms that are terminated upon successful tissue 

repair. When these responses are dysregulated, or if the tissue insult persists, 

fibrotic disease can develop. Fibrosis is characterised by the excessive production of 

extracellular matrix (ECM) proteins that significantly distorts tissue architecture and 

impairs tissue function. Severe fibrosis can lead to organ failure which, in some 

instances, can be fatal. There are limited therapeutic strategies currently available to 

patients which target the fibrotic response specifically. 

Although a wide range of stimuli can induce tissue injury, a core pathway describing 

the development and progression of tissue fibrosis has recently been proposed [1]. 

Injury to the epithelium stimulates the recruitment and activation of immune cells 

including natural killer cells, T cells and macrophages which secrete a range of 

cytokines [2]. This milieu of cytokines released into the tissue microenvironment in 

turn stimulates the recruitment and activation of a number of effector cells, 

including resident fibroblasts, circulating fibrocytes and tissue specific pericytes. 

Direct activation of effector cells may also arise through factors released from the 

injured epithelium, including the critical pro-fibrotic mediator transforming growth 

factor beta 1 (TGF-β1) which will discussed in greater detail later in this Introduction.  

Key fibrogenic effector cells differentiate into contractile myofibroblasts, marked by 

de novo expression of alpha-smooth muscle actin (α-SMA) which is assembled into 

stress fibres. α-SMA-positive myofibroblasts may also arise from epithelial cells in a 

process known as epithelial-to-mesenchymal transition (EMT), but the contribution 

of this pathway to the fibrogenic response remains controversial [3]. Activated 

myofibroblasts contract the local tissue and synthesise excessive amounts of ECM 

including the major fibrillar collagens type I and III and fibronectin, in addition to 

proteoglycans and matricellular proteins including connective tissue growth factor 

(CTGF) to remodel the tissue structure and impair its function [4]. Myofibroblasts can 
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also augment the progression of fibrosis through autocrine growth factor stimulation 

or activation of additional effector cells recruited to the site of tissue injury. 

1.1.1 Aetiology of tissue fibrosis 

 

A number of injurious stimuli can induce epithelial cell injury. This insult then leads 

to the development and progression of fibrosis in specific human tissues, which 

represents a significant global health burden. The incidence of fibrosis is highest in 

chronic liver disease, which in 2010 was responsible for more than 1 million deaths 

worldwide, representing 2% of global fatalities [5]. Liver fibrosis can be caused by 

viral infection with hepatitis B and C, excessive alcohol consumption or through 

diabetes and obesity in conditions known as non-alcoholic steatohepatitis (NASH) 

and non-alcoholic fatty liver disease (NAFLD). Severe liver fibrosis, known as 

cirrhosis, can progress to hepatocellular carcinoma. In 2011, it was reported that 

more than 80% of hepatocellular carcinoma cases developed from a cirrhotic 

background [6].  

In the skin, severe and irreversible fibrosis is observed in the connective tissue 

disorder, systemic sclerosis (SSc). The development of SSc has been linked to a range 

of environmental factors such as exposure to occupational chemicals and viral 

infections, and is also classified as an autoimmune disease in which vast amounts of 

autoantibodies against a range of intracellular and extracellular antigens are 

produced [7]. Fibrosis in SSc is characterised by thickening of the dermis induced by 

injury to small blood vessels, and may not be contained within the skin. Fibrotic 

regions of other internal organs, including the lung are commonly observed in 

patients with SSc. Fibrosis of the skin can also manifest as keloid scars. These 

hypertrophic scars represent excessive outgrowths of scar tissue, predominantly 

collagen, extruding from an area of skin injury that may be caused for example in 

surgery, or by tattoos and piercings in genetically susceptible individuals [8].  

Pathological tissue fibrosis can also develop in the kidneys, heart and the lung. One 

of the most devastating and rapidly progressing fibrotic conditions of the lung is 
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idiopathic pulmonary fibrosis (IPF), which will be discussed in greater detail and is 

the focus of the majority of the data presented in this thesis.  

1.2 Idiopathic pulmonary fibrosis  

 

IPF is a complex, progressive and ultimately fatal fibroproliferative disorder. It is the 

most common of the idiopathic interstitial pneumonias (IIP) within the family of 

interstitial lung diseases (ILD) that exhibit significant morbidity and mortality. Data 

suggests that the incidence in both the United Kingdom and United States of 

America is increasing [9]. There are approximately 15000 cases of IPF in the UK and it 

is estimated that a third die annually – a rate higher than mortality from leukaemia, 

lymphoma, ovarian cancer, mesothelioma and kidney cancer. In considering the 

epidemiology of the disease, IPF is most common in older adults, more prevalent in 

males than females and in the majority of cases there is a history of cigarette 

smoking, although the exact aetiology is not yet defined. For both men and women, 

IPF is a serious condition with a median survival approximately only 3 years from the 

time of diagnosis. 

The diagnosis of IPF can often be difficult as patients present with symptoms similar 

to other ILDs. It is therefore important to consider other conditions such as 

respiratory disease caused by exposure to occupational dusts, or disease arising from 

a connective tissue disorder before a specific diagnosis is made. In the joint 

ATS/ERS/JRS/ALAT statement [10], detailed evidence-based criteria have been 

documented to assist in the diagnosis of IPF and highlight some of the pathological 

features of the disease. High-resolution computed tomography (HRCT) and lung 

biopsies are used in the diagnostic process, and IPF has a characteristic radiological 

appearance, including ‘honeycombing’ of the peripheral lung tissue. Histologically, 

IPF displays a pattern of usual interstitial pneumonia (UIP) that represents significant 

distortion of the lung architecture. These techniques and their interpretation have 

been more recently discussed in a revision of the ATS/ERS/JRS/ALAT statement [11] 

to assist clinicians when considering an IPF diagnosis. 
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The current treatment strategies for IPF are limited. There have been many trials 

targeting several potential pathogenic mechanisms of IPF progression, however 

most have proved unsuccessful [12]. The recommended ‘gold standard’ therapy – an 

anti-inflammatory combination of prednisolone and azathioprine, has now been 

shown to be ineffective in slowing disease progression. Furthermore, in the 

PANTHER-IPF trial evaluating both of these drugs given as a triple therapy with N-

acetylcysteine (clinicaltrials.gov identifier NCT00650091), it was shown that there 

were more hospitalisations, a greater number of serious adverse effects and more 

deaths in the triple-therapy arm compared to placebo [13].  

Two drugs have now been specifically licensed for the treatment of IPF. Pirfenidone 

was approved in Japan (marketed as Pirespa®) and Europe (marketed as Esbriet®) 

since 2008 and 2011, respectively. In 2014, pirfenidone was also approved by the 

Food and Drug Administration (FDA) in the USA following the ASCEND trial 

completed in the same year [14]. This trial was a large phase III randomised control 

trial to further validate the safety and efficacy of pirfenidone shown in the previous 

CAPACITY trial [15]. The ASCEND study provided further evidence to suggest that 

pirfenidone slows the decline in disease progression, defined as a specific slowing in 

the rate of reduction of forced vital capacity (FVC).  

Although the mechanism of action is still poorly understood, there is some evidence 

at the cellular and molecular level supporting the anti-fibrotic action of pirfenidone. 

It is reported in in vitro studies that pirfenidone inhibits fibroblast proliferation and 

deposition of matrix proteins [16,17]. In vivo, pirfenidone treatment attenuates the 

induction of bleomycin-induced pulmonary fibrosis, the most commonly used pre-

clinical model [18].  

In 2014, nintedanib was the second drug to become available to IPF patients, 

approved by the FDA and in Europe in 2014 (marketed as Ofev®) following successful 

phase III trials (INPULSIS-1 and INPULSIS-2) [19]. Nintedanib is 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). 



1. Introduction 
 

24 
 

Similar to pirfenidone, in trials nintedanib demonstrated a slower rate in the 

reduction in FVC in patients consistent with the slowing of disease progression.  

Following the approval of pirfenidone and nintedanib as therapies for IPF, studies 

are emerging reporting the use of these treatments in the clinic. Evidence suggests 

that both treatments may demonstrate a range of common gastrointestinal side 

effects, as observed in the respective phase III studies. However, in patients with 

severe disease and co-morbidities, these treatments are effective in slowing the 

progression of IPF [20]. Whilst these treatments are of some therapeutic benefit to 

patients, further research is required to define the specific molecular mechanisms 

contributing to disease pathogenesis. This may potentially lead to the development 

of more effective therapeutics with improved side-effect profiles that can further 

reduce the rate of, or stop, disease progression. 

1.3 Pathogenesis of IPF 

 

The exact aetiology of IPF is still unknown; however there are several reported 

causative factors that can potentially cause an initial lung injury leading to the 

development of the disease. These factors include (but may not be limited to) 

cigarette smoking [21], exposure to occupational and environmental toxins [22,23], 

viral infection [24,25], other medical conditions such as type 2 diabetes and gastro-

oesophageal reflux [26,27] and genetic risk in susceptible individuals. 

In sporadic cases of IPF, a single nucleotide polymorphism (SNP) in the promoter of 

MUC5B encoding the protein mucin 5B has been described in more than 30% of IPF 

cases, and is associated with an increased risk of developing IPF [28]. Interestingly, 

this SNP has also been associated with increased survival in IPF compared to patients 

who do not carry the gain-of-function variant [29].  The SNP, rs35705950, is located 

3 kilobases upstream of the MUC5B transcriptional start site and subsequent 

expression of the gain-of-function variant of MUC5B is significantly higher in IPF 

patients compared to controls [28].  The protein product of MUC5B, mucin 5B, is 

important in regulating airway defence mechanisms against infection [30]. In a 

cohort of IPF patients, increased bacterial load in the bronchoalveolar (BAL) fluid was 
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detected in comparison to control subjects [31]. However, bacterial burden in 

patients with the MUC5B SNP was significantly lower than in patients without this 

variant and has been described as a potential mechanism contributing to increased 

survival in this subset of patients [32].  

Familial pulmonary fibrosis is the strongest risk factor for IPF, in which estimates of 

between 3 and 20% of cases may develop from a genetic mutation [33]. Several 

small studies have revealed that mutations in surfactant protein C (SP-C) may be a 

contributing factor to the onset of IPF [34,35]. SP-C mutations have been implicated 

in the induction of ER stress in the lung epithelium [36], stimulating epithelial cell 

apoptosis which is a major characteristic of the IPF lung (discussed in further detail in 

section 1.3.2). Other genetic mechanisms conferring increased risk of onset of IPF 

involve mutations in the gene encoding the catalytic subunit of telomerase which 

controls telomere length, TERT [37,38], which has been shown to disrupt epithelial 

repair mechanisms in the lung [39], and genes encoding proteins regulating the cell 

cycle TP53 and CDKN1A [40]. 

In healthy individuals, normal wound healing involves the coordination of tightly 

regulated processes to allow repair and renewal of the injured tissue. The disruption 

of these pathways has been linked to IPF, including aberrant activation of the 

coagulation cascade in the lung epithelium, [41] and increased epithelial cell 

apoptosis. Conversely, the resistance to apoptosis of myofibroblasts [42], 

dysregulated epithelial-mesenchymal interactions [43] and abnormal production of 

reactive oxygen species (ROS) may further perpetuate lung injury [44,45]. 

1.3.1 Histopathological features  

 

IPF has distinct pathological features detectable by HRCT and histology. The pattern 

of IPF/UIP is characterised by the presence of fibrotic foci – accumulations of 

myofibroblasts, defined by expression of alpha-smooth muscle actin (α-SMA) and 

collagen overlaid with a hyperplastic epithelial layer [12] (Figure 1.1). The number of 

fibrotic foci in a patient sample has been negatively correlated with survival [46,47]. 

However, this observation is contradicted by another study that could not identify a 
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link [48]. Notably, the latter study excluded patients with accelerated disease 

progression. 

 

Figure 1.1: Fibrotic foci are the histological hallmark of IPF. 

(A) Histological appearance of parenchymal lung tissue from an IPF patient. (B and C) Fibrotic 
foci significantly distort lung architecture and are characterised by dense aggregation of α-
SMA positive myofibroblasts and collagenous extracellular matrix (ECM). Image from [12], 
reproduced with permission from the publisher. 

 

1.3.2 The role of the epithelium in IPF 

 

Injury to the alveolar epithelium and subsequent phenotypic changes are considered 

as the initial insult in the cascade of cellular and molecular events contributing to IPF 

pathogenesis [49,50]. Injury to the lung epithelium has been described to result in 

both epithelial cell apoptosis and hyperplasia, which prevent adequate 

reepithelialisation that is required for suppression of fibrogenic effector cells and 

successful wound repair.  

Apoptosis of type II alveolar epithelial cells is a well-described characteristic of the 

IPF lung [51,52]. The mechanisms mediating type II alveolar epithelial cell apoptosis 

are incompletely understood, although there are several events at molecular and 

genetic levels that have been reported to be critical to this process. First, an 

imbalance between death and survival signals in favour of apoptosis has been 

observed in hyperplastic type II alveolar epithelial cells in biopsies from IPF patients 

[53], and linked to the up-regulation of p53 [54,55]. Furthermore, oxidative stress 
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induced as a result of reactive oxygen species (ROS) production by cigarette smoke 

exposure has been implicated in epithelial cell apoptosis [56]. Stress of the 

endoplasmic reticulum (ER) has also been observed in epithelial cells in IPF, 

reportedly mediated via the unfolded protein response (UPR). Mutations in SP-C 

leads to the accumulation of incorrectly folded protein, stimulating the UPR [36]. To 

regulate incorrect protein folding in cell homeostasis, the UPR enhances protein 

degradation, represses further mRNA translation into protein and induces the 

expression of ER chaperones [57]. Under severe ER stress, apoptosis is induced 

through activation of the ER bound caspase-4 and induction of the transcription 

factor C/EBP homologous protein (CHOP). Evidence of ER stress has also been 

reported in sporadic cases of IPF in the absence of SP-C mutations, and this has been 

attributed to the presence of viral proteins from the herpesvirus family [58].  

Converse to epithelial cell apoptosis, another feature of the IPF epithelium is the 

presence of hyperplastic epithelial cells that contribute to significant remodelling of 

the lung architecture as part of an overall aberrant wound healing response [49,59]. 

This dichotomy of phenotypic changes in the IPF epithelium may be regulated by 

prostaglandin E2 (PGE2). PGE2 has been shown to demonstrate anti-fibrotic 

properties both in in vitro and in vivo studies [60,61], and in the IPF lung, levels of 

PGE2 are lower than healthy controls [62]. Low levels of PGE2 have been reported to 

contribute to the ‘apoptosis –paradigm’ in IPF, in which enhanced apoptosis of 

epithelial cells is coupled with the resistance to apoptosis of myofibroblasts [63]. 

Hyperplastic epithelial cells are a major source of growth factors, enzymes and 

cytokines, including PDGF, FGF, tissue necrosis factor-alpha (TNFα) [64–66], matrix 

metalloproteinases (MMPs) [67], interleukin 1 beta (IL-1β) [68] and notably the 

potent pro-fibrotic mediator TGF-β1 [69–71]. In addition to acting as a major source 

of this cytokine, epithelial cells in IPF are also critically involved in the activation of 

latent TGF-β1 complexes (discussed in detail in section 1.6.1). The pro-inflammatory 

and pro-fibrotic profile of components secreted by the activated epithelium has 

consequential effects on other cell types, including the recruitment of immune cells 

and activation of fibroblasts. Myofibroblasts within fibrotic foci activated by 

mediators released from the epithelium can release ROS and angiotensin II that have 
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been shown to induce epithelial cell apoptosis [72,73]. This feed-forward mechanism 

highlights that there is a complex cross-talk between epithelial cells and 

myofibroblasts, and activation of signalling cascades that may act in concert to 

perpetuate the fibrogenic response in IPF. 

1.3.3 The role of myofibroblasts in IPF 

 

Fibroblast populations dominate the cellular profile of the IPF lung in contrast to 

normal lungs, and these cells are hypothesised to originate from several sources. 

First, a role for the small resident population of fibroblasts that significantly expands 

upon lung injury has been reported in the bleomycin model of lung fibrosis [74]. 

Second, there is evidence for circulating bone marrow-derived fibrocytes expressing 

mesenchymal markers being recruited to the site of lung injury [75]. A study of IPF 

patients has reported that increased fibrocytes could potentially be a prognostic 

marker for exacerbations of the disease [76,77]. The contribution of fibrocytes to 

collagen production has however recently been challenged [78]. Deletion of the type 

I collagen gene in fibrocytes did not prevent the development of bleomycin-induced 

fibrosis in the mouse, suggesting that this cell type may not be a critical source of 

collagen in this model. Finally, myofibroblasts may also arise by the process of EMT 

[79]. In IPF it is hypothesised that alveolar epithelial cells lose markers of their 

epithelial lineage and express markers of a mesenchymal-like cell type, perhaps as a 

direct result of ER stress [80]. Several lineage tracing studies of mouse lung cell 

populations in the bleomycin model of pulmonary fibrosis support the concept of 

EMT as a source of fibrogenic cells [81]. However, this has recently been contested 

by another study suggesting fibroblasts were principally derived from multiple 

stromal populations [82]. Another conclusion from this study was that pericytes are 

not a likely source of fibroblast-like cells in pulmonary fibrosis, however a recent 

publication suggests that there are pericyte lineages that may contribute to fibrosis, 

although this was only reported in mice [74]. Collectively, the evidence available for 

the proposed origin of fibroblasts highlights that there may be several cell 

populations which give rise to the fibrogenic cell in the context of pulmonary fibrosis, 

although much of the evidence points to resident lung fibroblasts. 
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Regardless of the exact cellular source which gives rise to myofibroblasts, these cells 

are still considered the main effector cell that contribute to the destructive and 

chronic remodelling of lung architecture in IPF. Fibroblast to myofibroblast 

differentiation results in the de novo expression of the α-SMA gene, ACTA2, that 

when transcribed and translated into protein, is expressed as cytoplasmic stress 

fibres, giving rise to a contractile cell phenotype [4]. In addition to cytoskeletal 

changes, myofibroblasts synthesise and secrete fibrillar collagens and other proteins 

for example fibronectin, proteoglycans and laminin into an extracellular matrix to 

support wound healing [83]. In a normal wound healing response, myofibroblasts 

function to close the injured tissue and provide a temporary matrix to support 

subsequent re-epithelialisation [84]. Upon completion of this, myofibroblasts 

undergo apoptosis. However, in IPF there is evidence to suggest these cells resist 

programmed cell death and secrete excessive amounts of collagen [42,85]. In 

contrast to the normal lung, in IPF there is a significant imbalance of tissue inhibitor 

of metalloproteinases (TIMPs) and MMPs in favour of extracellular matrix 

accumulation. Specifically, TIMP-2 has been shown to be significantly upregulated by 

myofibroblasts in fibrotic foci [86,87]. Furthermore, the matrix produced by 

myofibroblasts can harness TGF-β1 for further signal propagation, and the 

mechanical stiffness of this matrix has also been shown to activate fibroblast to 

myofibroblast differentiation and potentiate extracellular matrix deposition[88,89], 

facilitating the destructive cycling of pro-fibrotic processes. 

1.4 Biosynthesis of collagen I 

 

The predominant components of the ECM secreted by activated myofibroblasts in 

fibrosis, including IPF, are the fibrillar collagens. To date, there are 28 known types of 

collagen, 7 of which are fibrillar (types I, II, III, V, XI, XXIV and XXVII) [90,91]. 

Ubiquitously expressed in multicellular organisms, collagens are secretory proteins 

that have a structural role and are the major component of extracellular matrices. In 

the lung, fibril-forming collagen types I and III have been shown to account for 95% 

of the total lung parenchymal collagen [92,93]. Collagen types II and IV are also 

present in the lung in smaller proportions [94]. Collagen type IV is a major 
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component of all basement membranes, whereas collagen type II is found in 

cartilaginous structures supporting the airways.  

Fibroblasts synthesise collagens I and III simultaneously [95]; this section will focus 

specifically on the biosynthesis of collagen I as the major contributor to the 

pathological features of IPF [96,97]. It should be noted however that many of the 

collagens share similar processing pathways, and it is the number of glycine-X-Y (Gly-

X-Y) tandem repeats, where the X and Y positions are proline and hydroxyproline 

residues, respectively, and specific post-translational modifications that give rise to 

the diversity of the collagen types [97].  

The biosynthesis of collagen I, a heterotrimer of two α1(I) chains and one α2(I) chain, 

each containing 338 Gly-X-Y triplets forming a structure approximately 300nm in 

length, is a complex multi-stage process that has been extensively characterised [98] 

(Figure 1.2). The collagen I α-chain genes, COL1A1 and COL1A2, are transcribed into 

pro-α mRNAs at a ratio of 2:1 [99]. These pro-α transcripts also encode non-

collagenous pro-peptide domains at the N- and C-terminus, and it is the sequence at 

the N-terminus that guides the transcript to ribosomes located on the rough 

endoplasmic reticulum (ER). The transcript is then co-translationally translocated 

into the lumen of the rough ER, where critical post-translational modifications occur 

during formation of the nascent polypeptide [100]. Proline residues at the ‘X’ 

position of the Gly-X-Y repeats are hydroxylated by prolyl-3-hydroxylase, and 

prolines at the ‘Y’ position are hydroxylated by prolyl-4-hydroxylase. Prolyl-4-

hydroxlation is critical to increase the thermal stability of the collagen I molecule, 

which otherwise cannot be synthesised if this processing step is inhibited [101]. 

Additionally, lysine residues are hydroxylated into hydroxylysine, and a proportion of 

these are then glycosylated to facilitate cross-linking of collagen I molecules once 

secreted out of the cell [102]. For hydroxylation and collagen cross-linking, ascorbate 

is an essential requirement as a co-factor for prolyl hydroxylase [103,104]. 

The newly-synthesised pro-α chains trimerise at the C-pro-peptide domain, and are 

stabilised by intermolecular disulphide bridges [105]. Propagation of triple helix 

formation occurs from the C-terminus towards the N-terminus. A glycine residue 
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every 3 amino acids is essential for helix formation, and hydrogen bonds are formed 

between individual pro-α chains to stabilise the structure [106]. Chaperone proteins 

in the ER ensure that only correctly folded pro-collagen molecules can be 

transported from the ER to the Golgi apparatus, where aggregates of procollagen 

triple helices are formed [107]. These aggregates are secreted out of the cell, where 

the N- and C-terminal pro-peptides are enzymatically cleaved off the procollagen 

molecule by N- and C-proteinases [107]. Individual triple helices are then assembled 

into fibrillar supramolecules, cross-linked by the enzyme lysyl oxidase, forming 

mature collagen fibrils organised into an insoluble extracellular matrix [108]. 

 

Figure 1.2: The biosynthetic pathway of collagen I.  

(1) Collagen I α-chain genes, COL1A1 and COL1A2 are transcribed to mRNA. The N and C 
terminus of these transcripts also encode pro-peptide domains. (2) The N-terminal sequence 
guides the mRNAs for translation into the lumen of the rough ER. (3) Critical post-
translational modifications occur in the ER. These include the hydroxylation of proline 
residues by prolyl-3-hydroxylase at the ‘X’ position of the Gly-X-Y repeat, and by prolyl-4-
hydroxylase at the ‘Y’ position. (4) Three pro-α chains (2 α1 chains, 1 α2 chain) trimerise at 
the C-terminal pro-peptide, followed by the formation of the triple helix towards the N-
terminus. (5) Correctly modified and folded helices are then transported to the Golgi 
apparatus where they are packaged into aggregates and subsequently secreted into the 
extracellular space. (6) The N- and C-terminal pro-peptide sequences are cleaved by 
proteolysis from the triple helix, leaving mature collagen fibrils that can then form larger 
fibril structures, cross-linked by lysyl oxidase. Diagram adapted from [98,109]. 
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1.5 The role of TGF-β1 as a key mediator in IPF and fibrotic disease 

 

TGF-β is well described in the literature as a key mediator of tissue fibrosis [110]. 

There are three mammalian TGF-β isoforms, namely TGF-β1, TGF-β2 and TGF-β3 and it 

is active TGF-β1 that has been extensively studied and implicated in a variety of 

fibrotic conditions, including IPF. In IPF, levels of TGF-β1 in bronchoalveolar lavage 

fluid have been shown to be elevated compared to healthy controls [111], and 

immunohistochemistry studies in lung sections from IPF patients show TGF-β1 is 

localised to epithelial cells and macrophages, and is also associated with the 

extracellular matrix [69]. The importance of TGF-β1 in other fibrotic contexts has 

been described in the liver, kidney and skin [112] and also in animal models of lung 

fibrosis, contributing to fibrogenic effector cell activation and stimulating the up-

regulation of collagens secreted into the ECM [113–116]. TGF-β1 drives the fibroblast 

to myofibroblast differentiation programme by regulating metabolism, protein 

synthesis and reorganisation of the cytoskeleton, including the induction of de novo 

expression of α-SMA which is assembled into cytoplasmic stress fibres, a central 

feature of the myofibroblast phenotype [117]. TGF-β1 also inhibits the degradation 

of collagen [118] by upregulating of the expression of TIMPs which inhibit MMP-

mediated degradation of collagen [119]. TGF-β1 signalling pathways may also have a 

role in the resistance of fibroblasts to apoptosis [120,121]. In human foetal lung 

fibroblasts, TGF-β1-induced activation of Akt stimulated fibroblast resistance to Fas 

ligand- and cycloheximide-induced apoptosis. In contrast, inhibition of PI3K/Akt 

signalling with the ATP-competitive inhibitor LY294002 induced fibroblast apoptosis. 

1.6 TGF-β1 signalling 

1.6.1 Activation of TGF-β1  

 

TGF-β1 signalling plays important homeostatic roles in tissues throughout the body 

[122–125]. However, when dysregulated, for example in fibrotic diseases, TGF-β1 

exhibits multiple pathological properties, therefore bioavailability of this pleiotropic 

cytokine is tightly regulated.  
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TGF-β1 is first synthesised as a latent precursor coupled to latent TGF-β binding 

protein 1 (LTBP-1) [126], which is itself linked by disulphide bonds to the latency-

associated peptide (LAP) [127]. Latent TGF-β1 complexes are anchored to the 

extracellular matrix by covalent linkages between ECM proteins and the N-terminal 

region of LTBP-1 [127]. TGF-β1 activation requires release of TGF-β1 and the C-

terminal region of LTBP-1 away from the matrix-bound N-terminus. The integrin αvβ6 

is an established regulator of TGF-β1 activation in vivo in the context of fibrogenesis 

[128]. Knockout of the β6 subunit in mice confers resistance to bleomycin induced 

lung fibrosis [129]. Moreover, in established bleomycin-induced lung fibrosis in the 

mouse, a monoclonal antibody specifically targeting αvβ6 inhibited fibrogenesis 

compared to mice treated with a control IgG antibody [130]. αvβ6 is exclusively 

expressed by epithelial cells, and due to tightly regulated expression mechanisms, is 

found at low levels on the epithelium in normal lung. In contrast, elevated levels are 

observed in response to lung injury, including in IPF, and levels have been shown to 

correlate with the survival of IPF patients [131,132]. 

Expression of αvβ6 may be upregulated in an autocrine manner by TGF-β1, which is 

also dependent on Smad signalling as mutation of the Smad-binding element (SBE) 

identified in the promoter of the β6 gene, ITGB6, decreases TGF-β1-induced levels of 

ITGB6 [133]. An additional mechanism of αvβ6 expression arising from regulation of 

the promoter of ITGB6 involves the repressor region identified to bind Ets domain-

containing protein Elk1 (Elk1) and the glucocorticoid receptor (GR). Knockout of Elk-1  

was shown to augment the levels of ITGB6 mRNA and the development of fibrosis in 

the bleomycin mouse model [134].  

A number of mediators have been reported to activate αvβ6 through the regulation 

of G-protein coupled receptor (GPCR) signalling. Protease-mediated activated 

receptor 1 (PAR1), a GPCR, is upregulated in the lung in response to lung injury [135]. 

In immortalised mouse lung epithelial cells, activation of PAR1 enhanced αvβ6-

mediated activation of TGF-β1 [136]. Additionally, inhibition of αvβ6 with a 

monoclonal antibody prevented an induction of Smad2 phosphorylation regulated 

by thrombin-mediated stimulation of TGF-β1 activation, further demonstrating the 

role of PAR1 in TGF-β1 activation. Another regulator of GPCR-mediated αvβ6 
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activation is lysophosphatidic acid (LPA), released by platelets at the site of tissue 

injury [137]. The potential importance of integrin-mediated activation is being 

evaluated in IPF by therapeutically targeting with a αvβ6monoclonal antibody, STX-

100 (clinicaltrials.gov identifier NCT01371305). 

αvβ6 binds an arginine-glycine-aspartate (RGD) sequence in the prodomain of the LAP 

of TGF-β1 tethered to the ECM with LTBP, and the cytoplasmic domain of the β6 

subunit is associated with the actin cytoskeleton of epithelial cells [126]. Activation 

of αvβ6 induces changes in the cytoskeleton of the epithelium mediated by RhoA, 

inducing a conformational change in LAP, stimulated by mechanical tension [138], 

subsequently facilitating the interaction of TGF-β1 with its receptor on adjacent cells, 

including fibroblasts.  

Furthermore, mechanical tension generated by matrix stiffness has also been 

reported as a requirement for TGF-β1 activation. In in vitro studies, TGF-β1 in the 

ECM was activated by the contraction of myofibroblasts, that express the integrin 

αvβ5, and activation was additionally dependent on a stiff matrix representative of 

the stiffness of fibrotic lung [41,139,140]. In contrast, myofibroblasts cultured on a 

soft substrate were unable to activate TGF-β1. Fibrotic lung tissue derived from the 

active TGF-β1 overexpression model of lung fibrosis showed increased levels of active 

TGF-β1 in response to mechanical stretch [141]. Utilising human fibrotic lung tissue, 

mechanical stretch resulted in increased levels of active TGF-β1 compared to non-

fibrotic tissue, in addition to increased Smad2 phosphorylation downstream of TGF-

β1 signalling. Taken together current evidence suggests that the integrins αvβ6 on 

epithelial cells and αvβ5 on myofibroblasts, the extracellular matrix and contractile 

phenotype of myofibroblasts are critical requirements for the activation of TGF-β1 in 

fibrogenic contexts, including IPF. 

Activation of TGF-β1 through the integrin αvβ8 has also been reported, mediated by 

the proteolytic cleavage of latent TGF-β1 complexes by MMP14 [142]. Furthermore, 

αvβ5 and αvβ1 integrins have also been implicated in the development of dermal and 

renal fibrosis in addition to experiments in the lung [41,143]. In additional cell types, 

varying mechanisms of TGF-β1 activation have been reported. In endothelial cells, 
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pericytes and smooth muscle cell cultures, MMPs 2 and 9 have been shown to be 

involved in TGF-β1 activation, functioning to promote matrix degradation and 

tumour invasion [144,145]. Additionally, thrombospondin-1 is a reported activator 

and has roles promoting angiogenesis and restructuring of extracellular matrices 

[146,147].  

1.6.2 Canonical TGF-β1 signalling in fibroblasts 

 

Activated TGF-β1 binds to a dimer of type II TGF-β receptors, which induces 

recruitment of a dimer of the type I TGF-β receptor, activin receptor-like kinase 5 

(ALK5), to form a tetrameric receptor complex [148]. Type II TGF-β receptors then 

phosphorylate a region of ALK5 at a series of serine and threonine residues, 

activating serine and threonine kinase activity within the intracellular domain of 

ALK5. This activation enables the recruitment and phosphorylation of the receptor-

Smad proteins (Smad2 and Smad3) on specific serine residues (Figure 1.3) [149], 

which then associate in a heterotrimeric complex with Smad4. Together, this 

complex translocates to the nucleus where alongside co-activators such as p300, AP-

1 and FOXO1/3, target gene recognition and transcription can be initiated [150,151]. 

Genes encoding plasminogen activator inhibitor-1 (PAI-1), connective tissue growth 

factor (CTGF), PDGF β-chain (PDGF-B) and extracellular matrix proteins (ECM), in 

particular collagens, have been identified as being positively regulated at the 

transcriptional level by Smad signalling [152,153]. The transcription of target genes 

can also be repressed, and this is dependent on the presence of repressor proteins 

instead of co-activators. Repressor proteins include c-Myc, which has been 

implicated in cancer, TGF-β-induced factor (TGIF) and Smad nuclear interacting 

protein 1 (SNIP1) [154]. 

Canonical TGF-β1 signalling is terminated by Smad7 that is activated in a negative 

feedback loop in response to TGF-β1 stimulation to temporally and spatially regulate 

TGF-β1-induced signalling cascades [155]. In myofibroblasts from a range of organs, 

low levels of this negative regulator have been detected. A Smad-binding element 

has been defined in the promoter of the human Smad7 gene at -179 to -172 base 

pairs (bp) upstream of the transcriptional start site, and this motif binds the 
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Smad2/3/4 heterotrimer rapidly induced by TGF-β1 stimulation. Demonstrated in 

HepG2 cells, TGF-β1-induced activation of Smad 2 was inhibited by the expression of 

Smad7, which also prevented the nuclear accumulation of Smad2 and instead 

promoted diffuse cytoplasmic localisation [156]. Additionally in these studies, Smad7 

was shown to directly associate with the TGF-β type I receptor, ALK5. Truncated 

Smad7 generated by a premature stop codon did not associate with ALK5, and also 

had no effect on TGF-β1-induced signalling.  

Smad7 represses signalling by blocking the type I TGF-β receptor and marking it for 

degradation [157]. The binding of Smad7 to Smad specific E3 ubiquitin protein ligase 

2 (Smurf2) induces nuclear export and recruitment of the Smad7/Smurf2 complex to 

activated TGF-β receptors to stimulate proteasomal-mediated degradation. An 

additional degradative function of Smad7 has been recently reported [158]. Smad7 

has been shown to compete with Smad4 in binding to receptor-Smads, and in doing 

so recruits the E3 ubiquitin ligase NEDD34L to polyubiquinate these receptor-Smads 

and induce degradation in the proteasome. Moreover, atomic force microscopy 

examination of Smad7 has revealed a motif that binds to DNA elements also 

targeted by Smad4, suggesting Smad7 can directly inhibit TGF-β1-induced 

transcriptional responses in the nucleus [159]. Collectively, Smad7 may therefore 

modulate multiple components of TGF-β1 signalling. 

Smad7 is itself also regulated by ubiquitin-mediated degradation, which may 

represent an important mechanism in fibrosis. Smurf2 has been shown to mediate 

the degradation of Smad7 in addition to TGF-β receptors, and it has been 

demonstrated in a mouse model of renal fibrosis that levels of Smurf2 were 

increased compared to control mice, correlating with increased levels of 

ubiquitinated and degraded Smad7 [160].  
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Figure 1.3: Canonical TGF-β1 signalling via the SMAD proteins.  

(1) Activated TGF-β1 binds to its receptor, a dimer of type II receptors (TGFβRII), inducing the 
formation of a heteromeric complex of a dimer of type II receptors and a dimer of type I 
(ALK5) receptors. Complex formation permits phosphorylation of ALK5 by TGFβRII, followed 
by subsequent recruitment and activation of the canonical receptor-Smad (Smad2/Smad3) 
signalling proteins. Binding of TGF-β1 to its receptor is followed by (2) phosphorylation of 
receptor-SMADs 2/3 (R-SMAD) which then complex with SMAD4 (3) and translocate to the 
nucleus (4) where they induce transcriptional activation or repression of the target gene 
with other co-factors (5). SMAD7 negatively regulates the pathway. Diagram informed and 
adapted from [154]. 

 

1.6.3 Non-canonical TGF-β1 signalling 

 

In addition to signalling via the Smad proteins, TGF-β1 also activates non-canonical 

pathways including MAP kinases, Rho-like GTPases, phosphatidylinositol-3-kinase 

(PI3K)/Akt and the mechanistic target of rapamycin (mTOR) signalling cascades at 

between 2-10ng/ml TGF-β1 [161,162], summarised in Figure 1.4.  
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Figure 1.4: Non-canonical TGF-β1 signalling cascades  

In addition to Smad-dependent pathways, TGF-β1 can also activate a range of signalling cascades independently of Smad recruitment. (A)  Activation of JNK and p38MAPK 
requires upstream regulation of the MAP kinase kinases (MKK), MKK4 and MKK3/6 respectively, which are themselves activated by the MAP3Ks, specifically TGF-β-
activated kinase 1 (TAK1) which is recruited to  polyubuqinated TNF receptor associated factor 6 (TRAF6) which is localised by its C-terminus to the tetrameric TGF-β 
receptor complex.  TRAF6-mediated activation of the JNK/p38MAPK cascades regulates both the induction of apoptosis and epithelial-mesencyhymal transition (EMT) 
through mediation of target gene transcription. (B)  Src and Grb2 are recruited  to phosphorylated tyrosine residues by its Src-homology 2 (SH2) domain,  where in complex 
with the protein Sos, activates Ras at the plasma membrane through exchange of GDP for GTP. GTP-cound Ras binds Raf and induces signalling through MEK1 and Erk1 to  
stimulate gene transcription critical in the regulation of EMT. (C) Central to EMT is the assembly and organisation of the actin cytoskeleton, regulation of tight junctions and  
cellular adhesion.  TGFβRII phosphorylates PAR6 at tight junctions to induce disassembly which is critical for theinduction of EMT, a process that also requires  PKC. (D) 
Regulation of EMT, protein synthesis and cellular growth is also regulated by non-canonical TGF-β signalling, namely through the mTOR signalling cascade that is activated 
by PI3K and subsequently Akt. Diagram informed and adapted from  [179].     
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1.7 JNK/p38 MAPK and MAP kinase signalling 

 

There is strong evidence that TGF-β1 activates the Erk-MAPK pathway and this has 

been implicated in cell-matrix interactions and cell motility [163]. In mink lung 

epithelial cells, TGF-β1 rapidly signals via Ras, Raf and MEK1 to activate Erk [162]. 

This cascade of phosphorylation events is also evident in breast cancer, epithelial 

cells and fibroblasts [164–166]. However, the kinetics of TGF-β1 stimulation and Erk 

activation differ depending on cell type and culture conditions. The type II TGF-β1 

receptor can be auto-phosphorylated on tyrosine residues, resulting in subsequent 

recruitment of upstream components of the MAPK cascade and rapid Erk activation 

[167,168]. Furthermore, TGF-β1 induced the de novo synthesis of an undefined 

activator to stimulate Erk signalling, although not FGF2 as reported by an earlier 

study [169,170].  

TGF-β1 can also activate the JNK/p38 MAPK pathway and the Rho-like GTPases RhoA, 

Rac and Cdc42 independent of the Smad proteins [171–173]. The Rho GTPases have 

roles in apoptosis [174], mediating cytoskeletal organisation by inducing stress fibre 

formation and exert mesenchymal properties in epithelial cells and keratinocytes 

[172,175]. Moreover, the Rho GTPases are implicated in cell motility and the 

regulation of the expression of genes encoding cytoskeletal actin, whose promoters 

encode a serum response element (SRE) for the binding of the transcription factor 

serum response factor (SRF) [176].  

Furthermore, there is evolving evidence supporting the activation of class I 

phosphatidylinositol-3-kinase (PI3K)/Akt and mTOR signalling pathways by TGF-β1 

[177–179]. These pathways will now be individually discussed in further detail.  

1.8 PI3K/Akt signalling 

 

Class I PI3Ks (catalytic subunits p110α, p110β, p110γ and p110δ) are the most widely 

researched and defined group of PI3Ks [180]. The PI3Ks are expressed by a range of 

cell types, including fibroblasts [181], with the γ and δ isoforms particularly enriched 

in leukocytes [182–184]. These PI3Ks are traditionally known to be activated by 
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ligand binding to receptor tyrosine kinases, for example VEGF and PDGF, leading to 

receptor dimerization and autophosphorylation of tyrosine residues within the 

receptor, allowing for direct recruitment of the p85 regulatory subunit of PI3K and 

subsequent activation of the catalytic subunit, p110 [185]. PI3K converts 

phosphatidylinositol 4,5-bisphosphate (PIP2) in the cell plasma membrane to 

phosphatidylinositol 3,4,5-triphosphate (PIP3), which in turn leads to the recruitment 

of proteins to the membrane that contain a pleckstrin homology (PH) domain [186], 

such as phosphoinositide-dependent kinase 1 (PDK1) and Akt. Phosphatase and 

tensin homolog (PTEN) negatively regulates PI3K signalling, by dephosphorylating 

PIP3 back into PIP2, thus preventing any further signal propagation [187]. Akt is 

phosphorylated at two residues, threonine 308 by PDK1 [188] and serine 473 by 

mTORC2 [189], and it is essential that both sites are phosphorylated for full effector 

function of Akt substrates (Figure 3). Akt promotes cell survival by phosphorylating 

and subsequently inhibiting the pro-apoptotic proteins, Bad, BAX and caspase 9. 

Furthermore, Akt phosphorylates forkhead box O1/3a (FoxO1/3a), which are critical 

transcription factors in the regulation of cell survival. Phosphorylation of FoxO3 has 

been shown to induce nuclear export and cytoplasmic sequestration of this 

transcription factor, inhibiting the transcription of pro-apoptotic genes [190]. 

Additionally, there is negative regulation of the transcription factor NF-κB, leading to 

an increase in the transcription of pro-survival genes [185]. Furthermore, 

phosphorylation of cyclin-dependent kinase inhibitors, p21 and p27, permits 

proliferation, as phosphorylation of these proteins induces sequestration from the 

nucleus into the cytoplasm to repress the inhibitory function on the cell cycle [191]. 

Another function of Akt is to upregulate glucose metabolism by enhancing Akt 

substrate 160 kDa (AS160)-mediated translocation of glucose transporters to the cell 

membrane, and phosphorylation of glycogen synthase kinase 3 (GSK3) to encourage 

glycogen synthesis [192,193]. Finally, Akt phosphorylates and subsequently inhibits 

the activity of tuberous sclerosis 2 (TSC2) and proline-rich Akt substrate 40 kDa 

(PRAS40), leading to the activation of mTOR signalling, specifically mTORC1, that will 

now be discussed in greater detail. 
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Figure 1.5: Summary of PI3K/Akt activation by ligand binding to receptor tyrosine kinases.  
 
PI3K converts PIP2 to PIP3 in the plasma membrane, permitting Akt recruitment to the 
membrane by its PH domain. Akt is phosphorylated by PDK1 and mTORC2, and promotes 
cell survival, proliferation, protein synthesis and glucose metabolism mediated by the 
phosphorylation of a number of downstream substrates. Diagram informed and adapted 
from text and figures in [185]. 

 

1.9 The mTOR signalling axis 

 

One of the major effector proteins downstream of Akt is mechanistic target of 

rapamycin (mTOR), a member of the PI3K-related kinases (PIKKs) that is highly 

conserved from yeasts to humans [194]. mTOR is central to numerous cellular 

functions, coordinating many different upstream signals into a range of downstream 

responses, including cell growth, proliferation and survival. Enhanced activation of 

mTOR and its associated downstream signalling is increasingly observed in a number 

of pathologies, including cancer [195], neurodegeneration [196,197] and obesity 

[198]. Understanding the biological functions of this central kinase in disease may 

therefore present opportunities for pharmacological intervention. Indeed, mTOR 

inhibitors have shown potent anti-tumour activity in vitro and are currently in 

development for a range of cancers [199,200]. 

mTOR is known to exist in two large complexes, namely mTORC1 and mTORC2. 

These complexes differ in the accessory proteins that are found associated with the 

central mTOR serine/threonine kinase, and as such the complexes integrate different 
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upstream cues into a range of downstream functions (Figure 1.6 and 

 

Figure 1.7). The common components of both complexes are the central catalytic 

mTOR subunit, mammalian lethal with sec-13 protein 8 (mLST8), and DEP domain 

containing mTOR-interacting protein (deptor) [201,202]. Additionally, mTORC1 

contains regulatory-associated protein of mammalian target of rapamycin (raptor) 

and PRAS40 [203,204]. In contrast, mTORC2 comprises the additional proteins 

rapamycin-insensitive companion of mTOR (rictor), mammalian stress-activated map 

kinase-interacting protein (mSin1) and protein-observed-with-rictor (protor) [205–

207]. These accessory proteins play regulatory roles in mTORC1 and mTORC2 

signalling (Table 1.1).  

The localisation, upstream and downstream signals of each mTOR complex will now 

be discussed in further detail.  

 

 

 



1. Introduction 
 

43 
 

 

Figure 1.6: Upstream mediators of mTORC1 activation and downstream biological 
functions 

mTOR complex (mTORC) 1 activity is modulated by a range of upstream inputs, with the 
majority integrated through the tuberous sclerosis (TSC)1/2 complex that is phosphorylated 
at numerous serine and threonine residues. Growth factor signalling through receptor 
tyrosine kinases (RTKs) activates PI3K and subsequently Akt in addition to the Ras/Raf/Erk 
signalling cascade. Akt phosphorylation of TSC phosphorylates and inactivates TSC2, 
therefore activating Rheb and thus mTORC1 activation. In addition to growth factor-
mediated inactivation of TSC2, cyclin-dependent kinase 1 (CDK1) activated in the G2/M 
phase of the cell cycle, and inhibitor of nuclear factor kappa beta (IKKβ) phosphorylate and 
inactivate TSC1 in the TSC complex to facilitate mTORC1 activation in a pro-tumorigenic 
context. Stimulation of mTORC1 results in the phosphorylation of a range of downstream 
substrates that overall contribute to an increase in cell growth and energy consumption. 
Induction of S6 ribosomal protein kinase (p70S6K) stimulates ribosome biogenesis and 
contributes to formation of translation-initiation complexes on mature messenger RNA 
(mRNA) molecules. This requires the release of TORC1-mediated hyperphosphorylated 4E-
BP1 from components of the EIF4F translation-initiation complex, resulting in an increase in 
protein synthesis. Additionally, phosphorylation of Atg13 prevents formation of the ULK1 
complex, thus inhibiting degradation and recycling of cellular content in the process of 
autophagy. Conversely, in unfavourable cell growth conditions, including low levels of ATP 
and hypoxia, phosphorylation of specific TSC2 residues results in TSC activation and thus 
inhibition of mTORC1 activity. Green arrows indicate activation of TSC1/2 and thus inhibition 
of TORC1 activity. Red arrows indicate inhibition of TSC1/2 and thus activation of TORC1 
activity. 
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Figure 1.7: Upstream mediators of mTORC2 activation and downstream biological 
functions 

In contrast to mTORC1, upstream modulation of mTORC2 activation is incompletely defined.  

Grwoth factors, including insulin, are known to induce mTORC2-mediated phosphorylation 

of Akt at the hydrophobic motif, serine residue 473 which is essential for Akt activity. 

Activation of this specific mTORC2 substrate activation may occur through physical 

association of mTORC2 with PIP3 generated by PI3K in the plasma membrane, or through 

binding to the GTPase and guanosine exchange factor (GEF) Rac1 and P-Rex1. Furthermore, 

mTORC2 activity is reported to be stimualted by the association with actively translation 

ribosomes. Finally, the amino acid leucine has been shown to activate mTORC2 signalling, 

however the exact mechanism remains unclear. Downstream of the central mTOR complex, 

mTORC2 phosphorylates and activates a subset of members of the AGC kinase superfamily. 

Through Akt, mTORC2 mediates cell survival, cell proliferation and metabolism (detailed 

further in figure 1.5). A key role for Akt is the phosphorylation and subsequent inactivation 

of TSC1/2, promoting Rheb activation, and phosphorylation and inhibition of PRAS40, a 

negative regulator of the mTORC1 complex, to overall stimulate mTORC1 signalling activity. 

Serum and glucocorticoid kinase 1 (SGK1) is phosphorylated by mTORC2, resulting in the 

activation of NDRG1 and degradation of the E3 ubiquitin ligase NEDD4-2 to induce transport 

of sodium ions. Finally, mTORC2 phosphorylates and activates protein kinase-C alpha (PKCα), 

positively regulating cellular migration and assembly of the actin cytoskeleton through 

interactions with Rho kinases and modulation of the serum response factor (SRF)-MRTF 

signalling axis. 
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Accessory 

protein 

Localised to mTORC1 or 

mTORC2? 
Function 

Raptor mTORC1 

Scaffold protein that is required for the 

assembly of mTORC1 and the localisation 

and binding of mTORC1 signalling substrates. 

PRAS40 mTORC1 
Inhibitor of mTORC1 activation and 

downstream signalling. 

Deptor mTORC1 and mTORC2 
Inhibitor of the central mTOR kinase in both 

mTOR complexes. 

mLST8 mTORC1 and mTORC2 
Unknown function in mTORC1, but essential 

for signalling downstream of mTORC2. 

Rictor mTORC2 

Scaffold protein critical to the assembly and 

regulation of the downstream signalling 

activity of mTORC2. 

mSIN1 mTORC2 

Regulates the assembly of mTORC2 and the 

interaction with the downstream substrate 

serum/glucocorticoid regulated kinase 1 

(SGK1). 

Protor mTORC2 
Required for the phosphorylation of the 

hydrophobic motif of SGK1. 

 

Table 1.1: Summary of the accessory proteins assembled into mTORC1 and mTORC2 and 
the associated function. 

 

1.9.1 Localisation of mTOR complexes 

 

As mTORC1 and mTORC2 phosphorylate a range of substrates with discrete 

downstream biological functions, it is unsurprising that these complexes have been 

localised to a range of subcellular locations.  

Under conditions of amino acid starvation, mTORC1 has been observed to be 

distributed throughout the cell cytoplasm. However, in an amino acid-rich 

environment, localisation to the lysosome has been reported in HEK293T and HeLa 

cells [208,209]. Translocation of mTORC1 to the lysosomal membrane is shown to be 

regulated by the protein TRAF6 and chaperone protein p62, but may also be directly 

localised by association with the Rag proteins [209,210]. Rag proteins are anchored 

to the lysosome through the Ragulator, a pentameric complex of the lysosomal 

adaptor and mitogen-activated kinase and mTOR activator (LAMTOR) proteins.  
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The Ragulator complex also mediates the activation of the Rag proteins which may 

occur through two reported mechanisms. First, sensing of amino acids in the lumen 

of the lysosome by v-ATPase on the lysosomal membrane has been shown to 

activate the Rags [211]. Second, specific amino acids have been implicated in Rag 

activation. Leucine activates the enzyme glutamate dehydrogenase which converts 

glutamate to α-ketoglutarate in the process of glutaminolysis. α-ketoglutarate is a 

co-factor for prolyl hydroxylases that then stimulate Rag activity in mouse embryonic 

fibroblasts (MEFs) [212,213]. Interestingly, lysosomal localisation of mTORC1 is not 

affected by rapamycin, or kinase-dead mTOR at the core of the complex [214,215].  

mTORC1 may also be localised to the lysosomal membrane by the association of 

raptor with the phospholipid phosphatidylinositol 3,5 bisphosphate (PI(3,5)P2) [216]. 

PI(3,5)P2 is also present in plasma membranes, suggesting another potential 

localisation of mTORC1 within the cell. 

Including the mTOR protein, individual components of mTORC1, raptor and p70S6K, 

have been detected in the nucleus and are associated with regulation of the 

transcription factors including Yin Yang 1 (YY1) and peroxisome proliferator-

activated receptor gamma coactivator 1-alpha (PGC-1α) to modulate the oxidative 

function of mitochondria [217,218]. However, a complete mTORC1 complex in the 

nucleus has to date not been reported [219]. 

Moreover, sequestration of mTORC1 into stress granules has been reported as a 

mechanism of cell growth arrest in unfavourable conditions. The protein astrin, a 

mediator of the mitotic spindle in cell division, is reported to interact and sequester 

raptor from mTORC1 under conditions of ER stress, therefore inhibiting the 

activation of mTORC1 and stress-induced apoptosis in HeLa cells [220]. 

mTORC2 has been detected at both the ER and the outer mitochondrial membrane. 

mTORC2 is localised to the ER where it interacts with the ER proteins Hsp70 and 

Grp58, and is sensitive to ER stress [221]. Also located at the ER is the mTORC2 

substrate, Akt. At the mitochondria, mTORC2 has been associated with regulating 

mitochondrial function, and the additional mTORC2 substrate SGK1 is also primarily 
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localised at this organelle, presenting mechanisms of spatial regulation of the 

activation of mTORC2 substrates [222,223].  

A recent development in the localisation of mTORC2 to the ER and mitochondria has 

suggested that mTORC2 is localised to the mitochondrial-associated membrane 

(MAM), induced by growth factor stimulation, which physically tethers the 

mitochondria to the ER to regulate lipid transfer and metabolism [224]. Proteins 

resident to MAM include the Akt substrates IP3R, PACS2 and HK2, and MAM and 

mTORC2 have both been associated with a range of diseases including cancer, 

therefore potentially implicating dysfunctional mTORC2 signalling at this subcellular 

location. Additional evidence supporting the localisation of mTORC2 at MAM are 

reports describing the requirement of ATP in the regulation of the integrity of 

mTORC2 [225]. mTORC2 has been shown to complex with the mitochondrial ATP 

exporter VDAC, highlighting the potential importance of the mTORC2-MAM 

interaction. 

Additionally, mTORC2 has been associated with lipid rafts that are present in both 

the plasma membrane and ER, although localisation of the mTORC2 component 

rictor has only shown minimal detection at the plasma membrane [221]. 

Finally, mSin1, which regulates the assembly of mTORC2, exists in three different 

isoforms [226]. These isoforms are structurally different in that they contain 

different PH and Ras-binding domains which may add an additional layer of 

complexity in the localisation and activity of mTORC2. 

1.9.2 Upstream regulation and downstream signalling of mTOR complex 1 

 

Signals upstream of mTORC1 are more completely understood than those for 

mTORC2. mTORC1 senses a wide range of upstream signals, including growth 

factors, energy levels, stress, amino acid availability and oxygen levels. Downstream 

of mTORC1, there are resultant changes in protein and lipid synthesis and autophagy 

[227].  
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Activation of mTOR positively regulates cellular metabolism and energy production. 

These processes are mediated by mechanisms involving hypoxia-inducible factor 1α 

(HIF-1α) and increased lipid synthesis in proliferating cells, stimulated by 

transcription factors controlling fatty acid and cholesterol synthesis, and increased 

oxidative phosphorylation in the mitochondria [228,229]. 

A major upstream regulator of mTORC1 is a heterodimer complex of TSC1 and TSC2 

(Figure 1.8). These proteins function together as a GTPase activating protein (GAP) of 

Ras homolog enriched in brain (Rheb) GTPase. Rheb, when bound with GTP, is a 

direct activator of mTORC1. However, the TSC1/2 complex promotes hydrolysis of 

Rheb-bound GTP to GDP, and in turn negatively regulates mTORC1 activity [230]. 

TSC1/2 is central to the integration of many of the signals upstream of mTORC1, 

receiving input from multiple pathways including in particular Ras via Erk and 

ribosomal S6 kinase (RSK1), and growth factors acting via PI3K and Akt [231,232]. 

These pathways, in addition to pro-inflammatory cytokines and the Wnt signalling 

pathway are reported to be involved in the inactivation of TSC1/2 by multi-site 

phosphorylation, thus promoting the GTP-bound conformation of Rheb and 

permitting activation of mTORC1 [233,234].  

There is also evidence for mTORC1 activation independently of TSC1/2. 

Phosphorylation of the mTORC1 negative regulator PRAS40 by Akt leads to its 

dissociation from the complex, allowing signalling through to downstream effector 

proteins [235]. Increases in the levels of amino acids are also known to activate 

mTORC1 independently of TSC1/2. Under conditions of amino acid starvation, 

mTORC1 is inactive and localised within the cell cytoplasm. Increased levels of amino 

acids in the cell cytoplasm activate the Ragulator complex on the lysosomal 

membrane which in turn stimulates activation of the Rag GTPases that are anchored 

to the lysosome. There are four known mammalian Rag GTPases, namely RagA, 

RagB, RagC and RagD. The Rag proteins are found in heterodimeric complexes of Rag 

A or B associated with Rag C or D, and they recruit mTORC1 to the lysosomal 

membrane through binding to raptor. Rheb is also localised to the lysosomal 

membrane, therefore when activated in response to upstream signalling through 

TSC2, stimulates mTORC1 activation [236,237].  
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Inhibition of mTOR activity may arise indirectly from adenosine monophosphate-

activated protein kinase (AMPK) signalling. AMPK is activated under conditions of 

cell stress in which low levels of ATP, and concomitantly increased levels of AMP are 

detected which can occur due to nutrient starvation or hypoxia [238]. AMPK has 

been shown to inhibit mTORC1 signalling through the direct phosphorylation of 

TSC1/2, and phosphorylation of raptor to allosterically inhibit mTORC1 function 

[239,240].  

TSC1/2 may also coordinate a response to DNA-damage signals through a p53-

dependent –mechanism and activation of AMPK [195]. Overall, it is unclear as to 

whether these regulatory mechanisms are ubiquitous or are differentially dominant 

in particular cell types. Furthermore, inhibition of mTORC1 enhances the anabolic 

function of the cell through upregulation of autophagy. This increases the availability 

of biological material to sustain basal protein synthesis and energy production [241]. 

Oppositely, inhibition of autophagy by the stimulation of mTORC1 activity may in 

turn positively contribute to cell growth by failing to induce degradative pathways 

[227]. 
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Figure 1.8: TSC1/2 complex-dependent activation of mTORC1. 

(A) Under conditions of cell stress or low nutrient availability, the TSC1/2 complex negatively 
regulates mTORC1 activation by acting as a GAP for Rheb GTPase, promoting the hydrolysis 
of bound GTP to GDP. (B) Stimulation of signalling pathways including Erk, Akt and RSK1 
downstream of growth factors phosphorylate TSC2, inactivating the TSC1/2 complex 
resulting in the accumulation of Rheb-GTP and activation of mTORC1. 

 

1.9.2.1 Regulation of protein synthesis by mTORC1 

 

The major downstream function of mTORC1 is to increase protein synthesis, 

achieved by the direct phosphorylation of effector proteins p70S6K and eukaryotic 

translation initiation factor (eIF) 4E-binding protein 1 (4E-BP1). Activation of p70S6K 

is proposed to induce an increase in ribosome biogenesis, and it has also been 

reported that it may control the translation of a particular subset of mRNA 

transcripts, the 5’ tract of oligopyrimidine (TOP) mRNAs. However, the role of 

p70S6K in the regulation of TOP mRNAs has since been contradicted as complete 

inhibition of this kinase did not impair translation in human embryonic kidney and 

mouse embryonic stem cells [242]. The translation of these transcripts has since 

been described as a 4E-BP1-mediated mechanism (described in 1.9.2.2), and p70S6K 

may have a contributory role to cell growth [243], in addition to phosphorylating 

ribosomal protein S6 and eIF4B. eIF4B phosphorylation is critical for enhancing the 

TSC1/2

Rheb

mTORC1

Rheb

GDPGTP

Inhibition	of	mTORC1

TSC1/2

Rheb

mTORC1

Rheb

GDPGTP

Activation	of	mTORC1

X

Akt

Erk RSK1

Active	TSC2A

Inactivation

Key

Inactive	TSC2B

Activation

Inactivation

Key

Phosphorylation



1. Introduction 
 

51 
 

helicase activity of the translation pre-initiation complex (PIC) on transcripts with 

complex secondary structures in their 5’ untranslated region (UTR) [244].  

The phosphorylation of 4E-BP1 is most clearly understood, and is a critical mediator 

of the initiation phase of cap-dependent translation, the mechanism responsible for 

the translation of the majority of eukaryotic mRNAs [245]. The initiation of the 

translation of a small number of mRNAs not regulated by this mechanism includes 

transcripts encoding proteins regulating cell growth, proliferation and the regulation 

of apoptosis. These transcripts contain an internal ribosome entry site (IRES) motif, 

first identified in viruses, that bypasses the formation of eIF4F and facilitates 

translation when cap-dependent translation is attenuated. IRES motifs have been 

identified in the 5’UTR of at least 115 eukaryotic mRNAs, including transcripts 

encoding p53 and FGF2 in the regulation of responses to DNA damage and stress 

[246,247]. 

1.9.2.2 4E-BP1-mediated regulation of cap-dependent translation 

 

mRNAs that are regulated by cap-dependent translation contain a 5’ 7-

methylguanosine (m7GTP) cap that is co-transcriptionally added to the beginning of 

the 5’ untranslated region (UTR) [248]. The m7GTP cap is recognised by eIF4F, a 

protein complex comprising several proteins that regulate the initiation phase of 

cap-dependent translation. eIF4F consists of the m7GTP cap-binding protein eIF4E, 

the large scaffold protein eIF4G and the helicase eIF4A which unwinds secondary 

structures in 5’UTRs to facilitate ribosome scanning to the translational start codon 

AUG [249]. Additionally, the eIF4F complex binds to the polyadenylated tail at the 3’ 

end of the mRNA through the poly-A binding protein (PABP) to circularise the 

transcript and facilitate ribosome recruitment [250]. Formation of eIF4F has been 

shown to control cell growth and proliferation. Overexpression of eIF4E within eIF4F 

can stimulate the proliferation of quiescent NIH-3T3 cells [251], and also induce 

tumorigenesis in mice [252]. Oppositely, deletion of eIF4E may confer resistance to 

tumour formation in cancers driven by mutations in PTEN and Ras, and 

overexpression of hypophosphorylated 4E-BP1 leads to arrest of tumour growth and 

inhibits cell cycle progression [253]. 
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Complete assembly of eIF4F permits the recruitment of the 40S ribosomal subunit 

and methionine-associated transfer RNA (tRNA) via the initiation factors eIF1 and 

eIF3 to form a the 43S pre-initiation complex (PIC) [254]. The PIC then scans the 

transcript to identify the translational start codon. When this is detected, an 

additional initiation factor, eIF5, triggers the release of the eIF4F complex 

components eIF1 and eIF3 from the PIC [255]. Binding of the 60S ribosomal unit to 

the 40S subunit subsequently follows, generating the complete 80S ribosome to 

begin translation of the mRNA. 

The levels and binding of eIF4F to m7GTP, and the recruitment of the 40S ribosomal 

subunit are considered rate-limiting steps of the initiation of cap-dependent 

translation, and are dependent on the activation status of mTORC1 and 

phosphorylation state of the negative regulator of cap-dependent translation, 4E-

BP1, which is ubiquitously expressed [256]. 4E-BP1 is usually found phosphorylated 

at threonine residues 37, 46 and 70 which are considered as priming sites for 

subsequent phosphorylation of the protein upon activation of mTORC1 [257]. In this 

state, 4E-BP1 is bound to eIF4E, preventing the formation of the eIF4F complex and 

subsequently inhibiting the initiation of cap-dependent translation. When mTORC1 

activity is stimulated, 4E-BP1 is hyperphosphorylated at serine residue 65. This 

phosphorylation event induces a conformational change in the protein, resulting in 

dissociation of 4E-BP1 from eIF4E, thus exposing the binding site for eIF4G to 

facilitate the formation of the eIF4F complex and stimulate the initiation phase of 

cap-dependent translation (Figure 1.9). 
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Figure 1.9: Schematic of the formation of eIF4F to initiate cap-dependent translation 
downstream of mTORC1. 

(A) 4E-BP1 is basally phosphorylated at threonine residues 37, 46 and 70, and is found 
associated with the cap-binding protein eIF4E to prevent formation of eIF4F and repress cap-
dependent translation. (B) Upon stimulation of mTORC1 activity, 4E-BP1 is additionally 
phosphorylated at serine residue 65, inducing dissociation away from eIF4E. This release 
facilitates recruitment and binding of the scaffold protein eIF4G and RNA-helicase eIF4A to 
m7GTP and eIF4E to form eIF4F and stimulate the progression of cap-dependent translation. 

 

Additional isoforms of 4E-BP have been detected and also regulate levels of cap-

dependent translation. 4E-BP2 is predominantly expressed in the brain, whilst 4E-

BP3 is more widely expressed. Furthermore, 4E-BP3 is reportedly transcriptionally 

induced under conditions of cell stress in which mTOR is inhibited, to maintain eIF4F 

complex formation [258].  

4E-BP-mediated cap-dependent translation regulates the translation of the majority 

of eukaryotic mRNAs. However, specific subsets of mRNAs have been described as 

particularly sensitive to the levels of eIF4F. mRNAs with a highly structured 5’UTR 

require eIF4A helicase activity to unwind motifs that inhibit PIC recruitment, and the 

transcripts that are mediated by this mechanism include the transcription factor c-

Myc and the cyclins that regulate cell cycle transition from G1 to S-phase [259,260]. 

Transcripts that contain a TOP motif in the 5’UTR also exhibit enhanced sensitivity to 
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the activity of mTORC1 and subsequent levels of eIF4F. A TOP motif is defined as a 

cytosine nucleotide located immediately after the m7GTP cap, and is an absolute 

requirement of this regulatory motif [261]. The cytosine is then followed by an 

uninterrupted stretch of 4-14 pyrimidines (cytosine or thymidine). An approximation 

of the number of transcripts with a leading cytosine is reported at 17% of known 

transcripts [262], although the number of transcripts comprising a complete TOP 

motif is substantially lower and may only represent a few hundred mRNAs [263]. 

TOP-transcripts almost exclusively encode translation factors, ribosomal proteins 

and poly-A binding proteins and the translation of these mRNAs is particularly 

sensitive to growth signals such as nutrient deprivation, and ATP-competitive 

inhibition of mTOR. In a model of acute mTOR inhibition of mouse embryonic 

fibroblasts incubated with the ATP-competitive dual mTORC inhibitor Torin-1, TOP-

transcripts were translationally supressed to a significantly greater extent than other 

mRNAs [264]. Additional transcripts were described as containing TOP-like motifs, in 

which the stretch of pyrimidines is up to 4 nucleotides from the most common 

translational start site, have recently been identified in a number of mRNAs, and are 

also particularly sensitive to the TOP-regulatory mechanism [264]. Oppositely, 

overexpression of the mTORC1 activator Rheb is sufficient to maintain TOP-

transcript translation under conditions of cell stress [265,266].  

The specific mechanism of defining the enhanced sensitivity of TOP transcripts to 

translational regulation is not clearly understood. Early evidence suggests that a TOP 

repressor protein or complex of proteins may exist to compete with eIF4F for the 

5’UTR of TOP motif-containing transcripts [267,268]. In an in vitro system in which 

TOP transcript translation was inefficient, translation was rescued by the addition of 

pyrimidine RNA oligonucleotides. Potential candidates representing the TOP 

repressor complex include the T-cell intracellular antigen 1 (TIA1) and TIA1-related 

RNA binding proteins and La Ribonucleotide Domain Family Member (LARP) 1 which 

have been demonstrated to bind to TOP transcripts [269,270]. 

Whilst mTORC1 is classically defined as being sensitive to rapamycin treatment, 

there is a growing body of evidence to suggest there are mTORC1 functions that are 

resistant to long-term exposure, particularly the phosphorylation of 4E-BP1 [271]. In 
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vitro, this observation has been shown to be dependent on time point, explaining 

the potential disconnect between inhibition of mTORC1 signalling at early time 

points and functional readouts determined several hours later. It has been 

demonstrated in HEK293 cells that rapamycin inhibits insulin-induced 4E-BP1 

phosphorylation at a 1 hour time point, although at 24 and 48 hours 4E-BP1 

phosphorylation, and subsequent formation of eIF4F, was unaffected [272].  

1.9.3 Upstream regulation and downstream signalling of mTOR complex 2 

 

In contrast to mTORC1, the upstream events activating mTORC2 are less clearly 

defined. It is postulated that activation may occur by growth factors and amino acid 

signalling via PI3K, however the precise mechanisms leading to mTORC2 stimulation 

are not fully understood. PI3K activity stimulated by insulin has been shown in vitro 

to induce association of mTORC2 with the ribosome, and that this promoted 

phosphorylation of Akt during its translation [273,274]. However, the levels of 

ribosomal association may be dependent on cell type, as PTEN-deficient HeLa cells 

exhibited higher association compared to cells under normal growth conditions. 

Furthermore, the activation of mTORC2 signalling can differ under varying levels of 

starvation time or the concentration of amino acids, therefore further investigations 

are required to define the precise mechanism of mTORC2 stimulation [275].  

Similar to mTORC1, mTORC2 activates downstream effector proteins by 

phosphorylation. These proteins are part of the protein kinase A, G and C (AGC) 

kinase subfamily and include Akt, SGK1 and protein kinase C-α (PKCα). mTORC2 

phosphorylates Akt at serine residue 473 in its hydrophobic motif [189]. As discussed 

in section 1.6, this is essential for full activation of Akt. Depletion of this specific 

phosphorylation in rictor-/- MEFs results in depleted phosphorylation of FoxO1 and 

FoxO3. As previously highlighted, phosphorylation of these transcription factors 

inhibits the transcription of pro-apoptotic genes [190]. Interestingly, other Akt 

targets such as TSC2 remained phosphorylated in response to insulin stimulation 

therefore was not inhibited in the absence of an intact mTORC2 [276]. mTORC2 also 

regulates the phosphorylation of SGK1, specifically at the hydrophobic motif at 

serine residue 422. The activity of SGK1 is completely diminished when mTORC2 is 
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not present [277]. SGK1, like Akt, is also responsible for FoxO1/3a phosphorylation, 

but also has a key role in sodium transport by regulating the activity of the epithelial 

sodium transport channel (ENaC) in the kidney [278]. The third effector protein 

downstream of mTORC2 is PKCα which regulates cell shape by modulation of the 

actin cytoskeleton. 

Finally, mTORC2 is considered rapamycin-insensitive, however like the effects of 

rapamycin on mTORC1 [279], long-term exposure may disrupt complex assembly 

and structural integrity by inhibiting the association of rictor with mTOR, 

subsequently reducing mTORC2-dependent phosphorylation in certain cell types 

[280]. Functionally, PTEN-deficient tumours exhibiting enhanced activation of Akt 

may therefore be sensitive to treatment with rapamycin. In the clinic, the rapalogs 

everolimus and temsirolimus are approved by the FDA for the treatment of renal 

carcinoma [281,282]. 

1.10 TGF-β1-induced mTOR signalling in fibroblast function  

 

There is a growing body of evidence linking TGF-β1 stimulation and PI3K activation in 

a range of cell types [177–179], however the precise mechanisms by which this is 

achieved are not fully understood. There are conflicting hypotheses on the temporal 

kinetics of TGF-β1-induced PI3K activation in fibroblasts. Rapid, Smad-independent 

activation of PI3K has been reported in a number of fibroblast lines [283], resulting in 

PIP3 generation and phosphorylation of Akt at serine residue 473. 

Immunoprecipitation has revealed that the p85 regulatory subunit of PI3K is 

constitutively associated with the type II TGF-β receptor [179], whereas association 

with the type I TGF-β receptor requires prior stimulation with TGF-β [284]. 

Conversely, the kinetics in a foetal fibroblast cell line suggest that there is delayed 

phosphorylation of pAktSer473, indicating an indirect mechanism that may involve the 

autocrine production of a p38 MAPK-dependent secreted ligand [285]. This delayed 

TGF-β1-induced Akt activation is reported to be independent of the Smad pathway, 

since fibroblasts transfected with small interfering (siRNA) against Smad3 still 

exhibited Akt phosphorylation at both threonine residue 308 and serine residue 473 

after 16 hours stimulation with TGF-β1 [286]. 
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Despite these contradicting data on the temporal nature of TGF-β1 signalling, 

activation of the mTOR axis has functional consequences for fibroblasts. As 

previously discussed, one of the functions of mTORC2 is to organise the actin 

cytoskeleton. This may be of particular importance during fibroblast differentiation. 

Indeed, it has been shown that PKCα, downstream of mTORC2, is essential for the 

expression of α-SMA during the differentiation of vascular fibroblasts [287]. Both 

mTORC1 and mTORC2 have been implicated in other TGF-β1-regulated functions, 

with both distinct and overlapping roles in survival, proliferation and anchorage-

independent growth [288]. 

TGF-β1-induced mTOR activation has also been implicated in ECM production, 

particularly in the synthesis of collagen. However, the relative contribution of 

mTORC1 versus mTORC2 to ECM production remains uncertain. A recent study in 

mouse embryonic fibroblasts reported contrasting evidence; long-term mTORC1 

inhibition with rapamycin had no inhibitory effect on fibronectin and collagen I 

production at the protein level, however shRNA-mediated knockdown of raptor, the 

key accessory protein of mTORC1, in these same fibroblasts resulted in a down-

regulation of both of these ECM proteins. This suggests there are differential effects 

dependent on long-term or acute mTOR inhibition. Furthermore, this study also 

concluded that mTORC2 may have a role in the regulation of basal ECM production, 

but not in TGF-β1-induced ECM synthesis [288]. Additionally, in experimental renal 

fibrosis in mice, rapamycin treatment reduced signalling through the mTORC1 axis 

and down-regulated levels of both α-SMA and collagen I compared to control mice 

[289].  

Pharmacologically inhibiting a single mTOR complex is difficult to achieve as there 

are no specific mTORC2 inhibitors and as previously mentioned, rapamycin can be 

inhibitory on both complexes, therefore genetic approaches have been used to 

define the cellular functions associated with mTORC1 and mTORC2 signalling. shRNA 

targeted to deptor, an accessory protein of both mTOR complexes, has specifically 

implicated mTORC1 in the enhancement of COL1A2 gene expression via HIF-1α, 

confirming the results of a previous study that targeted raptor [290,291]. On the 

other hand, a recent publication has since challenged the hypothesis that mTORC1 is 
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responsible for TGF-β1-induced pro-fibrotic effects. In three primary fibroblast lines 

isolated from IPF patients, rapamycin had no inhibitory effect on collagen I, 

fibronectin or α-SMA in comparison to dual mTORC inhibitors, suggesting that 

mTORC2 may be the critical mTOR complex, and this was confirmed with shRNA 

knockdown of rictor [292]. Further studies are therefore needed to delineate the 

specific roles of the different mTOR complexes, particularly with respect to TGF-β1-

induced production of collagen I. Figure 1.10 proposes the TGF-β1-induced 

PI3K/Akt/mTOR signalling cascade that may regulate fibroblast to myofibroblast 

differentiation and collagen I synthesis. 
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Figure 1.10: Proposed schematic of the TGF-β1induced PI3K/Akt/mTOR signalling axis  

Activated TGF-β1 binds to its receptor, a dimer of type II receptors (TGFβRII), inducing the 
formation of a heteromeric complex of a dimer of type II receptors and a dimer of type I 
(ALK5) receptors. Complex formation permits phosphorylation of ALK5 by TGFβRII, followed 
by subsequent recruitment and activation of the canonical receptor-Smad (Smad2/Smad3) 
signalling proteins. Additionally, TGF-β1 treatment induces PDK1 and mTORC2-dependent 
phosphorylation of the activation loop and hydrophobic motifs respectively of Akt, which is 
recruited to PIP3 generated by PI3K at the plasma membrane, by its PH domain. mTORC2 
additionally phosphorylates SGK1, activating the downstream substrate NDRG1. Akt 
phosphorylates and inactivates TSC2 which, as a consequence, permits accumulation of 
Rheb in its GTP-bound form thus facilitating the activation of mTORC1 signalling. mTORC1 
phosphorylates and activates p70S6K at its hydrophobic motif, and additional 
phosphorylation at the activation loop is regulated by PDK1. In contrast, 
hyperphosphorylation of 4E-BP1 at serine residue 65 leads to inactivation of this protein, 
which is a negative regulator of cap-dependent translation initiation therefore protein 
synthesis is initiated.  

 

 

 

 

 



1. Introduction 
 

60 
 

1.11 Transcriptional regulation of α-SMA and collagen I synthesis 

1.11.1 Transcriptional regulation of COL1A1 and COL1A2 

 

The genes encoding the alpha-1 and alpha-2 chains in the collagen I triple helix, 

COL1A1 and COL1A2 are highly regulated at the transcriptional level, and the 

transcription of these genes is co-ordinately regulated in a ratio of 2:1 to reflect the 

composition of a mature collagen I triple helix [99,293]. Several elements present in 

the promoter and first intron of COL1A1 and COL1A2 have been identified as critical 

regions in the regulation of basal and TGF-β1-induced type I collagen gene 

transcription, which may have consequences in the development and progression of 

fibrosis. In the promoter region of COL1A1 and COL1A2, a Smad-binding element 

(SBE) has been mapped to the region -263 to -258 bp upstream of the transcriptional 

start site of the collagen I promoter [294]. TGF-β1 stimulation of fibroblasts induces 

translocation of the receptor-Smads, Smad2 and Smad3, to the nucleus, and 

coordinated binding of Smad 2/3 in addition to the co-activator p300 have been 

shown to mediate TGF-β1-induced transcription of COL1A1 and COL1A2 [295]. In 

activated hepatic stellate cells isolated from cirrhotic liver, overexpression of the 

inhibitory Smad, Smad7, had no effect on TGF-β1-induced translocation of Smad2 to 

the nucleus or expression of collagen I, suggesting dysregulation of TGF-β1 signalling 

mediated through the receptor Smads may be a key mechanism leading to liver 

fibrosis [296].  

Additionally in the promoter region of COL1A1, interaction of the transcriptional 

activator Sp1 with a GC-rich region of the DNA has been observed in TGF-β1-

stimulated fibroblasts [297]. In contrast, expression of the related protein Sp3, which 

is a negative regulator of collagen I transcription, is decreased in these cells. 

Additional transcription factor binding sites have been identified in the promoters of 

COL1A1 and COL1A2. A binding element at -100 to -96 bp upstream of the 

transcriptional start site has been identified for the transcription factor core-binding 

factor (CBF), and binding activity is increased in fibrotic fibroblasts derived from SSc 

patients [298]. In contrast, motifs that bind negative regulators of collagen I 
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transcription have also been identified in the promoters of COL1A1 and COL1A2. 

Expression of the inhibitory factor IF1 decreases transcription of COL1A1 [299], and 

mutations of this binding site increase the activity of COL1A1 promoter in collagen 

producing cells. NF-κB signalling has also been shown to negatively regulate collagen 

I gene transcription. Translocation of the p65 subunit to the nucleus inhibits the 

activity of the COL1A1 and COL1A2 promoters [20].  

In the first intron of COL1A1, binding of AP1 which comprises the proteins JunD, c-

Jun and c-Fos has recently been reported to represent a potentially core mechanism 

of the regulation of TGF-β1-induced collagen I synthesis of fibrosis in multiple organs 

[300]. c-Jun expression is increased in α-SMA-positive myofibroblasts in a range of 

human fibrotic conditions, and has been implicated as a critical mediator of 

proliferation of fibroblasts and activation of pro-fibrotic signalling pathways in the 

context of IPF. 

1.11.2 Transcriptional regulation of ACTA2 

 

Similar to the promoters and first intron of COL1A1 and COL1A2, a series of regions 

regulating the transcription of ACTA2 have been described. A Smad-binding element 

has been mapped at the region -552 to -513, and -5 to +28 bp relative to the 

transcriptional start site of ACTA2, which mediates TGF-β1-induced α-SMA 

expression [301,302]. In addition to this motif, a TGF-β control element (TCE) has 

been located at -61 to -41 base pairs from the start codon. Deletion or mutation of 

this element significantly reduced TGF-β1-induced activity of the ACTA2 promoter. 

A number of factors have been reported to bind to the TCE, including Kruppel-like 

factor 5, Sp1 and Kruppel-like factor 4, which require coordinated binding of an 

additional transcription factor, potentially serum response factor (SRF), to CArG 

boxes (CC(A/T)6GG) at -62 and -112 bp upstream of the ACTA2 transcriptional start 

site [303,304]. In the bleomycin mouse model of lung fibrosis, SRF levels have been 

shown to be upregulated and translocate from the cytoplasm to the nucleus to exert 

an effect on ACTA2 transcription. Furthermore, binding of CCAAT enhancer binding 

protein beta (CEBPβ) to the ACTA2 promoter has also been implicated in the 
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bleomycin mouse model of lung fibrosis [305,306]. CEBPβ-deficient mice exhibited 

lower levels of activity of the ACTA2 promoter, and expressed lower levels of α-SMA 

in comparison to controls.  

Taken together, characterisation of the promoter and first intron regions of COL1A1, 

COL1A2 and ACTA2 suggest multiple transcription factor binding events are required 

to coordinate a complex cascade of TGF-β1 effects on pro-fibrotic gene transcription. 

These processes may be mediated by translocation of proteins to the nucleus, and 

may also involve synthetic changes in the levels of transcription factors [307]. 

1.12 Modelling and measuring collagen I biosynthesis in vitro 

 

Analysis of collagen I production in vitro can be conducted at several levels, including 

measuring the levels of messenger RNA (mRNA), immature procollagen and 

extracellular mature collagen fibrils. There are many quantification methods to 

measure collagen synthesis. Early methods using chloramine-T [308] and Picro-Sirius 

Red dyes [309,310] are colorimetric-based and can be used to estimate collagen 

from tissue samples. These techniques require the pre-solubilisation of insoluble 

collagen or precipitation of soluble collagen respectively, and have since been 

reported to be non-specific in culture media and unable to distinguish between 

collagen types [109]. Modification of the Picro-Sirius Red assay, commercialised as 

Sircol™, has been reported and recently used to screen for potential anti-fibrotic 

agents [311,312], although the use of this assay was recently proposed as an 

unsuitable evaluation of collagen production in in vivo studies [313]. The Sircol™ 

assay only detects acid and pepsin-soluble and newly formed collagens that have not 

matured and integrated into the ECM, and reflects only a small proportion of total 

lung collagen that can determined by high-performance liquid chromatography 

(HPLC). Specific collagen types can be detected by enzyme-linked immunosorbent 

assays (ELISAs), although there is still the requirement of a step to release insoluble 

collagen from matrices into the supernatant, and it is not possible to correct for cell 

number or total protein. HPLC is an accurate and sensitive method to detect 

hydroxyproline. The amount of hydroxyproline, which accounts for 12% of the amino 

acid residues in collagen I, is then converted into an amount of collagen and 
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normalised to lung weight [314]. It is a well-described technique that can also be 

used to estimate the rate of collagen synthesis and degradation [315]. However, this 

method is time-intensive and requires several sample processing steps. Additionally, 

distinguishing between collagen types is not possible. Collagen types can be 

sensitively analysed by native polyacrylamide gel electrophoresis (PAGE) of 

radiolabelled amino acids, and there can be normalisation to an internal standard 

[316]. Finally, sensitive analysis of different collagen genes can also be conducted by 

quantitative real-time PCR (qRT-PCR), a widely used method. However, levels of 

transcripts may not correlate with protein levels due to the role of post-

transcriptional mechanisms of gene regulation. Moreover, the exact cell count 

cannot be determined from the same sample in this method. 

The poor formation of an extracellular matrix in in vitro fibroblast culture has led to 

experimental data focussing on the collagen I transcripts or soluble protein fractions 

[317]. It is therefore important to understand the dynamics of the environment both 

intracellularly and extracellularly, for example in the lung interstitium, in order to 

advance in vitro assays and increase the accuracy to determine the collagen-

producing function of the myofibroblast. 

1.12.1 Macromolecular crowding 

 

The natural environment within cells and tissues is a crowded mix of 

macromolecules that occupy a significant proportion of the total volume. This 

fraction is therefore deemed unavailable to be occupied by other molecules and has 

consequences for the energy dynamics of cells [318]. In vitro studies are not always a 

representation of the concentration and kinetic properties of these macromolecules 

in the crowded extracellular environment, therefore require careful interpretation 

[319]. Creating crowded conditions in vitro is not a common feature of published 

research papers, however reaction rates and experimental findings may differ by 

several orders of magnitude between in vitro experiments and the natural cellular 

environment, therefore it is an important concept to consider when investigating cell 

signalling mechanisms and protein-protein interactions [320,321]. 
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Macromolecular crowding is often referred to as the ‘excluded volume effect’. This 

phenomenon is the non-specific repulsion towards any other molecules in the 

solute, and describes the volume of solute that is unavailable to other molecules for 

specific molecular interactions [322]. The extent of the repulsion is dependent on 

the numbers and size of these macromolecules, and the concept is found both in 

intracellular compartments and in extracellular matrices such as cartilage. 

Macromolecular crowding in the cell or extracellular compartment has resultant 

effects on reaction rates and equilibrium constants. In reactions that are dependent 

on the encounter between two substrates, reaction rates will become slower as the 

substrate volume increases due to a reduction in molecular diffusion, thus 

preventing these interactions [323]. Conversely, if the reaction is dependent on the 

activity of a substrate, the reaction rate will quicken as crowding increases the 

activity of a molecule sequestered into a smaller compartment, however the 

maximum rate will be limited by the encounter of two substrates.  

Overall, crowding favours specific events in processes where there is a change in the 

excluded volume, such as the formation of extracellular oligomeric structures 

including fibrin and collagen [318,324]. Cells can also use this excluded volume 

concept in homeostasis to sense and respond to osmotic alterations, caused for 

example by metabolism [325,326]. The phenomenon provides evidence to support 

the existence of molecular chaperones to prevent protein mis-folding in crowded 

environments, in which rapid folding is favoured [327,328], and molecular 

chaperones have also been reported in the biosynthesis of procollagen [98]. 

1.12.2 The ‘Scar-in-a-Jar’ assay 

 

Macromolecular crowding was the basis for developing the ‘Scar-in-a-Jar’ assay to 

assist in the discovery of potential anti-fibrotic compounds by Chen et al. in 2009. 

These investigators found that macromolecular crowding, achieved by adding 

dextran sulphate or Ficoll to the culture system in addition to ascorbic acid, 

encourages fibroblasts to deposit collagen rapidly into an insoluble extracellular 

matrix that can be visualised by immunofluorescence. Ficoll is a commonly used 



1. Introduction 
 

65 
 

synthetic crowding agent as it has low viscosity, is not prone to self-aggregation and 

is of a suitable molecular weight to mimic macromolecules found within tissues 

[318].  

The emergence of the ‘Scar-in-a-Jar’ assay was the first in vitro technique providing a 

single-well format to induce the formation and subsequent quantitation of 

extracellular matrix, and assessed the effect of potential antifibrotic compounds 

without disrupting the fibroblast monolayer. Previous to the publication of this 

technique, the conventional method for generating extracellular matrix was a 

fibroplasia model in which fibroblasts were cultured in serum-rich culture media for 

up to one month prior to analysis [330]. ECM generated in this model must be 

solubilised before it can be quantified [331], which disrupts the fibroblast monolayer 

and does not allow for normalisation of the data to cell number. Picro-Sirius and 

other dyes can detect insoluble collagen, however they can be non-specific [332] and 

traditional confocal microscopy is time-intensive when many experimental 

conditions are considered in parallel. 

The results of this study demonstrated that this assay was superior to the fibroplasia 

model, and that crowding the culture media with Ficoll and dextran sulphate were 

suitable macromolecules that efficiently induce matrix formation in 2-6 days. This 

can be further enhanced by the addition of TGF-β1, and data with potential 

antifibrotic compounds correlated with biochemical assays using the same 

interventions.  

Citations of this paper to date have recognised the efficiency of extracellular matrix 

formation in response to macromolecular crowding, and the usefulness of adopting 

this methodology for exploring potential antifibrotic therapies [333,334]. The 

technique also has implications for other fields – there is the potential for the 

generation of implantable biological scaffolds, and the biological manufacture of 

structures to support cell therapies [322,335]. 

Overall, this assay system represents an important advance in in vitro fibroblast 

culture, and can assist in focussing research into fibrosis at the level of the 

extracellular matrix, which is the pathological hallmark of IPF. 
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1.13 High-content imaging 

 

Robust methodologies are required to further develop our understanding of the cell 

signalling pathways activated downstream of TGF-β1 that contribute to the 

development and progression of fibrosis. Furthermore, visualisation and 

quantification of collagen I synthesis laid down as an extracellular matrix, and 

induction of α-SMA and cytoplasmic assembly into stress fibres is critical to define 

the molecular mechanisms that specifically contribute to the activated myofibroblast 

phenotype. This requires the development of in vitro assays that facilitate the 

analysis of the complete biosynthetic cascades of collagen I and α-SMA processing in 

contrast to conventional methods such as western blotting and measuring levels of 

mRNA.  

High-content imaging (HCI) defines the process of combining automated fluorescent 

microscopy of large multi-well plates with complex computational analysis of the 

acquired images to detect a range of changes in cell phenotype [336]. The image 

analysis algorithms can detect changes in fluorescent intensity, distribution of the 

fluorescence to identify specific conformations of a given endpoint and changes in 

cell morphology or cell movement. Additionally, visualisation of cell monolayers 

allows for potential subsets of cell populations within samples to be identified, and 

assays can be multiplexed with several fluorophores to analyse and semi-quantify 

multiple functional endpoints from the same sample.  

Although the early applications of HCI were primarily in a pharmacological 

compound screening context, HCI is now used in a wide range of cell biology 

contexts to define complex and often short-lived cell signalling events, including 

defining nuclear-cytoplasmic shuttling of transcription factors, cell-cell interactions 

at gap junctions and phagocytosis and proliferation of bacteria within HeLa cells 

[337–339]. One of the first applications of HCI in basic research described the rapid 

translocation of NF-κB to the nucleus in response to TNFα and IL-1β stimulation in 

HeLa cells [340]. In later research papers, additional cell signalling mechanisms have 

been defined, including investigating Smad2/3 nuclear translocation in response to 
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TGF-β1 and TGF-β2 in lens epithelial cells and transdifferentiation into a 

mesenchymal phenotype [341,342].  

1.14 Hypothesis and aims 

 

Fibrosis is characterised by the proliferation of fibroblasts and the excessive 

deposition of extracellular matrix proteins, resulting in progressive remodelling of 

tissue architecture that ultimately leads to significant impairment of tissue function 

and is in some cases fatal, including in IPF. TGF-β1 is central to disease pathogenesis 

by driving fibroblast to myofibroblast differentiation, marked by the induction of α-

SMA assembled into stress fibres, and the synthesis of ECM, including type I 

collagen. mTOR is activated downstream of TGF-β1 and there is some evidence that 

mTOR may play a role in mediating the pro-fibrotic effects of this cytokine, with 

regulation of protein synthesis a major pathway downstream of mTOR signalling. 

Furthering our understanding of the signalling mechanisms between signal initiation, 

the myofibroblast differentiation programme and extracellular matrix deposition 

may lead to the identification of novel therapeutic targets for fibrosis.  

This thesis examines the hypothesis that TGF-β1-induced mTOR signalling promotes 

collagen I production and de novo α-SMA induction by regulating cap-dependent 

translation, and represents a core mechanism in the myofibroblast differentiation 

programme across multiple organs. 

To address this hypothesis, this thesis has the following aims: 

1. To adapt and optimise the in vitro ‘Scar-in-a-Jar’ to investigate mechanisms of 

TGF-β1-induced collagen I deposition into an extracellular matrix and 

induction and assembly of α-SMA into stress fibres in human lung fibroblasts. 

2. To define the role of mTOR signalling in mediating the pro-fibrotic effects of 

TGF-β1. 

3. To examine the role of cap-dependent de novo protein synthesis in TGF-β1-

induced collagen I production and α-SMA induction. 
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4. To investigate mTOR signalling as a potential core signalling node in the 

synthesis of collagen I and induction of α-SMA in fibrogenic effector cells 

from multiple organs. 
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2 Materials and Methods 

2.1 Materials 

2.1.1 Plasticware 

 

Tissue culture-grade flasks and plates were supplied by Nunc, Denmark unless 

otherwise stated. Sterile 15ml and 50ml centrifuge tubes were supplied by Falcon, 

USA and 1.5ml and 500µl microcentrifuge tubes were supplied by Thermo Fisher 

Scientific, UK. 

2.1.2 General reagents 

 

All water used in the preparation of reagents and buffers was distilled and deionised 

using a Millipore Water Purification System (Millipore R010 followed by Milli-Q Plus, 

Millipore, Germany). Non-sterile phosphate buffered saline (PBS) was made by 

dissolving PBS tablets (Oxoid, UK) in appropriate volumes of water. All other 

chemicals were of analytical grade and reagents for high-pressure liquid 

chromatography were of HPLC grade (supplied by Thermo Fisher Scientific, UK).  

2.1.3 Cytokines 

 

Transforming growth factor β1 (TGF-β1) was purchased from R&D Biosystems, UK 

and reconstituted to 10µg/ml in 4mM hydrochloric acid (HCl)/0.1% bovine serum 

albumin (BSA) (w/v), stored in aliquots at -20°C. 

2.1.4 Pharmacological compounds 

 

A range of pharmacological compounds were used to address the aims of this thesis. 

These compounds were purchased commercially or generously transferred under 

Material Transfer Agreements from GlaxoSmithKline to Professor Rachel Chambers. 
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The details of all compounds used are summarised in Table 2.1, Table 2.2 and Figure 

2.1) 

Biological target 
Compound 

name 
Supplier 

ALK5 (TGF-βRI) SB-525334 Supplied by GSK 

mTOR 

AZD8055 Supplied by GSK 

Torin-1 Axon Medchem #1833, lot 1 

Compound 1 

(Wyeth) 
Supplied by GSK 

Rapamycin 
Merck Millipore #553211. Batch 

2671478 

SGK1 GSK650394 R&D Systems #3572. Batch 3A/181182 

PDK1 GSK2334470 
MedChem Express #HY-14981. Batch 

07284 

eIF4E:eIF4G interaction 4EGI-1 
Merck Millipore #324517. Batch 

D00174733 

Transcription Actinomycin D 
Sigma-Aldrich #A1410. Batch 

066M4097V 

Translation Lactimidomycin 
Merck Millipore #506291. Batch 

D00171587 

PI3K 
Compound 2 

(Genentech) 
Supplied by GSK 

Akt MK2206 Supplied by GSK 

 

Table 2.1: Summary of pharmacological compounds. 
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The pIC50 values for compounds supplied by GlaxoSmithKline or purchased 

commercially were defined in cell-free assays to determine the selectivity for the 

biological target and related kinases (data shown for compounds where available, 

Table 2.2). 

Compound  PI3K mTORC1/2* 
DNA-

PK 

Target  HSA% 

 α β γ δ (FRAP1, Kinobead)   HPLC 

AZD8055 

[343] 

5.5 4.7 5.3 5.8 8.2, 8.4 5.8  92.0 

Torin-1 

[271] 

6.8 5.5 7.0 6.2 ND, 8.0 7.6  96.5 

Compound 1 

(Wyeth) 

[344] 

5.2 5.2 5.2 5.3 7.3, 7.0 7.3  96.6 

Compound 2 

(Genentech) 

[345] 

7.4 6.9 7.3 7.2 <4.3, <4.0 6.2  95.5 

MK2206 

[346] 

4.4 4.7 4.4 4.8 <4.3, ND <4.1 AKT: 

8.3** 

93.0 

 

GSK650394  

[347] 

      SGK1 

7.2 “” 

SGK3 

7.0 “” 

 

GSK2334470 

[348] 

4.9 4.6 4.9 4.9 <10%inh@1uM, 

ND 

- PDK1: 

8.6† 

94.3 
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Table 2.2: pIC50 in recombinant assays for pharmacological inhibitors used in fibroblast 
cultures and tissue slice experiments 

GlaxoSmithKline recombinant data unless otherwise stated. *mTORC1/2 potency data were 
obtained from i) FRAP1 recombinant biochemical assay (similar to [345]) and ii) Kinobead 
chemoproteomic assay (similar to [349]). ** Data from [346] “” Data from [347] † Data from 
[348]. 

 

Figure 2.1: Structures of pharmacological inhibitors used in fibroblast culture studies. 

 

2.2 Methods 

2.2.1 Primary human lung fibroblast cell lines 

 

Primary human lung fibroblasts (HLFs) were derived from control or IPF lung tissue 

obtained by GlaxoSmithKline from Asterand Europe (Royston, UK) and NDRI and 

transferred to the Centre for Inflammation and Tissue Repair under third party 

transfer agreements. The human biological samples were sourced ethically and their 

research use was in accord with the terms of the informed consents. Cell culture 

reagents were supplied by Life Technologies, UK unless otherwise stated.  



2. Materials and Methods 
 

73 
 

To derive fibroblasts from human lung tissue, approximately 1mm³-sized fragments 

were cut from the parenchyma of tissue samples under sterile conditions and placed 

into a 10cm diameter culture dish containing 2ml of Dulbecco’s Modified Eagle 

Medium (DMEM) (Sigma-Aldrich, UK #D6546). The media was supplemented with 

20% foetal bovine serum (FBS), 2mM L-glutamine (L-glu), 50U/ml penicillin, 50µg/ml 

streptomycin (pen/strep) and 2.5µg/ml Amphotericin B. Dishes were incubated at 

37°C, 10% CO2 for 24 hours after which a further 8ml of DMEM (plus supplements) 

was added. Every 3 days, media was carefully aspirated and replaced with 10ml of 

supplemented DMEM and fibroblast outgrowth was observed under an Olympus 

TCK-2 inverted phase contrast light microscope (Olympus Optical Ltd., UK) within 2-3 

weeks. Upon 80-90% confluency, media was aspirated to waste, the dishes washed 

once with 3ml of sterile PBS followed by the addition of 3ml trypsin-EDTA to coat the 

dish surface. Dishes were incubated at 37°C for 3-5 minutes, after which cell 

detachment was confirmed by observation under the microscope. An equal volume 

of supplemented DMEM was added to neutralise the trypsin and the suspension was 

centrifuged at 300g for 5 minutes. The supernatant was removed and the resultant 

pellet re-suspended in DMEM supplemented with 2mM L-glu, 50U/µg/ml pen/strep, 

and 10% FBS (known herein as complete DMEM). Cell counts were determined using 

a Scepter™ 2.0 Handheld Automatic Cell Counter with 60µm sensor tips (Millipore, 

Germany) and seeded in complete DMEM at appropriate densities into culture flasks 

and plates, or frozen in liquid nitrogen in DMEM supplemented with L-glu, 

pen/strep, 20% FBS and 10% dimethyl sulfoxide DMSO (Sigma-Aldrich, UK #D2650). 

HLFs were confirmed to be negative for mycoplasma and used between passages 3 

and 9.  

2.2.2 Primary human lung fibroblast culture 

 

HLF cultures were routinely passaged as follows: Media was removed to waste and 

the flask washed with 10ml of sterile Dulbecco’s phosphate buffered saline (Sigma-

Aldrich, UK). For a flask with a surface area of 175cm2 (T175), 5ml of trypsin-EDTA 

was added and the flask incubated at 37°C, 10% CO2 for 5 minutes. HLF detachment 

was confirmed by observation of rounded non-adherent cells under the microscope. 
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An equal volume of complete DMEM was added to neutralise the trypsin and the 

suspension was then transferred to a 50ml falcon tube and centrifuged at 300g for 5 

minutes. The supernatant was aspirated to waste and the remaining cell pellet re-

suspended in 10ml of complete DMEM. After counting, HLFs were seeded into plates 

of varying well sizes at a density of 1x105 cells/ml. For a 6-well plate, 2ml of 

suspension was added per well, 1ml of suspension was added to the wells of a 12-

well plate and 100µl of suspension was added to each well of a black-walled 96-well 

plate (Corning, USA #3603) or white-walled 96-well plate (Perkin Elmer, USA). All 

HLFs in flasks and plates were incubated at 37°C, 10% CO2. 

HLFs were grown until confluent and prior to the addition of experimental treatment 

conditions, cultures were either serum-starved (serum-free DMEM, with L-glu and 

pen/strep supplements) or grown in low-serum DMEM (0.4% FBS) for 24 hours. 

Treatments were carried out in serum-free DMEM or low serum DMEM as specified 

in results. When pharmacological inhibitors were used, HLFs were pre-treated with 

compounds for 1 hour prior to the addition of TGF-β1 (1ng/ml) and incubated for a 

defined timeframe as detailed in results. Ranges of concentrations of 

pharmacological inhibitors were generated by serial dilution of stocks stored in 100% 

DMSO (1000x final concentration). Inhibitors were diluted to the highest working 

concentration (1000x dilution from stock) in serum-free/low-serum DMEM, 

achieving a final assay DMSO concentration of 0.1% (v/v). Serial dilutions were 

achieved using 0.1% DMSO in DMEM as diluent. Vehicle controls consisted of 0.1% 

DMSO in serum-free/low-serum DMEM. 

2.2.3 Primary human dermal fibroblast cell culture 

 

Normal human adult dermal fibroblasts (NHDFs) were purchased from Lonza, 

Switzerland (#CC-2511) which were derived from skin surgically removed by 

abdominoplasty followed by enzymatic tissue digestion (proprietary method). NHDFs 

were cultured in DMEM supplemented with 2mM L-glutamine, 50U/µg/ml 

pen/strep, and 10% FBS. NHDFs were passaged and seeded as previously described 

for HLFs. 
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2.2.4 Primary human hepatic stellate cell culture 

 

Primary normal human hepatic stellate cells (HSCs) were purchased from Zen-Bio, 

Inc., USA (#HP-F-S) and cultured in DMEM (Gibco®, Life Technologies, UK) 

supplemented with 16% FBS and non-essential amino acids (Gibco®, Life 

Technologies, UK). HSCs were passaged and seeded as previously described for HLFs 

and NHDFs. 

2.2.5 High-pressure liquid chromatography 

 

Proteins in fibroblast culture supernatants were precipitated by adding 2ml 67% 

(v/v) ethanol to 1ml of supernatant and left at 4°C overnight. Proteins were then 

dried onto 0.45µm filters (Millipore, Germany) under vacuum and the membranes 

washed twice with 67% ethanol. Hydrolysis of the proteins was carried out by boiling 

the membranes in 2ml of 6M hydrochloric acid at 110°C for at least 16 hours, 

followed by decolourising by filtering through a 0.65µm filter (Millipore, Germany) in 

the presence of charcoal (Sigma Aldrich, UK). 100µl aliquots of these hydrolysates 

were dried under vacuum at 50°C and rehydrated in 100µl of water the following 

day. Amino acids were derived by adding 100µl of 0.4M potassium tetraborate and 

100µl 36mM 4-Chloro-7-nitrobenzofurazan (NBD-Cl, dissolved in methanol, 

purchased from Acros Organics™, Fisher Scientific, UK) followed by immediate 

incubation at 37°C for 20 minutes. The reaction was stopped by adding 50µl of 1.5M 

HCl and 150µl of 167mM sodium acetate at pH 6.4 in 26% acetonitrile (v/v). Samples 

were then filtered through an HPLC-grade low dead volume 0.22µm filter (Thermo 

Fisher Scientific, UK) into sample tubes. 100µl of sample was pumped into the HPLC 

machine (Agilent 1100 series, Agilent Technologies, USA), and the desired 

hydroxyproline product eluted under an acetonitrile gradient (Table 2.3) from the 

column (LiChrospher® 100 RP-18 5µm LiChroCART® 250-4, MerckMillipore, 

Germany) and detected at 495nm absorbancy approximately 5 minutes after sample 

injection. Quantification of hydroxyproline in each sample was determined by 

comparing the area under the curve against chromatograms obtained for a series of 

known hydroxyproline standards. 
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Column LiChrospher® 100 RP-18, 5µm LiChroCART® 250 x 4mm 

Mobile phase 

Buffer A: aqueous acetonitrile (8% v/v), 50mM sodium 

acetate, pH 6.4 in deionised water. 

 
Buffer B: aqueous acetonitrile (75% v/v) in deionised 
water. 

Column flow rate 1.0 ml/min 

Column temperature 40°C 

Detection wavelength 495nm 

Elution gradient Time (minutes) Buffer B (%) 

 

0 
5 
6 

12 
12.5 
25 

0 
5 

80 
80 
0 
0 

 

Table 2.3: Details of HPLC programme gradient for the detection of hydroxyproline in 
supernatants from human lung fibroblast cultures. 

 

2.2.6 Macromolecular crowding assay 

 

2.2.6.1 Cell culture conditions 

 

HLFs, NHDFs and HSCs were seeded at a density of 10 000 cells/well (1x105 cells/ml) 

in complete DMEM into black-wall, clear-bottom 96-well plates. 24 hours later, 

media was removed and replaced with 100µl low-serum (0.4% FBS) DMEM and the 

plates returned to the incubator for a further 24 hours. In vitro macromolecular 

crowding was generated in the culture plates by adding a mixture of L-Ascorbic acid 

2-phosphate sesquimagnesium salt hydrate (referred to throughout as ascorbic 

acid), Ficoll® PM 70 and Ficoll® PM 400 (all reagents from Sigma Aldrich, UK) at final 

concentrations of 16.6µg/ml, 37.5mg/ml and 25mg/ml respectively in low-serum 
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DMEM. These reagents were sterilised by passing the supplemented media through 

a 0.2µm filter (Thermo Fisher Scientific, UK). 

Cells were incubated for 1 hour with vehicle (0.1% DMSO) or pharmacological 

inhibitors in 0.1% DMSO, prepared as described in section 2.2.2, prior to addition of 

control media or TGF-β1 for a further 72 hours. 

2.2.6.2 Immunofluorescence, high-content plate reading and image analysis 

 

Fibroblast monolayers were fixed in ice cold methanol (VWR, UK), washed 3 times 

with PBS and permeabilised with 0.1% (v/v) Triton-X-100 in PBS (Sigma Aldrich, UK) 

before 3 additional washes and incubation with primary antibodies against collagen I 

and α-SMA overnight at 4°C (mouse anti-collagen type I monoclonal antibody, Sigma 

Aldrich, UK, #C2456 and mouse anti-human smooth muscle actin clone 1A4 

monoclonal antibody, Dako, UK, #M085129 both diluted 1:1000). Plates were 

washed three times in 0.05% (v/v) Tween-20 in PBS, followed by the addition of 4',6-

diamidino-2-phenylindole, dihydrochloride (DAPI, Life Technologies, UK), diluted 

1:10000, and a goat anti-mouse secondary antibody conjugated with AlexaFluor® 

488 (Life Technologies, UK), diluted 1:1000 in PBS-Tween. Plates were incubated for 

1 hour at room temperature before three final washes with PBS-Tween and stored 

with 200µl/well PBS, with the plates wrapped in foil and stored at 4°C before 

imaging. 

Plates were imaged using an ImageXpress Micro XLS Widefield High-Content Analysis 

System (Molecular Devices, USA) at 20x magnification. Quantitative image analysis 

was carried out using the MetaXpress® software coupled to the imaging system, 

using a custom algorithm within the ‘Multi Wavelength Cell Scoring’ module 

designed to detect and quantify fluorescent signals above a defined threshold and 

expressed relative to cell number. 

2.2.7 BCA assay and western blotting 

 

Cell lysates for western blotting were generated from cells cultured in 6-well plates. 

Culture plates were removed from the incubator and placed on ice, supernatants 
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aspirated from the wells and the cell monolayers washed briefly with 500µl of ice-

cold PBS. 120µl of Phosphosafe™ (Novagen®, USA) supplemented with protease 

inhibitors (Complete Mini, Roche, Germany) was then added to each well. Cells were 

scraped from the plate surface and transferred to 500µl microcentrifuge tubes and 

frozen at -20°C until use. 

2.2.7.1 BCA assay 

 

The concentration of protein in cell lysates was determined using the bicinchoninic 

acid (BCA) protein assay (Pierce, USA), as per the manufacturer’s instructions. This 

assay utilises the colorimetric change enforced by combination of one Cu1+ cation 

product of the biuret reaction (reduction, by protein, of Cu2+ to Cu1+) with two 

molecules of BCA. This water-soluble reaction product exhibits a strong absorbance 

at 562nm that is linear upon increasing protein concentration across a broad working 

range (20µg/ml to 2000µg/ml). In a clear 96-well plate, 100µl of freshly prepared 

BCA reagent was added to 10µl of each standard or experimental sample (diluted 1:2 

and assayed in technical triplicates). After mixing for 30 seconds (MixMate®, 

Eppendorf, Germany), the plate was incubated at 37°C for 20 minutes before reading 

the absorbance at 562nm on a VersaMax plate reader (Molecular Devices, USA). The 

protein concentration in samples was interpolated from a bovine serum albumin 

(BSA) (Merck Millipore, Germany) standard curve generated in each BCA assay.  

2.2.7.2 Western blotting 

 

All reagents for sample preparation and protein transfer were purchased from Life 

Technologies, UK, unless otherwise stated. Using calculations from the BCA assay 

data, equal amounts of protein were diluted in LDS sample buffer (Novex® 4X Bolt® 

LDS Sample Buffer) and reducing buffer (Novex® 10X Bolt® Sample Reducing Agent) 

with a volume of water added to give a consistent loading volume depending on the 

well size of varying size gels. Samples were then incubated at 80°C for 10 minutes 

and loaded into pre-cast 4-12% Bis-Tris Plus Gels (Novex® Bolt®). A 10-250kDa 

protein ladder (PageRuler™ Plus Prestained Protein Ladder, Thermo Fisher Scientific, 

UK) was loaded alongside samples. Electrophoresis was performed in Bolt® MES SDS 
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Running Buffer at 165V for at least 40 minutes and proteins were transferred from 

gels to nitrocellulose membranes using the iBlot2® dry transfer system (Thermo 

Fisher Scientific, UK).  

For proteins larger than 150 KDa, wet transfer of proteins to nitrocellulose 

membranes was conducted overnight at 30V and 4°C (transfer buffer 25mM Tris-

base, 192mM glycine, 10% methanol (v/v) in water). The quality of protein transfer 

was determined by briefly staining the membrane with 2% Ponceau Red (Sigma-

Aldrich, UK). Membranes were incubated in blocking buffer - 5% milk (made with 

skimmed milk powder, Sigma-Aldrich, UK) or 5% BSA in TBS-0.1% Tween (TBST) - for 

1 hour at room temperature before incubation with primary antibody at 4°C for 16 

hours. Membranes were then washed 3 times with TBST, 10 minutes per wash, and 

incubated with a horseradish peroxidase (HRP)-linked secondary antibody (Dako, 

UK), specific for the species of the primary antibody (goat-anti rabbit #P0447, goat 

anti-mouse #P0448), for 90 minutes at room temperature. Membranes were again 

washed 3 times with TBST and developed by the addition of Luminata Crescendo 

Western HRP Substrate (Merck Millipore, Germany). Immunoreactive bands were 

visualised by the ImageQuant system (GE Healthcare Life Sciences, UK). To control 

for protein loading, membranes were stripped with Restore™ PLUS stripping buffer 

(Thermo Fisher Scientific, UK), re-blocked and probed with another primary 

antibody. Semi-quantitative analysis of bands was performed using ImageQuant TL 

software (GE Healthcare Life Sciences, UK) for both target and reference proteins to 

allow for normalisation and comparison between samples.  

2.2.7.3 Antibodies for western blotting 

 

All antibodies used for protein detection by western blotting were obtained from 

Cell Signalling Technology, USA, unless otherwise stated (Table 2.4). Representative 

images for each antibody used in western blotting to demonstrate the band of 

interest in relation to appropriate molecular weight markers are provided in the 

appendix of this thesis (Figure 6.1 and Figure 6.2). 
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Antibody 

name 

Cat. No 

/lot/stock 

concentration 

Dilution 
Antibody 

name 
Cat. No. Dilution 

Phospho-

Smad2S465/467 

rabbit mAb 

#3108 (lot 8 – 

49.4µg/ml) 

1:1000 

(BSA) 

Phospho-

p70S6KThr389 

rabbit mAb 

#9234 

(lot 11 - 

70µg/ml) 

1:1000 

(BSA) 

Smad2 

mouse mAb 

#3103 (lot 2 - 

50µg/ml) 

1:2000 

(milk) 

p70S6K rabbit 

mAb 

#2708 

(lot 7 - 

30µg/ml) 

1:1000 

(BSA) 

Phospho-

Smad3Ser423/4

25 rabbit 

mAb 

#9520 (lot 13 – 

1.4mg/ml) 

1:1000 

(BSA) 

Phospho-4E-

BP1Thr37/46 

rabbit mAb 

#2855 

(lot 20 - 

64µg/ml) 

1:1000 

(BSA) 

Smad3 

rabbit mAb 

#9523 (lot 5 - 

75µg/ml) 

1:2000 

(BSA) 

Phospho-4E-

BP1Ser65 rabbit 

mAb 

#9451 

(lot 14 - 

49µg/ml) 

1:2000 

(BSA) 

Phospho-

AktThr308 

rabbit mAb 

#2965 (lot 5 – 

1.5mg/ml) 

1:1000 

(BSA) 

Phospho-4E-

BP1Thr70 rabbit 

mAb 

#13396   (lot 1 

– 96.7µg/ml) 

1:1000 

(BSA) 

Phospho-

AktSer473 XP® 

rabbit mAb 

#4060 (lot 19 - 

86µg/ml) 

1:2000 

(BSA) 

4E-BP1 rabbit 

mAb 

#9644     (lot 

10 - 

208µg/ml) 

1:2000 

(BSA) 

Akt (pan) 

rabbit mAb 

#4691 (lot 17 - 

35µg/ml) 

1:5000 

(BSA) 

eIF4E 

polyclonal 

rabbit 

antibody 

#9742     (lot 3 

– 102.7µg/ml) 

1:1000 

(BSA) 

Phospho-

NDRG1Thr346 

XP® rabbit 

mAb 

#5482 (lot 1 - 

22µg/ml) 

1:2000 

(BSA) 

eIF4G rabbit 

mAb 

#2469     (lot 5 

– 132.2µg/ml) 

1:1000 

(BSA) 

NDRG1 

rabbit mAb 

#9408 (lot 1 - 

284µg/ml) 

1:5000 

(BSA) 

β-actin mouse 

mAb (Sigma 

Aldrich, UK) 

#A5441 (lot 

014M4759 – 

2.7mg/ml) 

1:10000 

(milk) 
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Table 2.4: Primary antibodies used for detection of proteins in cell lysates by Western 
blotting. 

 

 

 

 

 

2.2.8 m7GTP immunoprecipitation 

 

Cell monolayers were rinsed with ice-cold PBS before lysis by incubation on ice for 7 

minutes with 1ml lysis buffer (10mM MgCl2, 100mM KCl, 20mM Tris-HCl, 5% (v/v) 

NP-40, pH7.5) supplemented with EDTA-free protease inhibitors (Halt™, Thermo 

Fisher Scientific, UK). Lysates were collected into eppendorfs and centrifuged at 

6010g for 7 minutes, followed by protein quantification by BCA assay. Equal amounts 

were incubated with 50µl 7-Methylguanosine 5’-triphosphate (m7GTP)-bound 

sepharose beads (Jena Bioscience, Germany) overnight at 4°C on a rotating 

microcentrifuge tube holder. Samples were centrifuged at 8g for 30 seconds and the 

beads washed 3 times in 500µl lysis buffer (supplemented with EDTA-free protease 

inhibitors) before resuspension in LDS sample buffer and reducing agent. Samples 

were heated at 80°C for 10 minutes and proteins resolved and analysed by Western 

blotting as described in section 2.2.7.2. Additionally, equal amounts of cell lysate not 

incubated with m7GTP-bound sepharose beads were analysed by Western blotting as 

loading controls for the immunoprecipitation studies. 

2.2.9 RNA extraction from fibroblasts and hepatic stellate cells 

 

Fibroblasts and hepatic stellate cells cultured for subsequent RNA extraction were 

seeded into 6-well plates and samples collected at pre-determined time points 

following specific treatment. To minimise RNA degradation, all equipment and 

surfaces were cleaned thoroughly with RNaseZap® (Sigma-Aldrich, UK) and filter 

pipette tips were used throughout. Supernatants were removed from tissue culture 
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plates and cell monolayers briefly washed with cold PBS prior to the addition of 

1ml/well of TRI Reagent® (Sigma-Aldrich, UK). Cell lysates were then passed through 

a filter pipette tip several times, transferred to 1.5ml microcentrifuge tubes and 

frozen at -80°C if RNA was not immediately extracted. 

If frozen, samples were thawed on ice and then placed at room temperature for 5 

minutes before being centrifuged at 16400g and 4°C for 2 minutes. To each thawed 

or fresh sample, 200µl of chloroform (Sigma-Aldrich, UK) was added. The tubes were 

then mixed thoroughly for 5-10 seconds using a vortex and incubated at room 

temperature for 5 minutes before being centrifuged at 16400g and 4°C for 15 

minutes. 

Following centrifugation, the upper clear layer (500µl) was transferred to a new 

1.5ml microcentrifuge tube. An equal volume of 2-propanol was then added to each 

sample and the tubes inverted 4 times and incubated for 10 minutes at room 

temperature. Tubes were subsequently centrifuged at 16400g, 4°C for 15 minutes. 

Supernatants were discarded and the pellets re-suspended in 500µl of 80% ethanol 

(VWR, UK) prepared with DEPC-treated water. After a brief vortex, samples were 

centrifuged at 16400g, 4°C for 10 minutes. This ethanol wash was repeated twice per 

sample. The final supernatant was removed using a fine-pointed glass pipette (VWR, 

UK) and pellets were air-dried in open tubes at room temperature. When dry, pellets 

were re-suspended in 12.5µl of nuclease-free water (Ambion, USA) and transferred 

to a 96-well PCR plate (Thermo Fisher Scientific, UK).  

To remove any genomic DNA contamination, samples were treated with DNase 

(Primerdesign, UK). 2.5µl of DNase master mix consisting of 0.5µl of DNase enzyme, 

1.5µl of 10x reaction buffer and 0.5µl of nuclease-free water/sample was added to 

each well. The plate was then incubated for 10 minutes at 30°C followed by 5 

minutes at 55°C using a DNA Engine thermal cycler (MJ Research, Inc., USA). 

2.2.10 cDNA synthesis 

 

cDNA was generated by reverse transcription of the extracted RNA. RNA 

concentration in each sample was determined using a NanoDrop 8000 
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spectrophotometer (Thermo Fisher Scientific, UK). From the measurements, it was 

calculated how much sample to transfer to a new 96-well PCR plate to give 500ng of 

RNA in a final volume of 20µl. In this new plate, 4µl of 5x qScript™ cDNA supermix 

(Quanta Biosciences, Inc., USA) was added to each well and an adjusted volume of 

nuclease-free water to make the final volume. The plate was then sealed, mixed for 

30 seconds at 1000rpm on a plate shaker and centrifuged at 845g for 2 minutes 

before being placed on the thermal cycler and incubated as follows: 5 minutes at 

25°C, 30 minutes at 42°C, 5 minutes at 85°C and then held at 4°C. cDNA was diluted 

1:3 by adding 40µl of nuclease-free water to each sample. 

2.2.11 Quantitative real-time PCR 

 

Quantitative real-time polymerase chain reaction (qRT-PCR) was carried out using 

the Power SYBR® Green PCR Master Mix (Applied Biosystems®, Life Technologies, 

UK). 2µl of cDNA and both forward and reverse primers were added to the master 

mix in a white 96-well PCR plate to give a final primer concentration of 800nM. 

Samples were run in duplicate on the Mastercycler® EP Realplex (Eppendorf, 

Germany). The cycling conditions are as follows: 95° for 10 minutes, followed by 40 

cycles of 95° for 15 seconds and 60° for 60 seconds. Dissociation characteristics and 

hence amplification was determined by melting curve analysis, with specific 

amplification observed as a single curve for each primer set. Cycle threshold (Ct) 

values of genes of interest and reference genes were determined from the earliest 

point of the linear region of the logarithmic amplification plot that reached a 

threshold level of detection. Quantitative differences in the expression of the gene 

of interest were assessed by first calculating delta Ct (ΔCt), which was determined by 

subtracting the Ct value of the gene of interest from the geometric mean of the Ct 

values for two reference genes, ATP synthase 5B (ATP5B) and β2 microglobulin 

(B2M). Relative expression of the gene of interest was then calculated using the 

equation 2-ΔCt. 

2.2.12 Primers for qRT-PCR 
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The primers in Table 2.5 were used in qRT-PCR. Reference gene primers were 

supplied by Primerdesign, UK and custom primers for COL1A1 and ACTA2 primers, 

designed within the Centre for Inflammation and Tissue Repair by Dr Chris Scotton, 

were purchased from Invitrogen, UK.  

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 

COL1A1 5’ ATGTAGGCCACGCTGTTCTT 3’ 5’ GAGAGCATGACCGATGGATT 3’ 

ACTA2 

(α-SMA) 

5’ ATCCTGACTGAGCGTGGCTATT 3’ 5’ GGCCATCTCATTTTCAAAGTCC 3’ 

GAPDH 
Not supplied by manufacturer (PrimerDesign, #HK-SY-hu-1200), 

accession number: NM_002046 (used for polyribosome studies only) 

 

Table 2.5: Forward and reverse primer sequences for use in qRT-PCR. 

 

2.2.13 Apoptosis assay 

 

Apoptosis of primary human lung fibroblasts seeded into white-walled 96-well plates 

was determined by measuring the activity of caspase-3 and caspase-7 using the 

luminescence-based Caspase-Glo® 3/7 assay as per the manufacturer’s instructions 

(Promega, USA). Addition of the supplied reagents induced cell lysis and a cleavage 

reaction between endogenous caspases 3 and 7 and a caspase-3/7 substrate to 

generate a luciferase-mediated luminescent signal that was measured by a 

FLUOstar® Omega plate reader (BMG Labtech, Germany). 

2.2.14 Polyribosome profiling 
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HLFs cultured in 15cm diameter dishes (Nunc, Denmark) were serum starved prior to 

treatment with pharmacological inhibitors with and without TGF-β1 for 12 hours. 

Following incubation, cells were treated with 100µg/ml cycloheximide for 10 

minutes to prevent detachment of ribosomes from mRNA prior to rinsing of the cell 

monolayer with ice-cold PBS and lysis in 400µl of lysis buffer (20mM Tris, 100mM 

NaCl, 10mM MgCl2, 0.5% NP-40) supplemented with an EDTA-free protease 

inhibitor, RNase inhibitor and cycloheximide. Cytoplasmic extracts were spun at 

6010g for 7 minutes at 4°C to pellet cell nuclei. 300µl of lysates were carefully 

layered on to 15-45% sucrose gradients generated on a Gradient Station (Biocomp 

instruments, Canada). 15% and 45% sucrose solutions were first prepared in a buffer 

containing 20mM Tris, 100mM KCl and 10mM MgCl2. Gradients layered with samples 

were spun in a Beckman ultracentrifuge at 27000g, 4°C for 1hr 20 minutes in SW41Ti 

swinging buckets. The absorbance at 260nm (A260) of fractionated extracts was 

measured on the Gradient Station using the Bioprobes (Biocomp) calibrated to 

tryptophan which has a known absorbance at 260nM to determine RNA distribution 

along the gradient. Discrete fractions of the gradient corresponding to individual 

monosomes and polyribosome populations were extracted from each sample and 

incubated in TRI™zol LS (Thermo Fisher Scientific, UK). RNA was extracted, DNase-

treated and reverse transcribed into cDNA for analysis by qRT-PCR as described in 

sections 2.2.9 and 2.2.10. 

2.2.15 Statistical analysis 

 

All datasets in figures are presented as mean values ± SEM unless otherwise stated. 

Statistical analysis was conducted using Graphpad Prism 7 software. For analysis 

between two or more groups, statistical analysis was performed using one-way or 

two-way analysis of variance (ANOVA), with Tukey post-hoc testing in the latter for 

multiple comparisons. Results were considered statistically significant with ‘p’ values 

less than 0.05. Levels of significance and details of additional statistical analyses are 

detailed in individual figure legends where relevant. 
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3 Results 

 

The experimental investigations of this thesis have been divided into 4 chapters. The 

first section describes the optimisation of a high-throughput and high-content 

macromolecular crowding assay as a model for investigating TGF-β1-induced collagen 

I deposition and α-SMA induction, and defines the temporal kinetics of TGF-β1-

induced collagen I and α-SMA synthesis in human lung fibroblasts (HLFs). The second 

chapter examines the role of mTOR signalling in the regulation of TGF-β1-induced 

collagen I deposition and α-SMA induction in HLFs, using a range of pharmacological 

tools to delineate the contribution of known mTOR substrates. Additionally, this 

section investigates the molecular mechanisms modulating TGF-β1-induced 

upregulation of collagen I and α-SMA biosynthesis. The third chapter explores the 

role of mTOR as a potential core pathomechanism in the regulation of collagen I 

deposition and α-SMA induction across multiple fibrotic conditions, including 

scarring of the skin and liver fibrosis. Finally, the fourth chapter describes a pilot 

study in which the role of mTOR signalling in regulating translational events in the 

fibroblast response to TGF-β1 is interrogated by polyribosome profiling. 

3.1 Chapter 1 – Developing an assay to examine TGF-β1-induced collagen I 

deposition and α-SMA induction, and defining TGF-β1-induced 

PI3K/Akt/mTOR signalling in human lung fibroblasts 

3.1.1 Introduction 

 

It is well established that TGF-β1 up-regulates ACTA2 and COL1A1 mRNA levels and 

protein production, however conventional 2-dimensional (2D) cell culture does not 

efficiently facilitate the deposition and incorporation of mature collagen I fibrils into 

an extracellular matrix. Traditionally, collagen production in 2D culture is evaluated 

using reverse-phase HPLC quantitation of hydroxyproline. However, this assay does 

not include the final collagen processing step of converting soluble procollagen 

monomers into insoluble, mature collagen fibrils. Additionally, HPLC is a time-
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consuming methodology and is not ideally suited for high-throughput analysis of 

multiple samples, therefore establishing full concentration-response curves for 

pharmacological compounds is challenging. In this section I aimed to establish an in 

vitro high-content and high-throughput immunofluorescence assay that utilises 

macromolecular crowding to address these limitations in order to examine the effect 

of TGF-β1 and associated downstream signalling cascades on fibroblast to 

myofibroblast differentiation, represented by the de novo expression of α-SMA, and 

collagen I deposition. Furthermore, in this results chapter I aimed to define the 

temporal kinetics of TGF-β1-induced collagen I and α-SMA induction. 

3.1.2 Examining the effect of ascorbic acid and macromolecular crowding on TGF-

β1-induced collagen I deposition and α-SMA induction by human lung 

fibroblasts 

 

High-content and high-throughput assays are invaluable tools in the screening of 

large numbers of pharmacological agents in a defined biological system. Combining 

high-content imaging and analysis adapted from the published ‘Scar-in-a-Jar’ 

methodology [329] provides a platform to develop our understanding of the cellular 

and molecular mechanisms contributing to collagen biosynthesis, conducted in a 

multi-well format over a short experimental timeframe (72 hours). This is favourable 

in comparison to other models of extracellular matrix formation, for example 

fibroplasia assays which are conducted over a 2 to 3-week incubation period. In 

addressing the first aim of this chapter to determine the optimal conditions for TGF-

β1-induced collagen I deposition by NHLFs, I adapted and optimised the 

methodology from the original research article and developed a macromolecular 

crowding assay for use on the ImageXpress® high-content imaging platform. 

Macromolecular crowding, achieved by adding a neutral-charge mixture of Ficoll 

molecules (Ficoll 70 and Ficoll 400) to an in vitro fibroblast culture system in addition 

to ascorbic acid which is essential for the hydroxylation of proline residues in 

collagen, promotes the synthesis and conversion of soluble procollagen monomers 

into an insoluble extracellular matrix containing mature collagen fibrils. To assess 

this conversion, I first measured the levels of procollagen secreted into supernatants 
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by NHLFs cultured with ascorbic acid only, or ascorbic acid plus Ficoll (1x 

concentration as published by [329]) with and without exogenous TGF-β1 (1ng/ml) 

(Figure 3.1). In unstimulated fibroblasts cultured with ascorbic acid, a basal level of 

procollagen in the supernatant was detected, and this was significantly potentiated 

2.5-fold by TGF-β1 treatment. In the presence of Ficoll, basal levels of procollagen in 

supernatants were significantly reduced compared to the ascorbic acid-only samples. 

This reduction was mirrored in supernatants from NHLFs cultured in Ficoll and 

stimulated with TGF-β1, with no significant difference between unstimulated and 

TGF-β1 treatment in Ficoll-cultured cells. 

 

 

Figure 3.1: The effect of TGF-β1 and macromolecular crowding on procollagen levels in 
normal human lung fibroblasts. 

Primary normal human lung fibroblasts (NHLFs) were seeded in 6-well plates at a density of 
200 000 cells/well and cultured in 10% FBS for 24 hours followed by culture in 0.4% FBS for a 
further 24 hours prior to treatment with DMEM plus ascorbic acid (16.6µg/ml), or DMEM 
plus ascorbic acid plus 1x Ficoll (37.5mg/ml Ficoll 70 and 25mg/ml Ficoll 400). Additionally, 
each treatment group was cultured with and without exogenous TGF-β1 (1ng/ml) (n=4 per 
group). 48 hours later, supernatants were collected (n=4) and processed for analysis by HPLC 
as detailed in the methods section of this thesis. Data were analysed by 2-way ANOVA with 
Tukey multiple comparisons testing * = p<0.05, *** = p<0.001, **** = p<0.0001 between 
specified treatment groups. Data are representative of 2 separate experiments. 
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I next showed that the reduction in procollagen observed under macromolecular 

crowding conditions was associated with an increase in collagen I deposition into an 

insoluble extracellular matrix, and that levels of collagen I could be modulated 

depending on the concentration of Ficoll, and potentiated by TGF-β1 (Figure 3.2). 

Panel A represents a visual depiction of the relationship between the amount of 

collagen I deposited in response to the addition of ascorbic acid, Ficoll and TGF-β1. 

The corresponding high-content imaging analysis of these fluorescent images is 

provided in panels B and C. The algorithm used to analyse the images quantifies the 

intensity of the fluorescent signal across the image and is normalised to cell count. 

Cell count data is also plotted to examine this parameter independently. A 

representative example of the image analysis algorithm is provided in Figure 3.3, 

summarising the detection of fluorescence in the DAPI (excitation/emission 

358/461nm) and FITC (excitation/emission 490/525nm) wavelength channels 

corresponding to cell nuclei (panels A and B) and collagen I respectively (panels C 

and D). 

NHLFs cultured in DMEM without Ficoll or ascorbic acid expressed the lowest levels 

of collagen I deposition (Figure 3.2, panels A and B), and in the presence of TGF-β1, 

processing of collagen I deposition into an insoluble extracellular matrix was not 

observed. TGF-β1 treatment significantly induced collagen I deposition in NHLFs 

cultured in DMEM supplemented with ascorbic acid (5-fold at baseline relative to the 

unstimulated media only control, induced by TGF-β1 to 25-fold). This level was 

similar to TGF-β1-induced collagen I deposition measured in the presence of 0.5x 

Ficoll (relative to published concentrations). Under these 0.5x crowded conditions, 

basal collagen I deposition was significantly upregulated compared to NHLFs 

cultured in DMEM only (~17-fold), and in comparison to NHLFs cultured with 

ascorbic acid but not when compared to 1x Ficoll culture conditions. In 1x Ficoll 

cultures, TGF-β1 potentiated collagen I deposition to the highest levels and by the 

largest magnitude of all treatment groups (10-fold relative to the unstimulated 

media only control at baseline compared to unstimulated media control, induced to 

~55-fold with TGF-β1). In contrast, increasing Ficoll concentrations to 2x 

concentrations yielded a significantly decreased deposition (5-fold compared to 
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unstimulated media control) of collagen I in TGF-β1-stimulated cells compared to 

ascorbic acid only, 0.5x Ficoll and 1x Ficoll treatment groups. Analysis of the cell 

count data collected for each treatment group showed statistically significant 

decreases in cell count in unstimulated and TGF-β1-stimulated NHLFs cultured in 2x 

Ficoll compared to NHLFs cultured in 1x Ficoll conditions (Figure 3.2, panel C).  

In addition to the examination of collagen I deposition under differing culture 

conditions, I next assessed the induction of α-SMA, the marker of fibroblast to 

myofibroblast differentiation (Figure 3.4). As discussed previously, the primary 

objective of the macromolecular crowding assay is to promote the conversion of 

extracellular soluble procollagen into insoluble collagen fibrils, therefore I 

hypothesised that α-SMA induction would not be modulated by the addition of 

ascorbic acid or differing concentrations of Ficoll. Figure 3.4, panel A shows evidence 

of a small percentage of α-SMA-positive NHLFs in unstimulated culture conditions, 

with a marked TGF-β1-induced upregulation of α-SMA expression observed across all 

treatment groups. Quantitation of the images collected shows TGF-β1 significantly 

induced α-SMA induction by 3-fold compared to the unstimulated media control 

cells (Figure 3.4, panel B). No statistically significant differences were observed 

between the TGF-β1-stimulated cells across treatment groups, confirming Ficoll had 

no effect on the induction of α-SMA. As also observed in Figure 3.2, a significantly 

lower number of cells were counted in TGF-β1-treated samples cultured in 2x Ficoll 

compared to 1x Ficoll conditions, suggesting a potentially toxic effect of Ficoll on 

NHLFs at high concentrations (Figure 3.4, panel C). 

Taken together, the collagen I deposition, α-SMA induction and associated cell count 

data therefore presented 1x Ficoll and ascorbic acid incubation as the most 

appropriate culture conditions for assessing TGF-β1-induced upregulation of collagen 

I deposition and fibroblast to myofibroblast differentiation. Although ascorbic acid 

and Ficoll were not required for α-SMA induction, assessment of this endpoint was 

evaluated in the same culture conditions as for collagen I deposition to standardise 

experiments. These conditions were used throughout the thesis.  
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Figure 3.2: The effect of ascorbic acid, Ficoll and TGF-β1 on collagen I deposition by primary 
normal human lung fibroblasts. 

NHLFs were seeded in 96-well plates at a density of 10 000 cells/well and cultured in 10% 
FBS for 24 hours followed by culture in 0.4% FBS for a further 24 hours prior to treatment 
with control media only, 1x ascorbic acid (aa) (16.6µg/ml), ascorbic acid plus 0.5x Ficoll 
(18.75mg/ml Ficoll 70 and 12.5mg/ml Ficoll 400), ascorbic acid plus 1x Ficoll (37.5mg/ml 
Ficoll 70 and 25mg/ml Ficoll 400) or ascorbic acid plus 2x Ficoll (75mg/ml Ficoll 70 and 50 
Ficoll 400). Additionally, each treatment group was cultured with and without exogenous 
TGF-β1 (1ng/ml). Cell monolayers were fixed 72 hours later and incubated with a primary 
antibody against collagen I (panel A, green, quantification panels B and C) and an Alexa Fluor 
488 fluorescent secondary antibody. Nuclei were stained with DAPI (blue). Fluorescence was 
measured by imaging the plates using the ImageXpress® high-content imaging system and 
accompanying MetaXpress® software. Data represent the mean +/- SEM for 4 technical 
replicates, each with 4 fields-of-view imaged. Data in panel B are normalised to the 
unstimulated, DMEM-only wells and presented as fold change. Raw data were analysed by 
2-way ANOVA with Tukey multiple-comparisons testing. *** = p<0.001, **** = p<0.0001 
compared to unstimulated cells within the treatment group, $$ = p<0.01, #### and $$$$ = 
p<0.0001 across specified treatment groups. 
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Figure 3.3: Image analysis algorithm parameters for the determination of cell count and 
collagen I deposition. 

Representative images of normal human lung fibroblast nuclei and collagen I 
immunofluorescence and accompanying overlay of the image analysis algorithm (Multi 
wavelength cell scoring module, MetaXpress® software), to detect fluorescence in DAPI 
(excitation/emission 358/461nm, panels A and B) and FITC channels (excitation/emission 
490/525nm, panels C and D).  

 

720µm 
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Figure 3.4: The effect of ascorbic acid, Ficoll and TGF-β1 on α-SMA induction in primary 
normal human lung fibroblasts. 

NHLFs were seeded in 96-well plates at a density of 10 000 cells/well and cultured in 10% 
FBS for 24 hours followed by culture in 0.4% FBS for a further 24 hours prior to treatment 
with control media only, 1x ascorbic acid (aa) (16.6µg/ml), ascorbic acid plus 0.5x Ficoll 
(18.75mg/ml Ficoll 70 and 12.5mg/ml Ficoll 400), ascorbic acid plus 1x Ficoll (37.5mg/ml 
Ficoll 70 and 25mg/ml Ficoll 400) or ascorbic acid plus 2x Ficoll (75mg/ml Ficoll 70 and 50 
Ficoll 400). Additionally, each treatment group was cultured with and without TGF-β1 
(1ng/ml). Cell monolayers were fixed 72 hours later and incubated with a primary antibody 
against α-SMA (panel A, red, quantification panels B and C) and an Alexa Fluor 488 
fluorescent secondary antibody (images pseudo-coloured red post-analysis). Nuclei were 
stained with DAPI (blue). Data represent the mean +/- SEM for 4 technical replicates, each 
with 4 fields-of-view imaged. Data in panel B are normalised to the unstimulated, no Ficoll 
and no ascorbic acid wells and presented as fold change. Raw data were analysed by 2-way 
ANOVA with Tukey multiple-comparisons testing. * = p<0.05, ** = p<0.01, *** = p<0.001 and 
**** = p<0.0001 compared to unstimulated cells within the treatment group.  
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3.1.3 Examining the deposition of collagen I and induction of α-SMA by human 

lung fibroblasts in response to TGF-β1 treatment in the macromolecular 

crowding assay. 

 

TGF-β1, as a key pro-fibrotic mediator of IPF, stimulates the production of collagen I 

and induces de novo expression of α-SMA. Having defined the optimal culture 

conditions to examine TGF-β1-induced collagen deposition and α-SMA induction, I 

next sought to examine the suitability of the macromolecular crowding assay to 

construct concentration-response curves for collagen I deposition and α-SMA 

induction across a range of TGF-β1 concentrations. 

NHLFs were incubated with TGF-β1 at a range of concentrations from 1pg/ml to 

30ng/ml at half-log intervals for 72 hours, at which point fibroblast monolayers were 

fixed and the levels of collagen I deposition and α-SMA induction were assessed. 

Increasing concentrations of TGF-β1 showed an observed upregulation of collagen I 

deposition in a concentration-dependent manner (Figure 3.5, panel A and panel C, 

upper images). Computational analysis of the images mirrored this visual 

assessment, and non-linear regression analysis of the data show an EC50 of 

0.12ng/ml, (95% confidence interval (CI) 0.08 to 0.18ng/ml) and maximal collagen I 

deposition achieved at 10ng/ml.  

α-SMA expression was also induced in response to TGF-β1 in a concentration-

dependent manner (Figure 3.5, panel B and panel C, lower images), with an EC50 of 

0.18ng/ml, (95% CI 0.14 to 0.24ng/ml) and maximal α-SMA induction achieved at 

30ng/ml (Figure 3.5, panel C). These data showed that the 2 assays were reflective of 

known fibroblast responses described in in vitro and in vivo studies, and was 

therefore a suitable model to further investigate the pro-fibrotic response of HLFs 

downstream of stimulation with TGF-β1. Examining the associated cell count data, 

the graph demonstrates that the stimulatory effect of TGF-β1 on collagen I 

deposition and α-SMA induction was not due to an increase in cell number.   
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Figure 3.5: The effect of increasing concentrations of TGF-β1 on collagen I deposition and 
α-SMA induction in primary normal human lung fibroblasts. 

NHLFs were incubated with increasing concentrations of TGF-β1 (1pg/ml to 30ng/ml at half-
log intervals) in 1x macromolecular crowding conditions for 72 hours. Fixed cell monolayers 
were incubated with primary antibodies against collagen I (panel A and panel C, upper 
images) and α-SMA (panel B and panel C, lower images) and an Alexa Fluor 488 fluorescent 
secondary antibody (green = collagen I, red = α-SMA). Nuclei were stained with DAPI (blue). 
Data represent the mean +/- SEM for 4 technical replicates, each with 4 fields-of-view 
imaged. Data in panels B and C were generated by expressing each point as a percentage of 
the maximum asymptote of the curve calculated by plotting the raw data with the media 
control (indicated by ‘–TGF’ on graph) subtracted. EC50 values were calculated by four-
parameter non-linear regression. Data are representative of 4 different NHLF lines.  
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3.1.4 Imaging parameters for quantitative analysis of TGF-β1-induced collagen I 

deposition and α-SMA induction in the macromolecular crowding assay. 

 

Following the validation of the macromolecular crowding assay as a methodology 

that reflects TGF-β1-induced HLF biology in vitro, I next optimised the image analysis 

and data acquisition parameters on the ImageXpress® platform. I considered the 

number of images that can be captured per well, the variation of the numerical data 

computed from these images, and the time required to image and analyse a 96-well 

plate (Figure 3.6). 

I assessed the impact of collecting an increasing number of images, ensuring that at 

least one field of view was retained in each increment to allow for direct comparison 

(Figure 3.6, panel A). Increasing the number of images collected per well correlated 

with an increase in time taken to image the plate, from 8 minutes for 2 fields of view 

per well, up to 25 minutes and 45 minutes for 6 and 12 fields of view, respectively. 

This was then followed by computational analysis of the images over matching 

timescales. When 12 images were collected, fields 10-12 exceeded the well 

boundary (Figure 3.6, panel B), therefore unlike sites 1-9, were not a consistent 

representation of fibroblast number or collagen I deposition over a whole field of 

view. These 3 fields were consequently removed from the image analysis resulting in 

a 9-field measurement. Additionally, a 4-field assessment was made by analysing 

images 1, 2, 4 and 5 from the 6-field plate read and this had an approximate read-

time of 15 minutes.  

A concentration-response curve for TGF-β1-induced collagen I deposition was 

analysed with each increment in the number of fields imaged (Figure 3.6, panel C), 

and whilst each analysis showed a concentration-dependent stimulation of collagen I 

deposition, a clear difference in the maximum collagen signal was observed between 

the data obtained from imaging 2 fields per well and the data for 4, 6 and 9 fields. 

Therefore, imaging only 2 fields may be an under-representation of TGF-β1-induced 

collagen I deposition across the well. In considering the variability of the data at 

1ng/ml TGF-β1 (log concentration at x=0), the standard deviation of the data 

decreased as the number of images collected per well increased (Figure 3.6, panel 
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D). Imaging 4, 6 and 9 fields per well resulted in similar quantitation of the collagen I 

signal. 

An additional analysis was conducted on a TGF-β1 concentration-response curve 

generated to measure α-SMA induction (Figure 3.6, panel E). In all imaging groups, 

the data show TGF-β1-induced α-SMA induction in a concentration-dependent 

manner. However, similar to the analysis of collagen I deposition, the maximum α-

SMA signal measured when only 2 fields were imaged was lower than the 4, 6 and 9 

field assessments. The data for 2-fields at 1ng/ml TGF-β1 (log concentration at x=0) 

also showed the greatest standard deviation (Figure 3.6, panel F). 

An online statistical power calculator was used to determine if the assay had a 

sufficient sample size – for example 4 technical replicates each with 4 fields of view 

collected - to robustly assess TGF-β1-induced collagen I deposition and α-SMA 

induction (online statistical power calculator accessed at 

https://www.statisticalsolutions.net/pssZtest_calc.php). As there is a large and 

statistically significant difference in the fluorescent units computed from the images 

between baseline and TGF-β1-stimulated signals, coupled with little variation in the 

data, the number of replicates used were shown to be statistically sufficient to give 

the assay at least 95% power. 

Taking the imaging and analysis time into consideration in combination with the 

numerical output, I therefore decided to image 4 fields per well, and 4 wells per 

treatment condition in a 96-well plate to provide technical replicates within 

experiments. Both imaging and image analysis combined take approximately 30 

minutes per plate using these parameters. 
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Figure 3.6: Assessment of imaging parameters using the ImageXpress® high-content 
imaging platform. 

NHLFs were incubated with increasing concentrations of TGF-β1 (1pg/ml to 30ng/ml at half-
log intervals) in 1x macromolecular crowding conditions for 72 hours. Fixed cell monolayers 
were incubated with primary antibodies against collagen I and α-SMA and an Alexa Fluor 488 
fluorescent secondary antibody. Nuclei were stained with DAPI. Panels A and B are 
representative illustrations of the imaging parameters. Data in panels C and E represent 
collagen I and α-SMA respectively, and are the mean +/- SEM for 4 technical replicates, each 
with 2, 4, 6 or 9 fields-of-view quantified. EC50 values were calculated by four-parameter 
non-linear regression. Data in panels D and F represent collagen I and α-SMA respectively, 
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and are the mean +/- standard deviation, analysed by one-way ANOVA with Tukey multiple-
comparisons testing. **** = p<0.0001 compared to the ‘2 fields’ data point, # = p<0.05.  
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3.1.5 Inhibition of TGF-β1-induced collagen I deposition and α-SMA induction by 

human lung fibroblasts in the macromolecular crowding assay 

 

Figures 3.2 to 3.6 show that the macromolecular crowding assay is a suitable method 

for measuring the upregulation of collagen I deposition and α-SMA induction in 

response to TGF-β1 by normal human lung fibroblasts. To determine if the assay 

could detect and measure inhibitory pharmacological modulation of these pro-

fibrotic endpoints, I next assessed the effect of the commercially available, highly-

selective ATP-competitive inhibitor of TGFβRI (ALK5), SB-525334 in the 

macromolecular crowding assay (Figure 3.7 and figure 8 of manuscript 1 of this 

thesis, reference [350]). Normal human lung fibroblasts (2 different NHLF lines) were 

incubated with increasing concentrations of SB-525334 at half-log intervals between 

0.3nM and 10µM for 1 hour prior to the addition of TGF-β1 (1ng/ml) or control 

media. 

The data show increasing concentrations of SB-525334 inhibited collagen I 

deposition (Figure 3.7, panel A) and α-SMA induction (Figure 3.7, panel B) in NHLFs 

stimulated with TGF-β1, but not in unstimulated cells, with IC50 values of 442.4nM 

(95% CI 227.7nM-4.8µM) and 216.2nM (95% CI 162.6-293.1nM) against collagen I 

and α-SMA respectively. Moreover, at the highest concentrations of SB-525334 TGF-

β1-induced collagen I deposition and α-SMA induction were inhibited to the levels 

quantified in unstimulated cells and the effect of SB-525334 was independent of any 

inhibitory effect on cell count, suggesting a treatment-specific effect of the 

compound on the protein endpoints. Furthermore, the data reflected the 

observations made in the fluorescent images. 

The robustness of the macromolecular assay to detect modulation of collagen I 

deposition and α-SMA induction by TGF-β1 and an ALK5 inhibitor was to this point 

assessed in human lung fibroblasts derived from control lung tissue. 2 different 

fibroblast lines derived from IPF lung tissue (IPF-HLFs) have also been cultured in the 

assay, with the effect of SB-525334 examined and representative data shown in 

Figure 3.7. TGF-β1 potentiated collagen I deposition and stimulated the induction of 

α-SMA (panels A and B, respectively). Increasing concentrations of SB-525334 
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inhibited both protein end-points in a concentration-dependent manner to the levels 

observed in unstimulated cells, with IC50 values comparable to fibroblasts derived 

from control tissue. SB-525334 inhibited TGF-β1-induced collagen I deposition with 

an IC50 of 397.7nM (panel A, 95% CI 269.6-593.1nM) and TGF-β1-induced α-SMA 

induction with an IC50 of 119.3nM (panel B, 95% CI 85.1-173.9nM). Moreover, the 

accompanying cell count data showed a treatment-specific effect of increasing 

concentrations of SB-525334 on TGF-β1-induced collagen I deposition and α-SMA 

induction with no inhibitory effect on cell number. Furthermore, the data reflected 

the trends observed in the fluorescent images (panels C and D). 

Overall, figures 3.1-8 detail the optimisation and validation of the macromolecular 

crowding assay to detect TGF-β1-induced upregulation of collagen I deposition and 

α-SMA induction, and pharmacological modulation of these endpoints in control and 

IPF-derived HLFs. The assay was therefore a critical methodology taken forward in 

exploring signalling cascades downstream of TGF-β1 involved in the regulation of 

collagen I deposition and α-SMA induction. 
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Figure 3.7: Determining the effect of TGFβRI (ALK5) inhibition on TGF-β1-induced collagen I 
deposition and α-SMA induction in primary normal human lung fibroblasts. 

NHLFs were incubated with vehicle (0.1% DMSO) or increasing concentrations of the ALK5 
inhibitor SB-525334 (300pM to 10µM) with and without TGF-β1 (1ng/ml) in 1x 
macromolecular crowding conditions for 72 hours. Fixed cell monolayers were incubated 
with primary antibodies against collagen I and α-SMA and an Alexa Fluor 488 fluorescent 
secondary antibody. Data in panels A and B represent collagen I deposition and α-SMA 
induction respectively, and are the mean +/- SEM for 4 technical replicates, each with 4 
fields-of-view imaged. Data were generated by expressing each point as a percentage of the 
average of the positive control (+TGF) wells. IC50 values were calculated by four-parameter 
non-linear regression. Images in panels C and D are representative of collagen I deposition 
and α-SMA induction in each treatment group. Nuclei were stained with DAPI (blue). Data 
are representative of 2 separate NHLF lines. 

DAPI 
Collagen I 

DAPI 
α-SMA  
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Figure 3.8: Determining the effect of TGFβRI (ALK5) inhibition on TGF-β1-induced collagen I 
deposition and α-SMA induction in primary IPF human lung fibroblasts. 

IPF-HLFs were incubated with vehicle (0.1% DMSO) or increasing concentrations of the ALK5 
inhibitor SB-525334 (300pM to 10µM) with and without TGF-β1 (1ng/ml) in 1x 
macromolecular crowding conditions for 72 hours. Fixed cell monolayers were incubated 
with primary antibodies against collagen I and α-SMA and an Alexa Fluor 488 fluorescent 
secondary antibody. Data in panels A and B represent collagen I deposition and α-SMA 
induction respectively, and are the mean +/- SEM for 4 technical replicates, each with 4 
fields-of-view imaged. Data were generated by expressing each point as a percentage of the 
average of the positive control (+TGF) wells. IC50 values were calculated by four-parameter 
non-linear regression. Images in panels C and D are representative of collagen I deposition 
and α-SMA induction in each treatment group. Nuclei were stained with DAPI (blue). Data 
are representative of 2 separate IPF-HLF lines. 
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3.1.6 Characterisation of TGF-β1-induced collagen I and α-SMA induction and 

TGF-β1-induced signalling cascades in human lung fibroblasts 

3.1.6.1 Regulation of collagen I and α-SMA mRNA levels  

 

In addressing the second aim of this results chapter, to define TGF-β1-induced 

collagen I and α-SMA induction and activation of PI3K/Akt/mTOR signalling in HLFs, I 

first examined by qRT-PCR the levels of COL1A1 and ACTA2 mRNA in NHLFs over a 

48-hour incubation period. NHLFs were incubated with and without TGF-β1 (1ng/ml), 

with RNA extracted from cells lysed at ‘time zero’ (T0) and the indicated time 

intervals (Figure 3.9).  

Levels of COL1A1 mRNA were stable over the 48-hour incubation period in 

unstimulated NHLFs compared to T0 (Figure 3.9, panel A), with no significant 

difference observed when compared to TGF-β1-treated NHLFs within the first 6 

hours. At 12 hours, NHLFs stimulated with TGF-β1 expressed significantly higher 

levels of COL1A1 mRNA compared to unstimulated cells (relative expression in TGF-

β1-treated NHLFs 2.1 ± 0.2 compared to unstimulated cells relative expression 0.9 ± 

0.1). Moreover, TGF-β1-induced upregulation of COL1A1 mRNA levels was further 

potentiated compared to unstimulated cells at 24 hours (3.7 ± 0.2 compared to 0.9 ± 

0.1), and additionally at 48 hours (2.1 ± 0.2 compared to 0.4 ± 0.1). Peak TGF-β1-

induced COL1A1 mRNA levels were observed at 24 hours, and at 48 hours the levels 

were returning towards basal expression. Furthermore, the 12, 24 and 48 hour time 

points in TGF-β1-treated NHLFs were significant compared to the T0 data point 

(p<0.0001).  

In contrast to basal expression of COL1A1, low levels of ACTA2 (Figure 3.9, panel B) 

were detected in unstimulated fibroblasts and were additionally stable throughout 

the time course, whereas TGF-β1 stimulation significantly potentiated ACTA2 mRNA 

levels at 12 hours (relative expression in TGF-β1-treated NHLFs 2.5 ± 0.3 compared to 

control relative expression 0.2 ± 0.02), 24 hours (9.6 ± 1.4 compared to 0.2 ± 0.02) 

and 48 hours (3.8 ± 0.4 compared to 0.2 ± 0.02). No significant upregulation was 

observed in the first 6 hours. Peak ACTA2 mRNA levels in TGF-β1-stimulated cells 
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were observed at 24 hours. Additionally, the 12, 24 and 48 hour time points in TGF-

β1-treated NHLFs were significant compared to the T0 data point (12 hours p<0.05, 

24 and 48 hours p<0.0001). 

 

Figure 3.9: Time course of COL1A1 and ACTA2 mRNA levels with and without TGF-β1 in 
primary normal human lung fibroblasts. 

NHLFs were seeded into 6-well plates at a density of 200 000 cells/well and cultured in 10% 
FBS for 48 hours followed by overnight serum starvation. Cells were then incubated with 
serum-free DMEM with and without TGF-β1 (1ng/ml) until the media was removed and the 
cells lysed in TRI Reagent® at the time points indicated. RNA was extracted, DNase-treated 
and reverse transcribed into cDNA for analysis of COL1A1 (panel A) and ACTA2 (panel B) 
mRNA levels by qRT-PCR. Data represent mean +/- SEM for 3 technical replicates. Relative 
expression was calculated by the equation 2-ΔCt, with ΔCt representing the difference in Ct of 
the gene of interest when subtracted from the geometric mean of two reference genes, 
ATP5B and B2M. Data were analysed by two-way ANOVA with Tukey multiple comparisons 
testing. * = p<0.05, *** = p<0.001, **** = p<0.0001 between unstimulated and TGF-β1-
treated cells within time points. #### = p<0.0001 within TGF-β1-treated NHLFs. Data are 
representative of 2 separate experiments. 
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3.1.6.2 Time course of TGF-β1-induced collagen I deposition and α-SMA induction 

in the macromolecular crowding assay 

 

Next, I defined the temporal dynamics of TGF-β1-induced collagen I deposition and 

α-SMA protein production in the macromolecular crowding assay. NHLFs were 

cultured in 1x macromolecular crowding conditions with or without TGF-β1 over a 

72-hour incubation period, with cell monolayers fixed at time zero (T0), 6, 12, 24, 48 

and 72 hours (Figure 3.10, Figure 3.11 and Figure 3.12).  

At T0, collagen I expression was observed to be intracellular with a diffuse 

cytoplasmic staining pattern (Figure 3.10, panel A). This was maintained at 6 and 12 

hours, until 24 hours when collagen I was detected extracellularly with fibrillar 

morphology. A similar trend was observed in TGF-β1-treated NHLFs, with the 

expression of collagen I deposition potentiated by NHLF stimulation.  

Quantitatively, baseline collagen I deposition in unstimulated NHLFs increased over 

time to 1.95-fold (± 0.1) at 24 hours relative to T0, 4.4-fold (± 0.4) at 48 hours and 

5.8-fold (± 0.4) at 72 hours (Figure 3.10, panel B). In TGF-β1-treated cells, collagen I 

deposition increased to 6.3-fold (± 0.7) at 24 hours relative to T0, 16.9-fold (± 0.6) at 

48 hours and 23-fold (± 0.2) at 72 hours. Compared with unstimulated cells, TGF-β1-

treatment significantly upregulated collagen I deposition at 24, 48 and 72 hours. The 

upregulation was most marked at 72 hours, with levels increased by almost 5-fold 

relative to unstimulated cells. 

Next, I assessed α-SMA induction which was detected intracellularly in the cytoplasm 

of the cell (Figure 3.11), although not all cells were positive for α-SMA staining. 

Across all time points, unstimulated NHLFs expressed α-SMA exhibited a diffuse 

expression pattern throughout the cytoplasm (Figure 3.11, upper panels). TGF-β1 had 

no observable effect at 6 and 12 hours on α-SMA expression (lower panels), whilst at 

24, 48 and 72 hours TGF-β1-treated NHLFs exhibited both an increase in α-SMA and a 

conformational change of α-SMA expression from diffuse cytoplasmic α-SMA 

expression to assembly into stress fibres. 
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In unstimulated cells, the fluorescent intensity of the diffuse cytoplasmic signal 

disrupted the analysis of α-SMA accumulation into stress fibres, therefore to 

examine the effect of TGF-β1-treatment over time, each set of images at the 

acquired intervals were normalised to the unstimulated NHLFs within the same time 

point, and the data expressed as fold change (Figure 3.12, panels A and B). At 6 and 

12 hours, when α-SMA was diffusely expressed throughout the cytoplasm, TGF-β1 

had a small stimulatory effect on α-SMA expression but the diffuse morphology was 

not affected. As the time course progressed, diffuse staining was observed in 

unstimulated cells and TGF-β1 treatment induced α-SMA expression and, 

importantly, assembly into stress fibres with increasing magnitude at 24, 48 and 72 

hours. 

Overall, the temporal profiles of TGF-β1-induced collagen I and α-SMA synthesis 

showed that there was a delay in the upregulation of COL1A1 and ACTA2 mRNA 

levels, and this increase was subsequently followed by an increase in procollagen 

production, collagen I deposition into an extracellular matrix and α-SMA induction 

and assembly into stress fibres. The upregulation of collagen I deposition and α-SMA 

induction and assembly into stress fibres by TGF-β1 treatment was the greatest at 72 

hours, therefore this time point was selected for use throughout the thesis. The 

temporal delay in upregulation indicated the potential for the involvement of as yet 

undefined cell signalling events. The delineation of TGF-β1-induced signalling in the 

regulation of collagen I and α-SMA synthesis in NHLFs was therefore a major focus of 

the work presented in this thesis. 
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Figure 3.10: Time course of collagen I deposition with and without TGF-β1 in primary 
normal human lung fibroblasts in the macromolecular crowding assay. 

NHLFs were incubated with and without exogenous TGF-β1 (1ng/ml) in 1x macromolecular 
crowding conditions, with cell monolayers fixed at the indicated time intervals up to and 
including 72 hours. Fixed cell monolayers were incubated with primary antibody against 
collagen I and an Alexa Fluor 488 fluorescent secondary antibody (green = collagen I, panel 
A). Nuclei were stained with DAPI (blue). Data in panel B represent collagen I deposition, and 
are the mean +/- SEM for 4 technical replicates, each with 4 fields-of-view imaged. Data are 
expressed as fold change and were generated by normalising each point to the average of 
the T0, unstimulated NHLFs. Raw data were analysed by two-way ANOVA with Tukey 
multiple comparisons test. **** = p<0.0001 between unstimulated and TGF-β1-treated 
NHLFs at each time point. # # # # = p<0.001 relative to the T0, unstimulated NHLFs. The data 
are representative of 2 separate experiments.  
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Figure 3.11: Analysis of α-SMA induction and morphology over time with and without TGF-β1. 

NHLFs were incubated in the with and without exogenous TGF-β1 (1ng/ml) in 1x macromolecular crowding conditions, with cell monolayers 
fixed at the indicated time intervals up to and including 72 hours. Fixed cell monolayers were incubated with primary antibody against α-SMA 
and an Alexa Fluor 488 fluorescent secondary antibody (red = α-SMA, pseudo-colour applied post-analysis). Nuclei were stained with DAPI 
(blue). Images are representative of 2 separate experiments, each with 4 replicates per treatment condition and time point.  



3. Results 
 

 110 

 

 

Figure 3.12: Time course of α-SMA induction and stress fibre formation with and without 
TGF-β1 in primary normal human lung fibroblasts in the macromolecular crowding assay. 

NHLFs were incubated in the with and without exogenous TGF-β1 (1ng/ml) in 1x 
macromolecular crowding conditions, with cell monolayers fixed at the indicated time 
intervals up to and including 72 hours. Fixed cell monolayers were incubated with primary 
antibody against α-SMA and an Alexa Fluor 488 fluorescent secondary antibody (red = α-
SMA, pseudo-colour applied post-analysis). Nuclei were stained with DAPI (blue). Data in 
panel B represent α-SMA induction, and are the mean +/- SEM for 4 technical replicates, 
each with 4 fields-of-view imaged. Data are expressed as fold change and were generated by 
normalising each point to the average of the unstimulated NHLFs at each time interval. Raw 
data were analysed by two-way ANOVA with Tukey multiple comparisons test. ** = p<0.01, 
**** = p<0.0001 between unstimulated and TGF-β1-treated NHLFs at each time point. Data 
are representative of 2 separate experiments. 
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3.1.7 Summary 

 

In this chapter, I have established a high-content, high-throughput 

immunofluorescence assay based on the concept of macromolecular crowding. This 

in vitro culture system facilitated the conversion of soluble procollagen into insoluble 

collagen fibrils, allowing for the examination of a biological endpoint more relevant 

to human fibrotic disease in comparison to conventional assessments of soluble 

procollagen production. The assay is robust at detecting TGF-β1-induced and 

pharmacological modulation of collagen I deposition, and can also be used to 

examine the regulation of α-SMA by TGF-β1 and pharmacological inhibition of TGF-β1 

signalling. Finally, the technological parameters of the assay allow the analysis of 

several endpoints, including cell count, to be assessed simultaneously, and the high-

throughput nature of this method permits the analysis of pharmacological 

compounds across full concentration-response curves. 

This chapter has also explored the temporal kinetics of TGF-β1-induced upregulation 

of collagen I and α-SMA induction at the mRNA and protein levels, showing a 

delayed upregulation of COL1A1 and ACTA2 mRNA following TGF-β1 stimulation of 

NHLFs coupled with a subsequent increase in collagen I deposition and α-SMA 

induction and assembly into stress fibres.  
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3.2 Chapter 2 – Investigating the role of mTOR in the regulation of TGF-β1-

induced collagen I and α-SMA induction 

3.2.1 Introduction 

 

An interest in investigating the PI3K/Akt/mTOR signalling axis in the context of IPF 

has been established in our lab in collaboration with industrial and academic 

partners. Through in vitro studies using normal and IPF-derived HLFs and precision-

cut IPF lung tissue slices, we have investigated and published the scientific rationale 

for the use of a potent dual PI3K/mTOR inhibitor, GSK2126458 in IPF [350]. Briefly, 

GSK2126458 inhibited PI3K and Akt signalling in IPF-HLFs and IPF lung tissue slices, 

and attenuated proliferation of IPF-HLFs and TGF-β1-induced deposition of collagen I 

into an extracellular matrix. Furthermore, GSK2126458 is under evaluation in a proof 

of mechanism study in IPF patients (clinicaltrials.gov identifier NCT01725139). 

The aims of this chapter are therefore to investigate activation of the 

PI3K/Akt/mTOR signalling cascades downstream of TGF-β1 in normal HLFs (NHLFs) to 

further our understanding of the mechanisms by which TGF-β1 exerts its pro-fibrotic 

effects. Moreover, this section aims to delineate the role of the mTORC1 and 

mTORC2 signalling axes in TGF-β1-induced collagen I deposition and α-SMA 

induction, and in reference to the temporal studies conducted in chapter 3.1, 

understand the molecular mechanisms involved in the regulation of TGF-β1-induced 

collagen I and α-SMA synthesis at the mRNA and protein levels.  

3.2.1.1 TGF-β1-induced activation of the PI3K/Akt/mTOR signalling axes 

 

In investigating TGF-β1-induced signalling in NHLFs, I examined the phosphorylation 

of known substrates of TGF-β1 signalling and PI3K/Akt/mTOR activation by western 

blotting (Figure 3.13). TGF-β1 signals via both the canonical Smad pathway and non-

canonical pathways including PI3K/Akt/mTOR. To determine the temporal profile of 

these events following TGF-β1 stimulation, confluent NHLFs were cultured in serum-

free DMEM over a 48-hour incubation period, with samples taken at the indicated 

intervals for analysis of specific protein phosphorylation events. Densitometry 
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analysis is provided in Figure 3.14 (SMAD2 and mTORC2 substrate phosphorylation 

kinetics in panel A, mTORC1 substrate phosphorylation kinetics in panel B) and 

highlights a distinct phasic activation of the SMAD and mTOR signalling cascades 

post-TGF-β1 stimulation of human lung fibroblasts.  

In unstimulated HLFs, there was no evidence of Smad2 phosphorylation, whereas 

TGF-β1 rapidly induced Smad2 phosphorylation within 30 minutes. This signal peaked 

at 1 hour before declining between 2 and 12 hours. No phosphorylation was 

observed at 24 or 48 hour time-points, and this is reflected in the densitometric 

analysis. Smad3 phosphorylation was also induced by TGF-β1 at 1 hour post-

stimulation, declining at 2 hours. At 3 hours, the signal was further reduced and no 

further evidence of phosphorylation was observed at later time points. 

Phosphorylation of Akt was assessed at two residues, threonine 308 and serine 473. 

Phosphorylation of the threonine 308 residue, regulated by PDK1 recruited to PIP3 

generated by active PI3K signalling at the plasma membrane was measured. 

Phosphorylation of this residue was detected at low levels throughout the time 

course and induced by TGF-β1 at 12 and 24 hours but reduced at 48 hours. 

Phosphorylation of Akt at serine residue 473, downstream of mTORC2 was detected 

at low levels across all the time points assessed. TGF-β1 induced phosphorylation 

peaked at 12-24 hours, before decreasing at 48 hours. The densitometry analysis 

reveals that at 48 hours, levels of Akt phosphorylation of both residuesis at the levels 

observed at the beginning of the timecourse. Phosphorylation of NDRG1 (examined 

as an SGK1 readout downstream of mTORC2) was induced by TGF-β1 at 2 hours, 

peaking at 3 hours and remaining phosphorylated in TGF-β1-treated cells at 6, 12, 24 

and 48 hours.  

Conversely to the mTORC2 substrate Akt, TGF-β1-induced phosphorylation of 

mTORC1 substrates was observed at earlier time points. Phosphorylation of p70S6K 

at threonine residue 389 was not observed in unstimulated cells, but was induced at 

2 hours by TGF-β1. The levels of TGF-β1-induced phosphorylation peaked at 3 hours 

and persisted until 12 hours before declining to baseline at 24 and 48 hours. All 4 

residues of the mTORC1 substrate 4E-BP1 were phosphorylated at baseline, but the 
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serine 65 residue was markedly phosphorylated in response to TGF-β1 at 3, 6 and 12 

hours with levels declining at 24 and 48 hours.  

A schematic of canonical TGF-β1 signalling through the Smad proteins and non-

canonical signalling through the PI3K/Akt/mTOR axis was presented in section 1.9. 

Based on the time course of TGF-β1 signalling events, Figure 3.15 summarises these 

signalling cascades in NHLFs, highlighting the signalling events that are 

experimentally examined in this thesis to investigate the regulation of TGF-β1-

induced collagen I and α-SMA synthesis. 
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Figure 3.13: Time course of TGF-β1-induced activation of Smad signalling and the 
PI3K/Akt/mTOR axis normal human lung fibroblasts. 

NHLFs were incubated with serum-free DMEM with and without exogenous TGF-β1 (1ng/ml) 
until the media was removed and the cells lysed in PhosphoSafe™ extraction buffer at the 
time points indicated. The phosphorylation of specified proteins was analysed by western 
blotting and loading control was indicated by blotting for β actin. Due to technical 
limitations, samples were distributed across 2 gels before simultaneous transfer to 
membranes. Both membranes for each protein of interest were developed and imaged 
simultaneously. Data are representative of 3 separate experiments and densitometry 
analysis is provided on the following page for SMAD/mTORC2 (panel A) and mTORC1 (panel 
B). 
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Figure 3.14: Densitometry analysis of figure 3.13. 
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Figure 3.15: Summary of phosphorylation events downstream of TGF-β1 stimulation of 
HLFs 

A full description of these signalling cascades can be found in section1.9. Briefly, stimulation 
of HLFs with TGF-β1 induces phosphorylation of the receptor Smad proteins and the 
PI3K/Akt/mTOR signalling axes. Only phosphorylation events examined in this thesis are 
shown. 

 

3.2.2 The effect of pharmacological modulation of mTOR on TGF-β1-induced 

collagen I deposition and α-SMA induction 

 

Akt is both upstream and downstream of mTOR activity, and activation of mTORC1 is 

conventionally considered to be resultant of canonical PI3K and Akt signalling. 

Conversion of PIP2 to PIP3 in the plasma membrane by PI3K induces recruitment of 

Akt by its PH domain, where it is phosphorylated and activated at the activation loop 

by PDK1 (Thr308 residue), also recruited to the membrane by its PH domain, and 

additional phosphorylation occurs at the hydrophobic motif (Ser473 residue) by 

mTORC2. Activated Akt then phosphorylates and consequently inactivates TSC2, 

permitting GTP-bound Rheb to activate mTORC1. 
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In consideration of previous work with GSK2126458 implicating PI3K/Akt/mTOR 

signalling in the pathogenesis of IPF, this signalling axis has been examined further in 

assessing its role in TGF-β1-induced collagen I deposition and α-SMA induction. 

Studies in the research group conducted by Dr Hannah Woodcock utilised a toolkit of 

highly selective pharmacological compounds to target class I PI3K isoforms and Akt. 

These experiments examined the effect of Compound 2 (ATP-competitive class I PI3K 

isoform inhibitor) and MK2206 (Allosteric Akt inhibitor) on TGF-β1-induced collagen I 

deposition (appendix Figure 6.6), and α-SMA induction (unpublished data). 

Summarising these data, ATP-competitive inhibition of PI3K and allosteric inhibition 

of Akt which prevents its recruitment to the plasma membrane attenuated TGF-β1-

induced phosphorylation of Akt at both the activation loop (Thr308 residue) and the 

hydrophobic motif (Ser473 residue), however there was no effect of either 

compound on TGF-β1-induced collagen I deposition or α-SMA induction. These data 

therefore indicated that the activation of PI3K and Akt were redundant in the pro-

fibrotic response of NHLFs to TGF-β1  

To specifically examine the contribution of mTOR to TGF-β1-induced collagen I 

deposition and α-SMA induction, I conducted a series of in vitro studies in normal 

and IPF-HLFs using highly-selective ATP-competitive pharmacological compounds to 

inhibit specific components of TGF-β1-induced mTOR signalling and examined the 

effects on TGF-β1-induced collagen I and α-SMA levels. Additionally, I further 

assessed modulation of collagen I and α-SMA mRNA levels in response to TGF-β1, 

specifically examining gene transcription and mRNA translation. 

 

3.2.2.1 Modulation of mTORC substrate phosphorylation by ATP-competitive 

inhibitor of mTOR AZD8055 

 

AZD8055 is a commercially available, ATP-competitive inhibitor of the mTOR kinase, 

also known as FRAP1 that is central to both mTORC1 and mTORC2. I first 

characterised the pharmacological effects of this compound on the phosphorylation 
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of mTORC substrates in unstimulated and TGF-β1-treated NHLFs by Western blotting 

over a range of concentrations (0.1nM to 1µM at 10-fold increments, Figure 3.16). 

In 2 separate experiments, AZD8055 had no effect on TGF-β1-induced Smad2 

phosphorylation, indicating that the compound has no selectivity for ALK5, and that 

mTOR signalling is positioned downstream of Smad activation at the TGF-β1 receptor 

complex. With regards to mTOR signalling, AZD8055 inhibited basal and TGF-β1-

induced phosphorylation of Akt at serine residue 473, which is known to be 

mTORC2-dependent, in a concentration-dependent manner, with complete 

inhibition observed at 1µM concentration of the compound. Phosphorylation of the 

SGK1 substrate NDRG1, also downstream of mTORC2, was similarly attenuated. In 

terms of mTORC1 signalling, TGF-β1-induced p70S6K phosphorylation was 

completely ablated by AZD8055 at 100nM and 1µM, with levels of inhibition 

diminishing as the concentration of compound decreased. Phosphorylation was 

similar to the TGF-β1 control in the 0.1nM-treated NHLFs. Furthermore, all 4E-BP1 

phosphorylation sites, regardless of TGF-β1-sensitivity, were sensitive to mTOR 

inhibition in both unstimulated and TGF-β1-treated cells, with complete inhibition 

observed at 1µM. Taken together, the data showed that AZD8055 inhibits both 

mTORC1 and mTORC2 signalling in a concentration-dependent manner, with 

complete inhibition of all substrates examined at 1µM. 
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Figure 3.16: The effect of ATP-competitive mTOR inhibition by AZD8055 on Smad signalling 
and mTORC substrate phosphorylation. 

NHLFs were pre-incubated with vehicle (0.1% DMSO) or increasing concentrations of 
AZD8055 prior to stimulation with TGF-β1 (1ng/ml). Cells were lysed 12 hours later and the 
phosphorylation of specified proteins was assessed by western blotting. Data are 
representative of 3 replicate wells per condition, and 2 separate experiments. 

 

3.2.2.2 The effect of AZD8055 in the macromolecular crowding assay 

 

To determine if mTOR signalling was required for TGF-β1-induced collagen I 

deposition and α-SMA induction, AZD8055 was examined in the macromolecular 

crowding assay. NHLFs from 3 different donors were incubated with increasing 

concentrations of AZD8055 at half-log intervals between 0.3nM and 10µM for 1 hour 

prior to the addition of TGF-β1 (1ng/ml), and cell monolayers were fixed 72 hours 

later and stained for collagen I (Figure 3.17) and α-SMA (Figure 3.18). Additionally, 

NHLFs were incubated with increasing concentrations of the class I PI3K isoform 

inhibitor Compound 2 as a control compound known to have no effect on TGF-β1-

induced collagen I deposition or α-SMA induction. 
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TGF-β1 treatment upregulated collagen I deposition, and incubation of NHLFs with 

increasing concentrations of AZD8055 attenuated TGF-β1-induced collagen I 

deposition in a concentration-dependent manner (Figure 3.17, panel A). Non-linear 

regression analysis showed the effect of AZD8055 had an IC50 of 230.2nM (95% CI 

169.3-333.7nM). In contrast, increasing concentrations of Compound 2, had no 

effect, further demonstrating the redundancy of this kinase in TGF-β1-induced 

collagen I deposition. The effects of AZD8055 were independent of any effect on cell 

count, as this parameter remained stable at all concentrations tested in each 

fibroblast line. Panels B and C are representative images of collagen I deposition in 

response to TGF-β1, AZD8055 and Compound 2. Additional replicate experiments are 

shown in the appendix (section 6).  

TGF-β1 treatment also upregulated the induction of α-SMA, and assembly of the 

protein into stress fibres (Figure 3.18, panel A). Increasing concentrations of 

AZD8055 inhibited α-SMA induction in a concentration dependent manner with an 

IC50 of 129.2nM (95% CI 82.3-225.9nM), and similar to collagen I deposition, 

Compound 2 had no effect. Panels B and C are representative images of α-SMA 

induction in response to TGF-β1, AZD8055 and Compound 2. Additional replicate 

experiments are shown in the appendix (section 6, Figure 6.3 and Figure 6.4).  

Collectively, these data therefore suggested that mTOR is a critical kinase in the 

regulation of TGF-β1-induced collagen I deposition and α-SMA induction in NHLFs.  
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Figure 3.17: Investigating the effect of AZD8055 and Compound 2 on TGF-β1-induced 
collagen I deposition in multiple NHLF donors. 

NHLFs were incubated with vehicle (0.1% DMSO) or increasing concentrations of AZD8055 or 
Compound 2 (0.3nM to 10µM) for 1 hour prior to the addition of exogenous TGF-β1 (1ng/ml) 
in 1x Ficoll conditions for 72 hours. Fixed cell monolayers were incubated with a primary 
antibody against collagen I, and an Alexa Fluor 488 fluorescent secondary antibody (green, 
panels A and B). Nuclei were stained with DAPI (blue). Data in panel C represent collagen I 
deposition, and are the mean +/- SEM for 4 technical replicates, each with 4 fields-of-view 
imaged. Data were generated by expressing each point as a percentage of the average of the 
positive control (+TGF) wells. IC50 values were calculated by four-parameter non-linear 
regression. Data are representative of 3 NHLF donor lines. 

(PI3K inhibitor) 
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Figure 3.18: Investigating the effect of AZD8055 and Compound 2 on TGF-β1-induced α-
SMA induction in NHLFs. 

NHLFs were incubated with vehicle (0.1% DMSO) or increasing concentrations of AZD8055 or 
Compound 2 (0.3nM to 10µM) for 1 hour prior to the addition of exogenous TGF-β1 (1ng/ml) 
in 1x Ficoll conditions for 72 hours. Fixed cell monolayers were incubated with a primary 
antibody against α-SMA and an Alexa Fluor 488 fluorescent secondary antibody (red = α-
SMA, panels A and B). Nuclei were stained with DAPI (blue). Data in panel C represent α-
SMA induction, and are the mean +/- SEM for 4 technical replicates, each with 4 fields-of-
view imaged. Data were generated by expressing each point as a percentage of the average 
of the positive control (+TGF) wells. IC50 values were calculated by four-parameter non-linear 
regression. Data are representative of 3 NHLF donor lines.  

(PI3K inhibitor) 
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3.2.2.3 Validating the effect of AZD8055 with additional ATP-competitive 

inhibitors of mTOR 

 

I next sought to validate the data obtained with AZD8055 by examining additional, 

structurally distinct ATP-competitive dual mTOR complex inhibitors, namely Torin-1 

and Compound 1. These compounds, similarly to AZD8055, selectively inhibit mTOR 

with enhanced sensitivity in comparison to other kinases, including the class I PI3K 

isoforms (pIC50 data available in materials and methods, Table 2.2) 

First, I investigated the effects of Torin-1 and Compound 1 on TGF-β1-induced Smad 

and mTORC signalling (Figure 3.19). Similar to AZD8055 (Figure 3.16), Torin-1 (Figure 

3.19, panel A) and Compound 1 (Figure 3.19, panel B) did not inhibit TGF-β1-induced 

Smad2 phosphorylation. Furthermore, both compounds attenuated TGF-β1-induced 

phosphorylation of the mTORC1 substrates p70S6K (Thr389 residue) and 4E-BP1 

(Thr37/46, Ser65 and Thr70 residues), as well as the mTORC2 substrates Akt (Ser473 

residue) and SGK1 (represented by downstream substrate NDRG1, Thr346 residue) 

in a concentration-dependent manner. Complete inhibition of all mTOR substrates 

was observed at 1µM for both compounds. 

I next investigated the effects of Torin-1 and Compound 1 on TGF-β1-induced 

collagen I deposition and α-SMA stress fibre formation (Figure 3.20). Both 

compounds inhibited TGF-β1-induced collagen I deposition in a concentration-

dependent manner (Torin-1 IC50 = 57.8nM, 95% CI 37.7 – 102.9nM, Compound 1 IC50 

= 847.3nM, 95% CI 683nM – 998.8nM), and TGF-β1-induced assembly of α-SMA into 

stress fibres was also similarly inhibited (Torin-1 IC50 = 33.5nM, 95% CI 1.8 – 74.6nM, 

Compound 1 IC50 = 1.38µM, 95% CI 1.13 - 1.6µM). Collectively, these data confirmed 

the effects of AZD8055 and further demonstrated the critical role of mTOR in 

mediating the pro-fibrotic response of human lung fibroblasts to TGF-β1. 
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Figure 3.19: The effect of ATP-competitive mTOR inhibitors, Torin-1 and Compound 1, on 
TGF-β1-induced Smad and mTORC substrate phosphorylation. 

NHLFs were pre-incubated with vehicle (0.1% DMSO) or increasing concentrations of Torin-1 
(panel A) or Compound 1 (panel B) prior to stimulation with TGF-β1 (1ng/ml) or the addition 
of control media. Cells were lysed 2 hours later to investigate Smad2, or 12 hours later for 
mTORC signalling by assessing the phosphorylation of specified proteins by western blotting. 
Data are representative of 3 replicate wells per condition, and 2 separate experiments.  
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Figure 3.20: The effect of ATP-competitive inhibitors of mTOR, Torin-1 and Compound 1, 
on TGF-β1-induced collagen I deposition and α-SMA induction. 

NHLFs were pre-incubated with vehicle (0.1% DMSO) or increasing concentrations of Torin-1 
(panels A and C) or Compound 1 (panels B and D) and stimulated with TGF-β1 for 72 hours. 
Cell monolayers were fixed and incubated with a primary antibody against either collagen I 
or α-SMA and an Alexa Fluor 488 fluorescent secondary antibody. Nuclei were stained with 
DAPI. Data represent the mean +/- SEM for 4 technical replicates, each with 4 fields-of-view 
imaged and are representative of 3 separate experiments. IC50 values were calculated using 
4-parameter non-linear regression. 
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3.2.2.4 The effect of ATP-competitive inhibition of mTOR on TGF-β1-induced 

collagen I deposition and α-SMA induction in IPF-HLFs. 

 

The investigation into the role of mTOR in the pro-fibrotic response to TGF-β1 had 

been performed using HLFs derived from control lung tissue of 3 different donors. To 

further explore these findings, the effect of AZD8055 on TGF-β1-induced collagen I 

deposition and α-SMA induction was assessed in HLFs derived from IPF lung tissue 

(IPF-HLFs, 3 donors).  

IPF-HLFs upregulated collagen I deposition and α-SMA induction in response to TGF-

β1 treatment, and both endpoints were inhibited in a concentration-dependent 

manner by AZD8055 to the levels observed in unstimulated cells (Figure 3.21). 

AZD8055 attenuated TGF-β1-induced collagen I deposition with nanomolar potency, 

with an IC50 of 117.7nM (panel A, 95% CI = 71.2-211.2nM), and inhibited α-SMA 

induction with an IC50 of 1.14µM (panel D, 95% CI 684.4nM-3.87µM). The data were 

representative of the images, with examples shown in panels C and D. Replicate 

experiments are shown in the appendix (section 6, Figure 6.5) 

Taken together, the data with ATP-competitive dual mTOR complex inhibitors 

indicated that mTOR represents a critical signalling node in the regulation of TGF-β1-

induced collagen I deposition and α-SMA induction in control tissue and IPF-derived 

HLFs. Furthermore, these findings have been validated in functional studies from 

collaborators in live, architecturally-intact precision-cut IPF tissue slices. In all 5 IPF 

donor tissue samples, ATP-competitive dual mTORC inhibition with a chemotype of 

AZD8055 attenuated the release of P1NP, a marker of human type I procollagen 

synthesis (Carmel Nanthakumar, unpublished dat under review). 

Having identified mTOR as a critical kinase in the pro-fibrotic response of HLFs to 

TGF-β1, the next aim was to interrogate the contribution of individual mTORC1 and 

mTORC2 downstream signalling substrates to TGF-β1-induced collagen I deposition 

and α-SMA induction. Studies were conducted using a range of highly-selective 

pharmacological agents with ATP-competitive or allosteric modes of inhibition. 
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Figure 3.21: The effect of AZD8055 on TGF-β1-induced collagen I deposition and α-SMA 
induction in IPF human lung fibroblasts. 

IPF-HLFs were pre-incubated with vehicle (0.1% DMSO) or increasing concentrations of 
AZD8055 and stimulated with TGF-β1 for 72 hours. Cell monolayers were fixed and incubated 
with primary antibodies against collagen I (green, panels A and C) or α-SMA (red, panels B 
and D) and an Alexa Fluor 488 fluorescent secondary antibody. Nuclei were stained with 
DAPI (blue). Data in panels C and D represent the mean +/- SEM for 4 technical replicates, 
each with 4 fields-of-view imaged. IC50 values were calculated using 4-parameter non-linear 
regression. Data are representative of 3 different IPF fibroblast lines. 
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3.2.3 The contribution of known mTORC1 and mTORC2 substrates on TGF-β1-

induced collagen I deposition and α-SMA production 

3.2.3.1 Inhibition of mTORC1 with rapamycin 

 

Rapamycin has been extensively reported to inhibit mTORC1 signalling and, in some 

contexts, inhibit signalling downstream of mTORC2 [280]. Previous work in our 

laboratory has shown that incubation of NHLFs with rapamycin for 72 hours had no 

effect on TGF-β1-induced collagen I deposition or α-SMA induction (Figure 3.22, 

panels A and C). In concordance with data obtained with HLFs derived from control 

tissue, incubation of IPF-derived HLFs with rapamycin also had no effect on TGF-β1-

induced collagen I deposition or α-SMA induction (Figure 3.22, panels B and D – 

additional replicates conducted in collaboration with Dr Hannah Woodcock and Dr 

Carmel Nanthakumar, unpublished data). 

At present, there are no commercially-available pharmacological inhibitors to 

individually target mTORC1 or mTORC2 as whole complexes, and shRNA approaches 

conducted in our laboratory to silence the raptor and rictor components of each 

complex respectively were inconclusive (Dr Hannah Woodcock, unpublished data). 

Therefore, to modulate the downstream function of each of the mTOR complexes, 

ATP-competitive compounds were employed against specific mTORC1 and mTORC2 

substrates.  
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Figure 3.22: The effect of rapamycin on TGF-β1-induced collagen I deposition and α-SMA 
induction in normal and IPF-Human lung fibroblasts.  

Normal and IPF-HLFs were pre-incubated with vehicle (0.1% DMSO) or increasing 
concentrations of rapamycin and stimulated with TGF-β1 for 72 hours. Cell monolayers were 
fixed and incubated with primary antibodies against collagen I and α-SMA and an Alexa Fluor 
488 fluorescent secondary antibody. Nuclei were stained with DAPI. Data in panels A and B 
represent the mean +/- SEM collagen I deposition, and panels C and D α-SMA induction 
respectively for 4 technical replicates, each with 4 fields-of-view imaged. Representative 
images of collagen I deposition and α-SMA induction are shown in panels E and F, 
respectively. Data are representative of 2 different IPF fibroblast lines. 
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3.2.3.2 The effect of SGK1 inhibition 

 

SGK1 is positioned downstream of mTORC2, and phosphorylates and subsequently 

activates NDRG1. To address the potential involvement of SGK1 downstream of 

mTORC2 on TGF-β1-induced collagen I deposition and α-SMA induction, NHLFs were 

incubated with an ATP-competitive inhibitor of SGK1, GSK650394, which exhibits low 

nanomolar potency for SGK1 in cell-free assays [347] (Figure 3.23).  

Incubation of NHLFs with GSK650394 had no effect on TGF-β1-induced collagen I 

deposition (panel A and panel C, upper images) or α-SMA induction (panel B and 

panel C, lower images). Target engagement at 1µM was confirmed since GSK650394 

inhibited TGF-β1-induced phosphorylation of NDRG1 (panel D). The data therefore 

strongly suggested that SGK1 signalling is dispensable in mediating the pro-fibrotic 

response to TGF-β1. 

3.2.3.3 Inhibition of AGC kinases 

 

The next approach focussed on the modulation of PDK1 which phosphorylates the 

AGC kinase family (PKA, PKC and PKG kinase families), of which SGK1 is a member. 

PDK1 is recruited to PIP3 in the plasma membrane by its pleckstrin homology 

domain, and in addition to phosphorylating the activation loop of SGK1, PDK1 is 

responsible for the phosphorylation of other members of the AGC kinase 

superfamily, including Akt and PKCα downstream of mTORC2, and p70S6K 

downstream of mTORC1. To examine the consequence of collective inhibition of the 

AGC kinases, PDK1 was targeted by GSK2334470, an ATP-competitive inhibitor 

(selectivity data in materials and methods, Table 2.2), and the effect on TGF-β1-

induced mTORC signalling, collagen I deposition and α-SMA induction in NHLFs was 

assessed (Figure 3.24). 

First, the effect of the compound on TGF-β1-induced phosphorylation of Smad, 

mTORC1 and mTORC2 substrates was determined (Figure 3.24, panel A). Incubation 

of NHLFs with 1µM GSK2334470 had no effect on TGF-β1-induced phosphorylation of 

Smad2, however the PDK1-dependent phosphorylation site of Akt (threonine residue 
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308) and subsequent phosphorylation of the serine 473 residue were both 

attenuated. Furthermore, TGF-β1-induced phosphorylation of NDRG1 and p70S6K 

were also inhibited, but phosphorylation of 4E-BP1 in response to TGF-β1 (serine 65 

residue), which is not an AGC kinase superfamily member, was not affected.  

Next, the effect of GSK2334470 on TGF-β1-induced collagen I deposition and α-SMA 

induction was examined (Figure 3.24, panels B-D). Despite the inhibitory effect of 

GSK2334470 at 1µM on TGF-β1-induced AGC kinase phosphorylation, no effect on 

TGF-β1-induced collagen I deposition (panel B and panel D, lower images) or α-SMA 

induction (panel C and panel D, lower images) was observed across a range of 

concentrations of GSK2334470. 
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Figure 3.23: The effect of SGK1 inhibition on TGF-β1-induced collagen I deposition, α-SMA 
induction and NDRG1 phosphorylation in primary normal human lung fibroblasts. 

NHLFs were pre-incubated with vehicle (0.1% DMSO) or increasing concentrations of 
GSK650394 and stimulated with TGF-β1 for 72 hours. Cell monolayers were fixed and 
incubated with a primary antibody against collagen I (panel A, upper images) or α-SMA 
(panel B, lower images) and an Alexa Fluor 488 fluorescent secondary antibody. Nuclei were 
stained with DAPI. Data in panels B and C represent the mean +/- SEM of collagen I 
deposition and α-SMA induction respectively for 4 technical replicates, each with 4 fields-of-
view imaged. Data are representative of 3 separate experiments. Additionally, NHLFs were 
pre-incubated with vehicle (0.1% DMSO) or 10µM GSK650394 prior to stimulation with TGF-
β1 (1ng/ml). Cells were lysed 12 hours later and the phosphorylation of specified proteins 
was assessed by western blotting (panel D). Data are representative of 3 replicate wells per 
condition.  
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Figure 3.24: The effect of PDK1 inhibition on TGF-β1-induced mTORC signalling, collagen I 
deposition and α-SMA induction in primary normal human lung fibroblasts. 

NHLFs were pre-incubated with vehicle (0.1% DMSO) or 1µM GSK2334470 prior to 
stimulation with TGF-β1 (1ng/ml). Cells were lysed 2 hours later for Smad2 analysis, or 12 
hours later and the phosphorylation of specified proteins was assessed by western blotting 
(panel A). Data are representative of 3 replicate wells per condition. Additionally, NHLFs 
were pre-incubated with vehicle (0.1% DMSO) or increasing concentrations of GSK2334470 
and stimulated with TGF-β1 for 72 hours. Cell monolayers were fixed and incubated with a 
primary antibody against collagen I (panel B, upper images) or α-SMA (panel B, lower 
images) and an Alexa Fluor 488 fluorescent secondary antibody. Nuclei were stained with 
DAPI. Data in panels C and D represent the mean +/- SEM of collagen I deposition and α-SMA 
induction respectively for 4 technical replicates, each with 4 fields-of-view imaged. Data are 
representative of 3 separate experiments. 
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The data obtained with the PDK1 inhibitor GSK2334470 therefore suggested that 

whilst there was simultaneous inhibition of several AGC kinases, TGF-β1 and PDK1-

dependent phosphorylation of these proteins was dispensable for TGF-β1-induced 

collagen I deposition and α-SMA induction. Overall, in considering all the 

pharmacological data presented, the only effective inhibition strategy to attenuate 

TGF-β1-induced collagen I deposition and α-SMA induction was ATP-competitive dual 

inhibition of mTORC1 and mTORC2. Of note, this class of compound was the only 

intervention to completely ablate the phosphorylation of 4E-BP1, downstream of 

mTORC1, at all residues (Figure 3.16), representing a potentially critical node in the 

regulation of collagen I deposition and α-SMA synthesis, summarised in Figure 3.25. 

 

Figure 3.25: Proposed mechanism for TGF-β1-induced collagen I and α-SMA synthesis in 
human lung fibroblasts.  

Pharmacological inhibition of the AGC kinase family members p70S6K, Akt and SGK1 
downstream of mTORC1 and mTORC2 are dispensable for TGF-β1-induced collagen I 
deposition and α-SMA production and support the notion that mTORC1 activation is 
independent of PI3K and Akt signalling. ATP-competitive mTOR inhibitors completely abolish 
mTORC signalling, including 4E-BP1 phosphorylation, and attenuate TGF-β1-induced collagen 
I deposition and α-SMA induction. 
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3.2.4 Immunoprecipitation of m7GTP cap-binding proteins in response to TGF-β1 

and inhibition of mTOR 

 

The studies conducted with ATP-competitive inhibitors of mTOR in comparison to 

incubation with specific mTORC substrate inhibitors revealed differential regulation 

of the phosphorylation of 4E-BP1. As rapamycin had no effect on the synthesis of 

collagen I and α-SMA, I next considered the effects of rapamycin on the 

phosphorylation of mTORC signalling substrates. Figure 3.16 demonstrates NHLF 

incubation with AZD8055 attenuated both basal (Thr 37/46 and Thr 70) and TGF-β1-

induced phosphorylation (Ser65) of 4E-BP1, whereas the effect of incubation with 

rapamycin (Figure 3.26) on the inhibition of 4E-BP1 phosphorylation was incomplete. 

No effect on the mTORC2 substrates Akt (Ser473 residue) and NDRG1 (Thr346 

residue) was observed with treatment with rapamycin, and whilst phosphorylation 

of p70S6K was completely inhibited at all concentrations of rapamycin examined 

(0.1nM to 1µM at 10-fold concentration intervals), TGF-β1-induced phosphorylation 

of serine 65 on 4E-BP1 was only partially inhibited. Moreover, phosphorylation of 

threonine 70 on 4E-BP1 was also partially sensitive to rapamycin treatment. In 

contrast, the phosphorylation of the threonine37/46 residue was unaffected. 

To further confirm the redundancy of TGF-β1-induced phosphorylation of p70S6K in 

TGF-β1-induced collagen I deposition and α-SMA induction in addition to the PDK1 

inhibitor and rapamycin studies, NHLFs also have been incubated with a highly-

selective ATP-competitive inhibitor of p70S6K, LY2584702 (Dr Hannah Woodcock, 

appendix Figure 6.6). Whilst the compound inhibited TGF-β1-induced 

phosphorylation of ribosomal protein S6 downstream of p70S6K, TGF-β1-induced 

collagen I deposition and α-SMA induction were unaffected. 
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Figure 3.26: The effect of rapamycin on basal and TGF-β1-induced phosphorylation of 
mTORC1 and mTORC2 signalling substrates. 

NHLFs were pre-incubated with vehicle (0.1% DMSO) or increasing concentrations of 
rapamycin prior to stimulation with TGF-β1 (1ng/ml). Cells were lysed 12 hours later and the 
phosphorylation of specified proteins was assessed by western blotting. Data are 
representative of 3 replicate wells per condition, and 2 separate experiments. 

 

The data obtained thus far suggested that full activation of 4E-BP1 downstream of 

mTORC1 is critical for TGF-β1-induced collagen I deposition and α-SMA induction in 

NHLFs. 4E-BP1 is a negative allosteric regulator of cap-dependent translation, and 

binds to eukaryotic initiation factor (eIF) 4E, which associates with the 7-

Methylguanosine 5’-triphosphate (m7GTP) cap at the 5’ end of the majority of 

eukaryotic mRNAs. This association sequesters a binding site which is required for 

the recruitment and binding of eIF4G, a large scaffold protein that is critical for the 

formation of an intact translation initiation complex. Multi-site phosphorylation of 
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4E-BP1 by mTORC1 leads to the dissociation of 4E-BP1 from eIF4E, thus exposing the 

eIF4G binding side which subsequently facilitates the progression of cap-dependent 

translation.  

To determine the effect of the activation of mTOR on the modulation of the 

formation of the cap-dependent translation initiation complex in TGF-β1-stimulated 

NHLFs, I next performed immunoprecipitation studies of the m7GTP cap and 

examined the recruitment of 4E-BP1 and eIF4G (Figure 3.27). NHLFs were incubated 

with vehicle (0.1% DMSO), AZD8055, rapamycin, and an allosteric inhibitor of the 

interaction between 4E-BP1 and eIF4G, 4EGI-1, for 1 hour prior to stimulation with 

TGF-β1. Under all treatment conditions, eIF4E was found to be associated with 

m7GTP, however the modulation of the association of 4E-BP1 and eIF4G to m7GTP 

was differentially regulated depending on each experimental condition, and 

confirmed by densitometry analysis of the blots. In unstimulated cells, 4E-BP1 was 

found associated with m7GTP, whereas TGF-β1-treated NHLFs exhibited 4E-BP1 

dissociation. In NHLFs pre-incubated with AZD8055 followed by TGF-β1 stimulation, 

binding of 4E-BP1 was enhanced above levels observed in unstimulated cells, 

however rapamycin had no effect. Similar to AZD8055, incubation of NHLFs with the 

allosteric inhibitor 4EGI-1 enhanced the association of 4E-BP1. In contrast, the 

association of eIF4G with m7GTP was oppositely modulated to 4E-BP1. In 

unstimulated cells, low levels of eIF4G binding were detected, whereas upon NHLF 

stimulation with TGF-β1, eIF4G association with m7GTP was enhanced. Both AZD8055 

and 4EGI-1 prevented TGF-β1-induced eIF4G recruitment, however rapamycin 

permitted eIF4G association. To validate the differential binding observations of 4E-

BP1 and eIF4G, the levels of these proteins in whole cell lysates prior to incubation 

with m7GTP were examined by Western blotting, and were found to be consistent 

between treatment groups. Overall these data, when taken into consideration 

alongside the effects of AZD8055 and rapamycin on the phosphorylation of 4E-BP1 

(Figure 3.16 and Figure 3.26), therefore suggested that only active site inhibition of 

mTOR, which completely ablates the phosphorylation of 4E-BP1, or specific targeting 

of the interaction between eIF4E and eIF4G, was capable of inhibiting the formation 

of the cap-dependent translation initiation complex in NHLFs. 
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Figure 3.27: Immunoprecipitation of proteins bound to the m7GTP cap in response to TGF-
β1, modulation of mTOR and allosteric inhibition of cap-binding proteins. 

NHLFs were incubated with vehicle (0.1% DMSO), AZD8055 (1µM), rapamycin (100nM), or 
4EGI-1 (10µM) for 1 hour prior to the addition of control media or exogenous TGF-β1 
(1ng/ml). 6 hours later, cells were lysed and incubated with m7GTP-bound sepharose beads 
and the association of proteins was analysed by western blotting. Data are representative of 
2 separate experiments. As controls, the levels of total 4E-BP1 and eIF4G in whole cell 
lysates before incubation with m7GTP-bound sepharose beads are also shown. Densitometry 
of the bands is shown in B, representing the ration of 4E-BP1 and eIF4G between the pull-
down and the input samples. 
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3.2.5 Investigating the role of mTOR in the regulation of collagen I and α-SMA 

synthesis at the mRNA level 

 

Data presented in section 3.1.6.1 showed that there was a temporal delay in the 

TGF-β1-induced upregulation of COL1A1 and ACTA2 mRNA levels, with induction 

observed from 12 hours following TGF-β1 stimulation. Between TGF-β1-treatment at 

T0, and 12 hours post-stimulation, there was evidence of TGF-β1-induced activation 

of mTOR signalling (Figure 3.13), therefore to determine if mTOR plays a role in the 

regulation of collagen I and α-SMA synthesis at the mRNA level, NHLFs were 

incubated in DMEM containing vehicle (0.1% DMSO) with or without TGF-β1, and 

with or without 1µM AZD8055 for 24 hours, the time point which represents the 

peak of mRNA COL1A1 and ACTA2 mRNA levels (Figure 3.9)  

Figure 3.28, panel A shows that treatment of NHLFs with TGF-β1 significantly 

upregulated COL1A1 mRNA levels compared to unstimulated cells (TGF-β1-treated 

NHLFs 15.5 ± 3 compared to 0.6 ± 0.1 in unstimulated cells). In the presence of 

AZD8055, there was no effect on COL1A1 mRNA levels in unstimulated NHLFs 

compared to unstimulated NHLFs. In contrasts, TGF-β1-induced COL1A1 mRNA levels 

were significantly reduced compared with TGF-β1-treated cells in the presence of the 

dual mTOR inhibitor (5.3 ± 0.8 relative expression).  

The data for ACTA2 showed a similar trend in terms of inhibition with AZD8055. TGF-

β1 significantly upregulated ACTA2 mRNA levels in comparison to unstimulated 

NHLFs, and incubation with AZD8055 significantly attenuated this upregulation. 

Additionally AZD8055 treatment had no effect on basal levels of ACTA2 mRNA in 

unstimulated cells. 

These data therefore suggested that mTOR regulates collagen I and α-SMA synthesis, 

at least in part, at the mRNA level. Importantly, additional data generated by Dr 

Hannah Woodcock showed that TGF-β1-induced upregulation of COL1A1 and ACTA2 

mRNA levels was insensitive to rapamycin treatment, mirroring the collagen I and α-

SMA protein data (appendix Figure 6.6). However, as there was only a 66% reduction 
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in COL1A1 and 68% reduction in ACTA2 mRNA levels, but complete ablation of TGF-

β1-induced collagen I and α-SMA protein levels when NHLFs were incubated with 

1µM AZD8055 compared to TGF-β1-treatment alone (Figure 3.17 and Figure 3.18), 

we concluded that mTOR regulates the synthesis of these two pro-fibrotic proteins 

at more than one stage of the synthetic pathway. This could include the following 

mechanisms, including: 

I. A direct effect on gene transcription, 

II. An indirect effect on mRNA regulating transcript stability, 

III. Regulation of the translation of an intermediate factor, e.g. a transcription 

factor, that modulates COL1A1 and ACTA2 mRNA levels, 

IV. Regulation of the translation of COL1A1 and ACTA2 transcripts into protein. 
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Figure 3.28: The effect of AZD8055 on TGF-β1-induced COL1A1 and ACTA2 mRNA levels in 
primary normal human lung fibroblasts. 

NHLFs were incubated with vehicle (0.1% DMSO) or AZD8055 (1µM) for 1 hour prior to the 
addition of control media or TGF-β1 (1ng/ml). 24 hours later, cells were lysed in TRI 
Reagent®. RNA was extracted, DNase-treated and reverse transcribed into cDNA for analysis 
of COL1A1 (panel A) and ACTA2 (panel B) mRNA levels by QRT-PCR. Data represent mean +/- 
SEM for 4 technical replicates, and are additionally representative of 2 different cell lines. 
Relative expression was calculated by the equation 2-ΔCt, with ΔCt representing the 
difference in Ct of the gene of interest when subtracted from the geometric mean of two 
reference genes, ATP5B and B2M. Data were analysed by two-way ANOVA with Tukey 
multiple comparisons testing. * = p<0.05, *** = p<0.001, **** = p<0.0001 between the 
specified treatment groups. 
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3.2.6 The effect of inhibition of transcription and translation on TGF-β1-induced 

upregulation of COL1A1 and ACTA2 mRNA levels 

 

The temporal delay in TGF-β1-induced COL1A1 and ACTA2 mRNA levels suggests 

there are potentially a number of cell signalling events occurring downstream of 

TGF-β1 stimulation that are required for COL1A1 and ACTA2 induction in NHLFs. The 

mRNA time course data aligned with the activation of mTORC1, specifically the 

phosphorylation of 4E-BP1 that was shown to modulate the formation of the cap-

dependent translation initiation complex to regulate protein synthesis (Figure 3.13 

and Figure 3.27). Moreover, the pharmacological compound studies highlighted 4E-

BP1 as a potentially critical regulator of collagen I and α-SMA induction, therefore I 

next sought to determine if the process of translation was important in the 

regulation of TGF-β1-induced collagen I and α-SMA synthesis. 

The allosteric inhibitor 4EGI-1 had a cytotoxic effect on NHLFs incubated with the 

compound up to 72 hours in the macromolecular crowding assay, therefore to 

interrogate the role of translation, NHLFs were instead incubated with the global 

translation inhibitor lactimidomycin, a glutarimide antibiotic isolated from the 

bacteria Streptomyces amphibiosporus. Lactimidomycin, which is reportedly 10-fold 

more potent than the commonly used translation inhibitor cycloheximide, blocks 

protein synthesis by binding to the ‘E site’ of the 60s ribosomal unit to prevent the 

elongation phase of translation and thus block new polypeptide chain formation. To 

investigate the role of translation on TGF-β1-induced upregulation of collagen I and 

α-SMA, the effect of lactimidomycin on the levels of COL1A1 and ACTA2 mRNA at 24 

hours was measured by qRT-PCR, and the subsequent effect on protein levels was 

assessed by immunofluorescence at 72 hours. NHLFs were additionally incubated 

with actinomycin D, an inhibitor of gene transcription to confirm that COL1A1 and 

ACTA2 transcripts were also transcriptionally regulated in response to TGF-β1 

treatment, as extensively reported in the literature [295,296,301,302] (Figure 3.29).  

As observed in previous experiments, at the 24 hour time point TGF-β1 stimulated a 

significant upregulation of COL1A1 mRNA levels in NHLFs (panel A). Incubation of 

NHLFs with the transcriptional inhibitor actinomycin D blocked both basal and TGF-
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β1-induced levels of COL1A1. Incubation of NHLFs with the translational inhibitor 

lactimidomycin attenuated TGF-β1-induced upregulation of COL1A1 mRNA levels, but 

had no effect on basal COL1A1 mRNA levels.  

As expected, levels of ACTA2 were also induced in response to TGF-β1 (panel B). 

Actinomycin D and lactimidomycin both completely blocked ACTA2 induction in TGF-

β1-treated NHLFs, and as there is minimal ACTA2 expression at baseline in contrast 

to constitutive COL1A1 mRNA levels, basal ACTA2 levels in unstimulated cells were 

not affected. Inhibition of TGF-β1-induced COL1A1 and ACTA2 mRNA levels in NHLFs 

incubated with actinomycin D or lactimidomycin was mirrored by the complete 

inhibition of TGF-β1-induced collagen I deposition and α-SMA protein production 

(panels C and D).  

Moreover, the fibroblast response to the inhibition of gene transcription or protein 

synthesis was not explained by increased cellular apoptosis. NHLFs were incubated 

with actinomycin D or lactimidomycin for 24 hours, and the levels of caspase 3/7 

activity relative to vehicle-treated cells and NHLFs incubated with the potent pro-

apoptotic agent staurosporine were measured by luminescence (Figure 3.30). As a 

positive control, staurosporine profoundly upregulated the activity of caspase 3/7 

compared to vehicle-treated cells, whereas all concentrations of the transcription 

inhibitor actinomycin D (panel A) and protein synthesis inhibitor lactimidomycin 

(panel B) had no effect. 

Collectively, these data therefore supported the notion that de novo protein 

synthesis of an unknown factor or factors is critical for the upregulation of COL1A1 

and ACTA2 mRNA levels at 24 hours in response to TGF-β1-stimualtion of NHLFs. 
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Figure 3.29: The effect of lactimidomycin and actinomycin D on TGF-β1-induced COL1A1 
and ACTA2 mRNA levels and collagen I and α-SMA protein in primary normal human lung 
fibroblasts. 

NHLFs were incubated with vehicle (0.1% DMSO), actinomycin D (100nM) or lactimidomycin 
(1µM) for 1 hour prior to the addition of control media or TGF-β1 (1ng/ml). 24 hours later, 
cells were lysed in TRI Reagent®. RNA was extracted, DNase-treated and reverse transcribed 
into cDNA for analysis of COL1A1 (panel A) and ACTA2 (panel B) mRNA levels by QRT-PCR. 
Data represent mean +/- SEM for 3 technical replicates, and are representative of 2 separate 
experiments. Relative expression was calculated by the equation 2-ΔCt, with ΔCt representing 
the difference in Ct of the gene of interest when subtracted from the geometric mean of two 
reference genes, ATP5B and B2M. Data were analysed by two-way ANOVA with Tukey 
multiple comparisons testing. **** = p<0.0001 compared to unstimulated, vehicle-treated 
cells, #### = p<0.0001 compared to vehicle-treated, TGF-β1-stimulated cells.  
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Figure 3.30: The effect of lactimidomycin on apoptosis primary normal human lung 
fibroblasts. 

NHLFs were incubated with staurosporine (100nM, positive control for apoptosis), vehicle 
(0.1% DMSO), actinomycin D (panel A) or lactimidomycin (panel B) for 24 hours. Cells were 
then lysed and the levels of caspase 3/7 activity measured by luminescence. Data represent 
mean +/- SEM for 3 replicates. Data were analysed by one-way ANOVA with Dunnet’s 
multiple comparisons testing. No statistical significance was determined between vehicle-
treated and actinomycin D or lactimidomycin-treated NHLFs. 
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3.2.7 Investigating the temporal dynamics of the inhibition of translation on TGF-

β1-induced upregulation of COL1A1 and ACTA2 mRNA levels 

 

To further define the role of de novo protein synthesis in TGF-β1-induced 

upregulation of COL1A1 and ACTA2 mRNA levels, I next aimed to determine the 

temporal dynamics of translation to establish a timeframe over a 24-hour incubation 

period during which translational events are critical for COL1A1 and ACTA2 gene 

induction following TGF-β1-stimulation of NHLFs (Figure 3.31). NHLFs were incubated 

in control media or media with TGF-β1, and were additionally treated with 

lactimidomycin added at time zero or 1, 3, 6, 12 hours or 16 hours post TGF-β1 

stimulation. At 24 hours, RNA was extracted and the levels of COL1A1 and ACTA2 

mRNA examined by qRT-PCR. 

TGF-β1-induced levels of COL1A1 (panel A, relative expression 12.4 ± 2.2 compared 

to 1.5 ± 0.1 in unstimulated cells) were significantly inhibited by the addition of 

lactimidomycin at all time points examined. There was no statistically significant 

difference between unstimulated and TGF-β1-treated cells within each treatment 

group up to and including the T12 data point, however a time-dependent trend 

towards a reduction in the ability of lactimidomycin to inhibit TGF-β1-induced 

upregulation of COL1A1 levels was observed as the time course progressed. When 

lactimidomycin was added 16 hours post-TGF-β1-treatment, there was a significant 

increase in COL1A1 levels in stimulated cells versus those cultured in control media.  

Next, in considering the effect on levels of ACTA2 mRNA, all TGF-β1-stimulated and 

lactimidomycin-treated cells exhibited significantly lower levels of ACTA2 mRNA in 

comparison to NHLFs cultured with TGF-β1 only, however the ability for 

lactimidomycin to attenuate TGF-β1-induced ACTA2 upregulation was suppressed in 

a time-dependent manner. In NHLFs incubated with lactimidomycin 12 or 16 hours 

post-stimulation, a significant upregulation of ACTA2 levels in TGF-β1-treated cells 

was observed. 

These data showed that de novo protein synthesis was temporally regulated 

following TGF-β1 treatment and was required for the upregulation of COL1A1 and 

ACTA2 mRNA levels. Importantly, adding the translation inhibitor several hours post-



3. Results 
 

 148 

TGF-β1 treatment attenuated mRNA upregulation, suggesting a temporal delay in 

protein synthesis that aligns with peak activation of mTORC substrate 

phosphorylation downstream of TGF-β1 stimulation of NHLFs. Overall from this 

study, the role of translation in the regulation of COL1A1 levels was observed to be 

critical at 12-16 hours, at which point TGF-β1 was able to significantly upregulate this 

transcript. For ACTA2, translation was key 6-12 hours post-TGF-β1-treatment, 

suggesting within these timeframes key undefined intermediate factors, for example 

transcription factors, are synthesised to modulate transcript levels of these pro-

fibrotic mRNAs.  

The studies with lactimidomycin suggested that modulation of the elongation phase 

of global mRNA translation to prevent de novo protein synthesis was important to 

modulate collagen I and α-SMA synthesis. Building on the findings of the translation 

inhibitor data presented, and to return to a focus on mTOR-mediated cap-dependent 

translation and addressing its role in the TGF-β1-induced collagen I and α-SMA 

synthesis at the mRNA and protein level, the next experiments forming a pilot study 

investigated the translation of COL1A1 and ACTA2 transcripts into protein, and I also 

explored further de novo synthesis of intermediate factors that may modulate 

COL1A1 and ACTA2 mRNA levels (results chapter 4). 
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Figure 3.31: The temporal effect of lactimidomycin added post-TGF-β1-treatment on 
COL1A1 and ACTA2 mRNA levels in primary normal human lung fibroblasts. 

NHLFs were incubated with vehicle (0.1% DMSO) and either control media or TGF-β1 
(1ng/ml), with lactimidomycin (abbreviated to LTM, 1µM) additionally added at the time 
intervals indicated. 24 hours following the initial addition of control media or TGF-β1, cells 
were lysed in TRI Reagent®. RNA was extracted, DNase-treated and reverse transcribed into 
cDNA for analysis of COL1A1 (panel A) and ACTA2 (panel B) mRNA levels by QRT-PCR. Data 
represent mean +/- SEM for 3 technical replicates. Relative expression was calculated by the 
equation 2-ΔCt, with ΔCt representing the difference in Ct of the gene of interest when 
subtracted from the geometric mean of two reference genes, ATP5B and B2M. Data were 
analysed by two-way ANOVA with Tukey multiple comparisons testing. * = p<0.05, **** = 
p<0.0001 between specified treatment groups. 
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3.2.8 Summary 

 

In this results chapter, the data presented first showed TGF-β1-induced activation of 

the PI3K/Akt/mTOR signalling axis. Of note, maximal TGF-β1-induced 

phosphorylation of p70S6K (Thr389 residue) and 4E-BP1 (Ser65 residue), 

downstream of mTORC1, and Akt (Ser473 residue) and NDRG1 (Thr346 residue) 

downstream of mTORC2 occurred 2-12 hours following stimulation of NHLFs. 

Moreover, 4E-BP1 phosphorylation at all residues was sustained throughout the 48 

hour time course. These phosphorylation events preceded maximal TGF-β1-induced 

upregulation of COL1A1 and ACTA2 mRNA levels, and subsequently collagen I and α-

SMA protein synthesis, therefore representing potentially critical signalling nodes in 

modulating the NHLF pro-fibrotic response to TGF-β1.  

Subsequent studies showed that mTOR signalling was critical for the regulation of 

collagen I and α-SMA biosynthesis in response to TGF-β1 stimulation of HLFs derived 

from both control and IPF lung tissue. Structurally distinct, ATP-competitive dual 

mTORC inhibitor chemotypes attenuated collagen I and α-SMA protein production, 

and also showed that mTOR additionally regulated TGF-β1-induced upregulation of 

collagen I and α-SMA at the mRNA level. Moreover, signalling through the AGC 

kinases Akt, SGK and p70S6K regulated by PDK1 was dispensable in the pro-fibrotic 

response to TGF-β1, validating the negative data obtained with rapamycin and 

presenting rapamycin-insensitive 4E-BP1 phosphorylation as a potentially critical 

node in the regulation of TGF-β1-induced collagen I and α-SMA synthesis. TGF-β1 and 

rapamycin-insensitive mTOR signalling regulated the initiation of cap-dependent 

translation, and subsequent analysis of the roles of transcription and translation 

downstream of TGF-β1 stimulation indicated that de novo synthesis of intermediate 

factors was essential in mediating the delayed TGF-β1-induced upregulation of 

COL1A1 and ACTA2 mRNA levels, with additional regulation of these transcripts 

occurring post-translationally to completely ablate levels of collagen I and α-SMA 

protein. A pilot study investigating the role of translation in the pro-fibrotic response 

of HLFs to fibroblasts is presented in chapter 4. 
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3.3 Chapter 3 – Investigating the role of mTOR in the regulation of 

collagen I and α-SMA induction in human dermal fibroblasts and 

hepatic stellate cells 

3.3.1 Introduction 

 

The data presented so far focussed on the role of mTOR in the regulation of collagen 

I deposition and α-SMA induction in primary human lung fibroblasts. Another aim of 

this thesis was to investigate the potential for mTOR signalling as a core mechanism 

in mediating the response to TGF-β1 in fibrogenic effector cells derived from tissues 

other than the lung. To examine this aim, I investigated the role of mTOR in in 

primary normal human dermal fibroblasts (NHDFs) and human hepatic stellate cells 

(HSCs). 

3.3.2 Investigating collagen I deposition and α-SMA induction in response to TGF-

β1 in human dermal fibroblasts 

 

Prior to investigating the role of mTOR signalling in human dermal fibroblasts, I first 

examined the response of primary NHDFs to TGF-β1 in the macromolecular crowding 

assay, measuring collagen I deposition and α-SMA induction.  

NHDFs were incubated with a series of concentrations of TGF-β1 from 1pg/ml to 

30ng/ml at half-log intervals for 72 hours before cell monolayers were fixed and 

assessed for collagen I and α-SMA by high-content imaging. Increasing 

concentrations of TGF-β1upregulated collagen I deposition in a concentration-

dependent manner (Figure 3.32, panel A and panel C, upper images). Non-linear 

regression analysis of the data show an EC50 of 0.02ng/ml (95% CI 0.010-

0.024ng/ml), and maximal collagen I deposition achieved at 1ng/ml. Moreover, no 

mitogenic effect of TGF-β1 on cell count was observed. 

α-SMA induction in NHDFs was also upregulated in response to TGF-β1 in a 

concentration-dependent manner (Figure 3.32, panel B and panel C, lower images), 

with an EC50 of 0.04ng/ml (95% CI 0.03-0.07ng/ml) and maximal α-SMA induction 
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achieved between 1 and 10ng/ml. These data therefore showed that NHDFs, like 

human lung fibroblasts, were sensitive to TGF-β1 treatment and produced collagen I 

and α-SMA in response to stimulation.  

 

Figure 3.32: The effect of increasing concentrations of TGF-β1 on collagen I deposition and 
α-SMA induction in normal human dermal fibroblasts. 

NHDFs were incubated with increasing concentrations of TGF-β1 (1pg/ml to 30ng/ml at half-
log intervals) in 1x macromolecular crowding conditions for 72 hours. Fixed cell monolayers 
were incubated with primary antibodies against collagen I (panel A, upper images and panel 
B) and α-SMA (panel A, lower images and panel C) and an Alexa Fluor 488 fluorescent 
secondary antibody (green = collagen I, red = α-SMA). Nuclei were stained with DAPI (blue). 
Data represent the mean +/- SEM for 4 technical replicates, each with 4 fields-of-view 
imaged. Data in panels B and C were generated by expressing each point as a percentage of 
the maximum asymptote of the curve calculated by plotting the raw data with the media 
control (indicated by ‘–TGF’ on graph) subtracted. EC50 values were calculated by four-
parameter non-linear regression. 
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3.3.3 Basal and TGF-β1-induced signalling through Smad and mTORC substrates in 

human dermal fibroblasts 

 

I next investigated the signalling cascades activated downstream of TGF-β1 

stimulation of dermal fibroblasts, specifically investigating the temporal dynamics of 

Smad phosphorylation and phosphorylation of the mTORC1 and mTORC2 substrates. 

NHDFs were incubated with either control media or TGF-β1 (1ng/ml), with cell 

lysates generated at a range of time intervals between 15 minutes post-treatment 

up to 48 hours and the phosphorylation of specific proteins analysed by western 

blotting (Figure 3.33). Corresponding densitometry analysis of the bands is shown in 

panel B. 

Smad2 phosphorylation was not evident in unstimulated NHDFs, however this was 

induced by TGF-β1. Phosphorylation of Smad2 was evident at the 15 minute time 

point, increased at 30 mins and peaked at 1 hour, before decreasing over time to the 

low levels observed at the 15 minute time point from 3 hours onwards. 

Basal phosphorylation of Akt (Ser473 residue), downstream of mTORC2, was 

detected from 15 minutes to 3 hours, and TGF-β1-induced phosphorylation observed 

at later time intervals (6, 24 and 48 hours), however a peak timepoint of 

phosphorylation was not determined. 

mTORC1 signalling was modulated in a similar manner to Akt in response to TGF-β1 

although initial activation was observed earlier. Phosphorylation of p70S6K (Thr389 

residue) was evident in unstimulated NHDFs between 15 minutes and 3 hours, with 

decreasing levels at 6 hours and no evidence of basal phosphorylation from 12 hours 

onwards. TGF-β1 induced the phosphorylation of p70S6K above basal levels at 2 and 

3 hours, with a marked difference observed between unstimulated and TGF-β1-

treated cells at 6 and 12 hours. Densitometry analysis shows the greatest induction 

of p70S6K phosphorylation at 3 hours. At 24 and 48 hours, TGF-β1-induced 

phosphorylation was reduced. 
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The phosphorylation of each of the residues of 4E-BP1 examined (Ser65, Thr37/46 

and Thr70) was evident in both unstimulated and TGF-β1-treated NHDFs. TGF-β1-

treatment only induced the phosphorylation of the serine 65 residue above basal 

levels at 3 hours post-stimulation, with the remaining timepoints showing similar 

levels of phosphorylation of each of the residues in both unstimulated and TGF-β1-

treated cells. 

Taken together, these data show a similar temporal profile of TGF-β1-induced 

signalling through Smad and the mTOR complexes comparable to human lung 

fibroblasts (Figure 3.13), however 4E-BP1 phosphorylation appears constant across 

the time intervals measured. Rapid activation of canonical TGF-β1 signalling through 

the Smad proteins, and a delayed response to TGF-β1 through the mTOR signalling 

axes was observed, however a key difference in dermal fibroblasts in contrast to 

fibroblasts derived from the lung was noted, with evidence of basal mTOR activation 

of each of the mTORC substrates at early time points. To investigate if these features 

of mTOR signalling were critical for the regulation of collagen I and α-SMA synthesis, 

I next conducted a series of macromolecular crowding assays using a range of 

pharmacological tools selectively targeting mTOR and its downstream signalling 

substrates. 
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Figure 3.33: Time course of Smad and mTOR signalling in primary normal human dermal 
fibroblasts. 

NHDFs were treated with control media or media containing TGF-β1 (1ng/ml) and incubated 
over a 48 hour period, with cell lysates extracted at the time points indicated. 
Phosphorylation of specified proteins was assessed by western blotting (A). Due to technical 
limitations, samples were distributed across 2 gels before simultaneous transfer to 
membranes. Both membranes for each protein of interest were developed and imaged 
simultaneously. Data are representative of 2 replicate wells per condition. Densitometric 
analysis of the blots is shown in (B). 
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3.3.4 Examining the effect of dual mTOR inhibition on TGF-β1-induced collagen I 

deposition and α-SMA induction in human dermal fibroblasts 

 

The role of mTOR in TGF-β1-induced collagen I deposition and α-SMA induction was 

determined by pre-incubating NHDFs with a series of concentrations (0.3nM to 

10µM at half-log intervals) of the ATP-competitive dual mTORC inhibitors AZD8055, 

Torin-1 and Compound 1 in the macromolecular crowding assay. Cells were 

stimulated with TGF-β1 (1ng/ml) 1 hour later, and the cell monolayers fixed for 

immunofluorescent staining and high-content imaging of collagen I (Figure 3.34) and 

α-SMA (Figure 3.35) at a 72 hour time point.  

TGF-β1 significantly upregulated collagen I deposition, however the magnitude of 

this increase was markedly smaller compared to the effect of TGF-β1 treatment in 

human lung fibroblasts shown previously (Figure 3.17). Incubation of NHDFs with 

AZD8055 inhibited collagen I deposition in a concentration-dependent manner 

(Figure 3.34, panels A and B, IC50 = 58.1nM, 95% CI 42.3-81.2nM). Of note, at 

concentrations above 30nM, collagen I deposition was significantly inhibited below 

levels quantified in unstimulated cells. Additionally, no effect on cell number was 

observed across the treatment group suggesting a specific effect of the compound 

on collagen I deposition rather than cell count.  

This trend of inhibition was mirrored in the data obtained for the additional ATP-

competitive, dual mTORC inhibitors. Torin-1 inhibited collagen I deposition with an 

IC50 of 116nM (Figure 3.34, panels C and D, 95% CI 102-132nM), and significant 

inhibition below basal collagen I deposition was observed above 100nM, whereas 

the IC50 for Compound 1, shown to be less potent against mTOR in cell-free assays, 

was 587.8nM (Figure 3.34, panels E and F, 95% CI 505-681nM) and significant 

inhibition below levels in unstimulated cells was visible at concentrations above 

300nM. 
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Figure 3.34: The effect of ATP-competitive inhibitors of mTOR on TGF-β1-induced collagen I 
deposition in primary normal human dermal fibroblasts. 

NHDFs were incubated with vehicle (0.1% DMSO) or increasing concentrations of AZD8055 

(A), Torin-1 (C) or Compound 1 (E) for 1 hour prior to stimulation with TGF-β1 for 72 hours. 

Fixed cell monolayers were incubated with a primary antibody against collagen I (green), and 

an Alexa Fluor 488 fluorescent secondary antibody. Nuclei were stained with DAPI (blue). 

Data are the mean +/- SEM for 4 technical replicates, each with 4 fields-of-view imaged and 

were generated by expressing each point as a percentage of the average of the positive 

control (+TGF) wells. IC50 values were calculated by four-parameter non-linear regression. 

Data were additionally analysed by one-way ANOVA with Dunnet’s multiple comparisons 
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testing. *** = p<0.001, **** = p<0.0001 relative to vehicle-treated, unstimulated cells. Data 

are representative of 2 separate experiments and representative images for each compound 

are shown in panels B, D and F.  

TGF-β1 also significantly induced the expression of α-SMA which, like human lung 

fibroblasts (Figure 3.18), was minimally detected in unstimulated cells (Figure 3.35). 

Similarly, TGF-β1-induced expression of α-SMA was attenuated in a concentration-

dependent manner by the three ATP-competitive mTOR inhibitors. However, in 

contrast to the effects of ATP-competitive mTOR inhibition on collagen I deposition 

in human dermal fibroblasts, inhibition was only to the basal levels detected in 

unstimulated cells, and not below.  

AZD8055 inhibited TGF-β1-induced α-SMA induction with an IC50 of 56.9nM (Figure 

3.35, panels A and B, 95% CI 31.2-111nM), Torin-1 inhibited with an IC50 of 214nM 

(panels C and D, 95% CI 159-293nM) and Compound-1 inhibited TGF-β1-induced α-

SMA induction with an IC50 of 929nM, reflecting the lower selectivity of Compound 1 

for mTOR in contrast to AZD8055 and Torin-1 measured in cell-free assays (Table 

2.2).  

Collectively, these data therefore suggested that collagen I deposition and α-SMA 

induction are contrastingly dependent on TGF-β1-induced activation of mTOR in 

human dermal fibroblasts. I next explored this concept further by considering the 

effect of mTOR inhibition on NHDFs cultured without the addition of an exogenous 

TGF-β1 stimulus. 
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Figure 3.35: The effect of ATP-competitive inhibitors of mTOR on TGF-β1-induced α-SMA 
induction in primary normal human dermal fibroblasts. 

NHDFs were incubated with vehicle (0.1% DMSO) or increasing concentrations of AZD8055 

(A), Torin-1 (C) or Compound 1 (E) for 1 hour prior to stimulation with TGF-β1 for 72 hours. 

Fixed cell monolayers were incubated with a primary antibody against α-SMA (red), and an 

Alexa Fluor 488 fluorescent secondary antibody. Nuclei were stained with DAPI (blue). Data 

are the mean +/- SEM for 4 technical replicates, each with 4 fields-of-view imaged and were 
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generated by expressing each point as a percentage of the average of the positive control 

(+TGF) wells. IC50 values were calculated by four-parameter non-linear regression. Data are 

representative of 2 separate experiments and representative images for each compound are 

shown in panels B, D and F. 

3.3.5 Examining the effect of dual mTOR inhibition on basal collagen I deposition 

and α-SMA induction in unstimulated human dermal fibroblasts 

 

To investigate the dependence of basal collagen I deposition induction on the 

activation of mTOR signalling in comparison to TGF-β1-induced collagen Ievels, I next 

determined the effect of AZD8055 on collagen I deposition in the macromolecular 

crowding assay in NHDFs incubated with and without an exogenous TGF-β1 stimulus 

(Figure 3.36). To confirm the observation made in Figure 3.35 that the minimal levels 

of α-SMA observed in unstimulated NHDFs are independent of mTOR signalling, I 

also examined the effect of a range of concentrations of AZD8055 on α-SMA 

induction in unstimulated cells. 

Firstly, the data show that increasing concentrations of AZD8055 inhibited collagen I 

deposition in NHDFs below the levels observed at baseline in cells cultured both with 

and without TGF-β1 (panel A), reflecting the trends in the representative images of 

collagen I deposition in panel C. In TGF-β1-treated NHDFs, AZD8055 inhibited 

collagen I deposition with an IC50 of 117.2nM (95% CI 93.5-148.7nM), with 

significantly lower levels compared to basal levels at concentrations above 100nM. 

In unstimulated cells, AZD8055 inhibited collagen I deposition with an IC50 of 43nM 

(95% CI 20.7-81.1nM), and levels were significantly lower than basal levels in vehicle-

treated cells at AZD8055 concentrations of above 10nM.  

The data for α-SMA (panels B and D) confirmed that this protein was induced by 

TGF-β1 and inhibited to the minimal levels observed in unstimulated cells. AZD8055 

inhibited α-SMA induction in TGF-β1-treated cells, but increasing concentrations of 

the compound had no effect on the small but measurable amount of α-SMA in 

unstimulated NHDFs. 

Collectively, these data suggested that collagen I and α-SMA induction in NHLFs have 

differential dependence on TGF-β1 stimulation and activation of the mTOR signalling 
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cascades. Whilst both protein endpoints were induced by TGF-β1, basal levels of 

collagen I deposition were synthesised independently to the addition of exogenous 

TGF-β1, and were sensitive to mTOR inhibition. In contrast, minimal levels of α-SMA 

were measured in unstimulated cells, therefore only the α-SMA which was 

significantly potentiated by TGF-β1 was sensitive to dual mTORC inhibition.  
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Figure 3.36: The effect of AZD8055 with and without TGF-β1 on collagen I deposition and α-
SMA induction in normal human dermal fibroblasts. 

NHDFs were incubated with vehicle (0.1% DMSO) or increasing concentrations of AZD8055 
with and without exogenous TGF-β1 (1ng/ml) in 1x macromolecular crowding conditions for 
72 hours. Fixed cell monolayers were incubated with a primary antibody against collagen I 
(panel A and panel C, green) or α-SMA (panel B and panel D, red), and an Alexa Fluor 488 
fluorescent secondary antibody. Nuclei were stained with DAPI (blue). Data in A and B 
representing collagen I deposition and α-SMA induction respectively, are the mean +/- SEM 
for 4 technical replicates, each with 4 fields-of-view imaged and were generated by 
expressing each point as a percentage of the average of the positive control (+TGF) wells. 
IC50 values were calculated by four-parameter non-linear regression. Data were analysed by 
two-way ANOVA with Tukey multiple comparisons testing. ** = p<0.01, *** = p<0.001, **** 
= p<0.0001 relative to vehicle-treated, unstimulated cells. 
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3.3.6 Examining the effect of ALK5 inhibition on basal and TGF-β1-induced 

collagen I deposition and α-SMA induction in human dermal fibroblasts 

 

When the low levels of α-SMA in unstimulated cells which were augmented by 

adding exogenous TGF-β1 treatment are considered alongside the observation of the 

absence of Smad phosphorylation in unstimulated NHDFs (Figure 3.33), the data 

suggest it was not likely that these cells were synthesising endogenous TGF-β1 to 

upregulate basal collagen I deposition. To examine the contribution of endogenous 

TGF-β1, I next investigated the effect of inhibition of the type I TGF-β1 receptor, ALK5 

with the ATP-competitive inhibitor SB-525334 and measured the effects on collagen I 

deposition. As a control endpoint in which it is hypothesised that ALK5 inhibition 

would only have an effect on NHDFs stimulated with exogenous TGF-β1, the effect of 

SB-525334 on α-SMA induction was also assessed (Figure 3.37). 

NHDFs were incubated with increasing concentrations of SB-525334 at half-log 

intervals between 0.3nM and 10µM for 1 hour prior to the addition of TGF-β1 

(1ng/ml) or control media and incubated for 72 hours at which point cell monolayers 

were fixed and stained for high-content analysis of collagen I deposition and α-SMA 

induction by immunofluorescence. 

TGF-β1 potentiated the levels of collagen I deposition (panel A), which was inhibited 

in a concentration-dependent manner by increasing concentrations of SB-525334 in 

stimulated cells with an IC50 of 519.3nM (95% CI 314.5-975.8nM). In contrast, SB-

525334 had no effect on collagen I deposition at any of the concentrations examined 

in unstimulated NHDFs. Additionally, SB-525334 had no effect on cell number, and 

the data were representative of the observations in the fluorescent images (panel C). 

As observed in previous experiments, addition of exogenous TGF-β1 also potentiated 

the induction of α-SMA (panel B and images in panel D). Increasing concentrations of 

SB-525334 inhibited TGF-β1-induced α-SMA induction in a concentration-dependent 

manner with an IC50 of 637.9nM (95% CI 424.7nM-1.11µM). Expectedly, in 

unstimulated cells which express very low levels of α-SMA, SB-525334 had no effect.  
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Taken together, these data show that the synthesis of collagen I and α-SMA in 

NHDFs are induced by TGF-β1, and culturing unstimulated cells with SB-525334 

revealed that basal collagen I deposition is not due to endogenous TGF-β1 

production and/or activation and signalling through the TGF-β1 receptor ALK5.  
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Figure 3.37: The effect of SB-525334 on collagen I deposition and α-SMA induction in 
normal human dermal fibroblasts. 

NHDFs were incubated with vehicle (0.1% DMSO) or increasing concentrations of the ALK5 
inhibitor SB-525334 (300pM to 10µM) with and without exogenous TGF-β1 (1ng/ml) in 1x 
macromolecular crowding conditions for 72 hours. Fixed cell monolayers were incubated 
with primary antibodies against collagen I and α-SMA and an Alexa Fluor 488 fluorescent 
secondary antibody (green = collagen I, panel C red = α-SMA, panel D). Nuclei were stained 
with DAPI (blue). Data in panels A and B represent collagen I deposition and α-SMA 
induction respectively, and are the mean +/- SEM for 4 technical replicates, each with 4 
fields-of-view imaged. Data are representative of 3 experiments, and were generated by 
expressing each point as a percentage of the average of the positive control (+TGF) wells. 
IC50 values were calculated by four-parameter non-linear regression. 
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3.3.7 Investigating the role of PI3K, Akt and the effect of rapamycin in collagen I 

deposition and α-SMA induction in human dermal fibroblasts 

 

In identifying a critical role for mTOR in the regulation of TGF-β1-induced collagen I 

deposition and α-SMA induction in human dermal fibroblasts, the next aim was to 

investigate and the role of signalling substrates upstream and downstream of 

canonical mTORC1 and mTORC2 activation to further define the effector proteins 

that were key to the synthesis of these pro-fibrotic endpoints. In consideration of 

the observations made in human lung fibroblasts showing collagen I deposition and 

α-SMA induction were independent of signalling through PI3K and Akt, I examined 

the effect of an ATP-competitive inhibitor of class I PI3K isoforms, Compound 2, and 

an allosteric inhibitor of Akt recruitment to PIP3 in the plasma membrane, MK2206. 

Collagen I deposition and α-SMA induction in human lung fibroblasts was also 

insensitive to partial modulation of mTOR signalling by rapamycin, therefore I also 

examined the effect of this compound in human dermal fibroblasts. 

First, the impact of PI3K and Akt inhibition and treatment with rapamycin on TGF-β1-

induced collagen I deposition were assessed (Figure 3.38). Analysis across a 10-point 

concentration series of each compound (0.3pM - 10µM, panels A-C) exhibited no 

effect of any pharmacological inhibitor on TGF-β1-induced collagen I deposition. 

Representative images are shown in panel D. 

Second, the effect of PI3K inhibitor Compound 2, Akt inhibitor MK2206 and 

rapamycin on TGF-β1-induced α-SMA induction was examined (Figure 3.39). Similar 

to collagen I deposition, incubation of NHDFs with these compounds across a series 

of concentrations displayed no attenuation of TGF-β1-induced α-SMA induction. 

Overall, these data therefore suggested that TGF-β1-induced collagen I deposition 

and α-SMA induction were insensitive to PI3K and Akt signalling. Moreover, NHDFs 

were additionally refractory to partial modulation of mTORC1 signalling by 

rapamycin. In comparison to the effect of dual mTORC inhibitors on collagen I 

deposition and α-SMA induction which significantly inhibited TGF-β1-induced 

collagen I deposition and α-SMA induction, these data additionally showed that PI3K 
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and Akt signalling were dispensable in the regulation of these proteins in human 

dermal fibroblasts. 

 

Figure 3.38: The effect of class I PI3K and Akt inhibitors and rapamycin on collagen I 
deposition in primary normal human dermal fibroblasts. 

NHDFs were incubated with vehicle (0.1% DMSO) or increasing concentrations (0.3pM to 
10µM) of Class I PI3K inhibitor Compound 2 (panel A), Akt inhibitor MK2206 (panel B) or 
rapamycin (panel C) for 1 hour prior to stimulation with TGF-β1 for 72 hours. Fixed cell 
monolayers were incubated with a primary antibody against collagen I (panel D, green) and 
an Alexa Fluor 488 fluorescent secondary antibody. Nuclei were stained with DAPI (blue). 
Data in panels A-C represent collagen I deposition and are the mean +/- SEM for 4 technical 
replicates, each with 4 fields-of-view imaged and were generated by expressing each point 
as a percentage of the average of the positive control (+TGF) wells. Data are representative 
of 2 separate experiments. 
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Figure 3.39: The effect of class I PI3K and Akt inhibitors and rapamycin on α-SMA induction 
in primary normal human dermal fibroblasts. 

NHDFs were incubated with vehicle (0.1% DMSO) or increasing concentrations (0.3pM to 
10µM) of Class I PI3K inhibitor Compound 2 (panel A), Akt inhibitor MK2206 (panel B) or 
rapamycin (panel C) for 1 hour prior to stimulation with TGF-β1 for 72 hours. Fixed cell 
monolayers were incubated with a primary antibody against α-SMA (panel D, red), and an 
Alexa Fluor 488 fluorescent secondary antibody. Nuclei were stained with DAPI (blue). Data 
in panels A-C represent α-SMA induction and are the mean +/- SEM for 4 technical 
replicates, each with 4 fields-of-view imaged and were generated by expressing each point 
as a percentage of the average of the positive control (+TGF) wells. Data are representative 
of 2 separate experiments. 
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3.3.8 The effect of ATP-competitive inhibition of mTOR on COL1A1 and ACTA2 

mRNA levels in human dermal fibroblasts 

 

To investigate if the effect of ATP-competitive inhibition of mTOR on collagen I 

deposition and α-SMA induction in human dermal fibroblasts is mediated by an 

effect at the mRNA level, I next examined the effect of AZD8055 on the levels of 

COL1A1 and ACTA2 mRNA by qRT-PCR (Figure 3.40). NHDFs were incubated with 

1uM AZD8055 which significantly attenuated both TGF-β1-induced and basal 

collagen I deposition, and TGF-β1-induced α-SMA synthesis in the macromolecular 

crowding assay (Figures 3.33-3.35). 

Similar to observations made at the protein level, TGF-β1-induced upregulation of 

levels of COL1A1 mRNA (panel A). This induction was significantly attenuated by the 

incubation of NHDFs with AZD8055, inhibited to the basal levels observed in 

unstimulated, vehicle-treated cells. However, AZD8055 treatment also significantly 

inhibited basal COL1A1 mRNA levels in unstimulated cells, mirroring the trend 

observed for this response in the macromolecular crowding assay. 

Levels of ACTA2 mRNA were also significantly upregulated by TGF-β1 (panel B). 

Incubation of NHDFs with AZD8055 had no inhibitory effect on levels of ACTA2 

mRNA in unstimulated cells. In contrast, TGF-β1-induced upregulation was 

significantly attenuated compared to vehicle-treated cells. Moreover, this regulatory 

pattern reproduced the observations made for α-SMA induction at the protein level. 

Overall, the investigations into collagen I deposition and α-SMA induction in human 

dermal fibroblasts have shown that this cell type is responsive to exogenous TGF-β1 

stimulation but baseline collagen expression is not dependent on exogenous TGF-β1 

treatment. Moreover, incubation of NHDFs with TGF-β1 stimulated rapid canonical 

signalling through the Smad pathway, and delayed non-canonical activation of 

mTORC1 and mTORC2 signalling. However, there was evidence of basal activation of 

mTOR substrates preceding TGF-β1-induced upregulation of the phosphorylation of 

mTORC substrates. ATP-competitive inhibitors of mTOR, but not the partial mTORC1 

inhibitor, rapamycin, highlighted the critical role of mTOR in the regulation of basal 
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and TGF-β1-induced collagen I deposition, and α-SMA induction in TGF-β1-treated 

cells. Both endpoints were insensitive to the inhibition of PI3K and Akt upstream of 

mTORC1 in the canonical PI3K-Akt-mTOR signalling axis, suggesting an alternative 

mTOR activating mechanism. mTOR was also critical in the regulation of collagen I 

and α-SMA expression at the mRNA level. Similar to the observations made at the 

protein level, mTOR signalling modulated TGF-β1-induced levels of COL1A1 and 

ACTA2 mRNA, and also inhibited basal COL1A1 mRNA levels . In agreement with the 

human lung fibroblast data (Figure 3.17 and Figure 3.18), only ATP-competitive dual 

mTORC inhibition attenuated both collagen I and α-SMA synthesis.  

 

Figure 3.40: The effect of AZD8055 on levels of COL1A1 and ACTA2 mRNA in primary 
normal human dermal fibroblasts. 

NHDFs were incubated with vehicle (0.1% DMSO) or AZD8055 (1µM) for 1 hour prior to the 
addition of control media or TGF-β1 (1ng/ml). 24 hours later, cells were lysed in TRI 
Reagent®. RNA was extracted, DNase-treated and reverse transcribed into cDNA for analysis 
of COL1A1 (panel A) and ACTA2 (panel B) mRNA levels by QRT-PCR. Data represent mean +/- 
SEM for 3 technical replicates. Relative expression was calculated by the equation 2-ΔCt, with 
ΔCt representing the difference in Ct of the gene of interest when subtracted from the 
geometric mean of two reference genes, ATP5B and B2M. Data were analysed by two-way 
ANOVA with Tukey multiple comparisons testing. * = p<0.05, *** = p<0.001, **** = 
p<0.0001 between the specified treatment groups. 
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3.3.9 Investigating collagen I deposition and α-SMA induction in response to TGF-

β1 in human hepatic stellate cells 

 

The role of mTOR in extracellular matrix production and fibroblast to myofibroblast 

differentiation in multiple organs was further explored by next considering its role in 

collagen I and α-SMA synthesis in primary human hepatic stellate cells (HSCs). I first 

examined the responsiveness of this cell type to TGF-β1, assessing the deposition of 

collagen I and α-SMA in the macromolecular crowding assay (Figure 3.41). 

HSCs were incubated with a range of concentrations of TGF-β1 from 1pg/ml to 

30ng/ml at half-log intervals for 72 hours before cell monolayers were fixed and 

assessed for collagen I and α-SMA by immunofluorescence and high-content image 

analysis. Increasing concentrations of TGF-β1 induced an upregulation of collagen I 

deposition in a concentration-dependent manner (panel A). Non-linear regression 

analysis of the data showed TGF-β1 increased collagen I deposition with an EC50 of 

0.01ng/ml. From 0.03ng/ml to 30ng/ml concentrations of TGF-β1, collagen I 

deposition levels reached a plateau, showing these cells are responsive to low 

concentrations of TGF-β1 reflecting the observations made from the fluorescent 

images (panel C, upper images). Accompanying the collagen I data, cell count also 

increased in a concentration-dependent manner from a mean of 78 ± 2 cells in 

unstimulated HSCs, to 106 ± 2 cells in HSCs stimulated with the highest 

concentration of TGF-β1 which was statistically significant. 

Increasing concentrations of TGF-β1 also stimulated α-SMA induction in a 

concentration dependent-manner (panel B and panel C, lower images). Non-linear 

regression analysis of the image quantitation yielded an EC50 of 0.06ng/ml (95% CI 

0.03-0.1ng/ml), and a maximal effect was observed at a TGF-β1 concentration of 

1ng/ml. Cell count was also increased in a concentration-dependent manner from a 

mean of 84 ± 2 cells in unstimulated HSCs, to 103 ± 6 cells in HSCs stimulated with 

30ng/ml TGF-β1 which was not statistically significant. 

Taken together, the data showed TGF-β1 stimulation of HSCs induces the 

accumulation of α-SMA and incorporation into stress fibres, coupled with an 
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increase in the production and deposition of collagen I which was also observed in 

human lung and dermal fibroblasts (Figure 3.5 and Figure 3.32). I next aimed to 

determine the contribution of mTOR signalling to this response, examining the effect 

of ATP-competitive dual mTORC inhibition on TGF-β1-induced collagen I and α-SMA 

induction. 

 

Figure 3.41: Collagen I deposition and α-SMA induction in response to TGF-β1 in primary 
normal human hepatic stellate cells. 

Primary normal human hepatic stellate cells (HSCs) were incubated with increasing 
concentrations of TGF-β1 (1pg/ml to 30ng/ml at half-log intervals) in 1x macromolecular 
crowding conditions for 72 hours. Fixed cell monolayers were incubated with primary 
antibodies against collagen I (panel A, upper images and panel B) and α-SMA (panel A, lower 
images and panel C) and an Alexa Fluor 488 fluorescent secondary antibody (green = 
collagen I, red = α-SMA). Nuclei were stained with DAPI (blue). Data represent the mean +/- 
SEM for 4 technical replicates, each with 4 fields-of-view imaged and are representative of 2 
separate experiments. Data in panels B and C were generated by expressing each point as a 
percentage of the maximum asymptote of the curve calculated by plotting the raw data with 
the media control (indicated by ‘–TGF’ on graph) subtracted. EC50 values were calculated by 
four-parameter non-linear regression. Data were analysed by one-way ANOVA with 
Dunnet’s multiple comparisons testing. * = p<0.05, ** = p<0.01. 
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3.3.10 Examining the effect of dual mTOR inhibition on TGF-β1-induced collagen I 

deposition and α-SMA induction in human hepatic stellate cells 

 

The role of mTOR in TGF-β1-induced collagen I deposition and α-SMA induction was 

determined by incubating HSCs with a series of concentrations (0.3nM to 10µM at 

half-log intervals) of the ATP-competitive, dual mTORC inhibitor AZD8055 in the 

macromolecular crowding assay. HSCs were stimulated with TGF-β1 (1ng/ml) 1 hour 

later, and the cell monolayers fixed for immunofluorescent staining of collagen I and 

α-SMA at a 72 hour time point (Figure 3.42).  

Incubation of HSCs with AZD8055 inhibited collagen I deposition in a concentration-

dependent manner (panel A and panel C, IC50 = 76.6nM, 95% CI 51.2-114.1nM). 

Similar to the observations made for human dermal fibroblasts, collagen I deposition 

was significantly inhibited by AZD8055 below the levels in unstimulated cells at 

concentrations of 100nM and above. Moreover, no effect on cell number was 

observed across the treatment groups. 

α-SMA induction was also inhibited by incubation of HSCs with AZD8055, with an IC50 

of 23.1nM (panel B and panel D, 95% CI 10.7-54.6nM). However, in contrast to the 

collagen I deposition data, treatment with AZD8055 reduced α-SMA induction to the 

very minimal levels that were observed in unstimulated cells. These data indicated 

that collagen I and α-SMA induction in HSCs were differentially dependent on TGF-β1 

stimulation and mTOR signalling cascades in unstimulated cells. Collagen I deposition 

was minimally induced by TGF-β1, contrasting with a more marked induction of α-

SMA induction which was comparatively silent at baseline. Furthermore, TGF-β1-

induced components of each protein endpoint, in addition to basal collagen I 

deposition were sensitive to mTOR inhibition.  

To confirm these data, I next examined the effect of the inhibition of mTOR on 

collagen I deposition in unstimulated hepatic stellate cells in comparison to those 

treated with TGF-β1 (Figure 3.43). HSCs were incubated with AZD8055 across a 10-

point concentration range (0.3pM-10µM) for 1 hour prior the addition of control 

media or exogenous TGF-β1 (1ng/ml – concentration kept constant for both protein 
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endpoints), and fixed 72 hours later for immunofluorescent staining and high-

content image analysis to examine collagen I and α-SMA induction. AZD8055 had a 

similar, concentration-dependent inhibitory effect on collagen I deposition in both 

unstimulated and TGF-β1-treated HSCs (panel A), with IC50 values of 15.5nM (95% CI 

9.6n-22.8nM) and 122.2nM (95% CI 93.6-158nM) respectively, mirroring the levels of 

collagen I deposition observed in the fluorescent images (panel C). In comparing the 

IC50 values, these were found to be significantly different between unstimulated and 

TGF-β1-treated cells (F test, p<0.0001).  

As highlighted in the previous figure (Figure 3.42), α-SMA induction was potentiated 

by TGF-β1, and this upregulation was sensitive to the modulation of mTOR, however 

the basal levels of α-SMA were not attenuated by mTOR inhibition. When 

unstimulated HSCS were cultured with AZD8055, the data show that only TGF-β1-

induced collagen levels were inhibited in a concentration-dependent manner with an 

IC50 of 138.6nM (95% CI 72.8-252.1nM), and these trends were also represented in 

the images (Figure 3.43, panels B and D). As there were low levels of α-SMA in 

unstimulated cells, AZD8055 had no inhibitory effect on basal α-SMA induction at 

any of the concentrations of compound tested. 
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Figure 3.42: The effect of ATP-competitive inhibition of mTOR on TGF-β1-induced collagen I 
deposition and α-SMA induction in primary normal human hepatic stellate cells. 

HSCs were incubated with vehicle (0.1% DMSO) or increasing concentrations of AZD8055, for 

1 hour prior to stimulation with TGF-β1 for 72 hours. Fixed cell monolayers were incubated 

with primary antibodies against collagen I (panel A, green) and α-SMA (panel B, red) and an 

Alexa Fluor 488 fluorescent secondary antibody. Nuclei were stained with DAPI (blue). Data 

in panels C and D represent collagen I deposition and α-SMA induction respectively, and are 

the mean +/- SEM for 4 technical replicates, each with 4 fields-of-view imaged and were 

generated by expressing each point as a percentage of the average of the positive control 

(+TGF) wells. IC50 values were calculated by four-parameter non-linear regression. Data were 

analysed by one-way ANOVA with Dunnet’s multiple comparisons testing. ** = p<0.01, **** 

= p<0.0001. Data are representative of 3 separate experiments. 
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Figure 3.43: The effect of AZD8055 on collagen I deposition and α-SMA induction with and 
without TGF-β1 in primary normal human hepatic stellate cells. 

NHLFs were incubated with vehicle (0.1% DMSO) or increasing concentrations of AZD8055 

for 1 hour prior to the addition of control media or stimulation with TGF-β1 (1ng/ml) for 72 

hours. Fixed cell monolayers were incubated with a primary antibody against collagen I 

(panel A, green) or α-SMA (panel B, red), and an Alexa Fluor 488 fluorescent secondary 

antibody. Nuclei were stained with DAPI (blue). Data in C and D representing collagen I 

deposition and α-SMA induction are the mean +/- SEM for 4 technical replicates, each with 4 

fields-of-view imaged and were generated by expressing each point as a percentage of the 

average of the positive control (+TGF) wells. IC50 values were calculated by four-parameter 

non-linear regression. Data were analysed by two-way ANOVA with Tukey multiple 

comparisons testing. *** = p<0.001, **** = p<0.0001. Data are representative of 3 separate 

experiments. 
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3.3.11 Examining the effect of dual mTOR inhibition versus ALK5 inhibition on 

basal and TGF-β1-induced collagen I deposition and α-SMA induction in 

unstimulated human hepatic stellate cells 

 

Collectively, the mTOR inhibitor data showed that similar to human dermal 

fibroblasts, basal and upregulated collagen I deposition and α-SMA induction in HSCs 

were differentially sensitive to TGF-β1 stimulation and inhibition of mTOR, 

contrasting the critical requirement of TGF-β1 to modulate levels of both collagen I 

deposition and α-SMA induction in human lung fibroblasts. To further investigate the 

role of TGF-β1 stimulation and mTOR signalling in collagen I deposition and α-SMA 

induction in hepatic stellate cells, I examined the effect of the ALK5 inhibitor SB-

525334 in TGF-β1-treated cells in comparison to the impact of dual mTORC inhibition 

with AZD8055 (Figure 3.44).  

Incubation of HSCs with SB-525334 (0.3pM-10µM) inhibited TGF-β1-induced collagen 

I deposition in a concentration-dependent manner (panel A, IC50 = 307.2nM), and the 

levels of collagen I were not reduced below the levels measured in unstimulated 

cells. As observed in previous experiments, inhibition of mTOR signalling attenuated 

collagen I deposition in TGF-β1-treated cells below the levels observed in 

unstimulated cells at concentrations above 100nM, with an IC50 of 84.5nM (panel C, 

95% CI 44.1-165nM). When the two curves were overlaid (panel E), the regulation of 

the basal and TGF-β1-inducible components becomes more apparent, suggesting 

hepatic stellate cells are not synthesising endogenous TGF-β1. 

Next, I analysed the effects of each compound on TGF-β1-induced α-SMA induction, 

which was expectedly inhibited as the upregulation of this protein was shown to be 

completely regulated by exogenous TGF-β1 in Figure 3.43. SB-525334 inhibited TGF-

β1-induced α-SMA induction with an IC50 of 444nM (Figure 3.44, panel B). Moreover, 

and in agreement with previous work, inhibition of mTOR with AZD8055 also 

inhibited TGF-β1-induced α-SMA induction, with an IC50 of 66.3nM (panel D). 

Attenuation of α-SMA induction when HSCs were treated with both compounds only 

inhibited production to the levels observed in unstimulated cells, and not below as 
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this protein was only expressed at very low levels at baseline (overlay of 

concentration-response curves in panel F).  

Overall, characterisation of collagen I deposition and α-SMA induction in hepatic 

stellate cells revealed a critical role for TGF-β1 stimulation in the differentiation into 

an a-SMA-positive, myofibroblast phenotype which was also dependent on mTOR 

signalling. Collagen I deposition was also regulated by mTOR signalling, however 

both TGF-β1-induced and basal collagen I components were sensitive to mTOR 

inhibition. The next experiments therefore considered the potential upstream 

activators and downstream signalling substrates of mTOR, and the role of these axes 

in the regulation of collagen I deposition and induction of α-SMA.  

 

 



3. Results 
 

 179 

 

Figure 3.44: The effect of the ALK5 inhibitor SB-525334 on collagen I deposition and α-SMA 
induction in primary normal human hepatic stellate cells. 

HSCs were incubated with vehicle (0.1% DMSO) or increasing concentrations of the ATP-
competitive ALK5 inhibitor SB-525334 (panels A and B, 300pM to 10µM) or ATP-competitive 
dual mTORC inhibitor AZD8055 (panels C and D, 300pm to 10µM) for 1 hour prior to the 
addition of exogenous TGF-β1 (1ng/ml) and incubated for 72 hours. Fixed cell monolayers 
were incubated with primary antibodies against collagen I and α-SMA and an Alexa Fluor 488 
fluorescent secondary antibody. Nuclei were stained with DAPI. Data represent collagen I 
deposition (panels A, C and E) and α-SMA induction (panels B, D and F) respectively, and are 
the mean +/- SEM for 4 technical replicates, each with 4 fields-of-view imaged. Data were 
generated by expressing each point as a percentage of the average of the positive control 
(+TGF) wells. IC50 values were calculated by four-parameter non-linear regression. 
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3.3.12 Investigating the role of PI3K and Akt in collagen I deposition and α-SMA 

induction in human hepatic stellate cells 

 

In human dermal fibroblasts, I specifically focussed on delineating the contribution 

of PI3K and Akt in collagen I and α-SMA induction using highly-selective 

pharmacological compounds. In these studies, pro-fibrotic responses of dermal 

fibroblasts were insensitive to modulation of PI3K and Akt signalling, in agreement 

with observations in human lung fibroblasts. I next investigated the contribution of 

PI3K and Akt signalling to TGF-β1-indcued collagen I deposition and α-SMA induction 

human hepatic stellate cells by examining the effect of the ATP-competitive PI3K 

inhibitor, Compound 2, and allosteric Akt inhibitor MK2206. Additionally, collagen I 

deposition and α-SMA induction in fibroblasts derived from human lung and skin 

tissue was insensitive to treatment with rapamycin, therefore I also examined the 

effect of this compound in HSCs (Figure 3.45 and Figure 3.46). 

First, HSCs were incubated with increasing concentrations of Compound 2, MK2206 

and rapamycin prior to stimulation with TGF-β1. 72 hours later, cell monolayers were 

fixed and collagen I deposition assessed. TGF-β1 upregulated collagen I deposition, 

however there was no inhibitory effect observed at any concentration of the PI3K 

inhibitor Compound 2 (Figure 3.45, panel A), Akt inhibitor MK2206 (panel B) or 

rapamycin (panel C) tested in the assay. Representative images of the effect of 1µM 

of each compound are shown in panel D. 

Second, the effect of Compound 2, MK2206 and rapamycin on TGF-β1-induced α-

SMA induction was examined (Figure 3.46). Similar to collagen I deposition, 

incubation of HSCs with these compounds exhibited no inhibition of α-SMA 

induction, and under all treatment conditions no effect on cell counts were observed 

(panels A to C, representative images in panel D). Of note, and converse to any 

inhibitory effect, incubation of HSCs with rapamycin showed an overall increase in α-

SMA induction which was significant at 300nM and 3µM. Overall, these data 

therefore suggested that PI3K and Akt signalling were dispensable in the 

upregulation of collagen I deposition and α-SMA induction in response to exogenous 

TGF-β1 treatment, and HSCs were additionally insensitive to inhibition of mTOR by 
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rapamycin. In comparison to the effect of dual mTORC inhibitors on both collagen I 

deposition and α-SMA induction, these data additionally showed that mTOR 

signalling was not activated by the canonical PI3K/Akt signalling axis. 

 

Figure 3.45: The effect of class I PI3K and Akt inhibitors and rapamycin on collagen I 
deposition in primary normal human hepatic stellate cells. 

HSCs were incubated with vehicle (0.1% DMSO) or increasing concentrations (0.3pM to 
10µM) of Class I PI3K inhibitor Compound 2 (panel A), Akt inhibitor MK2206 (panel B) or 
rapamycin (panel C) for 1 hour prior to stimulation with TGF-β1 for 72 hours. Fixed cell 
monolayers were incubated with a primary antibody against collagen I (panel D, green) and 
an Alexa Fluor 488 fluorescent secondary antibody. Nuclei were stained with DAPI (blue). 
Data in panels A-C represent collagen I deposition and are the mean +/- SEM for 4 technical 
replicates, each with 4 fields-of-view imaged and were generated by expressing each point 
as a percentage of the average of the positive control (+TGF) wells.  
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Figure 3.46: The effect of class I PI3K and Akt inhibitors and rapamycin on α-SMA induction 
in primary normal human hepatic stellate cells. 

HSCs were incubated with vehicle (0.1% DMSO) or increasing concentrations (0.3pM to 
10µM) of Class I PI3K inhibitor Compound 2 (panel A), Akt inhibitor MK2206 (panel B) or 
rapamycin (panel C) for 1 hour prior to stimulation with TGF-β1 for 72 hours. Fixed cell 
monolayers were incubated with a primary antibody against α-SMA (panel D, red), and an 
Alexa Fluor 488 fluorescent secondary antibody. Nuclei were stained with DAPI (blue). Data 
in panels A-C represent α-SMA induction and are the mean +/- SEM for 4 technical 
replicates, each with 4 fields-of-view imaged and were generated by expressing each point 
as a percentage of the average of the positive control (+TGF) wells. Data were analysed by 
one-way ANOVA with Dunnet’s multiple comparisons testing. * = p<0.05, ** = p<0.01. 
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3.3.13 The effect of ATP-competitive inhibition of mTOR on COL1A1 and ACTA2 

mRNA levels in human hepatic stellate cells 

 

In HSCs, I have so far shown that the role of mTOR in the regulation of collagen I 

deposition and α-SMA protein production is similar to that observed in fibroblasts 

derived from the skin. I next examined the effect of TGF-β1 and ATP-competitive dual 

mTORC inhibition on the levels of COL1A1 and ACTA2 mRNA (Figure 3.47). 

Stimulation of HSCs with TGF-β1 significantly upregulated the levels of COL1A1 mRNA 

(panel A, relative expression 26.9 ± 1.3 compared to 12.2 ± 0.9 in unstimulated cells), 

and this increase was attenuated by AZD8055 treatment to levels comparable to 

unstimulated-vehicle treated cells. In addition to modulation of TGF-β1-induced 

levels, incubation of unstimulated HSCs with AZD8055 significantly inhibited basal 

levels of COL1A1 mRNA which is in agreement with the basal collagen I deposition 

data from the macromolecular crowding assays.  

Next, I examined the modulation of ACTA2 (panel B). Similar to COL1A1, TGF-β1 

treatment upregulated levels of ACTA2 mRNA levels. In HSCs incubated with 

AZD8055, TGF-β1-induced ACTA2 levels were inhibited to basal levels. In contrast to 

COL1A1, but in concordance with the data obtained at the protein level, basal levels 

of ACTA2 were not significantly reduced by mTOR inhibition.  
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Figure 3.47: The effect of AZD8055 on levels of COL1A1 and ACTA2 mRNA in primary 
normal human hepatic stellate cells. 

HSCs were incubated with vehicle (0.1% DMSO) or AZD8055 (1µM) for 1 hour prior to the 
addition of control media or TGF-β1 (1ng/ml). 24 hours later, cells were lysed in TRI 
Reagent®. RNA was extracted, DNase-treated and reverse transcribed into cDNA for analysis 
of COL1A1 (panel A) and ACTA2 (panel B) mRNA levels by qRT-PCR. Data represent mean +/- 
SEM for 3 technical replicates, and a representative of 2 separate experiments. Relative 
expression was calculated by the equation 2-ΔCt, with ΔCt representing the difference in Ct of 
the gene of interest when subtracted from the geometric mean of two reference genes, 
ATP5B and B2M. Data were analysed by two-way ANOVA with Tukey multiple comparisons 
testing. **** = p<0.0001 between the specified treatment groups. 
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3.3.14 Summary 

 

Examination of the role of mTOR in collagen I and α-SMA synthesis has highlighted 

that this signalling axis is critical for the regulation of these pro-fibrotic endpoints, 

and may represent a core signalling node in the context of collagen I and α-SMA 

synthesis in response to TGF-β1. In all cell types examined, PI3K and Akt signalling 

were dispensable in the regulation of collagen I deposition and induction of α-SMA. 

Moreover, rapamycin had no inhibitory effect on collagen I deposition or α-SMA 

induction, whereas ATP-competitive inhibitors of mTOR which completely ablate 

signalling downstream of both mTORC1 and mTORC2 resulted in inhibition of 

collagen I deposition and α-SMA synthesis. Studies with additional pharmacological 

compounds and molecular biology tools have highlighted the potential for mTOR in 

the regulation of collagen I and α-SMA at multiple stages in their biosynthetic 

pathways, culminating in inhibition of the synthesis and accumulation of α-SMA into 

stress fibres and complete attenuation of collagen I, the major pathological 

component of remodelled tissue in fibrotic lesions. 
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3.4 Chapter 4 – A pilot study to investigate the role of cap-dependent 

translation by polyribosome profiling 

 

To investigate the role of TGF-β1 and mTOR signalling in translation and further 

develop our understanding of the post-transcriptional regulation of COL1A1 and 

ACTA2 in human lung fibroblasts, I conducted a pilot study using polyribosome 

profiling. Measuring the total levels of an mRNA of interest may not accurately 

convey the levels of specific proteins due to post-transcriptional regulation of 

transcripts before translation into protein. Protein synthesis is regulated by the 

translational state of the cell, therefore the analysis of transcript association with 

ribosomes by utilising polyribosome profiling assesses the ‘translatome’ and 

provides an assessment of post-transcriptional regulation of mRNAs.  

In this technique, actively translating ribosomes are stalled on transcripts by the 

addition of cycloheximide, which prevents the release of deacetylated tRNA from the 

‘E’ site of the 60S ribosomal subunit. Cells are then lysed and nuclear material 

removed by centrifugation. The supernatant relating to the cytosolic extract of the 

cells is then carefully applied to a sucrose gradient and separated by density by 

ultracentrifugation. Subcellular fractions equilibrate into distinct fractions through 

the gradient, and the distribution of nucleic acids, which is predominantly made up 

of ribosomal RNA, is then measured down through the gradient from the lowest to 

highest sucrose density by reading the absorbance at 260nm to generate a 

‘polyribosome profile’. These polyribosome profiles illustrate any changes in global 

translation, and the ratio of the distribution of ribosomes into monosome and 

polyribosome fractions is indicative of the translational status of the cell [264]. 

Fractions corresponding to monosome- and polyribosome-associated transcripts as 

the density increases are collected, and from each of these fractions protein and 

RNA can be extracted for analysis by single-gene (qRT-PCR) or genome-wide 

methods (RNA sequencing) (Figure 3.48). 
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Figure 3.48: Schematic of polyribosome profiling 

Cytosolic extracts are carefully layered onto a 15-45% sucrose gradient, and fractionated by 

ultracentrifugation. (A) Discrete fractions equilibrate according to density, corresponding to 

increasing numbers of ribosomes further through the gradient. (B) The absorbance at 260nm 

is read through the gradient and plotted as a polyribosome profile describing the 

distribution of monosome and polyribosome populations. (C) Each population fraction is 

collected into individual microcentrifuge tubes containing trizol. (D) RNA is extracted and 

analysed by RNASeq or qRT-PCR for specific mRNAs of interest. Schematic adapted from 

[351]. 

 

I employed polyribosome profiling in to investigate whether mTOR is mediating its 

effect downstream of TGF-β1 by influencing global or specific mRNA translation. This 

work had 3 research questions, the first 2 of which have been examined in this pilot 

study:  

1) Does TGF-β1 via mTOR signalling influence global translation? 

2) Does mTOR regulate the levels of collagen I and α-SMA by mediating 

COL1A1 and ACTA2 mRNA translation into protein, and is this sensitive to 

treatment with rapamycin? 
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3) Does TGF-β1 stimulate mTOR to induce de novo synthesis of an 

intermediate factor e.g. a transcription factor that regulates levels of 

COL1A1 and ACTA2 mRNA? 

Serum-starved NHLFs were incubated with and without TGF-β1, and with 1µM 

AZD8055 or 100nM rapamycin for 12 hours which were shown to either completely 

ablate or partially reduce mTORC1 and mTORC2 signalling, respectively (Figure 3.16 

and Figure 3.26). Biological replicates were not conducted due to time limitations 

whereby only 6 sucrose gradients could be generated per experiment to generate 

consistent sucrose gradients, therefore statistical analysis of the results was not 

possible.  

3.4.1 The effect of TGF-β1, ATP-competitive mTOR inhibition and rapamycin on 

global translation 

 

First, I considered the effect of TGF-β1 on global translation by examining the 

polyribosome profiles of unstimulated and TGF-β1-treated NHLFs (Figure 3.49 and 

Figure 3.50). In unstimulated cells (panel A), a large peak in the profile corresponding 

to a single ribosome, or monosome, was observed. This is indicative of the inhibition 

of the initiation phase of translation in serum-starved NHLFs as few polyribosome 

fractions were observed. Further down the gradient, small peaks representative of 

individual polyribosome fractions were observed however these were not well 

defined. In contrast, TGF-β1-treated NHLFs exhibited a reduced monosome peak, and 

more distinct polyribosome fractions in comparison to unstimulated cells suggesting 

accumulation of ribosomes into polyribosomes (panel B). When the 2 profiles were 

overlaid, these differences became more apparent (Figure 3.50). These data support 

the notion that TGF-β1 enhances global translation in NHLFs as evidenced by a shift 

from ribosomes present in the monosome peak into several distinguishable 

polyribosome fractions indicating active translation in TGF-β1-treated HLFs. 
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Figure 3.49: Polyribosome profiles across sucrose gradients of unstimulated and TGF-β1-
treated primary normal human lung fibroblasts.  

NHLFs were seeded into 15cm-diameter culture dishes and incubated with vehicle or TGF-β1 
(1ng/ml) for 12 hours. Cycloheximide (100µg/ml) was then added for 10 minutes and the 
cells lysed in 0.5% NP-40 lysis buffer. Cell lysates were carefully layered on top of a 15-45% 
sucrose gradient and separated into sub-cellular fractions by ultracentrifugation. 
Absorbance at 260nm was measured and plotted against the distance through the sample 
tube corresponding to the sucrose gradient. 
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Figure 3.50: Overlay of polyribosome profiles in unstimulated and TGF-β1-treated NHLFs. 

 

I next assessed the effect of the dual mTORC inhibitor AZD8055 and the partial 

mTORC1 inhibitor rapamycin on global translation by polyribosome profiling of 

unstimulated and TGF-β1-treated NHLFs (Figure 3.51). In unstimulated cells, 

AZD8055 treatment resulted in a polyribosome profile comparable to vehicle-treated 

cells described in the previous figure, showing a large monosome peak and a 

decrease in polyribosome populations (panel A). In NHLFs incubated with AZD8055 

for 1 hour prior to stimulation with TGF-β1, the polyribosome profile also depicts a 

strong monosome peak, although this was reduced in comparison to unstimulated, 

AZD8055-treated cells (TGF-β1-treated NHLFs monosome fraction peak absorbance = 

0.98 compared to 1.60 in unstimulated cells). This peak remained larger than TGF-β1-

alone-treated NHLFs, suggesting AZD8055 treatment only partially suppresses the 

global stimulatory effect of TGF-β1 on translation.  

Incubation of NHLFs with rapamycin (panel B) produced polyribosome profiles 

similar to NHLFs incubated with AZD8055. In unstimulated, rapamycin-treated cells, 

a monosome peak comparable to AZD8055-treated NHLFs was observed (monosome 

peak absorbance 1.68 compared to 1.60 in AZD8055-treated cells), and this was 



3. Results 
 

 191 

reduced in TGF-β1-treated cells. Moreover, few polyribosome populations were 

observed.  

Overall the polyribosome profiles showed TGF-β1 increased global translation by 

stimulating the accumulation of ribosomes from monosomes into polyribosome 

populations. This shift was partially sensitive to the pharmacological inhibitors 

AZD8055 and rapamycin, with comparable profiles produced.  

 

Figure 3.51: Polyribosome profiles of AZD8055 and rapamycin-treated NHLFs with and 
without exogenous TGF-β1 stimulation. 

NHLFs were seeded into 15cm-diameter culture dishes and incubated with AZD8055 (1µM) 
or rapamycin for 1 hour prior to stimulation with TGF-β1 (1ng/ml) for a further 12 hours. 
Cycloheximide (100µg/ml) was then added for 10 minutes and the cells lysed in 0.5% NP-40 
lysis buffer. Cell lysates were carefully layered on top of a 15-45% sucrose gradient and 
separated into sub-cellular fractions by ultracentrifugation. Absorbance at 260nm was 
measured and plotted against the distance through the sample tube corresponding to the 
sucrose gradient.  
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3.4.2 COL1A1 and ACTA2 association with ribosomes 

 

AZD8055 and rapamycin appeared to have similar effects on the polyribosome 

profiles of TGF-β1-treated NHLFs compared to vehicle-treated cells. In previous 

experiments, these two compounds exerted differential modulatory effects on 

collagen I and α-SMA synthesis at both the protein and mRNA levels. To determine if 

there was a change in the specific translational regulation of COL1A1 and ACTA2 

mRNAs with TGF-β1 stimulation, incubation with the ATP-competitive dual mTORC 

inhibitor AZD8055 and treatment with the partial mTORC1 inhibitor rapamycin, I 

next examined the distribution of these transcripts in monosome and polyribosome 

fractions.  

An aliquot of cytosolic extract from each vehicle or compound-treated sample was 

retained prior to separation on the sucrose gradients to analyse total mRNA levels 

which includes transcripts that are undergoing active translation in addition to those 

not being translated. RNA was extracted from these samples which were then 

assessed by qRT-PCR to determine relative levels of total COL1A1 and ACTA2 mRNA 

in the whole cytosolic lysate, irrespective of association with monosomes or 

polyribosomes (Figure 3.52).  

As observed in previous experiments (Figure 3.28), TGF-β1 treatment upregulated 

COL1A1 (panel A) and ACTA2 (panel B) mRNA levels compared with unstimulated 

NHLFs. As previously reported in Figure 3.28, incubation of NHLFs with AZD8055 

inhibited this upregulation. With only one technical replicate, rapamycin appeared to 

have a small effect on the levels of TGF-β1-induced COL1A1 mRNA (3.7-fold 

compared to 4.5-fold in TGF-β1-treated NHLFs). However, in several previous 

experiments which are statistically powered with technical replicates and in which 

several independent experiments have been conducted, it has been established that 

rapamycin does not inhibit TGF-β1-induced COL1A1 or ACTA2 mRNA levels (Dr 

Hannah Woodcock, appendix Figure 6.6). 

The next analyses therefore considered the effects of TGF-β1, AZD8055 and 

rapamycin on association of COL1A1 and ACTA2 transcripts with ribosomes to 
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determine the role of TGF-β1 and mTOR signalling in regulating collagen I and α-SMA 

synthesis at the level of translation. 

 

Figure 3.52: Total TGF-β1-induced COL1A1 and ACTA2 mRNA levels in samples 
subsequently processed for polyribosome profiling. 

NHLFs were incubated with vehicle (0.1% DMSO) AZD8055 (1µM) or rapamycin (100nM) for 
1 hour prior to the addition of control media or TGF-β1 (1ng/ml). 12 hours later, cells were 
lysed in 0.5% NP-40 lysis buffer and an aliquot retained in TRI™zol LS for ‘total mRNA’ 
analysis. RNA was extracted, DNase-treated and reverse transcribed into cDNA for analysis 
of COL1A1 (panel A) and ACTA2 (panel B) mRNA levels by qRT-PCR. Data represent one 
sample per treatment condition, assessed in duplicate by qRT-PCR for pipetting error. Fold 
change was calculated by the equation 2-ΔΔCt, with ΔΔCt representing the difference in Ct of 
the gene of interest when subtracted from the Ct of the reference gene GAPDH, and 
normalised to the vehicle-treated, unstimulated cells.  
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First, I analysed the distribution of COL1A1 mRNA (Figure 3.52), and observed a 

marked increase in the association of COL1A1 mRNA with the monosomes fraction 

following treatment with TGF-β1, suggesting an increase in the initiation phase of 

translation (panel A). Incubation of NHLFs with AZD8055 had no effect on basal 

association of COL1A1 with monosomes, but had a small inhibitory effect on 

association with monosomes in TGF-β1-treated cells. Rapamycin also had no 

inhibitory effect on basal COL1A1 mRNA levels associated with monosomes, 

however had a profound inhibitory effect in TGF-β1-treated cells, completely 

blocking association. 

TGF-β1 also increased the levels of COL1A1 mRNA associated with polyribosomes 

(panel B), although the magnitude of upregulation was smaller than in the 

monosomes fraction. In NHLFs incubated with AZD8055, basal COL1A1 mRNA levels 

associated with polyribosomes was similar to vehicle-treated cells, whilst TGF-β1 

treatment enhanced COL1A1 mRNA levels associated with polyribosomes. 

Rapamycin had no effect on the levels of basal COL1A1 mRNA association with 

polyribosomes, but this interaction was substantially enhanced by TGF-β1 above the 

AZD8055-treated NHLFs and cells treated with TGF-β1 alone. 

Next, I examined the distribution of ACTA2 transcripts, and observed an increase in 

the levels of ACTA2 associated with the monosomes fraction in response to NHLF 

stimulation with TGF-β1 (Figure 3.54, panel A). Incubation of fibroblasts with 

AZD8055 had no effect on basal ACTA2 association with monosomes, but inhibited 

the association induced by TGF-β1. Treatment of NHLFs with rapamycin also 

inhibited the levels of TGF-β1-induced ACTA2 mRNA associated with monosomes, 

and had no effect on basal ACTA2 association.  

Stimulation of fibroblasts with TGF-β1 also enhanced the association of ACTA2 mRNA 

with polyribosomes with a greater effect than in the monosomes fraction, although 

treatment with AZD8055 did not inhibit this association (panel B). In contrast, 

treatment of NHLFs with rapamycin substantially enhanced the association of ACTA2 

mRNA with polyribosomes in TGF-β1-treated cells. 
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Figure 3.53: Distribution of COL1A1 mRNA in monosome and polyribosome fractions. 

NHLFs were incubated with vehicle (0.1% DMSO) AZD8055 (1µM) or rapamycin (100nM) for 
1 hour prior to the addition of control media or TGF-β1 (1ng/ml). 12 hours later, cells were 
lysed in 0.5% NP-40 lysis buffer and an aliquot of the sample separated on a 15-45% sucrose 
gradient by ultracentrifugation. Polyribosome profile traces were generated and the 
fractions corresponding to monosome-bound RNA (panel A) and polyribosome fractions 
(panel B) were collected. RNA was extracted, DNase-treated and reverse transcribed into 
cDNA for analysis of COL1A1 mRNA levels by qRT-PCR. Individual polyribosome fractions 
were pooled to generate the data in panel B. Fold change was calculated by the equation 2-

ΔΔCt, with ΔΔCt representing the difference in Ct of the gene of interest when subtracted 
from the Ct of the reference gene GAPDH, and normalised to the vehicle-treated, 
unstimulated cells.  
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Figure 3.54: Distribution of ACTA2 mRNA in monosome and polyribosome fractions. 

NHLFs were incubated with vehicle (0.1% DMSO) AZD8055 (1µM) or rapamycin (100nM) for 
1 hour prior to the addition of control media or TGF-β1 (1ng/ml). 12 hours later, cells were 
lysed in 0.5% NP-40 lysis buffer and an aliquot of the sample separated on a 15-45% sucrose 
gradient by ultracentrifugation. Polyribosome profile traces were generated and the 
fractions corresponding to monosome-bound RNA (panel A) and polyribosome fractions 
(panel B) were collected. RNA was extracted, DNase-treated and reverse transcribed into 
cDNA for analysis of ACTA2 mRNA levels by qRT-PCR. Individual polyribosome fractions were 
pooled to generate the data in panel B. Fold change was calculated by the equation 2-ΔΔCt, 
with ΔΔCt representing the difference in Ct of the gene of interest when subtracted from the 
Ct of the reference gene GAPDH, and normalised to the vehicle-treated, unstimulated cells.  
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3.4.3 Summary  

 

The data in this pilot study suggest that the global increase in translation observed 

with TGF-β1 stimulation of HLFs also resulted in an increase in association of COL1A1 

and ACTA2 transcripts with ribosomes in both the monosome and polyribosome 

fractions, potentially indicative of enhanced translation. Incubation of HLFs with 

AZD8055 and rapamycin reduced the levels of COL1A1 and ACTA2 mRNA association 

with monosomes, consequent with the global effect of these inhibitors on the 

monosome peak shown in the polyribosome profiles. In contrast to incubation with 

TGF-β1 alone and AZD8055, treatment with rapamycin substantially enhanced the 

TGF-β1-induced association of both COL1A1 and ACTA2 mRNA with the polyribosome 

fractions at the 12 hour time point in this study. This suggested there was 

upregulation of the translation of these transcripts into protein which may describe 

a mechanism to support the observation that rapamycin does not inhibit collagen I 

and α-SMA synthesis at the processed protein level in the macromolecular crowding 

assay. The effect of AZD8055 in comparison to TGF-β1-treatment alone on the 

association of COL1A1 and ACTA2 mRNA with the polyribosome fractions did not 

correlate with data obtained at the protein level in TGF-β1 and AZD8055-treated 

HLFs. Further investigations are therefore needed to fully elucidate the role of mTOR 

signalling in the specific translation of COL1A1 and ACTA2 mRNA into protein. 
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4 Discussion 

4.1 Overview 

 

Fibrosis of tissues throughout the body is characterised by the significant distortion 

of tissue architecture and substantial impairment of organ function that may in some 

cases be fatal. At present, the aetiology of fibrotic disease and the pathomechanisms 

regulating disease progression are poorly defined, and there are no curative 

treatment strategies available to patients. Following tissue injury, there is vast 

expansion of key cell populations including resident fibroblasts that differentiate into 

contractile myofibroblasts, accompanied by excessive production and secretion of 

extracellular matrix that characterises fibrotic conditions including IPF, non-alcoholic 

fatty liver disease, scleroderma and keloid scarring of the skin. Central to disease 

pathogenesis is the production of pro-fibrotic cytokines, including most notably TGF-

β1 that stimulates fibrotic responses through a range of downstream signalling 

cascades. Emerging evidence suggests that the mTOR axis plays a key role in 

mediating the fibrogenic response to TGF-β1 and is the subject of the investigations 

of this thesis in collagen-producing cells from different organs including the lung, the 

liver and the skin. 

mTOR exists in two complexes, mTORC1 and mTORC2 defined by the assembly of 

multiple accessory proteins in association with the mTOR kinase. These complexes 

regulate a range of downstream functions, including cell growth and survival, 

assembly of the cytoskeleton, and protein synthesis (mTOR signalling described in 

detail in section 1.9). 

This thesis investigated the hypothesis that TGF-β1-induced mTOR signalling 

promotes collagen I production and de novo α-SMA induction by regulating cap-

dependent translation, and represents a core mechanism in the myofibroblast 

differentiation programme across multiple organs. 
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To address this hypothesis, the first series of experiments were aimed at overcoming 

the inefficient assessment of collagen I production in traditional 2D fibroblast 

culture. These studies describe an in vitro assay adapted from a previously published 

method [329], facilitating the timely conversion of soluble procollagen into insoluble 

collagen I fibrils deposited into an extracellular matrix that could also be imaged and 

quantitatively analysed on a high-content imaging platform. Next, through a series of 

experiments using highly characterised and selective pharmacological compounds, 

mTOR was implicated as a critical kinase in the upregulation of collagen I deposition 

and α-SMA induction in human lung fibroblasts. Specifically, the data suggest that 

rapamycin-insensitive phosphorylation of 4E-BP1, which regulates cap-dependent 

translation downstream of mTORC1, plays a key role in collagen I and α-SMA 

synthesis, whilst alternative mTORC1 and mTORC2 substrates were dispensable. 

TGF-β1-induced activation of mTOR signalling preceded the upregulation of COL1A1 

and ACTA2 mRNA levels in TGF-β1-treated HLFs, which was also sensitive to ATP-

competitive dual mTORC inhibition. Furthermore, assessment of the role of mTOR in 

the regulation of collagen I and α-SMA synthesis in dermal fibroblasts and hepatic 

stellate cells revealed that mTOR was critical for the regulation of TGF-β1-induced α-

SMA induction in these cell types, and regulates both basal and TGF-β1-induced 

collagen I synthesis at the protein and mRNA levels. 

Finally, to investigate the molecular mechanisms by which mTOR regulates collagen I 

and α-SMA induction at several stages in their biosynthetic pathways, I explored the 

role of TGF-β1 and activation of mTOR in the regulation of cap-dependent 

translation. These studies highlighted the global effect of stimulation with TGF-β1 on 

the translational machinery of the fibroblast, and the contrasting effects of ATP-

competitive mTOR inhibition versus treatment with rapamycin. 

This thesis therefore reports the following findings: 

I. mTOR signalling is critical in regulating TGF-β1-induced collagen I deposition 

and α-SMA synthesis in human lung fibroblasts. However, treatment with 

rapamycin is ineffective and effector proteins belonging to the AGC kinase 

superfamily are dispensable. 
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II. Complete attenuation of TGF-β1-induced phosphorylation of 4E-BP1 

downstream of mTORC1 is required to inhibit collagen I and α-SMA synthesis, 

mediated by modulation of the initiation of cap-dependent translation and 

de novo synthesis of intermediate factors. 

 

III. Rapamycin-insensitive mTOR signalling represents a core signalling node in 

the regulation of collagen I and α-SMA synthesis in additional pro-fibrotic 

effector cell types, namely human dermal fibroblasts and hepatic stellate 

cells. 

 

IV. A preliminary pilot study suggests that TGF-β1 enhances global translation 

and stimulates the association of COL1A1 and ACTA2 with ribosomes to 

increase translation into collagen I and α-SMA protein. ATP-competitive 

inhibition of mTOR and the partial mTORC1 inhibitor, rapamycin, 

differentially modulate this process. 

The next sections will discuss these findings and the implications in the context of 

the literature in further detail. 

4.2 Macromolecular crowding facilitates the deposition of collagen I fibrils into 

an extracellular matrix 

 

Traditional 2D fibroblast culture facilitates measurements of pro-fibrotic fibroblast 

function at the levels of gene expression (ACTA2 and COL1A1 levels evaluated by 

qRT-PCR) and soluble procollagen production (measured by HPLC). Based on the 

‘Scar-in-a-Jar’ method [329], this study defined a robust in vitro high-content imaging 

assay utilising macromolecular crowding to favour TGF-β1-induced collagen I 

deposition by human lung fibroblasts into an insoluble extracellular matrix which 

could be both visualised and quantified using a sophisticated high-content imaging 

and analysis platform. Ficoll was selected as the crowding agent as in the original 

study this resulted in collagen deposition with matrix-like morphology. In contrast, 

the crowding agent dextran sulphate resulted in a more rapid extracellular 
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deposition of collagen. However, the staining pattern showed granular deposition as 

opposed to collagen fibrils assembled into an extracellular matrix observed with 

Ficoll.  

In this study, I demonstrated that levels of soluble procollagen secreted into human 

lung fibroblast culture supernatants were reduced under macromolecular crowding 

conditions, however this was coupled with an increase in collagen I deposition into 

the insoluble fraction, laid down as an extracellular matrix (Figure 3.1 and Figure 

3.2). 

Macromolecular crowding is a concept that mimics the microenvironment of cells 

and tissues that is naturally crowded with a mixture of macromolecules and other 

cells types that occupy a substantial proportion of the total environment volume 

[322]. This occupied space is therefore rendered unavailable to other molecules and 

generates a phenomenon known as the ‘excluded volume effect’ which can lead to a 

reduction in reaction rates which are dependent on the interaction of two substrates 

as diffusion rates through the microenvironment are slower [319]. In contrast, in 

biological reactions regulated by the activity of a substrate, reaction rates may be 

increased as macromolecular crowding increases the activity of compartmentalised 

molecules. In the context of extracellular matrix formation, macromolecular 

crowding and the excluded volume effect have been shown to enhance the 

formation of extracellular collagen [318]. 

In the present study, in addition to validating the concentration of Ficoll for TGF-β1-

induced collagen I deposition, I also optimised the technical parameters of image 

acquisition and analysis on the high-content imaging platform to determine the 

number of biological replicates and fields of view required to generate a robust assay 

(Figure 3.3). Upregulation of collagen I synthesis is known to be TGF-β1 

concentration-dependent, and the routine use of 1ng/ml in our laboratory in other 

assays correlated with maximal upregulation of collagen I deposition. From the high-

content imaging assay the effect of TGF-β1 was additionally not attributable to 

fibroblast proliferation (Figure 3.5). Moreover, I evaluated the assay as a 

methodology to detect pharmacological effects on TGF-β1-induced collagen I 
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deposition by examining the response of human lung fibroblasts to the ATP-

competitive inhibitor of the TGF-β1 receptor ALK5, SB-525334 (Figure 3.7 and Figure 

3.8). This assay is advantageous over other in vitro methods to measure collagen I 

deposition as it can be conducted in a 96-well format, facilitating multiple 

experimental conditions and screening of pharmacological compounds. Additionally, 

a range of biological parameters can be assessed from a single sample without 

disruption of the fibroblast monolayer. 

Furthermore, the high-content imaging platform was also used to analyse collagen I 

deposition by human dermal fibroblasts and hepatic stellate cells (chapter 3). 

Additional analysis of α-SMA induction and assembly into stress fibres as a marker of 

fibroblast to myofibroblast differentiation was also evaluated in all cell types. 

Although macromolecular crowding was not required for the assembly of α-SMA into 

stress fibres (Figure 3.4), the culture conditions were kept consistent for the 

assessment of collagen I deposition and α-SMA induction to standardise the 

experiments presented. In response to TGF-β1 stimulation, induction of α-SMA and 

assembly into stress fibres as a marker for fibroblast to myofibroblast differentiation 

was observed. 

In the absence of crowding, small but quantifiable α-SMA and collagen I signals were 

observed in human lung fibroblasts. This is likely due to the constitutive levels of 

COL1A1 mRNA observed in unstimulated HLFs, and basal levels of fibroblast 

activation that can arise from short-term culture on tissue culture plastic, which has 

a Young’s elastic modulus, the measure of tissue stiffness, significantly higher than 

control tissue in vivo [352]. Increasing matrix stiffness is widely reported to stimulate 

fibroblast to myofibroblast differentiation in fibroblasts derived from multiple organs 

[353].  

Establishment of in vitro cell models to generate a culture environment that is more 

physiologically relevant than non-crowded 2D cell culture has been explored in the 

skin, applying the ‘Scar-in-a-jar’ culture conditions to generate biological scaffolds 

[354]. In vitro models of hepatofibrogenesis have also been established [355], 

however the macromolecular crowding methodology used in this thesis to 
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investigate hepatic stellate cell differentiation and ECM secretion has not yet been 

reported. Combination of macromolecular crowding and high-content analysis of 

potential anti-fibrotic compounds that has been established in the human hepatic 

stellate cell line LX-2 to improve correlation between in vitro and in vivo compound 

efficacy data may therefore enhance drug discovery in this field [356], 

complementing the advances in cell culture that have been recently reported to 

facilitate the evaluation of anti-fibrotic drugs in precision-cut liver slices [357]. The 

macromolecular crowding assay was utilised extensively in this thesis to delineate 

the role of mTOR signalling in mediating the pro-fibrotic effects of TGF-β1. 

4.3 TGF-β1 induces delayed activation of the PI3K/Akt/mTOR signalling axes and 

upregulation of collagen I and α-SMA synthesis  

 

To understand the functional effects of TGF-β1 on NHLFs, the temporal regulation of 

collagen I and α-SMA in response to stimulation were considered. Levels of COL1A1 

and ACTA2 mRNA were not significantly potentiated by TGF-β1 treatment at early 

time intervals, however levels were significantly upregulated compared to untreated 

cells from 12 hours onwards, peaking at 24 hours. Accompanying these data, the 

results in Figure 3.10 and Figure 3.11 showed that upregulation of COL1A1 and 

induction of ACTA2 mRNA was coupled with an increase in insoluble fibrillar collagen 

I deposition into an extracellular matrix and induction and assembly of α-SMA 

protein intro stress fibres.  

The studies reported in this thesis followed on from a recent publication from the 

host laboratory demonstrating evidence for activation of PI3K/Akt/mTOR in α-SMA-

positive myofibroblasts in the fibrotic foci of IPF patients. ATP-competitive inhibition 

of this signalling axis with the dual PI3K/mTOR inhibitor prevented phosphorylation 

of Akt in BALF cells isolated from IPF patients, and also inhibited proliferation and 

TGF-β1-induced collagen I deposition in IPF-derived HLFs [350].  

The dynamics of canonical and PI3K/Akt/mTOR signalling cascades activated 

downstream of TGF-β1 that may contribute to collagen I production and induction of 

α-SMA were therefore investigated in detail first (Figure 3.13). In addition to the 
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expected rapid phosphorylation of Smad2 and Smad3 in the canonical TGF-β1 

signalling pathway, delayed TGF-β1-induced phosphorylation of mTORC1 and 

mTORC2 substrates several hours after the exogenous stimulus was observed and 

displayed a phasic activation pattern that gave an insight into the regulation of the 

mTOR signalling axis by TGF-β1 in human lung fibroblasts. 

The peak of TGF-β1-induced Akt phosphorylation at both the PDK1 and mTORC2-

dependent phosphosites (Thr308 and Ser473 respectively) was observed between 12 

and 24 hours, however phosphorylation of NDRG1, also downstream of mTORC2 via 

SGK1 was observed as early as 2 hours, and sustained across the later time intervals. 

These data contrast with a previous study reporting rapid Akt phosphorylation in 

response to TGF-β1 signalling in mouse embryonic fibroblasts, however in primary 

fibroblast lines delayed phosphorylation of Akt has been observed and may be 

regulated by the autocrine signalling of a TGF-β1-inducible ligand [283,284]. The 

temporal differences in TGF-β1 signalling observed in these studies may be due to 

differences between mouse and human fibroblast lines, donor variation, including 

the expression of TGF-β receptors, and variation in culture conditions such as the 

concentration of the TGF-β1 stimulus which is reported to affect signalling dynamics 

[358,359]. 

In contrast to mTORC2 substrate phosphorylation, TGF-β1-induced phosphorylation 

of p70S6K and 4E-BP1 downstream of mTORC1, occurred within 2-3 hours. This may 

reflect differential activation of the two mTOR complexes. Canonical activation of 

mTORC1 is dependent on the generation of PIP3 in the plasma membrane by PI3K, 

resulting in the recruitment and subsequent phosphorylation and activation of Akt. 

Active Akt then phosphorylates TSC2 in the TSC1/2 complex at two residues (Ser969 

and Thr1462), leading to its inactivation. Inactivated TSC2 permits the GTP-bound 

conformation of the main mTORC1 activator, Rheb, thus activating mTORC1 

recruited to the lysosome through the binding of raptor to Rag GTPases 

[230,236,237]. Studies conducted in our centre have shown PI3K is dispensable for 

the regulation of collagen I and α-SMA synthesis in HLFs, contrasting with previously 

published reports. In IPF tissue, low levels of the negative regulator of PI3K 

signalling, PTEN, correlated with an increase in the expression of α-SMA [360]. In the 



4. Discussion 
 

 205 

same study, inhibition of PTEN in mice resulted in increased fibrosis. Low levels of 

PTEN observed in IPF tissue have also been linked to an increased fibroproliferative 

response [361]. PTEN-deficient mice demonstrated an increased fibroproliferative 

response to bleomycin compared to wild-type mice, and this was demonstrated in 

vitro to be regulated by activation of the PI3K/Akt signalling axis mediated by the 

α2β1 integrin in fibroblasts that signals in response to polymerised collagen. 

ATP-competitive inhibition of class I PI3K isoforms with LY294002 has been shown to 

inhibit the proliferation of human lung fibroblasts, differentiation into 

myofibroblasts and the production of soluble collagen [181]. Furthermore, LY294002 

reduced the levels and stability of collagen I protein and COL1A1 mRNA in human 

lung and dermal fibroblasts and mesangial cells from the kidney [362–364], and 

inhibited proliferation and collagen I synthesis in rat hepatic stellate cells [365]. 

LY294002 is widely considered as an inhibitor of class I PI3K isoforms, however 

recent evidence have revealed these compounds also exhibit selectivity for other 

kinases, including mTOR and ataxia-telangiectasia mutated (ATM) [366].  

In contrast, the pharmacological compounds used in the studies conducted in our 

centre to selectively inhibit PI3K and Akt had no effect on TGF-β1-induced collagen I 

and α-SMA synthesis or the phosphorylation of mTORC1 substrates p70S6K and 4E-

BP1 (appendix Figure 6.6). This suggests an alternative TGF-β1-dependent 

mechanism of mTORC1 activation in NHLFs. Many inhibitory phosphosites, which in 

turn permit the activation of mTORC1, have been identified on TSC2 that are 

phosphorylated by a range of kinases in addition to Akt, including ERK which is also 

activated in response to TGF-β1 treatment in lung fibroblasts [367]. Furthermore, an 

alternative mechanism of the activation of mTORC1 independent of TSC2 

inactivation in response to growth factor signalling has also been reported. 

Intracellular sensing of increased levels of amino acids promotes the activation of 

the Rag proteins by the Ragulator complex to recruit mTORC1 to the lysosome and 

bring it into contact with GTP-bound Rheb [368]. Moreover, MEFs lacking TSC2 

maintain the phosphorylation of p70S6K and 4E-BP1 downstream of mTORC1 in 

response to amino acids [369]. It is therefore tempting to speculate that amino acid 
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sensing may play a role in mediating TGF-β1-induced activation of mTORC1 in the 

present study. 

The temporal delay in the activation of PI3K/Akt/mTOR signalling substrates aligned 

with TGF-β1-induced upregulation of COL1A1 and ACTA2 mRNA levels and 

subsequent protein production in the macromolecular crowding assay. The next 

series of experiments therefore investigated the role of mTOR in the regulation of 

TGF-β1-induced collagen I and α-SMA synthesis in human lung fibroblasts. 

4.4 Inhibition of mTOR attenuates TGF-β1-induced collagen I deposition and α-

SMA induction in human lung fibroblasts 

 

Following on from the studies published from our laboratory investigating the dual 

PI3K/mTOR inhibitor GSK2126458, and selective PI3K and Akt inhibitors, the mTOR 

signalling axis was proposed as a potentially critical axis in regulating the pro-fibrotic 

response to TGF-β1 in human lung fibroblasts. 

The role of mTOR was first examined using a highly selective ATP-competitive 

inhibitor, AZD8055 which has previously been explored in cancer studies [370]. The 

data show that incubation of HLFs with AZD8055 completely inhibited TGF-β1-

induced phosphorylation of mTORC1 and mTORC2 signalling substrates without 

inhibiting Smad activation or PDK1-dependent phosphorylation of Akt (T308 

residue). Importantly, AZD8055 robustly prevented TGF-β1-induced upregulation of 

collagen I deposition and α-SMA induction and assembly into stress fibres in a 

concentration-dependent manner in HLFs (Figure 3.16-Figure 3.18). This was 

confirmed in primary cells obtained from 3 separate control donors as well as in IPF-

derived HLFs.  

To confirm this observation, I next examined the effect of Torin-1 and Compound 1, 

which are structurally distinct and potent ATP-competitive kinase inhibitors that 

exhibit exquisite sensitivity for mTOR. In comparison to AZD8055, these compounds 

have been shown in recombinant assays to exhibit selectivity for mTOR in 

comparison to related kinases, including the class I PI3K isoforms (Table 2.2). 
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Both Torin-1 and Compound 1 attenuated TGF-β1-induced phosphorylation of 

mTORC1 and mTORC2 substrates and again inhibited TGF-β1-induced collagen I 

deposition and induction of α-SMA in a concentration-dependent manner (Figure 

3.19 and Figure 3.20). Furthermore, all three ATP-competitive mTOR inhibitors had 

no effect on TGF-β1-induced phosphorylation of Smad, ruling out the possibility that 

mTOR is regulating collagen I and α-SMA synthesis via modulation of Smad signalling. 

Reports which emerged during the course of the studies performed as part of this 

thesis simlarly reported a critical role for mTOR signalling in a range of fibrotic 

contexts, however the evidence to delineate the specific contribution of mTORC1 or 

mTORC2 in regulating pro-fibrotic function in a variety of effector cells remains 

contrasting. In the context of IPF it has been shown that active-site mTOR inhibition 

attenuated TGF-β1-mediated phosphorylation of Akt and exhibited potent anti-

fibrotic activity both in vitro and in vivo in the murine bleomycin model of pulmonary 

fibrosis. Additionally, this study demonstrated TGF-β1 induced expression of rictor in 

IPF lung fibroblasts, and silencing of this mTORC2 component attenuated TGF-β1-

stimulated collagen I and α-SMA protein production [371]. Additionally in the lung, 

both mTORC1 and mTORC2 have been implicated in the regulation of collagen I 

production by human mesenchymal cells derived from bronchiolitis obliterans 

patients [372]. siRNA-mediated knockdown of rictor, which prevented 

phosphorylation of Akt, also reduced the activation of mTORC1 substrates, 

suggesting activation of mTORC1 is Akt-dependent in this disease context. 

Contrasting evidence of the roles of mTORC1 and mTORC2 signalling have also been 

reported in the context of renal fibrogenesis. Activation of mTORC1 has been shown 

to be mediated by TGF-β1-dependenent induction of Smad3 phosphorylation, and 

silencing of raptor (in mTORC1) reduced TGF-β1-induced collagen I protein 

expression, mediated by HIF-1α [373]. In contrast, further renal fibrosis studies have 

reported a critical role for rictor (in mTORC2) in the regulation of extracellular matrix 

deposition by interstitial myofibroblasts in the ureteral obstruction mouse model 

[374].  

In contrast to the gene silencing methods utilised in published studies, extensive 

experiments conducted by Dr Hannah Woodcock in our centre employed a 
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pharmacological approach using highly-characterised pharmacological tools to 

negate a role for Akt signalling in TGF-β1-induced collagen I and α-SMA synthesis.  

Taken together, these studies confirm the importance of mTOR signalling in 

regulating pro-fibrotic responses in the lung and provide evidence to suggest that 

mTORC1 and mTORC2 signalling may be critical in different disease contexts. Further 

complexity of mTOR signalling may also arise from evidence reporting the existence 

of two isoforms of mTOR, namely α (full-length) and β which lacks the HEAT repeats 

in full-length mTOR but retains the FKBP12/rapamycin binding (FRB) and kinase 

domains [375]. Both isoforms can assemble into mTORC1 and mTORC2, and the β 

isoform has been specifically implicated as a proto-oncogene involved in driving 

tumour invasion, however the functional consequence of either isoform in HLFs has 

not yet been evaluated. The next experiments in this thesis investigated the roles of 

individual mTOR signalling substrates to delineate their potential contribution to 

TGF-β1-induced collagen I deposition and α-SMA induction. 

4.4.1 TGF-β1-induced collagen I deposition and α-SMA induction in IPF-derived 

human lung fibroblasts is insensitive to rapamycin 

 

Rapamycin, unlike the ATP-competitive mTOR inhibitor, negatively modulates mTOR 

by an allosteric mechanism. Rapamycin interacts with FK506-binding protein 12 

(FKBP12) which directly binds to mTORC1 by association with raptor. mTORC1-

dependent signalling substrates are recruited to the complex by the TOR-signalling 

(TOS) motif and aligned by raptor to the catalytic cleft of mTOR. Recent studies 

reported that the binding of the rapamycin-FKBP12 complex to raptor may not 

prevent recruitment of mTORC1 substrates to the complex, however it may 

negatively impact the correct conformation of some of these substrates with the 

active site of mTOR, thus inhibiting their activation [376]. This concept may therefore 

explain the differential sensitivities of p70S6K and 4E-BP1 phosphorylation in mouse 

embryonic fibroblasts (MEFs) to active-site inhibition of mTOR by Torin-1 versus 

allosteric mTORC1 inhibition with rapamycin [271]. 
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This finding was reproducible in human lung fibroblasts in this thesis; TGF-β1-induced 

phosphorylation of p70S6K was abolished by rapamycin treatment at concentrations 

greater than 0.1nM, whereas the phosphorylation of 4E-BP1 was differentially 

modulated, the potential importance of which will be discussed in section 4.6. 

Additionally, incubation of rapamycin had no effect on TGF-β1-induced collagen I 

deposition and α-SMA induction by control and IPF-derived human lung fibroblasts 

in the macromolecular crowding assay (Figure 3.22 and Figure 3.26), suggesting 

rapamycin-insensitive mTORC1 functions, or indeed active mTORC2 substrates which 

were not inhibited by rapamycin are responsible for the regulation of the pro-fibrotic 

response of human lung fibroblasts to TGF-β1. Moreover, these data present one of 

potentially several mechanisms to describe the failure of everolimus, a rapalog, as a 

therapeutic approach in IPF [377]. 

The inability of rapamycin to inhibit mTORC2 substrate phosphorylation may arise 

from the removal of negative feedback loops mediated by mTORC1 and activated 

p70S6K. In homeostatic signalling, there are several feedback mechanisms to reduce 

PI3K and mTORC2 signalling. Activated p70S6K has been shown to phosphorylate 

and induce the degradation of the insulin receptor substrate (IRS), thus reducing 

activation of the PI3K/Akt signalling axis in response to growth factors [378]. 

Additionally, PI3K signalling is repressed by mTORC1-mediated phosphorylation of 

multiple serine and threonine residues on Grb10 [379]. Directly linking mTORC1 and 

mTORC2, p70S6K has also been reported to phosphorylate a specific residue on 

rictor (threonine 1135) and multiple phosphosites on Sin1 (threonines 86 and 398) 

which assembles into mTORC2 and decreases mTORC2-dependent phosphorylation 

of Akt [380,381]. Overall, absence of these regulatory mechanisms in the presence of 

rapalogs such as everolimus and temsirolimus may sustain or enhance the function 

of mTORC2 signalling, for example promoting tumour cell survival and disease 

progression shown in cancer studies, although the effects may be dependent on cell 

type and disease context [382,383]. Overcoming this effect of rapalogs in cancer is 

therefore subject to ongoing pre-clinical studies and clinical trial evaluation of ATP-

competitive dual mTORC inhibitors, including AZD2014 developed from AZD8055, 

which completely ablate signalling downstream of mTORC1 and mTORC2 [384–386].  
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Taken together, the use of rapamycin in this study enabled evaluation of the role of 

p70S6K in TGF-β1-induced collagen I deposition and α-SMA induction in HLFs, 

however phosphorylation of 4E-BP1 was not completely inhibited and activation of 

mTORC2 substrates was maintained. I next utilised commercially available 

compounds in a series of experiments to delineate the contribution of these effector 

proteins.  

4.5 AGC kinases downstream of mTORC1 and mTORC2 are dispensable for TGF-

β1-induced collagen I deposition and α-SMA induction 

 

Inhibition of Akt downstream of mTORC2 by compounds with ATP-competitive and 

allosteric inhibitory mechanisms were previously shown to be dispensable for 

regulating TGF-β1-induced collagen I and α-SMA synthesis in HLFs. The next 

experiments examined the effect of inhibition of another mTORC2 substrate, SGK1. 

SGK1 is transcriptionally activated by serum and glucocorticoids, and is also 

upregulated by TGF-β1 [387]. TGF-β1 signalling through the transcription factors 

Smad2 and Smad3 is negatively regulated by the ubiquitin ligase Nedd4L, which has 

been shown to be phosphorylated and subsequently inactivated by SGK1 [388], 

therefore amplifying the effects of TGF-β1 to potentially represent a pro-fibrotic 

pathway. However, to date this has not been validated in models of tissue fibrosis. 

SGK1 is one of 60 AGC kinases, a superfamily of enzymes including the protein kinase 

A (PKA), PKG and PKC isoforms and structurally-related kinases with a conserved 

catalytic domain, including for examples Akt. Full activation of SGK1 requires the 

phosphorylation of two residues. The hydrophobic motif on serine residue 422, 

found in a non-catalytic domain of the protein is phosphorylated by mTORC2 [389]. 

Phosphorylation of this residue is essential to stimulate subsequent PDK1-dependent 

phosphorylation of the activation loop of SGK1 in the catalytic domain at threonine 

residue 256 [390]. SGK1, unlike its closely-related kinase Akt or its upstream 

modulator PDK1, does not contain a PH domain therefore is not recruited to PIP3 in 

the plasma membrane. 
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The functional downstream effects of activated SGK1 have not been fully elucidated, 

however reports describe the role of SGK1 in the regulation of sodium transport into 

epithelial cells by regulating levels of ENaC [391]. SGK1 has additionally been 

reported to phosphorylate the pro-survival transcription factor, FOXO3a, in HEK293 

cells, and in the same cell type phosphorylates the proto-oncogene B-Raf [392,393]. 

These downstream functions may overlap with Akt due to the similarities in 

structure of the catalytic sites of these kinases, highlighting the compensation that 

can occur amongst the AGC kinases. For example, elevated levels of active SGK1 

function as an alternative activator of mTORC1 and is a mechanism of the resistance 

of breast cancer cells to PI3Kα inhibitors which prevent activation of Akt [394,395]. 

Through rictor-knockout MEF and SGK1 knockout mice studies, SGK1 has been 

identified as the upstream kinase of NDRG1, which is phosphorylated at several 

threonine residues -346, 356 and 366 [396]. These phosphosites have been 

implicated in the regulation of prostate tumour metastasis and proliferation, 

differentiation of numerous cell types and mediating the integrity of airway 

epithelium in response to environmental insults [397,398]. In this thesis, the 

phosphorylation of NDRG1 was utilised as a read-out of SGK1 activity. In contrast to 

the discovery of mTORC2 as the upstream kinase mediating phosphorylation of the 

hydrophobic motif of SGK1 [389], mTORC1 is also reported to phosphorylate this 

motif [399]. However, the antibody used to measure SGK1 phosphorylation at this 

motif has been shown to cross-react with phosphorylation of the hydrophobic motif 

of p70S6K [400] therefore phosphorylation of NDRG1 at threonine 346, for which 

selective commercial antibodies are available, is considered to be a specific readout 

of mTORC2-dependent SGK1 activity. 

In this study, the role of SGK1 in TGF-β1-induced collagen I deposition and α-SMA 

induction was investigated (Figure 3.23). HLFs were incubated with a selective ATP-

competitive SGK1 inhibitor, GSK650394, which completely attenuated TGF-β1-

induced NDRG1 phosphorylation. However, there was no effect on collagen I 

deposition or α-SMA induction. These data therefore suggest that the pro-fibrotic 

response to TGF-β1 in HLFs was not mediated by SGK1 signalling, and that the 

induction of collagen I deposition and α-SMA were maintained by either 
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compensatory signalling mechanisms previously demonstrated in the literature 

other contexts amongst the AGC kinases, or by another mTORC1 or mTORC2 

signalling substrate.  

To account for the possibility of alternative AGC kinases maintaining TGF-β1-induced 

collagen I deposition and α-SMA induction, I next examined the effect of the 

inhibition of PDK1. PDK1 phosphorylates the activation loop of 23 of the 60 presently 

described AGC kinases, and critical to the work of this thesis, PDK1 has been shown 

to phosphorylate p70S6K downstream of mTORC1, and Akt, SGK1 and PKC-α, 

downstream of mTORC2 [401]. mTORC2 has also been reported to activate 

numerous other PKC isoforms through phosphorylation of multiple phosphosites, 

including PKC-δ, PKC-ζ and PKC-θ in a range of contexts, including T cell modulation, 

assembly of the actin cytoskeleton and lung fibroblast migration [402–404]. In future 

studies, it would be interesting to conduct a comprehensive evaluation of the multi-

site phosphorylation and activation of the multiple PKC isoforms regulated by 

mTORC2, which are also sensitive to additional upstream regulators and have a 

range of downstream functions to identify any potential roles in the pro-fibrotic 

response of HLFs to TGF-β1. PDK1-dependent activation loop phosphorylation is 

required in tandem with hydrophobic motif phosphorylation to fully activate the 

AGC kinases, therefore inhibition of PDK1 was hypothesised to attenuate induction 

of a large proportion of known signalling activity downstream of mTORC1 and 

mTORC2, with the exemption of 4E-BP1 which is not an AGC kinase and is not known 

to have any upstream interaction with PDK1. 

Incubation of HLFs with the highly-selective ATP-competitive PDK1 inhibitor, 

GSK2334470, abolished the TGF-β1-induced and PDK1-dependent phosphorylation of 

Akt at the threonine 308 residue (Figure 3.24). Additionally, phosphorylation of the 

mTORC2-dependent phosphosite in the hydrophobic motif, serine residue 473 was 

also inhibited, suggesting a sequential multi-site phosphorylation process is required 

for Akt activation. This observation contrasts with reports published in cell-free 

assays describing the requirement of hydrophobic (mTORC2-dependent) motif 

phosphorylation of Akt at serine 473 to act as a docking site to recruit PDK1 and 

facilitate subsequent phosphorylation at threonine 308 [405]. In a more recent study 
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however, phosphorylation of the hydrophobic motif of p70S6K, with a catalytic 

domain structure closely related to Akt, was not required for activation loop 

phosphorylation [406]. The inhibitory effect of GSK2334470 in the present study was 

extended to the hydrophobic motifs of p70S6K and SGK1, examined by threonine 

residue 389 phosphorylation of p70S6K and threonine residue 346 on NDRG1 

respectively, suggesting a model in TGF-β1-stimulated HLFs in which PDK1-

dependent phosphorylation of AGC kinases is a pre-requisite for hydrophobic motif 

(mTORC-dependent) phosphorylation.  

Despite inhibition of TGF-β1-induced phosphorylation of multiple mTOR signalling 

substrates, collagen I deposition and α-SMA induction were not attenuated at any 

concentration of GSK2334470 examined. Expectedly, TGF-β1-induced 

phosphorylation of 4E-BP1, which is not an AGC kinases, at serine residue 65 

remained intact in HLFs incubated with GSK2334470.  

Taken together, these data therefore suggested that the PDK1-dependent AGC 

kinases were dispensable for the pro-fibrotic response of HLFs to TGF-β1, implicating 

4E-BP1 as a potentially critical regulator of TGF-β1-induced collagen I deposition and 

α-SMA induction. In agreement with this hypothesis, a recent study demonstrated a 

critical role for this axis in the regulation of collagen I protein production in 

mesenchymal cells isolated from bronchiolitis obliterans patients [372]. Modulation 

of 4E-BP1 downstream of mTORC1 by gene silencing, and overexpression of a 

dominant-inhibitory isoform were used to show 4E-BP1 was critical for collagen I 

protein production, although the mechanism by which this is achieved was not 

defined. Furthermore, 4E-BP1 signalling was dependent on mTORC2-dependent 

activation of mTORC1, which is in contrast to TGF-β1-stimulated HLFs in our studies.  

4.6 Phosphorylation of 4E-BP1 modulates the formation of the cap-dependent 

translation initiation complex 

 

4E-BP1, downstream of mTORC1, is considered the master regulator of the initiation 

phase of cap-dependent translation which is the mechanism of mRNA translation 

into protein for most transcripts in eukaryotic cells. 4E-BP1 is a negative regulator of 



4. Discussion 
 

 214 

cap-dependent translation and allosterically modulates the formation of the eIF4F 

translation initiation complex which interacts with the 7-Methylguanosine 5’-

triphosphate (m7GTP) cap at the 5’ end of mRNA. Additionally, eIF4F associates with 

the poly(A) tail to circularise the mRNA to be translated. eIF4F is a comprised of 

several proteins: the m7GTP cap-binding protein eIF4E, the large scaffold protein 

eIF4G and eIF4A that exhibits ATPase and RNA helicase properties vital to the 

unwinding of secondary structures in the 5’UTR of mRNAs [406]. 

In quiescent HEK293 cells, it has been demonstrated that 4E-BP1 is 

hypophosphorylated at threonine residues 37 and 46 which are considered priming 

sites for subsequent phosphorylation events [407]. 4E-BP1 in this configuration 

negatively regulates eIF4F complex formation by strong binding to eIF4E, preventing 

recruitment of eIF4G by occluding its binding site. Stimulation of mTORC1 activity 

leads to 4E-BP1 hyperphosphorylation which induces a conformational change and 

subsequent dissociation of 4E-BP1 from eIF4E, revealing the eIF4G binding motif and 

facilitating subsequent formation of eIF4F to induce cap-dependent translation. In 

this thesis, I have shown 4E-BP1 is phosphorylated at the threonine 37 and 46 

residues in unstimulated HLFs. Upon TGF-β1 stimulation, levels of these 

phosphoproteins are maintained and phosphorylation of the serine 65 residue is 

markedly induced.  

Immunoprecipitation studies were then conducted to determine if TGF-β1-induced 

4E-BP1 hyperphosphorylation modulated the formation of eIF4F in HLFs (Figure 

3.27). Additionally, I examined the effects of active-site mTOR inhibition with 

AZD8055, allosteric partial mTORC1 inhibition with rapamycin and an allosteric 

inhibitor of the interaction between eIF4E and eIF4G, 4EGI-1, which was originally 

identified from a high-throughput screen of small molecule inhibitors, and 

mechanistically confirmed in Jurkat cells [408]. Under all treatment conditions, eIF4E 

was expectedly bound to the cap, however the levels of bound 4E-BP1 and eIF4G 

were differentially modulated by TGF-β1 and the different inhibitors. TGF-β1 

stimulation displaced 4E-BP1 from the cap, thus permitting an increase in the 

association of eIF4G. This was attenuated by incubation with AZD8055 and 4EGI-1. In 

contrast, and in line with only mild inhibition of 4E-BP1 phosphorylation shown 
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previously (Figure 3.26), rapamycin treatment did not prevent TGF-β1-induced 4E-

BP1 dissociation and eIF4G recruitment to m7GTP. These differences could be 

attributed to specific effects on substrate binding to the cap, as levels of 4E-BP1 and 

eIF4G remained constant in whole cell lysates. 

Sustained activation of eIF4F has been described in a range of human malignancies 

and aberrant control of the activation of the translation machinery in the fibrotic 

lung has also been implicated through transcriptomic analysis of control and IPF-

derived lung fibroblasts, particularly highlighting enrichment of genes in pathways 

regulating metabolism, EMT and control of the cell cycle [409,410]. In consideration 

of the cap-protein binding analysis, I therefore hypothesised that mTOR signalling, 

through the regulation of de novo protein synthesis, regulated TGF-β1-induced 

upregulation of collagen I and α-SMA synthesis.  

Incubation of HLFs with 4EGI-1 for 72 hours in the macromolecular crowding assay 

resulted in substantial cell loss therefore the effects on TGF-β1-induced collagen I 

and α-SMA synthesis at the protein level could not be examined. In human lung 

cancer and myeloma cells, 4EGI-1 has been reported to induce apoptosis which was 

also considered a beneficial consequence in oncological contexts [411,412]. 

However, the cause of the loss of cell number in the present study was not examined 

further, and could be due to fibroblast apoptosis or loss of cell adhesion to the 

culture surface. IPF-derived myofibroblasts have been described to resist Fas-ligand-

induced apoptosis [42], therefore it is tempting to speculate that targeting the 

translational machinery could be of therapeutic benefit in IPF. However, the role of 

apoptosis in normal and IPF lung tissue repair was not the subject of this thesis and 

was not investigated further.  

Additional pharmacological tools described as inhibitors of eIF4F are commercially 

available, however the effect of these on TGF-β1-induced collagen I and α-SMA 

synthesis was not evaluated in the present study. Ribavarin is an analogue of m7GTP 

and has been evaluated in a proof-of principle trial in acute myeloid leukaemia 

(AML) [413], however in hepatitis C virus infection, the compound may also 

modulate immune responses for which the molecular basis involving the 
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translational machinery has not been completely defined [414]. Asparaginase, shown 

to inhibit the elongation phase of translation downstream of eIF4F formation has 

been clinically evaluated and is used to treat paediatric AML, and genetic approaches 

utilising small hairpin RNA (shRNA) targeting eIF4E have displayed efficacy in 

lymphoma tumour onset in mice [415,416]. It might be of interest to investigate 

these approaches in the context of the pro-fibrotic response to TGF-β1 in HLFs. 

4.7 mTOR also regulates TGF-β1-induced collagen I and α-SMA synthesis at the 

mRNA level 

 

TGF-β1 was shown to activate mTOR signalling from 2 hours onwards, and 

additionally upregulated COL1A1 and ACTA2 mRNA levels which were significantly 

induced from 12 hours post-stimulation. Within this timeframe, active-site inhibition 

of mTOR with AZD8055 inhibited formation of the cap-dependent translation 

initiation complex. Moreover, an independent study with 4EGI-1 in mesenchymal 

cells demonstrated at a 24 hour time point the potential importance of translation in 

the regulation of collagen I at the protein level, although the mechanism was not 

defined and did not consider earlier stages in the collagen I biosynthetic pathway 

[372]. A previous study in human mesangial cells reported a role for PI3K in TGF-β1-

induced upregulation of COL1A1 and COL1A2 mRNA levels, however the effect could 

possibly be attributed to mTOR signalling as the compound, LY294002, was utilised 

in this study, which exhibits selectivity for PI3K and mTOR [363]. My next studies 

therefore determined the role of mTOR in the regulation of collagen I and α-SMA 

synthesis at the mRNA level (Figure 3.28). 

Incubation of HLFs with AZD8055 attenuated TGF-β1-induced COL1A1 and ACTA2 

mRNA levels by 50-60%, whereas equimolar concentration of AZD8055 reduced TGF-

β1-induced collagen I and α-SMA protein to levels observed in unstimulated cells in 

the macromolecular crowding assay (Figure 3.17 and Figure 3.18), suggesting that 

mTOR may regulate multiple stages of collagen I and α-SMA biosynthesis. In contrast 

to ACTA2, in which levels were minimal in unstimulated HLFs resulting in no 

accumulation of α-SMA protein into stress fibres, constitutive levels of COL1A1 

mRNA were observed in unstimulated cells across all experiments, reflecting the 
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basal deposition of collagen I observed in the macromolecular crowding assay. This 

suggested there were four potential mTOR-dependent regulatory stages in TGF-β1-

induced collagen I and α-SMA synthesis, which will now be discussed in further 

detail: 

I. mTOR directly regulates gene transcription: Although mTOR signalling is not 

canonically associated directly with regulating gene transcription, mTORC1 

has been localised to the nucleus. This was reduced upon incubation of 

NIH3T3 cells with the ATP-competitive mTOR inhibitor Torin-1 [417]. A role 

for nuclear localisation has been reported in the regulation of mitochondrial 

gene transcription, with mTORC1, specifically raptor, binding gene promoters 

in complex with peroxisome proliferator-activated receptor gamma 

coactivator 1-alpha (PGC-1α) and Yin Yang 1 (YY1) [418]. YY1 has also been 

implicated in pulmonary fibrosis by binding directly to the promoters of 

COL1A1 and ACTA2 in fibroblasts [419,420]. It would now be of interest to 

determine if YY1 interacts with raptor in the nucleus of HLFs to regulate TGF-

β1-induced transcription of these pro-fibrotic mRNAs. 

 

II. mTOR has an indirect effect on mRNA levels through regulation of mRNA 

stability: In scleroderma fibroblasts, TGF-β1-induced stability of the COL1A2 

transcript was inhibited by the dual PI3K/mTOR inhibitor LY294002, although 

specific delineation of the contribution of PI3K and mTOR to mRNA stability 

was not evaluated [421]. Furthermore, La Ribonucleoprotein Domain Family 

Member (LARP)1, reported to be an mTORC1 phosphorylation target, has 

been implicated in regulating the stability of a subset of mRNAs containing a 

tract of oligopyrimidine (TOP) motif in the 5’ untranslated region (UTR) [422]. 

Sequence analysis of ACTA2 reveals a protein-coding splice variant (transcript 

variant 1) with a TOP motif in the 5’ UTR (RefSeq accession NM_001141945, 

UTR assessed by UTRdb online resource accessed at http://utrdb.ba.itb.cnr.it, 

Institute for Biomedical Technologies, Bari, Italy). This motif is defined as a 

cytosine residue immediately after the m7GTP mRNA cap, followed by a 

stretch of 4-14 uninterrupted pyrimidines (cytosine or thymine). Regardless 
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of length or complexity of the 5’ UTR, it has been shown in MEFs incubated 

with the ATP-competitive mTOR inhibitor Torin-1 that transcripts containing a 

TOP motif are selectivity regulated at the translational level by 4E-BP1-

mediated cap-dependent translation downstream of mTORC1, relative to 

other mRNAs [264]. Therefore, investigating the regulation of ACTA2 and 

other TOP-containing transcripts in response to TGF-β1 and mTOR signalling 

may be of interest in HLFs . 

 

III. mTOR-dependent translational regulation of intermediate factors: Smad2 

and Smad3 working in concert with co-factors is widely established in the 

literature as an important regulator of COL1A1 and ACTA2 mRNA levels, and 

activation of this signalling axis was found to be an early and short-lived 

response to TGF-β1 in the present study. The synthesis of additional non-

Smad transcription factors which have binding sites mapped to these pro-

fibrotic gene promoters has also been described. For example, TGF-β1 

stimulation of human lung fibroblasts and hepatic stellate cells results in 

increased expression of the ACTA2 transcription factor SRF which binds to the 

CArG motif in the promoter region [423,424]. Moreover, in 10T1/2 MEFs 

upregulation of SRF has been linked to PI3K/Akt/mTOR signalling [425]. 

Closer evaluation of the specific contribution of mTOR to SRF levels, and 

other transcription factors reported to upregulate ACTA2 and COL1A1 mRNA 

levels could therefore be of interest in future investigations. 

 

IV. mTOR directly regulates translation of COL1A1 and ACTA2 transcripts: In the 

context of severe asthma, mTORC1-dependent translational control of ACTA2 

has been determined by demonstrating that transfection of primary human 

bronchial epithelial cells with a mutant 4E-BP1 prevented TGF-β1-induced α-

SMA expression [426]. In reference to collagen I synthesis, a 5’ stem-loop 

structure has been identified downstream of the m7GTP cap but upstream of 

the translation initiation site of COL1A1 that was critical for the correct 

folding and stabilisation of the triple helix [427,428]. The helicase activity of 

eIF4A in the cap-dependent translation initiation complex may therefore be 
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important in regulating this secondary mRNA structure during COL1A1 

translation. Furthermore, a recent report has described a fibrogenic role for 

mTOR-dependent phosphorylation of LARP6 in HLFs to coordinate translation 

of COL1A1 [429]. However, this was rapamycin-sensitive and therefore may 

not represent a mechanism of regulation of collagen I synthesis in TGF-β1-

stimulated HLFs as described in this thesis.  

4.8 De novo protein synthesis is critical for TGF-β1-induced upregulation of 

COL1A1 and ACTA2 mRNA levels in HLFs 

 

Considering the canonical role of mTOR as a master regulator of protein synthesis, I 

next examined the role of translation in TGF-β1-induced upregulation of COL1A1 and 

ACTA2 mRNA levels in HLFs. As discussed in section 4.6, prolonged incubation of 

HLFs with 4EGI-1 significantly reduced cell number. Therefore, to inhibit global 

translation I first examined the effect of the translation inhibitor lactimidomycin 

(Figure 3.29). This compound is reportedly more potent than cycloheximide, 

however the mechanism of action of both inhibitors is similar – lactimidomycin binds 

in the ‘E site’ of the 60s ribosomal subunit, stalling ribosome scanning and amino 

acid transfer to the nascent polypeptide chain. This inhibits the elongation phase of 

translation and attenuates protein synthesis [430]. The importance of de novo 

protein synthesis in the regulation of COL1A1 levels has been reported in dermal 

fibroblasts in Wnt signalling–mediated fibrogenesis during the 24 hours preceding 

the maximum levels of COL1A1 mRNA [431]. It is well established that levels of 

COL1A1 and ACTA2 are transcriptionally regulated in response to TGF-β1 stimulation 

in fibroblasts [294,295,303], therefore as a control for this regulatory mechanism, 

HLFs were also incubated with the gene transcription inhibitor actinomycin D, which 

interacts with DNA to prevent binding of RNA polymerase. 

Lactimidomycin inhibited TGF-β1-induced upregulation of COL1A1 and ACTA2 mRNA 

levels measured at 24 hours to the levels observed in unstimulated HLFs. Upon 

interrogation of the temporal role of translation in TGF-β1-induced COL1A1 and 

ACTA2 mRNA upregulation, a critical timeframe for de novo protein synthesis post-

TGF-β1 stimulation was identified (Figure 3.31). Adding lactimidomycin to HLF 
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cultures 12 hours after incubation with control media or TGF-β1-containing media 

prevented significant TGF-β1-induced upregulation of COL1A1 mRNA levels. 

However, in cultures with lactimidomycin added at 16 hours, TGF-β1 significantly 

potentiated the levels of COL1A1 mRNA relative to unstimulated, lactimidomycin-

treated cells. The effects on ACTA2 mRNA levels were also examined, and the data 

revealed a window of critical translational events between 6 and 12 hours post TGF-

β1-treatment. Taken together, these data therefore indicated that temporal 

regulation of de novo protein synthesis aligned with TGF-β1-induced phosphorylation 

of mTORC1 signalling substrates, in particular 4E-BP1 (serine 65 residue), preceding 

the maximal upregulation of COL1A1 and ACTA2 mRNA levels in stimulated HLFs.  

Overall, the data in this thesis suggests de novo protein synthesis is a potentially 

critical event regulating TGF-β1-induced, mTOR-dependent but rapamycin-insensitive 

collagen I and α-SMA production in HLFs, potentially mediated through the 4E-BP1-

mediated signalling axis that modulates cap-dependent translation (signalling events 

summarised in Figure 4.1).  

To further interrogate translational changes in TGF-β1-stimulated HLFs with the 

objective of investigating COL1A1 and ACTA2 mRNA translation and de novo 

synthesis of intermediate factors regulating their transcription, I conducted a pilot 

study of mRNA association with ribosomes which is discussed at the end of this 

chapter.  
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Figure 4.1: Schematic of proposed mechanism of TGF-β1-induced collagen I and α-SMA 
synthesis in human lung fibroblasts 

 

4.9 mTOR signalling, but not PI3K or Akt, is critical for the regulation of collagen I 

deposition and α-SMA induction in human dermal fibroblasts 

 

To explore the potential for mTOR signalling as a core regulator of collagen I 

deposition and α-SMA induction in pro-fibrotic cells from multiple organs, I first 

conducted a series of investigations in normal human dermal fibroblasts (NHDFs). 

TGF-β1 is a known pro-fibrotic stimulus of dermal fibroblasts, stimulating collagen I 

deposition and α-SMA induction which was validated in the macromolecular 

crowding assay studies in this thesis (Figure 3.32).  

Interestingly, when I examined the temporal kinetics of Smad and mTOR signalling in 

NHDFs, basal phosphorylation of Akt, p70S6K and 4E-BP1 was observed at early time 

points in unstimulated cells (Figure 3.33). It has been shown in skeletal muscle that 
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mechanical tension can activate mTOR signalling [432] therefore it is possible that 

culture of NHDFs on a stiff surface such as tissue culture plastic may be sufficient to 

induce mTORC substrate phosphorylation in these studies. However, between 3 and 

12 hours after incubation with TGF-β1 or control media, phosphorylation of mTORC 

substrates in unstimulated cells decreased, whereas in exogenously stimulated cells, 

phosphorylation increased. Potentially the early activation of mTOR may have 

therefore arisen from the media change conducted at the beginning of the 

experiment. DMEM contains a range of amino acids, and as is reported in the 

literature, mTOR can be activated by amino acid sensing [433]. It would therefore be 

interesting to examine the activation of mTOR signalling in unstimulated NHDFs and 

the response to exogenous TGF-β1 on softer matrices, and investigate the 

contribution of specific amino acids to mTOR activation in these cells.  

In showing activation of mTOR signalling in NHDFs in response to TGF-β1, I next 

examined the effect of mTOR inhibition on TGF-β1-induced collagen I deposition and 

α-SMA induction with 3 different ATP-competitive mTOR inhibitors – AZD8055, 

Torin-1 and Compound 1 (Figure 3.34 and Figure 3.35). Each of the compounds 

inhibited collagen I deposition and α-SMA induction in a concentration-dependent 

manner, with AZD8055 and Torin-1 exhibiting nanomolar potency reflecting their 

selectivity for mTOR defined in cell-free assays (Table 2.2). During the course of this 

thesis, a recent study confirmed these findings with an alternative ATP-competitive 

dual mTORC inhibitor, OSI-027 [434], suggesting the mTOR signalling axis is critical in 

the regulation of collagen I and α-SMA synthesis in normal human dermal 

fibroblasts. 

At concentrations above 100nM AZD8055 and Torin-1, and above 300nM Compound 

1, collagen I deposition was significantly reduced below the levels observed in 

unstimulated cells. In contrast, as very minimal levels of α-SMA were observed in 

unstimulated cells due to de novo expression in response to exogenous TGF-β1 

stimulation, α-SMA induction was only inhibited to basal levels and not beyond. 

These data could be attributed to the effect of TGF-β1 and ATP-competitive 

inhibition of mTOR on COL1A1 and ACTA2 mRNA levels in unstimulated and TGF-β1-

treated NHDFs (Figure 3.40). TGF-β1 potentiated the upregulation of COL1A1 above 
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constitutive levels, and induced ACTA2 mRNA levels which were low in unstimulated 

NHDFs. Incubation with AZD8055 reduced COL1A1 mRNA levels below baseline 

whilst attenuating levels of ACTA2 mRNA to those observed in unstimulated cells.  

These observations suggest that mTOR differentially regulates collagen I and α-SMA 

synthesis in NHDFs, potentially through a number of the mechanisms proposed in 

the lung fibroblast studies, including the hypothesis that mTOR may regulate pro-

fibrotic mRNA levels through the de novo synthesis of ACTA2 transcription factors 

and modulate the stability of constitutive COL1A1 mRNA. Indeed, amino acid 

deprivation which may in this study be mimicked by the inhibition of mTOR has been 

shown to influence the stability of COL1A1 [435]. A previous study silenced mTOR 

with siRNA and also observed this effect on COL1A1 levels in unstimulated HDFs. 

However, the effects of TGF-β1 stimulation or the effect on levels of ACTA2 mRNA 

were not evaluated [362]. I also examined the potential for basal collagen I 

deposition mediated by endogenous TGF-β1-production (Figure 3.37). However, 

inhibition of ALK5 had no effect on unstimulated NHDFs suggesting this cell type 

does not synthesise endogenous TGF-β1, an active process that has been previously 

established in dermal fibroblasts [436]. Multiple media changes during cell seeding, 

serum starvation and incubation with compounds may remove endogenous TGF-β1 

secreted into culture media – measuring the levels of active TGF-β1 in these 

supernatants would therefore conclusively address this hypothesis. Overall, the 

findings of this thesis and the work of others revealed a critical role for mTOR in the 

regulation of collagen I and α-SMA synthesis in control and disease-derived cells.  

Attenuation of collagen I and α-SMA synthesis by collective inhibition of the PI3K, 

Akt and mTOR axis with the dual PI3K/mTOR inhibitor BEZ235 has been observed in 

the bleomycin model of systemic sclerosis (SSc) and in dermal fibroblasts isolated 

from SSc patients [437]. PI3K and Akt were dispensable for the pro-fibrotic response 

to TGF-β1 in human lung fibroblasts, therefore my next experiments sought to 

delineate this signalling axis in NHDFs and examined the effect of ATP-competitive 

inhibition of class I PI3K isoforms (Compound 2) and allosteric Akt inhibition 

(MK2206) on TGF-β1-induced collagen I deposition and α-SMA induction (Figure 3.38 

and Figure 3.39). In contrast to the effects of ATP-competitive dual mTORC 
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inhibition, neither Compound 2 nor MK2206 inhibited collagen I deposition or α-SMA 

induction in NHDFs, suggesting PI3K and Akt signalling are dispensable in NHDFs for 

these endpoints, as was the case for human lung fibroblasts.  

4.10 Collagen I deposition and induction of α-SMA in human dermal fibroblasts is 

insensitive to the partial mTORC1 inhibitor rapamycin 

 

The effect of rapamycin treatment on collagen I deposition and α-SMA induction in 

NHDFs was then examined to determine if rapamycin insensitivity, as observed in 

human lung fibroblasts, represented a critical characteristic of pro-fibrotic responses 

of cells derived from multiple organs (Figure 3.38 and Figure 3.39).  

The data showed that rapamycin had no effect on TGF-β1-induced collagen I 

deposition and assembly of α-SMA into stress fibres, which contrasts with reports in 

in vivo mouse models of systemic sclerosis (SSc) and mouse dermal fibroblasts. In the 

tight-skin model of SSc, which is a genetic model resulting in a spontaneous increase 

in the production of ECM including collagens, rapamycin decreased levels of soluble 

procollagen [438]. In dermal fibroblasts derived from tight-skin mice, rapamycin 

inhibited fibroblast proliferation and the levels of COL1A2 and TGFB1 mRNA. Pre-

treatment of mice with rapamycin also inhibited the development of skin and lung 

fibrosis in the bleomycin model of SSc, in which bleomycin is injected 

subcutaneously into the mouse.  

Opposingly, in an established subcutaneous bleomycin-induced model of SSc in 

which fibrosis was induced over a 3 to 6 week period, rapamycin had no effect on 

markers of skin fibrosis [437]. In contrast to ATP-competitive inhibition of the 

PI3K/Akt/mTOR signalling axis with the compound, rapamycin had no effect on 

dermal thickness or levels of COL1A1 and ACTA2 mRNA. In an additional model of 

skin fibrosis induced by overexpression of the type I TGF-β receptor, treatment with 

rapamycin had no effect on dermal thickness or collagen deposition compared to 

control mice. In human dermal fibroblasts additionally used in this report, rapamycin 

had no effect on TGF-β1-induced fibroblast activation in comparison to 

PI3K/Akt/mTOR inhibition. 
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The rapalog, sirolimus, is commonly used as an immunosuppressant in organ 

transplantation [439]. This may provide an explanation as to why rapamycin was 

successful in inhibiting the development of tight-skin and bleomycin-induced SSc 

when mice were treated before established fibrosis when inflammatory responses 

are oberved. Compared to bleomycin treatment alone, rapamycin inhibited the 

levels of autoantibodies, Th2 and Th17 cytokines and the infiltration of immune cells 

into the skin and lung [438]. 

4.11 mTOR signalling, but not PI3K or Akt, is critical for the regulation of collagen I 

deposition and α-SMA induction in human hepatic stellate cells 

 

I also examined the role of mTOR in the regulation of collagen I and αSMA synthesis 

in human hepatic stellate cells. Similar to other pro-fibrotic effector cells, TGF-β1 

stimulates the differentiation of HSCs into an activated myofibroblast-like cell and 

induces collagen I synthesis. However, liver disease can progress of several decades, 

and TGF-β1 is reported to exhibit extensive pleiotropy at different disease stages 

which may have beneficial or adverse consequences [124]. For example, TGF-β1 has 

been shown to enhance hepatocyte damage through the upregulation of apoptosis 

which may further potentiate abnormal wound healing responses. In contrast, TGF-

β1 may play a protective role in liver repair by regulating hepatocyte proliferation 

[440]. In the macromolecular crowding assay in the present study, TGF-β1 stimulated 

the upregulation of collagen I deposition and induction of α-SMA assembly into 

stress fibres in a concentration-dependent manner (Figure 3.41) 

mTOR signalling has been implicated in chronic liver disease, including the 

progression of metabolic disorders of the liver and in hepatocellular carcinoma, of 

which more than 80% have developed from a cirrhotic background. Mice subjected 

to high-fat diets exhibited increased activation of mTOR and p70S6K activity in the 

liver, specifically increased accumulation of triglycerides which contributes to 

steatosis and the development of NASH [441,442]. Moreover, over-activation of the 

mTOR pathway has been observed in human NASH-mediated liver cirrhosis 

compared to cirrhosis caused by other aetiologies, and aberrant Akt/mTOR signalling 

is a feature of progressive non-alcoholic liver disease compared to non-progressive 
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disease [443,444]. Many studies have additionally implicated mTOR signalling in 

animal models of liver fibrogenesis through the use of rapalogs such as sirolimus and 

everolimus, although there are limited studies examining the potential clinic effect of 

ATP-competitive dual mTORC inhibitors in the clinic. Of note, AZD2014, developed 

from AZD8055 with more favourable pharmacokinetic properties, demonstrated 

significant anti-tumour effects in hepatocellular carcinoma cell lines, although the 

specific effect on the fibrotic markers such as collagen expression in HCC was not 

examined [445]. mTOR signalling has also specifically been attributed to regulation 

of collagen I and α-SMA synthesis in liver fibrosis, although few investigations have 

been reported to date. Of note, knockout of TSC1, a negative regulator of Rheb, in 

mouse mesenchymal cells led to augmented CCl4-induced liver fibrosis, enhanced 

mTORC1 signalling and the expression of a range of pro-fibrotic markers, including 

ACTA2 and COL1A1 mRNA [446].  

In the present study, both TGF-β1-induced collagen I deposition and α-SMA 

production were inhibited in a concentration-dependent manner by incubation of 

HSCs with AZD8055 (Figure 3.42 - Figure 3.44). Whilst the induction of α-SMA was 

inhibited to the levels observed in unstimulated cells, potentially mediated by low 

levels of ACTA2 mRNA, collagen I deposition was inhibited below basal levels. 

Culture of HSCs with AZD8055 without TGF-β1 demonstrated the requirement for an 

exogenous TGF-β1 stimulus to upregulate α-SMA induction, however collagen I 

deposition was inhibited independent of HSC stimulation suggesting endogenously 

synthesised mediators are responsible for basal collagen I deposition. In investigating 

this concept further, basal collagen deposition could not be attributed to 

endogenous TGF-β1 production during the time course of the experiment, as 

incubation of HSCs with the ATP-competitive ALK5 inhibitor, SB-525334, only 

reduced the TGF-β1-inducible proportion of collagen I deposition. In terms of other 

potential mediators responsible for collagen I synthesis in unstimulated HSCs, a 

potential role for insulin-like growth factor (IGF-1) has been reported [447], however 

the autocrine production of this cytokine in HSCs is unknown and the levels in low-

serum DMEM were not evaluated in the present study. 
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To determine if the basal effect of ATP-competitive dual mTORC inhibition was 

modulated at least in part by an effect at an earlier phase in the collagen 

biosynthetic pathway, I examined the effect of AZD8055 on the levels of COL1A1 

mRNA by qRT-PCR. In these studies, a baseline effect of AZD8055 was observed as 

levels of COL1A1 mRNA in unstimulated cells were significantly reduced below 

vehicle-treated HSCs (Figure 3.47). 

Upstream of canonical mTOR signalling activation, PI3K and Akt signalling have been 

considered as regulators of collagen I synthesis in activated HSCs. Inhibition of PI3K 

with LY294002 reduced the levels of COL1A1 mRNA over a 72 hour incubation 

period, although the potential effect of the compound on mTOR was not examined 

[447]. Using a genetic approach, PI3K has been specifically implicated in the 

regulation of collagen synthesis in the CCl4 mouse model of liver fibrosis. Expression 

of a dominant-negative form of PI3K in hepatic stellate cells resulted in reduced 

activation of mTORC1 and mTORC2 signalling, and decreased proliferation of HSCs in 

addition to lower levels of COL1A1 [448]. In contrast to these data, in the present 

studies TGF-β1-stimulated human HSCs cultured with the class I PI3K isoform 

inhibitor, Compound 2, or allosteric Akt inhibitor, MK2206, had no effect on collagen 

I deposition or α-SMA induction (Figure 3.45 and Figure 3.46), suggesting that the 

role of PI3K and Akt signalling may be context-dependent and differentially 

regulated in mouse models in vivo compared to in vitro culture of confluent HSCs on 

tissue culture plastic. 

4.12 Collagen I deposition and induction of α-SMA in human hepatic stellate cells 

is insensitive to the partial mTORC1 inhibitor rapamycin 

 

In addition to human lung and dermal fibroblasts, the effect of the partial mTORC1 

inhibitor, rapamycin, was also examined in human hepatic stellate cells. In 

comparison to each of the fibroblast cell lines, rapamycin similarly had no effect on 

the deposition of collagen I or induction of α-SMA in HSCs, which is in contrast to the 

effects observed in a range of animal models of liver fibrogenesis however these 

models do not directly address the direct anti-fibrotic effect of rapamycin on 

modulating collagen I deposition. 



4. Discussion 
 

 228 

In the CCl4 model of liver fibrosis, rapamycin has been shown to reduce the 

proliferation of HSCs and inhibit growth factor signalling in both immune and non-

immune cells [449]. In the same model, TSC1 knockout mice which exhibit greater 

levels of fibrosis in comparison to wild-type mice when treated with CCl4, treatment 

with rapamycin reduced liver fibrosis [450]. However, this could potentially be 

attributed to an increase in apoptosis of α-SMA-positive cells. In the bile duct ligation 

model of liver fibrosis, administration of rapamycin immediately after induction of 

tissue injury attenuated α-SMA levels, and also inhibited the levels of TGFB1 mRNA 

[451], whilst also inhibiting inflammation and portal pressure [452]. These reports 

suggest that inflammation may play a critical role in the development of liver fibrosis 

in the CCl4 and BDL models, a process that was not addressed in the in vitro culture 

of TGF-β1-treated HSCs in the present study. Future studies could potentially 

investigate the effect of inflammatory mediators in addition to TGF-β1 on collagen I 

deposition and α-SMA induction in these cells. 

In the immortalised activated human hepatic stellate cell line LX-2, the rapalog 

everolimus has been reported to inhibit collagen production in addition to reducing 

contraction of HSCs [453]. In a very recent study, rapamycin activated autophagy in 

LX-2 cells, and inhibited TGF-β1-induced HSC activation regulated by AMPK [454] 

therefore contrasting with the in vitro data presented in this study. However, the 

effect of rapamycin and rapalogs may differ between primary and immortalised 

stellate cell lines. 

Overall, the data presented in human dermal fibroblasts and hepatic stellate cells 

suggest mTOR signalling represents a core signalling node in the regulation of 

collagen I deposition and induction of α-SMA. Whilst some similarities to human lung 

fibroblasts have been observed in these additional cell types, extensive further 

studies are required to delineate the specific mechanisms of mTOR activation and 

the role of this axis in mediating the pro-fibrotic responses to TGF-β1 and additional 

stimuli. 
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4.13 A pilot study of polyribosome profiling reveals TGF-β1 stimulation of HLFs 

increases global translation and modulation of the association of COL1A1 and 

ACTA2 with ribosomes 

 

To further examine the role of mTOR in the regulation of TGF-β1-induced collagen I 

deposition and α-SMA induction in HLFs, I conducted a pilot study exploring 

polyribosome profiling to investigate the role of mTOR-dependent translation in 

TGF-β1-treated HLFs (results chapter 4). I determined the effect of TGF-β1 and mTOR 

on global translation and the association of COL1A1 and ACTA2 transcripts with 

ribosomes, indicative of their translation into protein [455]. Through this study, I also 

sought to determine if regulation of translation of COL1A1 and ACTA2 mRNA 

represented a key node which was differentially sensitive to active-site mTOR 

inhibition and rapamycin. 

Polyribosome profiling investigates the translational state of the cell and reflects 

post-transcriptional mechanisms of RNA regulation which is advantageous over 

traditional analysis of total mRNA levels. It is important to note that polyribosome 

profiling conducted at a single time point provides only a snapshot of RNA associated 

with ribosomes so that early translational changes may no longer be detectable, and 

later changes in translation will not yet be manifest. Nevertheless, the study in this 

thesis demonstrated a marked increase in global translation in TGF-β1-treated HLFs, 

represented by a substantial decrease in the absorbance at 260nm in the 

80S/monosome peak and a marked increase in the polyribosome fractions compared 

to unstimulated cells (Figure 3.50). Conversely, incubation of HLFs with AZD8055 and 

rapamycin prior to TGF-β1 treatment increased the monosome peak and reduced 

polyribosome populations (Figure 3.51). Studies conducted in mouse embryonic 

fibroblasts show that incubation with the ATP-competitive mTOR inhibitor, Torin-1, 

did not completely supress global translation, but inhibited translation by 

approximately 50% [456].  

The ratio between the monosome and polyribosome fractions describes the 

translational state of the cell. In HEK293 cells, shRNA-mediated knockdown of the 

RNA-binding protein LARP1 has been shown to markedly increase this ratio by 
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stimulating a shift from polyribosome populations to monosomes, indicative of 

repression of translation initiation. This was similar to the magnitude of the effect of 

ATP-competitive inhibition of mTOR signalling by Torin-1 described in mouse 

embryonic fibroblasts in a previous study [264,457]. In IPF fibroblasts cultured in 

contractile collagen gels, it has been shown that a greater number of transcripts are 

translationally regulated than in control fibroblasts, enriched in pathways including 

carbohydrate and glycoprotein synthesis [409]. Additionally in this study, greater 

translational control was observed in fibroblasts cultured in contractile collagen gels 

compared to non-contractile gels, suggesting the phenotype of the surrounding 

microenvironment, particularly the structure of the ECM, is critical in the regulation 

of translationally-mediated pro-fibrotic processes. It is well-established that TGF-β1 

can be activated in the extracellular matrix [458], and I have shown that the 

formation of eIF4F is also induced by HLF stimulation (Figure 3.27), therefore 

representing a potential mechanism of enhanced cap-dependent translational 

regulation of a subset of transcripts.  

In specific consideration of the translational regulation of COL1A1 and ACTA2, TGF-β1 

treatment enhanced the association of both transcripts with monosomes and 

polyribosomes (Figure 3.53 and Figure 3.54), suggesting an increase in COL1A1 and 

ACTA2 translation into protein that is first observed to be upregulated by TGF-β1 

treatment between 12 and 24 hours post-stimulation. Incubation of HLFs with 

AZD8055 appeared to have an inhibitory effect on the association of both COL1A1 

and ACTA2 with the monosomes fraction which could be attributed to the inhibition 

of the initiation phase of translation described in the m7GTP immunoprecipitation 

studies. However, in the polyribosome fractions, AZD8055 had no effect on TGF-β1-

induced association of COL1A1 and ACTA2 with polyribosomes compared to 

unstimulated cells. These data could be explained by three potential mechanisms.  

First, it has been reported in model organisms that the degradation of RNA can occur 

when transcripts are bound to polyribosomes, mediated by a number of de-capping 

and de-adenylation enzymes [459]. Therefore, the data in this pilot study suggest 

that the association of COL1A1 and ACTA2 transcripts in the polyribosome fractions 

of AZD8055-treated HLFs may represent transcripts undergoing RNA degradation or 
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being translated into protein. Purification of ribosome complexes with the human 

proteins Dcp2, Caf1 and Ccr4 that mediate degradative RNA processing could be 

conducted in the future to interrogate this mechanism further if additional repeats 

of the pilot study were found to be reproducible. 

A second possibility would be that inhibition of mTOR signalling by AZD8055 may not 

directly inhibit collagen I and α-SMA synthesis at the level of translation. Therefore, 

other stages in the collagen I and α-SMA synthetic pathway as previously discussed 

need to be considered (discussion section 4.7), including posttranslational 

modifications such as the hydroxylation of proline residues in collagen I. The 

conversion of proline residues to hydroxyproline is essential for the formation and 

stabilisation of the collagen triple helix consisting of 2 collagen I alpha I chains and 1 

collagen I alpha 2 chain by enabling hydrogen bonds to form within the helical 

structure. In agreement with this possible mechanism, the levels of P4HA1 encoding 

a subunit of prolyl-4-hydroxylase that catalyses hydroxylation of proline residues in 

collagen biosynthesis is upregulated by TGF-β1 and counter-modulated by inhibition 

of mTOR independently of rapamycin-treated HLFs (Dr Hannah Woodcock and Dr 

Manuela Platé, unpublished data). Moreover, levels of P4HA3 another subunit of 

prolyl-4-hydroxylase were increased in the fibroblastic foci of human IPF lungs [454]. 

Knockdown of P4HA3 with siRNA in mouse lung fibroblasts attenuated TGF-β1-

induced production of procollagen, and inhibition of prolyl-4-hydroxylase by pyridine 

2,5-dicarboxylate, an analogue for a component of the collagen proline 

hydroxylation process, attenuated collagen production in vitro and bleomycin-

induced fibrosis in vivo. Inhibitors of prolyl-4-hydroxylase have also been shown to 

reduce the remodelling of the heart during an experimental model of myocardial 

infarction and inhibit collagen accumulation in the CCl4 model of liver fibrosis 

[460,461]. 

Finally, TGF-β1 treatment and inhibition of mTOR may influence the expression or 

activity of RNA binding proteins and long non-coding RNAs (lncRNA) to modulate 

transcript abundance in monosome and polyribosome populations. The RNA-binding 

protein LARP6, which binds to a conserved structural element in the 5’UTR of 

COL1A1 and COL1A2 mRNA, is phosphorylated by mTOR and regulates the 
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association of collagen transcripts with the cytoskeleton for intracellular transport to 

ribosomes located on the membrane of the endoplasmic reticulum. Inhibition of the 

phosphorylation of LARP6 resulted in inhibition of collagen I biosynthesis [429]. In in 

vivo studies and dermal fibroblasts isolated from SSc patients, increased expression 

of the lncRNA transcript, XIST antisense RNA (TSIX) was observed [462]. Expression 

of TSIX was inhibited by siRNA-mediated silencing of TGF-β1, which in turn inhibited 

the levels and stability of COL1A1 mRNA. Moreover, lncRNAs have been implicated 

in cardiac fibrosis. In a recently published study, increasing levels of Wisp2 super-

enhancer associated RNA (Wisper) correlated with the severity of fibrosis, and 

antisense oligonucleotides targeting Wisper inhibited remodelling of the heart in 

vivo [463]. 

Rapamycin reduced the association of both COL1A1 and ACTA2 with monosomes in 

TGF-β1-treated HLFs in comparison to unstimulated cells, mirroring the effects on 

global translation in the polyribosome absorbance profiles. However, in the 

polyribosome fractions rapamycin substantially enhanced the association of both 

COL1A1 and ACTA2 mRNA above the levels observed in vehicle-treated and 

AZD8055-treated HLFs. In HEK293 cells, incubation with rapamycin for 24 hours has 

been shown to stimulate cap-dependent translation through the recovery of 

rapamycin-sensitive phosphorylation of 4E-BP1 inhibited by the compound at earlier 

time intervals [272]; therefore a similar feedback mechanism may be evident in 

rapamycin-treated HLFs in the pro-fibrotic response to TGF-β1. In the m7GTP 

immunoprecipitation studies in this thesis, rapamycin had no effect on eIF4F 

formation compared TGF-β1-treated HLFs at a 6 hour time point. It would be 

interesting to investigate the formation of eIF4F at later time points to determine if 

rapamycin enhances the association of eIF4G, although the predicted consequence 

of increased COL1A1 and ACTA2 association with polyribosomes to stimulate 

translation into protein is not reflected at the protein level. Rather, treatment of 

HLFs with rapamycin maintains the levels of collagen I deposition and α-SMA 

induced by TGF-β1 in multiple donor lines, suggesting additional post-translational 

mechanisms contribute to the levels of these proteins. Further studies are required 
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to delineate the effect of rapamycin on COL1A1 and ACTA2 loading into 

polyribosome fractions.  

Overall, several potential insights have been gained through this pilot study, 

however extensive experiments will need to be conducted to further confirm the 

preliminary data. Polyribosome profiling is limited by the number of sucrose 

gradients that can be simultaneously generated to maintain consistent fractionation 

of cell lysates (6 per run). Future polyribosome studies would increase the number of 

biological replicates to fully establish the effects of TGF-β1, AZD8055 and rapamycin 

on both global translation and the distribution of COL1A1 and ACTA2 mRNA in 

monosome and polyribosome fractions to develop a robust understanding of the 

regulation of these transcripts in HLFs. Moreover, a more complex experiment would 

consider additional time points to dissect the role of translation at multiple stages of 

the collagen I and α-SMA biosynthetic pathways. Further potential developments of 

this pilot study are described in section 4.16.  

4.14 Strengths and limitations in context to the literature 

 

This study describes an in vitro investigation into the contribution of mTOR signalling 

downstream of TGF-β1 in the regulation of collagen I deposition and fibroblast to 

myofibroblast differentiation. To enable assessment of collagen I deposition into an 

extracellular matrix, a macromolecular crowding assay was utitilised to rapidly 

facilitate collagen processing which would not be possible within the timeframe of 

other models such as the fibroplasia assay. This assay was compatible with multiple 

cell types and as an immunocytochemistry-based assay, multiple readouts could be 

determined from a single sample. The limitation of this however is that the readouts 

are semi-quantitative - quantitative data describing specific amounts of collagen I 

deposited extracellularly could be determined by HPLC, and the formation and 

processing of additional extracellular matrix components could be measured by 

ELISAs available in collaboration with Nordic Biosciences (Denmark).  

The studies presented in this thesis provide a detailed analysis of the effect of well-

characterised and highly selective pharmacological compounds in determining the 

pro-fibrotic response to TGF-β1. Whilst the in vitro experiments conducted are useful 

in being able to dissect the specific contribution of individual mTOR signalling 

substrates to specific endpoints, this work could be developed into more complex 

systems evolving from co-culture with epithelial cells, incubation of compounds with 
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intact human lung tissue samples (precision-cut lung slices), or into an in vivo context 

using an animal model of fibrosis to add a translational biology approach to the work 

presented to date.  

The pilot study conducted towards the end of this study begins to focus in on the 

mTORC1-4EBP1 signalling axis as a critical regulator of extracellular matrix synthesis 

and fibroblast to myofibroblast differentiation – building on this work would 

strengthen the conclusions of this thesis and potentially lead to the identification of 

novel mediators of pro-fibrotic signalling mechanisms in human lung fibroblasts. 

During the course of this study, and in reference to previous literature, a number of 

similarities and differences in the conclusions derived from the experiments 

conducted have been identified, as summarised in the table below. Overall, key 

differences are highlighted when drawing comparisons between species and 

descirbing in vitro versus in vivo-generated data. 

Literature reference/context Common/divergent results to the 
present study 

TGF-β1 signalling cascade kinetics 
(section 4.3) [283,284]. 

Contrasting Akt phosphorylation 
dynamics observed between MEFs and 
primary human fibroblasts. This study 
describes delayed activation of Akt in 
response to TGF-β1 in primary cells, in 
agreement with published literature. 

The role of mTORC2 in pro-fibrotic 
signalling cascades 

• Silencing of rictor, an essential 
component of mTORC2, attenuates 
TGF-β1-induced collagen I and α-SMA 
protein production in human IPF 
fibroblasts [371].  

• In human lung mesenchymal cells, 
silencing of mTORC2 components 
reduced activation of mTORC1 
signalling substrates [372]. 

Data presented in this study suggest 
mTORC2 signalling is not required for 
these endpoints in the endpoints 
measured.  
 

The role of mTORC1 in pro-fibrotic 
signalling cascades 

• Disruption of mTORC1 signalling 
through raptor silencing inhibits 
collagen I protein expression in the 
context of renal fibrogenesis [373]. This 
study is in agreement that this complex 
is critical, however the role of HIF-1α as 
a mediator is yet to be determined. It is 
important to consider that signalling 
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cascades may also not be conserved 
across tissues. 

• 4E-BP1 signalling has recently been 
described as a key mediator of collagen 
production in the context of 
bronchiolits obliterans through the use 
of mesenchymal cells. This same 
mechanism is highlighted in the 
primary human cells of varying tissue 
origin in the studies described in this 
thesis. 

Insensitivity of 4E-BP1 to rapamycin 
treatment [271] 

In agreement with data obtained in 
MEFs, this study describes the 
differences in sensitivity of the mTORC1 
signalling substrates, p70S6K and 4E-BP1, 
to rapamycin treatment. The 
experiments conducted develop this to 
show that there is a functional 
consequence of this insensitvity on the 
formation of the translation initiation 
complex downstream of mTORC1 and 
may describe a novel mechanism of 
collagen I and α-SMA production in the 
context of IPF and the lack of efficacy of 
everolimus as an IPF therapeutic [377]. 

Kinetics of multi-site AGC kinase 
phosphorylation 

Studies in this thesis using the PDK1 
inhibitor, GSK2334470 suggest that 
hydrophobic motif phosphorylation of 
the mTOR signalling substrates p70S6K 
and SGK1 was required for subsequent 
phosphorylation of the activation motifs. 
This is in agreement with literature 
reports describing similar PDK1-
mediated signalling kinetics and 
describes the multi-step process 
required for full mTORC substrate 
activation shown in a cell-based study, 
contrasting with data generated in a cell-
free context [405, 406]. 

Endogenous TGF-β1 production in human 
dermal fibroblasts [436] 

In this study, inhibition of Alk5 had no 
effect on basal collagen I deposition in 
NHDFs, suggesting a lack of endogenous 
TGF-β1 synthesis contributing to 
extracellular matrix formation. This 
however does not discount the 
possibility of low-affinity TGF-β1 receptor 
signalling, independently of Alk5, and 
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levels of active TGF-β1 could be 
measured. 

The role of mTOR inhibitors (rapalogs 
and ATP-competitive small molecules) as 
an antii-fibrotic strategy 

• Dual PI3K/mTOR inhibition attenuates 
bleomycin-induced systemic sclerosis 
and reduces collagen production in 
primary SSc fibroblasts [437]. The 
contribution of mTOR to this process is 
corroborated in the in vitro studies 
described in this thesis.  

• The data presented suggest collagen I 
production and fibroblast to 
myofibroblast differentiation are 
insensitive to rapamycin treatment 
which is in agreement with  a chronic 
bleomycin-induced SSc model and 
human dermal fibroblasts cultured in 
vitro, however this contrasts with 
prophylactic rapamycin administration 
in mice and mouse-derived dermal 
fibroblasts. It is important to consider 
the role of rapamycin as a modulator of 
immune responses in these models. My 
data, generated from a single cell-type 
does not evaluate the effect on 
immune function in the context of 
pulmonary fibrosis. Similar contrasts 
are apparent between in vitro and in 
vivo approaches in the context of liver 
fibrosis (discussion section 4.12). 

Table 4.1: Summary of similarities and differences between the data presented in this 
thesis and existing literature 

 

4.15 Conclusion 

 

In addressing the aims of this thesis, I have demonstrated that under in vitro 

conditions of macromolecular crowding, TGF-β1-treated fibroblasts deposit insoluble 

collagen I fibrils into an extracellular matrix. Using ATP-competitive inhibitors of 

mTOR, TGF-β1-induced signalling through mTOR has been specifically implicated in 

the myofibroblast differentiation programme. Delineation of the contribution of 

known mTORC substrates highlighted that AGC kinases did not mediate the pro-

fibrotic effects of TGF-β1, and highlighted a potentially critical role for rapamycin-
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insensitive mTORC1-mediated signalling through the 4E-BP1 axis that regulates cap-

dependent translation. Moreover, interrogation of the roles of transcription and 

translation in the biosynthetic pathways of collagen I and α-SMA suggest mTOR 

signalling may regulate multiple phases of the fibroblast response to TGF-β1, 

including regulation of the levels of pro-fibrotic mRNA through the translational 

modulation of intermediate proteins which in turn might influence COL1A1 and 

ACTA2 gene expression. Such factors might include a number of candidates, 

including potentially an autocrine growth factor or a specific transcription factor and 

proteins involved in epigenetic regulation [464].  

Examination of canonical activation of mTOR through PI3K/Akt signalling revealed 

that this axis is dispensable for TGF-β1-induced collagen I and α-SMA production in 

human lung fibroblasts, suggesting an alternative activation mechanism for mTORC1 

that is under further investigation in our centre. Finally, studies performed in dermal 

fibroblasts and hepatic stellate cells suggest that PI3K and Akt independence, and 

insensitivity of collagen I and α-SMA synthesis to rapamycin may be a unifying 

feature of activated myofibroblasts across organs and potentially represents a core 

mechanism of fibrosis that could be therapeutically targeted with active-site mTOR 

inhibitors.  

4.16 Future directions 

 

Defining the specific contribution of mTOR to TGF-β1-induced collagen production 

and α-SMA induction may lead to the identification of a specific effector protein that 

can be selectively targeted for therapeutic benefit in IPF and other fibrotic diseases. 

In order to address the second aim of the polyribosome profiling pilot study and 

identify potential novel intermediate factors that are regulated by de novo protein 

synthesis downstream of mTOR signalling to upregulate COL1A1 and ACTA2 mRNA, a 

number of approaches can be conducted, including a literature-based triage of 

mapped regions of the promoters of COL1A1 and ACTA2, and the analysis of existing 

transcriptomic databases. Transcription factors, whether enhancers or repressors, 

are critical in the modulation of pro-fibrotic gene expression stimulated by TGF-β1, 
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therefore the first objective of this study would be to identify transcription factors in 

which the protein levels are modulated by TGF-β1 and sensitive to ATP-competitive 

dual mTORC inhibition. In the context of EMT which may contribute to the 

pathogenesis of tissue fibrosis, specific translational activation of the transcription 

factor Snail-1 in RLE-6TN cells (alveolar type II epithelial cell phenotype) was 

mediated by TGF-β1 and abrogated by the prodrug 4Ei-1. 4Ei-1 is an antagonist of the 

eIF4E-m7GTP cap interaction when converted into the active molecule 7-benzyl 

guanosine monophosphate and displaces capped mRNAs from eIF4F to present a 

potential mechanism of transcription factor regulation that could be applied to the 

differentiation programme of fibroblasts of epthilelial cell origin [465]. 

The promoter regions of COL1A1, COL1A2 and ACTA2 have been extensively 

characterised and describe in great detail the transcriptional activation of these 

genes, including in response to TGF-β1. A future set of experiments would therefore 

examine if the levels of these transcription factors are regulated by de novo 

synthesis downstream of mTOR signalling in TGF-β1-stimulated human lung 

fibroblasts. 

I have conducted a preliminary analysis of an RNA sequencing database curated by 

Dr Hannah Woodcock and Dr Manuela Platé, in which data were generated from 

total RNA sequenced from fibroblasts incubated with vehicle, AZD8055 or rapamycin 

with and without exogenous TGF-β1. However, the association of mRNAs with 

monosomes or polyribosomes was not explored in this study. 4189 genes were 

considered to be significantly modulated by TGF-β1, and cross-comparison of this list 

of genes with a database of known human transcription factors [466] revealed that 

556 transcription factors were detected in the HLFs in this experiment. 216 were 

significantly upregulated (fold change >1.5), and 340 were significantly 

downregulated (fold change <0.67). The mRNA levels of transcription factors that 

were modulated by AZD8055 and rapamycin were excluded to discount translation-

independent effects on transcription factor expression and insensitivity of collagen I 

and α-SMA synthesis to rapamycin treatment,. Of the 394 genes remaining, there 

were several of interest that could be validated in smaller studies to determine their 

synthesis in response to TGF-β1 and inhibition of mTOR. Of note, levels of GATA6 
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were increased 7-fold by TGF-β1, encoding a transcription factor that has been 

shown to mediate α-SMA induction in IPF fibroblasts [467]. Additionally, the 

transcription factor protein product of KLF5, upregulated 3-fold by TGF-β1 treatment, 

has been shown to be increased in bronchial fibroblasts derived from COPD patients, 

and silencing of KLF5 suppressed fibroblast to myofibroblast differentiation and the 

production of collagens and MMPs [468]. Moreover, levels of SRF, which has been 

mapped to bind to several sites of the ACTA2 promoter [469], and RUNX1 which is a 

regulator of fibroblast differentiation [470] were also significantly upregulated by 

TGF-β1 (2.6-fold and 1.6-fold respectively).  

In the absence of an accompanying proteomics dataset which would infer potential 

changes in mRNA translation into protein, the expression of the protein products of 

these genes could be validated by western blotting. To explore in depth the 

translational changes that occur during TGF-β1-induced fibroblast to myofibroblast 

differentiation, further polyribosome studies across a range of time points could be 

conducted and the samples analysed in an unbiased manner, analysing all expressed 

mRNAs by RNA sequencing.  

The potential role of mTOR in regulating the stability of pro-fibrotic mRNAs could 

also be further explored to fully elucidate the actions of this pleiotropic kinase in the 

pro-fibrotic response to TGF-β1 treatment in myofibroblast precursors of multiple 

tissues. Micro-RNA 29 (miR29), which binds to the 3’UTR of COL1A1 to induce its 

degradation, has been implicated in IPF and systemic sclerosis, with microRNA 

mimicry being explored as a potential anti-fibrotic treatment strategy [471,472]. 

To validate the role of 4E-BP1 and further investigate other proteins modulated by 

mTOR signalling in the regulation of collagen I and α-SMA synthesis in IPF fibroblasts, 

shRNA or CRISPR gene editing approaches could be conducted to introduce point 

mutations into coding sequences or silence the gene completely. However, 

modulation of genes using these techniques may lead to truncated protein products 

or induce nonsense-mediated decay of mRNA transcripts with premature stop 

codons, therefore correct assembly of protein complexes, for example mTORC1 and 

mTORC2 may be inhibited and prevent delineation of their pro-fibrotic function. For 
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example, correct assembly of raptor into mTORC1 is essential for the recruitment 

and subsequent activation of mTORC1 substrates p70S6K and 4E-BP1 whose N and 

C-terminus respectively contain a TOS motif for recruitment to raptor in mTORC1 

[473–475]. To minimise the effects of interference of protein scaffolds, kinases at the 

core of protein complexes such as mTOR may therefore be modulated by 

transfection of plasmids encoding a kinase-dead mutant [476].  



5. References 
 

 241 

 

5 References 

 

1. Rockey, D. C., Bell, P. D. & Hill, J. A. Fibrosis--a common pathway to organ injury and 
failure. N. Engl. J. Med. 372, 1138–49 (2015). 

2. Wynn, T. A. Fibrotic disease and the T(H)1/T(H)2 paradigm. Nat. Rev. Immunol. 4, 
583–94 (2004). 

3. Willis, B. C. & Borok, Z. TGF-beta-induced EMT: mechanisms and implications for 
fibrotic lung disease. Am. J. Physiol. Lung Cell. Mol. Physiol. 293, L525-34 (2007). 

4. Hinz, B. et al. The myofibroblast: one function, multiple origins. Am. J. Pathol. 170, 
1807–16 (2007). 

5. Mokdad, A. A. et al. Liver cirrhosis mortality in 187 countries between 1980 and 
2010: a systematic analysis. BMC Med. 2014 121 12, 145 (2014). 

6. Davis, G. L. et al. Hepatocellular carcinoma: management of an increasingly common 
problem. Proc. (Bayl. Univ. Med. Cent). 21, 266–80 (2008). 

7. Viswanath, V., Phiske, M. M. & Gopalani, V. V. Systemic sclerosis: current concepts in 
pathogenesis and therapeutic aspects of dermatological manifestations. Indian J. 
Dermatol. 58, 255–68 (2013). 

8. Gauglitz, G. G., Korting, H. C., Pavicic, T., Ruzicka, T. & Jeschke, M. G. Hypertrophic 
scarring and keloids: pathomechanisms and current and emerging treatment 
strategies. Mol. Med. 17, 113–25 (2011). 

9. Navaratnam, V. et al. The rising incidence of idiopathic pulmonary fibrosis in the U.K. 
Thorax 66, 462–7 (2011). 

10. Raghu, G. et al. An official ATS/ERS/JRS/ALAT statement: idiopathic pulmonary 
fibrosis: evidence-based guidelines for diagnosis and management. Am. J. Respir. Crit. 
Care Med. 183, 788–824 (2011). 

11. Wells, A. U. The revised ATS/ERS/JRS/ALAT diagnostic criteria for idiopathic 
pulmonary fibrosis (IPF)--practical implications. Respir. Res. 14 Suppl 1, S2 (2013). 

12. Datta, A., Scotton, C. J. & Chambers, R. C. Novel therapeutic approaches for 
pulmonary fibrosis. Br. J. Pharmacol. 163, 141–72 (2011). 

13. Wells, A. U., Behr, J., Costabel, U., Cottin, V. & Poletti, V. Triple therapy in idiopathic 
pulmonary fibrosis: an alarming press release. Eur. Respir. J. 39, 805–6 (2012). 

14. King, T. E. et al. A phase 3 trial of pirfenidone in patients with idiopathic pulmonary 
fibrosis. N. Engl. J. Med. 370, 2083–92 (2014). 

15. Noble, P. W. et al. Pirfenidone in patients with idiopathic pulmonary fibrosis 
(CAPACITY): two randomised trials. Lancet 377, 1760–9 (2011). 

16. Di Sario, A. et al. Effect of pirfenidone on rat hepatic stellate cell proliferation and 
collagen production. J. Hepatol. 37, 584–91 (2002). 

17. Hewitson, T. D. et al. Pirfenidone reduces in vitro rat renal fibroblast activation and 
mitogenesis. J. Nephrol. 14, 453–60 (2001). 

18. Kakugawa, T. et al. Pirfenidone attenuates expression of HSP47 in murine bleomycin-
induced pulmonary fibrosis. Eur. Respir. J. 24, 57–65 (2004). 

19. Richeldi, L. et al. Efficacy and safety of nintedanib in idiopathic pulmonary fibrosis. N. 
Engl. J. Med. 370, 2071–82 (2014). 

20. Hughes, G., Toellner, H., Morris, H., Leonard, C. & Chaudhuri, N. Real World 
Experiences: Pirfenidone and Nintedanib are Effective and Well Tolerated Treatments 
for Idiopathic Pulmonary Fibrosis. J. Clin. Med. 5, (2016). 



5. References 
 

 242 

21. Baumgartner, K. B., Samet, J. M., Stidley, C. A., Colby, T. V & Waldron, J. A. Cigarette 
smoking: a risk factor for idiopathic pulmonary fibrosis. Am. J. Respir. Crit. Care Med. 
155, 242–8 (1997). 

22. Hubbard, R., Lewis, S., Richards, K., Britton, J. & Johnston, I. Occupational exposure to 
metal or wood dust and aetiology of cryptogenic fibrosing alveolitis. Lancet 347, 284–
289 (1996). 

23. Baumgartner, K. B. Occupational and Environmental Risk Factors for Idiopathic 
Pulmonary Fibrosis: A Multicenter Case-Control Study. Am. J. Epidemiol. 152, 307–
315 (2000). 

24. Arase, Y. et al. Hepatitis C virus enhances incidence of idiopathic pulmonary fibrosis. 
World J. Gastroenterol. 14, 5880–6 (2008). 

25. Calabrese, F. et al. Herpes virus infection is associated with vascular remodeling and 
pulmonary hypertension in idiopathic pulmonary fibrosis. PLoS One 8, e55715 (2013). 

26. Gribbin, J., Hubbard, R. & Smith, C. Role of diabetes mellitus and gastro-oesophageal 
reflux in the aetiology of idiopathic pulmonary fibrosis. Respir. Med. 103, 927–31 
(2009). 

27. Raghu, G. et al. High prevalence of abnormal acid gastro-oesophageal reflux in 
idiopathic pulmonary fibrosis. Eur. Respir. J. 27, 136–42 (2006). 

28. Seibold, M. A. et al. A common MUC5B promoter polymorphism and pulmonary 
fibrosis. N. Engl. J. Med. 364, 1503–12 (2011). 

29. Peljto, A. L. et al. Association between the MUC5B promoter polymorphism and 
survival in patients with idiopathic pulmonary fibrosis. JAMA 309, 2232–9 (2013). 

30. Roy, M. G. et al. Muc5b is required for airway defence. Nature 505, 412–416 (2013). 

31. Molyneaux, P. L. et al. The role of bacteria in the pathogenesis and progression of 
idiopathic pulmonary fibrosis. Am. J. Respir. Crit. Care Med. 190, 906–13 (2014). 

32. Yang, I. V, Fingerlin, T. E., Evans, C. M., Schwarz, M. I. & Schwartz, D. A. MUC5B and 
Idiopathic Pulmonary Fibrosis. Ann. Am. Thorac. Soc. 12 Suppl 2, S193-9 (2015). 

33. García-Sancho, C. et al. Familial pulmonary fibrosis is the strongest risk factor for 
idiopathic pulmonary fibrosis. Respir. Med. 105, 1902–7 (2011). 

34. Thomas, A. Q. et al. Heterozygosity for a surfactant protein C gene mutation 
associated with usual interstitial pneumonitis and cellular nonspecific interstitial 
pneumonitis in one kindred. Am. J. Respir. Crit. Care Med. 165, 1322–8 (2002). 

35. Nogee, L. M. et al. A mutation in the surfactant protein C gene associated with 
familial interstitial lung disease. N. Engl. J. Med. 344, 573–9 (2001). 

36. Tanjore, H., Blackwell, T. S. & Lawson, W. E. Emerging evidence for endoplasmic 
reticulum stress in the pathogenesis of idiopathic pulmonary fibrosis. Am. J. Physiol. 
Lung Cell. Mol. Physiol. 302, L721-9 (2012). 

37. Noth, I. et al. Genetic variants associated with idiopathic pulmonary fibrosis 
susceptibility and mortality: a genome-wide association study. Lancet. Respir. Med. 1, 
309–17 (2013). 

38. Fingerlin, T. E. et al. Genome-wide association study identifies multiple susceptibility 
loci for pulmonary fibrosis. Nat. Genet. 45, 613–20 (2013). 

39. Driscoll, B., Buckley, S., Bui, K. C., Anderson, K. D. & Warburton, D. Telomerase in 
alveolar epithelial development and repair. Am. J. Physiol. Lung Cell. Mol. Physiol. 
279, L1191-8 (2000). 

40. Korthagen, N. M. et al. Association between variations in cell cycle genes and 
idiopathic pulmonary fibrosis. PLoS One 7, e30442 (2012). 

41. Scotton, C. J. et al. Increased local expression of coagulation factor X contributes to 
the fibrotic response in human and murine lung injury. J. Clin. Invest. 119, 2550–63 
(2009). 



5. References 
 

 243 

42. Thannickal, V. J. & Horowitz, J. C. Evolving concepts of apoptosis in idiopathic 
pulmonary fibrosis. Proc. Am. Thorac. Soc. 3, 350–6 (2006). 

43. Thannickal, V. J., Toews, G. B., White, E. S., Lynch, J. P. & Martinez, F. J. Mechanisms 
of pulmonary fibrosis. Annu. Rev. Med. 55, 395–417 (2004). 

44. Kuwano, K. et al. Oxidative stress in lung epithelial cells from patients with idiopathic 
interstitial pneumonias. Eur. Respir. J. 21, 232–40 (2003). 

45. Waghray, M. et al. Hydrogen peroxide is a diffusible paracrine signal for the induction 
of epithelial cell death by activated myofibroblasts. FASEB J. 19, 854–6 (2005). 

46. King, T. E. et al. Idiopathic pulmonary fibrosis: relationship between histopathologic 
features and mortality. Am. J. Respir. Crit. Care Med. 164, 1025–32 (2001). 

47. Nicholson, A. G. et al. The relationship between individual histologic features and 
disease progression in idiopathic pulmonary fibrosis. Am. J. Respir. Crit. Care Med. 
166, 173–7 (2002). 

48. Hanak, V. et al. Profusion of fibroblast foci in patients with idiopathic pulmonary 
fibrosis does not predict outcome. Respir. Med. 102, 852–6 (2008). 

49. Chilosi, M. et al. Abnormal re-epithelialization and lung remodeling in idiopathic 
pulmonary fibrosis: the role of deltaN-p63. Lab. Invest. 82, 1335–45 (2002). 

50. Kasper, M. & Haroske, G. Alterations in the alveolar epithelium after injury leading to 
pulmonary fibrosis. Histol. Histopathol. 11, 463–83 (1996). 

51. Barbas-Filho, J. V et al. Evidence of type II pneumocyte apoptosis in the pathogenesis 
of idiopathic pulmonary fibrosis (IFP)/usual interstitial pneumonia (UIP). J. Clin. 
Pathol. 54, 132–8 (2001). 

52. Zoz, D. F., Lawson, W. E. & Blackwell, T. S. Idiopathic Pulmonary Fibrosis: A Disorder 
of Epithelial Cell Dysfunction. Am. J. Med. Sci. 341, 435–438 (2011). 

53. Plataki, M. et al. Expression of apoptotic and antiapoptotic markers in epithelial cells 
in idiopathic pulmonary fibrosis. Chest 127, 266–74 (2005). 

54. Akram, K. M., Lomas, N. J., Forsyth, N. R. & Spiteri, M. A. Alveolar epithelial cells in 
idiopathic pulmonary fibrosis display upregulation of TRAIL, DR4 and DR5 expression 
with simultaneous preferential over-expression of pro-apoptotic marker p53. Int. J. 
Clin. Exp. Pathol. 7, 552–64 (2014). 

55. Nakashima, N. et al. The p53-Mdm2 association in epithelial cells in idiopathic 
pulmonary fibrosis and non-specific interstitial pneumonia. J. Clin. Pathol. 58, 583–9 
(2005). 

56. Psathakis, K. et al. Exhaled markers of oxidative stress in idiopathic pulmonary 
fibrosis. Eur. J. Clin. Invest. 36, 362–7 (2006). 

57. Tsai, Y. C. & Weissman, A. M. The Unfolded Protein Response, Degradation from 
Endoplasmic Reticulum and Cancer. Genes Cancer 1, 764–778 (2010). 

58. Lawson, W. E. et al. Endoplasmic reticulum stress in alveolar epithelial cells is 
prominent in IPF: association with altered surfactant protein processing and 
herpesvirus infection. Am. J. Physiol. Lung Cell. Mol. Physiol. 294, L1119-26 (2008). 

59. Chilosi, M. et al. Aberrant Wnt/beta-catenin pathway activation in idiopathic 
pulmonary fibrosis. Am. J. Pathol. 162, 1495–502 (2003). 

60. Lama, V., Moore, B. B., Christensen, P., Toews, G. B. & Peters-Golden, M. 
Prostaglandin E2 Synthesis and Suppression of Fibroblast Proliferation by Alveolar 
Epithelial Cells Is Cyclooxygenase-2–Dependent. Am. J. Respir. Cell Mol. Biol. 27, 752–
758 (2002). 

61. Keerthisingam, C. B. et al. Cyclooxygenase-2 deficiency results in a loss of the anti-
proliferative response to transforming growth factor-beta in human fibrotic lung 
fibroblasts and promotes bleomycin-induced pulmonary fibrosis in mice. Am. J. 
Pathol. 158, 1411–22 (2001). 



5. References 
 

 244 

62. Borok, Z. et al. Augmentation of Functional Prostaglandin E Levels on the Respiratory 
Epithelial Surface by Aerosol Administration of Prostaglandin E. Am. Rev. Respir. Dis. 
144, 1080–1084 (1991). 

63. Maher, T. M., Evans, I. C., Laurent, G. J. & McAnulty, R. J. PGE2 Paradoxically 
Increases Fibroblast Apoptosis But Reduces Airway Epithelial Cell Apoptosis In 
Response To FasL Via Activation Of The EP4 Receptor. in C28. AUTOPHAGY VERSUS 
APOPTOSIS: TWIN SONS OF A DIFFERENT MOTHER? A4182–A4182 (American 
Thoracic Society, 2010). doi:10.1164/ajrccm-
conference.2010.181.1_MeetingAbstracts.A4182 

64. Antoniades, H. N. et al. Platelet-derived growth factor in idiopathic pulmonary 
fibrosis. J. Clin. Invest. 86, 1055–64 (1990). 

65. Nash, J. R., McLaughlin, P. J., Butcher, D. & Corrin, B. Expression of tumour necrosis 
factor-alpha in cryptogenic fibrosing alveolitis. Histopathology 22, 343–7 (1993). 

66. Coffey, E., Newman, D. R. & Sannes, P. L. Expression of fibroblast growth factor 9 in 
normal human lung and idiopathic pulmonary fibrosis. J. Histochem. Cytochem. 61, 
671–9 (2013). 

67. Dancer, R. C. A., Wood, A. M. & Thickett, D. R. Metalloproteinases in idiopathic 
pulmonary fibrosis. Eur. Respir. J. 38, 1461–7 (2011). 

68. Riteau, N. et al. Extracellular ATP Is a Danger Signal Activating P2X 7 Receptor in Lung 
Inflammation and Fibrosis. Am. J. Respir. Crit. Care Med. 182, 774–783 (2010). 

69. Khalil, N., O’Connor, R. N., Flanders, K. C. & Unruh, H. TGF-beta 1, but not TGF-beta 2 
or TGF-beta 3, is differentially present in epithelial cells of advanced pulmonary 
fibrosis: an immunohistochemical study. Am. J. Respir. Cell Mol. Biol. 14, 131–8 
(1996). 

70. Khalil, N. et al. Increased production and immunohistochemical localization of 
transforming growth factor-beta in idiopathic pulmonary fibrosis. Am. J. Respir. Cell 
Mol. Biol. 5, 155–62 (1991). 

71. Kapanci, Y., Desmouliere, A., Pache, J. C., Redard, M. & Gabbiani, G. Cytoskeletal 
protein modulation in pulmonary alveolar myofibroblasts during idiopathic 
pulmonary fibrosis. Possible role of transforming growth factor beta and tumor 
necrosis factor alpha. Am. J. Respir. Crit. Care Med. 152, 2163–9 (1995). 

72. Wang, R. et al. Angiotensin II induces apoptosis in human and rat alveolar epithelial 
cells. Am. J. Physiol. 276, L885-9 (1999). 

73. Wang, R. et al. Human lung myofibroblast-derived inducers of alveolar epithelial 
apoptosis identified as angiotensin peptides. Am. J. Physiol. 277, L1158-64 (1999). 

74. Hung, C. et al. Role of lung pericytes and resident fibroblasts in the pathogenesis of 
pulmonary fibrosis. Am. J. Respir. Crit. Care Med. 188, 820–30 (2013). 

75. Bucala, R., Spiegel, L. A., Chesney, J., Hogan, M. & Cerami, A. Circulating fibrocytes 
define a new leukocyte subpopulation that mediates tissue repair. Mol. Med. 1, 71–
81 (1994). 

76. Moeller, A. et al. Circulating fibrocytes are an indicator of poor prognosis in idiopathic 
pulmonary fibrosis. Am. J. Respir. Crit. Care Med. 179, 588–94 (2009). 

77. Andersson-Sjöland, A. et al. Fibrocytes are a potential source of lung fibroblasts in 
idiopathic pulmonary fibrosis. Int. J. Biochem. Cell Biol. 40, 2129–40 (2008). 

78. Kleaveland, K. R. et al. Fibrocytes are not an essential source of type I collagen during 
lung fibrosis. J. Immunol. 193, 5229–39 (2014). 

79. De Craene, B. & Berx, G. Regulatory networks defining EMT during cancer initiation 
and progression. Nat. Rev. Cancer 13, 97–110 (2013). 

80. Tanjore, H. et al. Alveolar epithelial cells undergo epithelial-to-mesenchymal 
transition in response to endoplasmic reticulum stress. J. Biol. Chem. 286, 30972–80 



5. References 
 

 245 

(2011). 

81. Kage, H. & Borok, Z. EMT and interstitial lung disease: a mysterious relationship. Curr. 
Opin. Pulm. Med. 18, 517–23 (2012). 

82. Rock, J. R. et al. Multiple stromal populations contribute to pulmonary fibrosis 
without evidence for epithelial to mesenchymal transition. Proc. Natl. Acad. Sci. U. S. 
A. 108, E1475-83 (2011). 

83. Moulin, V. et al. Normal skin wound and hypertrophic scar myofibroblasts have 
differential responses to apoptotic inductors. J. Cell. Physiol. 198, 350–8 (2004). 

84. Tomasek, J. J., Gabbiani, G., Hinz, B., Chaponnier, C. & Brown, R. A. Myofibroblasts 
and mechano-regulation of connective tissue remodelling. Nat. Rev. Mol. Cell Biol. 3, 
349–63 (2002). 

85. Klingberg, F., Hinz, B. & White, E. S. The myofibroblast matrix: implications for tissue 
repair and fibrosis. J. Pathol. 229, 298–309 (2013). 

86. Selman, M. et al. TIMP-1, -2, -3, and -4 in idiopathic pulmonary fibrosis. A prevailing 
nondegradative lung microenvironment? Am. J. Physiol. Lung Cell. Mol. Physiol. 279, 
L562-74 (2000). 

87. Fukuda, Y., Ishizaki, M., Kudoh, S., Kitaichi, M. & Yamanaka, N. Localization of matrix 
metalloproteinases-1, -2, and -9 and tissue inhibitor of metalloproteinase-2 in 
interstitial lung diseases. Lab. Invest. 78, 687–98 (1998). 

88. Blaauboer, M. E. et al. Extracellular matrix proteins: a positive feedback loop in lung 
fibrosis? Matrix Biol. 34, 170–8 (2014). 

89. Hinz, B. Mechanical aspects of lung fibrosis: a spotlight on the myofibroblast. Proc. 
Am. Thorac. Soc. 9, 137–47 (2012). 

90. Ricard-Blum, S. The collagen family. Cold Spring Harb. Perspect. Biol. 3, a004978 
(2011). 

91. Exposito, J.-Y., Valcourt, U., Cluzel, C. & Lethias, C. The fibrillar collagen family. Int. J. 
Mol. Sci. 11, 407–26 (2010). 

92. Fulmer, J. . & Crystal, R. . Biochemical Basis of Pulmonary Function. in The 
Biochemical Basis of Pulmonary Function 419–466 (Marcel Dekker, 1976). 

93. Madri, J. A. & Furthmayr, H. Collagen polymorphism in the lung. An immunochemical 
study of pulmonary fibrosis. Hum. Pathol. 11, 353–66 (1980). 

94. Hance, A. J. & Crystal, R. G. The connective tissue of lung. Am. Rev. Respir. Dis. 112, 
657–711 (1975). 

95. Gay, S., Martin, G. R., Muller, P. K., Timpl, R. & Kuhn, K. Simultaneous synthesis of 
types I and III collagen by fibroblasts in culture. Proc. Natl. Acad. Sci. U. S. A. 73, 
4037–40 (1976). 

96. Seyer, J. M., Hutcheson, E. T. & Kang, A. H. Collagen polymorphism in idiopathic 
chronic pulmonary fibrosis. J. Clin. Invest. 57, 1498–507 (1976). 

97. Reiser, K. M. & Last, J. A. Pulmonary fibrosis in experimental acute respiratory 
disease. Am. Rev. Respir. Dis. 123, 58–63 (1981). 

98. Koide, T. & Nagata, K. Collagen Biosynthesis. 85–114 (2005). doi:10.1007/b103820 

99. De Wet$, W. J., Chu, M.-L. & Prockopj, D. J. The mRNAs for the Pro-d(1) and Pro-d(I) 
Chains of Type I Procollagen Are Translated at the Same Rate in Normal Human 
Fibroblasts and in Fibroblasts from Two Variants of Osteogenesis Irnperfecta with 
Altered Steady State Ratios of the Two mRNAs*. 258, 143–5 (1983). 

100. Kirk, T. Z., Evans, J. S. & Veis, A. Biosynthesis of type I procollagen. Characterization of 
the distribution of chain sizes and extent of hydroxylation of polysome-associated 
pro-alpha-chains. J. Biol. Chem. 262, 5540–5 (1987). 

101. Kivirikko, K., Myllyla, R. & Pihlajaniemi, T. Hydroxylation of Proline and Lysine 
Residues in Collagens and Other Animal and Plant Proteins. in Post-translational 



5. References 
 

 246 

modifications of proteins (CRC Press, 1992). 

102. Yamauchi, M. & Sricholpech, M. Lysine post-translational modifications of collagen. 
Essays Biochem. 52, 113–33 (2012). 

103. Murad, S., Tajima, S., Johnson, G. R., Sivarajah, S. & Pinnell, S. R. Collagen synthesis in 
cultured human skin fibroblasts: effect of ascorbic acid and its analogs. J. Invest. 
Dermatol. 81, 158–62 (1983). 

104. Hata, R. & Senoo, H. L-ascorbic acid 2-phosphate stimulates collagen accumulation, 
cell proliferation, and formation of a three-dimensional tissuelike substance by skin 
fibroblasts. J. Cell. Physiol. 138, 8–16 (1989). 

105. Uitto, J. & Prockop, D. J. Hydroxylation of Peptide-Bound Proline and Lysine before 
and after Chain Completion of the Polypeptide Chains of Procollagen 1. Arch. 
Biochem. Biophys. 164, 210–217 (1974). 

106. Beck, K. et al. Destabilization of osteogenesis imperfecta collagen-like model peptides 
correlates with the identity of the residue replacing glycine. Proc. Natl. Acad. Sci. 97, 
4273–4278 (2000). 

107. Bonfanti, L. et al. Procollagen traverses the Golgi stack without leaving the lumen of 
cisternae: evidence for cisternal maturation. Cell 95, 993–1003 (1998). 

108. Siegel, R. C. Collagen Cross-linking SYNTHESIS OF COLLAGEN CROSS-LINKS IN VITRO 
WITH HIGHLY. J. Biol. Chem. 251, 5786–5792 (1976). 

109. Chen, C. Z. & Raghunath, M. Focus on collagen: in vitro systems to study fibrogenesis 
and antifibrosis state of the art. Fibrogenesis Tissue Repair 2, 7 (2009). 

110. Leask, A. & Abraham, D. J. TGF-beta signaling and the fibrotic response. FASEB J. 18, 
816–27 (2004). 

111. Hagimoto, N. et al. TGF- 1 as an Enhancer of Fas-Mediated Apoptosis of Lung 
Epithelial Cells. J. Immunol. 168, 6470–6478 (2002). 

112. Blobe, G. C., Schiemann, W. P. & Lodish, H. F. Role of transforming growth factor beta 
in human disease. N. Engl. J. Med. 342, 1350–8 (2000). 

113. Sime, P. J., Xing, Z., Graham, F. L., Csaky, K. G. & Gauldie, J. Adenovector-mediated 
gene transfer of active transforming growth factor-beta1 induces prolonged severe 
fibrosis in rat lung. J. Clin. Invest. 100, 768–76 (1997). 

114. Zhao, J. et al. Smad3 deficiency attenuates bleomycin-induced pulmonary fibrosis in 
mice. Am. J. Physiol. Lung Cell. Mol. Physiol. 282, L585-93 (2002). 

115. Wang, Q. et al. Reduction of bleomycin induced lung fibrosis by transforming growth 
factor beta soluble receptor in hamsters. Thorax 54, 805–12 (1999). 

116. Kanzler, S. et al. TGF-beta1 in liver fibrosis: an inducible transgenic mouse model to 
study liver fibrogenesis. Am. J. Physiol. 276, G1059-68 (1999). 

117. Chambers, R. C., Leoni, P., Kaminski, N., Laurent, G. J. & Heller, R. A. Global 
expression profiling of fibroblast responses to transforming growth factor-beta1 
reveals the induction of inhibitor of differentiation-1 and provides evidence of 
smooth muscle cell phenotypic switching. Am. J. Pathol. 162, 533–46 (2003). 

118. McAnulty, R. J., Campa, J. S., Cambrey, A. D. & Laurent, G. J. The effect of 
transforming growth factor beta on rates of procollagen synthesis and degradation in 
vitro. Biochim. Biophys. Acta 1091, 231–5 (1991). 

119. Overall, C. M., Wranas, J. L. & Sodek, J. Transforming Growth Factor-β Regulation of 
Collagenase, 72Kda-Progelatinase, Timp and Pai-1 Expression in Rat Bone Cell 
Populations and Human Fibroblasts. Connect. Tissue Res. 20, 289–294 (1989). 

120. Kulasekaran, P. et al. Endothelin-1 and transforming growth factor-beta1 
independently induce fibroblast resistance to apoptosis via AKT activation. Am. J. 
Respir. Cell Mol. Biol. 41, 484–93 (2009). 

121. Nho, R. S. & Hergert, P. IPF fibroblasts are desensitized to type I collagen matrix-



5. References 
 

 247 

induced cell death by suppressing low autophagy via aberrant Akt/mTOR kinases. 
PLoS One 9, e94616 (2014). 

122. Padua, D. & Massagué, J. Roles of TGFbeta in metastasis. Cell Res. 19, 89–102 (2009). 

123. Pardali, E. & Ten Dijke, P. TGFβ signaling and cardiovascular diseases. Int. J. Biol. Sci. 
8, 195–213 (2012). 

124. Dooley, S. & ten Dijke, P. TGF-β in progression of liver disease. Cell Tissue Res. 347, 
245–56 (2012). 

125. Heldin, C.-H., Landström, M. & Moustakas, A. Mechanism of TGF-beta signaling to 
growth arrest, apoptosis, and epithelial-mesenchymal transition. Curr. Opin. Cell Biol. 
21, 166–76 (2009). 

126. Annes, J. P., Munger, J. S. & Rifkin, D. B. Making sense of latent TGFbeta activation. J. 
Cell Sci. 116, 217–24 (2003). 

127. Saharinen, J., Taipale, J. & Keski-Oja, J. Association of the small latent transforming 
growth factor-beta with an eight cysteine repeat of its binding protein LTBP-1. EMBO 
J. 15, 245–53 (1996). 

128. Henderson, N. C. & Sheppard, D. Integrin-mediated regulation of TGFβ in fibrosis. 
Biochim. Biophys. Acta - Mol. Basis Dis. 1832, 891–896 (2013). 

129. Munger, J. S. et al. The integrin alpha v beta 6 binds and activates latent TGF beta 1: a 
mechanism for regulating pulmonary inflammation and fibrosis. Cell 96, 319–28 
(1999). 

130. Horan, G. S. et al. Partial inhibition of integrin alpha(v)beta6 prevents pulmonary 
fibrosis without exacerbating inflammation. Am. J. Respir. Crit. Care Med. 177, 56–65 
(2008). 

131. Miller, L. A., Barnett, N. L., Sheppard, D. & Hyde, D. M. Expression of the beta6 
integrin subunit is associated with sites of neutrophil influx in lung epithelium. J. 
Histochem. Cytochem. 49, 41–8 (2001). 

132. Saini, G. et al. αvβ6 integrin may be a potential prognostic biomarker in interstitial 
lung disease. Eur. Respir. J. 46, 486–494 (2015). 

133. Tatler, A. L. et al. Amplification of TGFβ Induced ITGB6 Gene Transcription May 
Promote Pulmonary Fibrosis. PLoS One 11, e0158047 (2016). 

134. Tatler, A. L. et al. Reduced Ets Domain-containing Protein Elk1 Promotes Pulmonary 
Fibrosis via Increased Integrin αvβ6 Expression. J. Biol. Chem. 291, 9540–53 (2016). 

135. Howell, D. C. J. et al. Direct Thrombin Inhibition Reduces Lung Collagen, 
Accumulation, and Connective Tissue Growth Factor mRNA Levels in Bleomycin-
Induced Pulmonary Fibrosis. Am. J. Pathol. 159, 1383–1395 (2001). 

136. Jenkins, R. G. et al. Ligation of protease-activated receptor 1 enhances alpha(v)beta6 
integrin-dependent TGF-beta activation and promotes acute lung injury. J. Clin. 
Invest. 116, 1606–14 (2006). 

137. Xu, M. Y. et al. Lysophosphatidic acid induces alphavbeta6 integrin-mediated TGF-
beta activation via the LPA2 receptor and the small G protein G alpha(q). Am. J. 
Pathol. 174, 1264–79 (2009). 

138. Giacomini, M. M., Travis, M. A., Kudo, M. & Sheppard, D. Epithelial cells utilize 
cortical actin/myosin to activate latent TGF-β through integrin αvβ6-dependent 
physical force. Exp. Cell Res. 318, 716–722 (2012). 

139. Goffin, J. M. et al. Focal adhesion size controls tension-dependent recruitment of α-
smooth muscle actin to stress fibers. J. Cell Biol. 172, 259–268 (2006). 

140. Wipff, P.-J., Rifkin, D. B., Meister, J.-J. & Hinz, B. Myofibroblast contraction activates 
latent TGF-beta1 from the extracellular matrix. J. Cell Biol. 179, 1311–23 (2007). 

141. Froese, A. R. et al. Stretch-induced Activation of Transforming Growth Factor-β 1 in 
Pulmonary Fibrosis. Am. J. Respir. Crit. Care Med. 194, 84–96 (2016). 



5. References 
 

 248 

142. Mu, D. et al. The integrin αvβ8 mediates epithelial homeostasis through MT1-MMP–
dependent activation of TGF-β1. J. Cell Biol. 157, 493–507 (2002). 

143. Henderson, N. C. et al. Targeting of αv integrin identifies a core molecular pathway 
that regulates fibrosis in several organs. Nat. Med. 19, 1617–24 (2013). 

144. Yu, Q. & Stamenkovic, I. Cell surface-localized matrix metalloproteinase-9 
proteolytically activates TGF-beta and promotes tumor invasion and angiogenesis. 
Genes Dev. 14, 163–76 (2000). 

145. Sato, Y. & Rifkin, D. B. Inhibition of endothelial cell movement by pericytes and 
smooth muscle cells: activation of a latent transforming growth factor-beta 1-like 
molecule by plasmin during co-culture. J. Cell Biol. 109, 309–15 (1989). 

146. Schultz-Cherry, S. & Murphy-Ullrich, J. E. Thrombospondin causes activation of latent 
transforming growth factor-beta secreted by endothelial cells by a novel mechanism. 
J. Cell Biol. 122, 923–32 (1993). 

147. Crawford, S. E. et al. Thrombospondin-1 is a major activator of TGF-beta1 in vivo. Cell 
93, 1159–70 (1998). 

148. Roberts, A. B. TGF-beta signaling from receptors to the nucleus. Microbes Infect. 1, 
1265–73 (1999). 

149. Wrighton, K. H., Lin, X. & Feng, X.-H. Phospho-control of TGF-beta superfamily 
signaling. Cell Res. 19, 8–20 (2009). 

150. Shen, X. et al. TGF-beta-induced phosphorylation of Smad3 regulates its interaction 
with coactivator p300/CREB-binding protein. Mol. Biol. Cell 9, 3309–19 (1998). 

151. Attisano, L. & Wrana, J. L. Signal transduction by the TGF-beta superfamily. Science 
296, 1646–7 (2002). 

152. Verrecchia, F., Chu, M. L. & Mauviel, A. Identification of novel TGF-beta /Smad gene 
targets in dermal fibroblasts using a combined cDNA microarray/promoter 
transactivation approach. J. Biol. Chem. 276, 17058–62 (2001). 

153. Schiller, M., Javelaud, D. & Mauviel, A. TGF-beta-induced SMAD signaling and gene 
regulation: consequences for extracellular matrix remodeling and wound healing. J. 
Dermatol. Sci. 35, 83–92 (2004). 

154. Derynck, R. & Zhang, Y. E. Smad-dependent and Smad-independent pathways in TGF-
beta family signalling. Nature 425, 577–84 (2003). 

155. von Gersdorff, G. et al. Smad3 and Smad4 mediate transcriptional activation of the 
human Smad7 promoter by transforming growth factor beta. J. Biol. Chem. 275, 
11320–6 (2000). 

156. Hayashi, H. et al. The MAD-related protein Smad7 associates with the TGFbeta 
receptor and functions as an antagonist of TGFbeta signaling. Cell 89, 1165–73 
(1997). 

157. Kavsak, P. et al. Smad7 binds to Smurf2 to form an E3 ubiquitin ligase that targets the 
TGF beta receptor for degradation. Mol. Cell 6, 1365–75 (2000). 

158. Yan, X. et al. Smad7 Protein Interacts with Receptor-regulated Smads (R-Smads) to 
Inhibit Transforming Growth Factor-β (TGF-β)/Smad Signaling. J. Biol. Chem. 291, 
382–92 (2016). 

159. Shi, X. et al. Study of interaction between Smad7 and DNA by single-molecule force 
spectroscopy. Biochem. Biophys. Res. Commun. 377, 1284–1287 (2008). 

160. Fukasawa, H. et al. Down-regulation of Smad7 expression by ubiquitin- dependent 
degradation contributes to renal fibrosis in obstructive nephropathy in mice. 

161. Lamouille, S. & Derynck, R. Cell size and invasion in TGF-beta-induced epithelial to 
mesenchymal transition is regulated by activation of the mTOR pathway. J. Cell Biol. 
178, 437–51 (2007). 

162. Yan, Z., Winawer, S. & Friedman, E. Two different signal transduction pathways can 



5. References 
 

 249 

be activated by transforming growth factor beta 1 in epithelial cells. J. Biol. Chem. 
269, 13231–7 (1994). 

163. Zavadil, J. et al. Genetic programs of epithelial cell plasticity directed by transforming 
growth factor-beta. Proc. Natl. Acad. Sci. U. S. A. 98, 6686–91 (2001). 

164. Hartsough, M. T. & Mulder, K. M. Transforming growth factor beta activation of 
p44mapk in proliferating cultures of epithelial cells. J. Biol. Chem. 270, 7117–24 
(1995). 

165. Frey, R. S. & Mulder, K. M. TGFbeta regulation of mitogen-activated protein kinases in 
human breast cancer cells. Cancer Lett. 117, 41–50 (1997). 

166. Mucsi, I., Skorecki, K. L. & Goldberg, H. J. Extracellular signal-regulated kinase and the 
small GTP-binding protein, Rac, contribute to the effects of transforming growth 
factor-beta1 on gene expression. J. Biol. Chem. 271, 16567–72 (1996). 

167. Lawler, S. et al. The type II transforming growth factor-beta receptor 
autophosphorylates not only on serine and threonine but also on tyrosine residues. J. 
Biol. Chem. 272, 14850–9 (1997). 

168. Galliher, A. J. & Schiemann, W. P. Src phosphorylates Tyr284 in TGF-beta type II 
receptor and regulates TGF-beta stimulation of p38 MAPK during breast cancer cell 
proliferation and invasion. Cancer Res. 67, 3752–8 (2007). 

169. Simeone, D. M. et al. Smad4 mediates activation of mitogen-activated protein kinases 
by TGF-beta in pancreatic acinar cells. Am. J. Physiol. Cell Physiol. 281, C311-9 (2001). 

170. Finlay, G. A., Thannickal, V. J., Fanburg, B. L. & Paulson, K. E. Transforming growth 
factor beta1 induced activation of the ERK pathway and AP 1 in human lung 
fibroblasts requires the autocrine induction of basic fibroblast growth factor. J. Biol. 
Chem. 275, 27650–27656 (2000). 

171. Wilkes, M. C., Murphy, S. J., Garamszegi, N. & Leof, E. B. Cell-type-specific activation 
of PAK2 by transforming growth factor beta independent of Smad2 and Smad3. Mol. 
Cell. Biol. 23, 8878–89 (2003). 

172. Bhowmick, N. A. et al. Transforming growth factor-beta1 mediates epithelial to 
mesenchymal transdifferentiation through a RhoA-dependent mechanism. Mol. Biol. 
Cell 12, 27–36 (2001). 

173. Hocevar, B. A., Brown, T. L. & Howe, P. H. TGF-beta induces fibronectin synthesis 
through a c-Jun N-terminal kinase-dependent, Smad4-independent pathway. EMBO J. 
18, 1345–56 (1999). 

174. Edlund, S. et al. Transforming growth factor-beta1 (TGF-beta)-induced apoptosis of 
prostate cancer cells involves Smad7-dependent activation of p38 by TGF-beta-
activated kinase 1 and mitogen-activated protein kinase kinase 3. Mol. Biol. Cell 14, 
529–44 (2003). 

175. Edlund, S., Landström, M., Heldin, C.-H. & Aspenström, P. Transforming growth 
factor-beta-induced mobilization of actin cytoskeleton requires signaling by small 
GTPases Cdc42 and RhoA. Mol. Biol. Cell 13, 902–14 (2002). 

176. Jaffe, A. B. & Hall, A. Rho GTPases: biochemistry and biology. Annu. Rev. Cell Dev. 
Biol. 21, 247–69 (2005). 

177. Zhang, L., Zhou, F. & ten Dijke, P. Signaling interplay between transforming growth 
factor-β receptor and PI3K/AKT pathways in cancer. Trends Biochem. Sci. 38, 612–20 
(2013). 

178. Suwanabol, P. A. et al. TGF-β and Smad3 modulate PI3K/Akt signaling pathway in 
vascular smooth muscle cells. Am. J. Physiol. Heart Circ. Physiol. 302, H2211-9 (2012). 

179. Zhang, Y. E. Non-Smad pathways in TGF-beta signaling. Cell Res. 19, 128–39 (2009). 

180. Kok, K., Geering, B. & Vanhaesebroeck, B. Regulation of phosphoinositide 3-kinase 
expression in health and disease. Trends Biochem. Sci. 34, 115–27 (2009). 



5. References 
 

 250 

181. Conte, E. et al. Inhibition of PI3K prevents the proliferation and differentiation of 
human lung fibroblasts into myofibroblasts: the role of class I P110 isoforms. PLoS 
One 6, e24663 (2011). 

182. Vanhaesebroeck, B. et al. p110 , a novel phosphoinositide 3-kinase in leukocytes. 
Proc. Natl. Acad. Sci. 94, 4330–4335 (1997). 

183. Li, Z. Roles of PLC-2 and -3 and PI3K in Chemoattractant-Mediated Signal 
Transduction. Science (80-. ). 287, 1046–1049 (2000). 

184. Martin, K. J. S., Muessel, M. J., Pullar, C. E., Willars, G. B. & Wardlaw, A. J. The Role of 
Phosphoinositide 3-Kinases in Neutrophil Migration in 3D Collagen Gels. PLoS One 10, 
e0116250 (2015). 

185. Castellano, E. & Downward, J. RAS Interaction with PI3K: More Than Just Another 
Effector Pathway. Genes Cancer 2, 261–74 (2011). 

186. Cantley, L. C. The phosphoinositide 3-kinase pathway. Science 296, 1655–7 (2002). 

187. Cantley, L. C. & Neel, B. G. New insights into tumor suppression: PTEN suppresses 
tumor formation by restraining the phosphoinositide 3-kinase/AKT pathway. Proc. 
Natl. Acad. Sci. U. S. A. 96, 4240–5 (1999). 

188. Alessi, D. R. et al. Characterization of a 3-phosphoinositide-dependent protein kinase 
which phosphorylates and activates protein kinase Balpha. Curr. Biol. 7, 261–9 
(1997). 

189. Sarbassov, D. D., Guertin, D. A., Ali, S. M. & Sabatini, D. M. Phosphorylation and 
regulation of Akt/PKB by the rictor-mTOR complex. Science 307, 1098–101 (2005). 

190. Brunet, A. et al. Akt promotes cell survival by phosphorylating and inhibiting a 
Forkhead transcription factor. Cell 96, 857–68 (1999). 

191. Manning, B. D. & Cantley, L. C. AKT/PKB signaling: navigating downstream. Cell 129, 
1261–74 (2007). 

192. Taniguchi, C. M., Emanuelli, B. & Kahn, C. R. Critical nodes in signalling pathways: 
insights into insulin action. Nat. Rev. Mol. Cell Biol. 7, 85–96 (2006). 

193. Cohen, P. & Frame, S. The renaissance of GSK3. Nat. Rev. Mol. Cell Biol. 2, 769–76 
(2001). 

194. Cutler, N. S., Heitman, J. & Cardenas, M. E. TOR kinase homologs function in a signal 
transduction pathway that is conserved from yeast to mammals. Mol. Cell. 
Endocrinol. 155, 135–42 (1999). 

195. Feng, Z., Zhang, H., Levine, A. J. & Jin, S. The coordinate regulation of the p53 and 
mTOR pathways in cells. Proc. Natl. Acad. Sci. U. S. A. 102, 8204–9 (2005). 

196. Sarkar, S. & Rubinsztein, D. C. Small molecule enhancers of autophagy for 
neurodegenerative diseases. Mol. Biosyst. 4, 895–901 (2008). 

197. King, M. A. et al. Rapamycin inhibits polyglutamine aggregation independently of 
autophagy by reducing protein synthesis. Mol. Pharmacol. 73, 1052–63 (2008). 

198. Polak, P. et al. Adipose-specific knockout of raptor results in lean mice with enhanced 
mitochondrial respiration. Cell Metab. 8, 399–410 (2008). 

199. Chresta, C. M. et al. AZD8055 is a potent, selective, and orally bioavailable ATP-
competitive mammalian target of rapamycin kinase inhibitor with in vitro and in vivo 
antitumor activity. Cancer Res. 70, 288–98 (2010). 

200. Wander, S. A., Hennessy, B. T. & Slingerland, J. M. Next-generation mTOR inhibitors in 
clinical oncology: how pathway complexity informs therapeutic strategy. J. Clin. 
Invest. 121, 1231–41 (2011). 

201. Jacinto, E. et al. Mammalian TOR complex 2 controls the actin cytoskeleton and is 
rapamycin insensitive. Nat. Cell Biol. 6, 1122–8 (2004). 

202. Peterson, T. R. et al. DEPTOR is an mTOR inhibitor frequently overexpressed in 
multiple myeloma cells and required for their survival. Cell 137, 873–86 (2009). 



5. References 
 

 251 

203. Sancak, Y. et al. PRAS40 is an insulin-regulated inhibitor of the mTORC1 protein 
kinase. Mol. Cell 25, 903–15 (2007). 

204. Hara, K. et al. Raptor, a binding partner of target of rapamycin (TOR), mediates TOR 
action. Cell 110, 177–89 (2002). 

205. Jacinto, E. et al. SIN1/MIP1 maintains rictor-mTOR complex integrity and regulates 
Akt phosphorylation and substrate specificity. Cell 127, 125–37 (2006). 

206. Pearce, L. R., Sommer, E. M., Sakamoto, K., Wullschleger, S. & Alessi, D. R. Protor-1 is 
required for efficient mTORC2-mediated activation of SGK1 in the kidney. Biochem. J. 
436, 169–79 (2011). 

207. Pearce, L. R. et al. Identification of Protor as a novel Rictor-binding component of 
mTOR complex-2. Biochem. J. 405, 513–22 (2007). 

208. Saito, K., Araki, Y., Kontani, K., Nishina, H. & Katada, T. Novel Role of the Small GTPase 
Rheb: Its Implication in Endocytic Pathway Independent of the Activation of 
Mammalian Target of Rapamycin. J. Biochem. 137, 423–430 (2005). 

209. Bar-Peled, L., Schweitzer, L. D., Zoncu, R. & Sabatini, D. M. Ragulator Is a GEF for the 
Rag GTPases that Signal Amino Acid Levels to mTORC1. Cell 150, 1196–1208 (2012). 

210. Linares, J. F. et al. K63 Polyubiquitination and Activation of mTOR by the p62-TRAF6 
Complex in Nutrient-Activated Cells. Mol. Cell 51, 283–296 (2013). 

211. Zoncu, R., Bar-Peled, L., Efeyan, A. & Wang, S. mTORC1 senses lysosomal amino acids 
through an inside-out mechanism that requires the vacuolar H+-ATPase. Science (80-. 
). 334, 678–683 (2011). 

212. Durán, R., MacKenzie, E., Boulahbel, H. & Frezza, C. HIF-independent role of prolyl 
hydroxylases in the cellular response to amino acids. Oncogene (2013). 

213. Durán, R., Oppliger, W., Robitaille, A. & Heiserich, L. Glutaminolysis activates Rag-
mTORC1 signaling. Mol. Cell (2012). 

214. Sancak, Y. et al. The Rag GTPases bind raptor and mediate amino acid signaling to 
mTORC1. Science 320, 1496–501 (2008). 

215. Tabatabaian, F., Dougherty, K., Di Fulvio, M. & Gomez-Cambronero, J. Mammalian 
target of rapamycin (mTOR) and S6 kinase down-regulate phospholipase D2 basal 
expression and function. J. Biol. Chem. 285, 18991–9001 (2010). 

216. Bridges, D. et al. Phosphatidylinositol 3,5-bisphosphate plays a role in the activation 
and subcellular localization of mechanistic target of rapamycin 1. Mol. Biol. Cell 23, 
2955–62 (2012). 

217. Kim, J. E. & Chen, J. Cytoplasmic-nuclear shuttling of FKBP12-rapamycin-associated 
protein is involved in rapamycin-sensitive signaling and translation initiation. Proc. 
Natl. Acad. Sci. U. S. A. 97, 14340–5 (2000). 

218. Cunningham, J. T. et al. mTOR controls mitochondrial oxidative function through a 
YY1–PGC-1α transcriptional complex. Nature 450, 736–740 (2007). 

219. Rosner, M. & Hengstschläger, M. Cytoplasmic and nuclear distribution of the protein 
complexes mTORC1 and mTORC2: rapamycin triggers dephosphorylation and 
delocalization of the mTORC2. Hum. Mol. Genet. (2008). 

220. Thedieck, K. et al. Inhibition of mTORC1 by Astrin and Stress Granules Prevents 
Apoptosis in Cancer Cells. Cell 154, 859–874 (2013). 

221. Boulbés, D. R., Shaiken, T. & Sarbassov, D. D. Endoplasmic reticulum is a main 
localization site of mTORC2. Biochem. Biophys. Res. Commun. 413, 46–52 (2011). 

222. Cordas, E., Náray-Fejes-Tóth, A. & Fejes-Tóth, G. Subcellular location of serum- and 
glucocorticoid-induced kinase-1 in renal and mammary epithelial cells. Am. J. Physiol. 
Cell Physiol. 292, C1971-81 (2007). 

223. Engelsberg, A., Kobelt, F. & Kuhl, D. The N-terminus of the serum-and glucocorticoid-
inducible kinase Sgk1 specifies mitochondrial localization and rapid turnover. 



5. References 
 

 252 

Biochem. J. (2006). 

224. Betz, C. et al. Feature Article: mTOR complex 2-Akt signaling at mitochondria-
associated endoplasmic reticulum membranes (MAM) regulates mitochondrial 
physiology. Proc. Natl. Acad. Sci. U. S. A. 110, 12526–34 (2013). 

225. Ramanathan, A. & Schreiber, S. L. Direct control of mitochondrial function by mTOR. 
Proc. Natl. Acad. Sci. U. S. A. 106, 22229–32 (2009). 

226. Frias, M. A. et al. mSin1 Is Necessary for Akt/PKB Phosphorylation, and Its Isoforms 
Define Three Distinct mTORC2s. Curr. Biol. 16, 1865–1870 (2006). 

227. Laplante, M. & Sabatini, D. mTOR Signaling in Growth Control and Disease. Cell 149, 
274–293 (2012). 

228. Düvel, K. et al. Activation of a metabolic gene regulatory network downstream of 
mTOR complex 1. Mol. Cell 39, 171–83 (2010). 

229. Cunningham, J. T. et al. mTOR controls mitochondrial oxidative function through a 
YY1-PGC-1alpha transcriptional complex. Nature 450, 736–40 (2007). 

230. Inoki, K., Li, Y., Zhu, T., Wu, J. & Guan, K.-L. TSC2 is phosphorylated and inhibited by 
Akt and suppresses mTOR signalling. Nat. Cell Biol. 4, 648–57 (2002). 

231. Ma, L., Chen, Z., Erdjument-Bromage, H., Tempst, P. & Pandolfi, P. P. Phosphorylation 
and functional inactivation of TSC2 by Erk implications for tuberous sclerosis and 
cancer pathogenesis. Cell 121, 179–93 (2005). 

232. Manning, B. D., Tee, A. R., Logsdon, M. N., Blenis, J. & Cantley, L. C. Identification of 
the tuberous sclerosis complex-2 tumor suppressor gene product tuberin as a target 
of the phosphoinositide 3-kinase/akt pathway. Mol. Cell 10, 151–62 (2002). 

233. Lee, D.-F. et al. IKK beta suppression of TSC1 links inflammation and tumor 
angiogenesis via the mTOR pathway. Cell 130, 440–55 (2007). 

234. Inoki, K. et al. TSC2 integrates Wnt and energy signals via a coordinated 
phosphorylation by AMPK and GSK3 to regulate cell growth. Cell 126, 955–68 (2006). 

235. Wang, L., Harris, T. E., Roth, R. A. & Lawrence, J. C. PRAS40 regulates mTORC1 kinase 
activity by functioning as a direct inhibitor of substrate binding. J. Biol. Chem. 282, 
20036–44 (2007). 

236. Kim, E., Goraksha-Hicks, P., Li, L., Neufeld, T. P. & Guan, K.-L. Regulation of TORC1 by 
Rag GTPases in nutrient response. Nat. Cell Biol. 10, 935–45 (2008). 

237. Wang, S. et al. Lysosomal amino acid transporter SLC38A9 signals arginine sufficiency 
to mTORC1. Science (80-. ). 347, 188–194 (2015). 

238. Hardie, D. G. AMP-activated/SNF1 protein kinases: conserved guardians of cellular 
energy. Nat. Rev. Mol. Cell Biol. 8, 774–785 (2007). 

239. Inoki, K., Zhu, T. & Guan, K.-L. TSC2 mediates cellular energy response to control cell 
growth and survival. Cell 115, 577–90 (2003). 

240. Gwinn, D. M. et al. AMPK phosphorylation of raptor mediates a metabolic 
checkpoint. Mol. Cell 30, 214–26 (2008). 

241. Laplante, M. & Sabatini, D. M. An emerging role of mTOR in lipid biosynthesis. Curr. 
Biol. 19, R1046-52 (2009). 

242. Tang, H. et al. Amino acid-induced translation of TOP mRNAs is fully dependent on 
phosphatidylinositol 3-kinase-mediated signaling, is partially inhibited by rapamycin, 
and is independent of S6K1 and rpS6 phosphorylation. Mol. Cell. Biol. 21, 8671–83 
(2001). 

243. Pende, M. et al. S6K1-/-/S6K2-/- Mice Exhibit Perinatal Lethality and Rapamycin-
Sensitive 5’-Terminal Oligopyrimidine mRNA Translation and Reveal a Mitogen-
Activated Protein Kinase-Dependent S6 Kinase Pathway. Mol. Cell. Biol. 24, 3112–
3124 (2004). 

244. Raught, B. et al. Phosphorylation of eucaryotic translation initiation factor 4B Ser422 



5. References 
 

 253 

is modulated by S6 kinases. EMBO J. 23, 1761–9 (2004). 

245. Hay, N. & Sonenberg, N. Upstream and downstream of mTOR. Genes Dev. 18, 1926–
45 (2004). 

246. Yang, D.-Q., Halaby, M.-J. & Zhang, Y. The identification of an internal ribosomal entry 
site in the 5′-untranslated region of p53 mRNA provides a novel mechanism for the 
regulation of its translation following DNA damage. Oncogene 25, 4613–4619 (2006). 

247. Vagner, S. et al. Translation of CUG- but not AUG-initiated forms of human fibroblast 
growth factor 2 is activated in transformed and stressed cells. J. Cell Biol. 135, 1391–
402 (1996). 

248. Thoreen, C. C. The molecular basis of mTORC1-regulated translation. Biochem. Soc. 
Trans. 45, 213–221 (2017). 

249. Sonenberg, N. & Hinnebusch, A. G. Regulation of translation initiation in eukaryotes: 
mechanisms and biological targets. Cell 136, 731–45 (2009). 

250. Imataka, H., Gradi, A. & Sonenberg, N. A newly identified N-terminal amino acid 
sequence of human eIF4G binds poly(A)-binding protein and functions in poly(A)-
dependent translation. EMBO J. 17, 7480–7489 (1998). 

251. Lazaris-Karatzas, A., Montine, K. S. & Sonenberg, N. Malignant transformation by a 
eukaryotic initiation factor subunit that binds to mRNA 5’ cap. Nature 345, 544–547 
(1990). 

252. Ruggero, D. et al. The translation factor eIF-4E promotes tumor formation and 
cooperates with c-Myc in lymphomagenesis. Nat. Med. 10, 484–486 (2004). 

253. Truitt, M. L. et al. Differential Requirements for eIF4E Dose in Normal Development 
and Cancer. Cell 162, 59–71 (2015). 

254. Hinnebusch, A. G. eIF3: a versatile scaffold for translation initiation complexes. 
Trends Biochem. Sci. 31, 553–562 (2006). 

255. Das, S., Ghosh, R. & Maitra, U. Eukaryotic Translation Initiation Factor 5 Functions as 
a GTPase-activating Protein. J. Biol. Chem. 276, 6720–6726 (2001). 

256. Shah, P., Ding, Y., Niemczyk, M., Kudla, G. & Plotkin, J. B. Rate-Limiting Steps in Yeast 
Protein Translation. Cell 153, 1589–1601 (2013). 

257. Gingras, A. C. et al. Hierarchical phosphorylation of the translation inhibitor 4E-BP1. 
Genes Dev. 15, 2852–2864 (2001). 

258. Tsukumo, Y., Alain, T., Fonseca, B. D., Nadon, R. & Sonenberg, N. Translation control 
during prolonged mTORC1 inhibition mediated by 4E-BP3. Nat. Commun. 7, 11776 
(2016). 

259. De Benedetti, A. & Graff, J. R. eIF-4E expression and its role in malignancies and 
metastases. Oncogene 23, 3189–3199 (2004). 

260. Dowling, R. J. O. et al. mTORC1-mediated cell proliferation, but not cell growth, 
controlled by the 4E-BPs. Science 328, 1172–6 (2010). 

261. Avni, D., Shama, S., Loreni, F. & Meyuhas, O. Vertebrate mRNAs with a 5’-terminal 
pyrimidine tract are candidates for translational repression in quiescent cells: 
characterization of the translational cis-regulatory element. Mol. Cell. Biol. 14, 3822–
33 (1994). 

262. Schibler, U., Kelley, D. E. & Perry, R. P. Comparison of methylated sequences in 
messenger RNA and heterogeneous nuclear RNA from mouse L cells. J. Mol. Biol. 115, 
695–714 (1977). 

263. Meyuhas, O. & Kahan, T. The race to decipher the top secrets of TOP mRNAs. 
Biochim. Biophys. Acta - Gene Regul. Mech. 1849, 801–811 (2015). 

264. Thoreen, C. C. et al. A unifying model for mTORC1-mediated regulation of mRNA 
translation. Nature 485, 109–13 (2012). 

265. Damgaard, C. K. & Lykke-Andersen, J. Translational coregulation of 5’TOP mRNAs by 



5. References 
 

 254 

TIA-1 and TIAR. Genes Dev. 25, 2057–68 (2011). 

266. Patursky-Polischuk, I. et al. The TSC-mTOR pathway mediates translational activation 
of TOP mRNAs by insulin largely in a raptor- or rictor-independent manner. Mol. Cell. 
Biol. 29, 640–9 (2009). 

267. Shama, S. & Meyuhas, O. The translational cis-regulatory element of mammalian 
ribosomal protein mRNAs is recognized by the plant translational apparatus. Eur. J. 
Biochem. 236, 383–8 (1996). 

268. Biberman, Y. & Meyuhas, O. TOP mRNAs are translationally inhibited by a titratable 
repressor in both wheat germ extract and reticulocyte lysate. FEBS Lett. 456, 357–60 
(1999). 

269. Damgaard, C. K. & Lykke-Andersen, J. Translational coregulation of 5’TOP mRNAs by 
TIA-1 and TIAR. Genes Dev. 25, 2057–68 (2011). 

270. Fonseca, B. D. et al. La-related Protein 1 (LARP1) Represses Terminal Oligopyrimidine 
(TOP) mRNA Translation Downstream of mTOR Complex 1 (mTORC1). J. Biol. Chem. 
290, 15996–6020 (2015). 

271. Thoreen, C. C. et al. An ATP-competitive mammalian target of rapamycin inhibitor 
reveals rapamycin-resistant functions of mTORC1. J. Biol. Chem. 284, 8023–32 (2009). 

272. Choo, A. Y., Yoon, S.-O., Kim, S. G., Roux, P. P. & Blenis, J. Rapamycin differentially 
inhibits S6Ks and 4E-BP1 to mediate cell-type-specific repression of mRNA 
translation. Proc. Natl. Acad. Sci. U. S. A. 105, 17414–9 (2008). 

273. Oh, W. J. et al. mTORC2 can associate with ribosomes to promote cotranslational 
phosphorylation and stability of nascent Akt polypeptide. EMBO J. 29, 3939–51 
(2010). 

274. Zinzalla, V., Stracka, D., Oppliger, W. & Hall, M. N. Activation of mTORC2 by 
association with the ribosome. Cell 144, 757–68 (2011). 

275. Tato, I., Bartrons, R., Ventura, F. & Rosa, J. L. Amino acids activate mammalian target 
of rapamycin complex 2 (mTORC2) via PI3K/Akt signaling. J. Biol. Chem. 286, 6128–42 
(2011). 

276. Guertin, D. A. et al. Ablation in Mice of the mTORC Components raptor, rictor, or 
mLST8 Reveals that mTORC2 Is Required for Signaling to Akt-FOXO and PKCα, but Not 
S6K1. Dev. Cell 11, 859–871 (2006). 

277. García-Martínez, J. M. & Alessi, D. R. mTOR complex 2 (mTORC2) controls 
hydrophobic motif phosphorylation and activation of serum- and glucocorticoid-
induced protein kinase 1 (SGK1). Biochem. J. 416, 375–85 (2008). 

278. Gleason, C. E. et al. mTORC2 regulates renal tubule sodium uptake by promoting 
ENaC activity. J. Clin. Invest. 125, 117–128 (2014). 

279. Yip, C. K., Murata, K., Walz, T., Sabatini, D. M. & Kang, S. A. Structure of the human 
mTOR complex I and its implications for rapamycin inhibition. Mol. Cell 38, 768–74 
(2010). 

280. Sarbassov, D. D. et al. Prolonged rapamycin treatment inhibits mTORC2 assembly and 
Akt/PKB. Mol. Cell 22, 159–68 (2006). 

281. Hudes, G. et al. Temsirolimus, Interferon Alfa, or Both for Advanced Renal-Cell 
Carcinoma. N. Engl. J. Med. 356, 2271–2281 (2007). 

282. Motzer, R. J. et al. Efficacy of everolimus in advanced renal cell carcinoma: a double-
blind, randomised, placebo-controlled phase III trial. Lancet 372, 449–456 (2008). 

283. Wilkes, M. C. et al. Transforming growth factor-beta activation of 
phosphatidylinositol 3-kinase is independent of Smad2 and Smad3 and regulates 
fibroblast responses via p21-activated kinase-2. Cancer Res. 65, 10431–40 (2005). 

284. Yi, J. Y., Shin, I. & Arteaga, C. L. Type I transforming growth factor beta receptor binds 
to and activates phosphatidylinositol 3-kinase. J. Biol. Chem. 280, 10870–6 (2005). 



5. References 
 

 255 

285. Horowitz, J. C. et al. Activation of the pro-survival phosphatidylinositol 3-kinase/AKT 
pathway by transforming growth factor-beta1 in mesenchymal cells is mediated by 
p38 MAPK-dependent induction of an autocrine growth factor. J. Biol. Chem. 279, 
1359–67 (2004). 

286. Horowitz, J. C. et al. Combinatorial activation of FAK and AKT by transforming growth 
factor-beta1 confers an anoikis-resistant phenotype to myofibroblasts. Cell. Signal. 
19, 761–71 (2007). 

287. Gao, P. J. et al. Differentiation of vascular myofibroblasts induced by transforming 
growth factor-beta1 requires the involvement of protein kinase Calpha. J. Mol. Cell. 
Cardiol. 35, 1105–12 (2003). 

288. Rahimi, R. A. et al. Distinct roles for mammalian target of rapamycin complexes in the 
fibroblast response to transforming growth factor-beta. Cancer Res. 69, 84–93 
(2009). 

289. Chen, G. et al. Rapamycin ameliorates kidney fibrosis by inhibiting the activation of 
mTOR signaling in interstitial macrophages and myofibroblasts. PLoS One 7, e33626 
(2012). 

290. Das, F. et al. TGFβ-induced deptor suppression recruits mTORC1 and not mTORC2 to 
enhance collagen I (α2) gene expression. PLoS One 9, e109608 (2014). 

291. Rozen-Zvi, B. et al. TGF-β/Smad3 activates mammalian target of rapamycin complex-
1 to promote collagen production by increasing HIF-1α expression. Am. J. Physiol. 
Renal Physiol. 305, F485-94 (2013). 

292. Chang, W. et al. A critical role for the mTORC2 pathway in lung fibrosis. PLoS One 9, 
e106155 (2014). 

293. Karsenty, G. & de Crombrugghe, B. Conservation of binding sites for regulatory 
factors in the coordinately expressed alpha 1 (I) and alpha 2 (I) collagen promoters. 
Biochem. Biophys. Res. Commun. 177, 538–44 (1991). 

294. Chen, S. J. et al. Stimulation of type I collagen transcription in human skin fibroblasts 
by TGF-beta: involvement of Smad 3. J. Invest. Dermatol. 112, 49–57 (1999). 

295. Ghosh, A. K., Yuan, W., Mori, Y. & Varga, J. Smad-dependent stimulation of type I 
collagen gene expression in human skin fibroblasts by TGF-beta involves functional 
cooperation with p300/CBP transcriptional coactivators. Oncogene 19, 3546–55 
(2000). 

296. Inagaki, Y. et al. Constitutive phosphorylation and nuclear localization of Smad3 are 
correlated with increased collagen gene transcription in activated hepatic stellate 
cells. J. Cell. Physiol. 187, 117–23 (2001). 

297. Chen, S. J., Artlett, C. M., Jimenez, S. A. & Varga, J. Modulation of human alpha1(I) 
procollagen gene activity by interaction with Sp1 and Sp3 transcription factors in 
vitro. Gene 215, 101–10 (1998). 

298. Saitta, B., Gaidarova, S., Cicchillitti, L. & Jimenez, S. A. CCAAT binding transcription 
factor binds and regulates human COL1A1 promoter activity in human dermal 
fibroblasts: demonstration of increased binding in systemic sclerosis fibroblasts. 
Arthritis Rheum. 43, 2219–29 (2000). 

299. Ravazzolo, R., Karsenty, G. & De Crombrugghe, B. THE JOURNAL OF BIOLOGICAL 
CHEMISTRY A Fibroblast-specific Factor Binds to an Upstream Negative Control 
Element in the Promoter of the Mouse d ( 1 ) Collagen Gene*. 266, 7382–7387 
(1991). 

300. Wernig, G. et al. Unifying mechanism for different fibrotic diseases. Proc. Natl. Acad. 
Sci. U. S. A. 114, 4757–4762 (2017). 

301. Hu, B. et al. Regulation of myofibroblast differentiation by poly(ADP-ribose) 
polymerase 1. Am. J. Pathol. 182, 71–83 (2013). 



5. References 
 

 256 

302. Hu, B., Wu, Z. & Phan, S. H. Smad3 mediates transforming growth factor-beta-
induced alpha-smooth muscle actin expression. Am. J. Respir. Cell Mol. Biol. 29, 397–
404 (2003). 

303. Hautmann, M. B., Madsen, C. S. & Owens, G. K. A transforming growth factor beta 
(TGFbeta) control element drives TGFbeta-induced stimulation of smooth muscle 
alpha-actin gene expression in concert with two CArG elements. J. Biol. Chem. 272, 
10948–56 (1997). 

304. Yang, Y., Zhe, X., Phan, S. H., Ullenbruch, M. & Schuger, L. Involvement of Serum 
Response Factor Isoforms in Myofibroblast Differentiation During Bleomycin-Induced 
Lung Injury. http://dx.doi.org/10.1165/rcmb.2002-0315OC (2012). 
doi:10.1165/RCMB.2002-0315OC 

305. Hu, B., Wu, Z., Nakashima, T. & Phan, S. H. Mesenchymal-specific deletion of C/EBPβ 
suppresses pulmonary fibrosis. Am. J. Pathol. 180, 2257–67 (2012). 

306. Hu, B., Ullenbruch, M. R., Jin, H., Gharaee-Kermani, M. & Phan, S. H. An essential role 
for CCAAT/enhancer binding protein beta in bleomycin-induced pulmonary fibrosis. J. 
Pathol. 211, 455–62 (2007). 

307. Ghosh, A. K. Factors Involved in the Regulation of Type I Collagen Gene Expression: 
Implication in Fibrosis. Exp. Biol. Med. 227, 301–314 (2002). 

308. Woessner, J. F. The determination of hydroxyproline in tissue and protein samples 
containing small proportions of this imino acid. Arch. Biochem. Biophys. 93, 440–7 
(1961). 

309. Sweat, F., PUCHTLER, H. & ROSENTHAL, S. I. SIRIUS RED F3BA AS A STAIN FOR 
CONNECTIVE TISSUE. Arch. Pathol. 78, 69–72 (1964). 

310. Junqueira, L. C., Bignolas, G. & Brentani, R. R. Picrosirius staining plus polarization 
microscopy, a specific method for collagen detection in tissue sections. Histochem. J. 
11, 447–55 (1979). 

311. Xu, Q., Norman, J. T., Shrivastav, S., Lucio-Cazana, J. & Kopp, J. B. In vitro models of 
TGF-beta-induced fibrosis suitable for high-throughput screening of antifibrotic 
agents. Am. J. Physiol. Renal Physiol. 293, F631-40 (2007). 

312. Tullberg-Reinert, H. & Jundt, G. In situ measurement of collagen synthesis by human 
bone cells with a sirius red-based colorimetric microassay: effects of transforming 
growth factor beta2 and ascorbic acid 2-phosphate. Histochem. Cell Biol. 112, 271–6 
(1999). 

313. Jenkins, R. G. et al. An Official American Thoracic Society Workshop Report: Use of 
Animal Models for the Preclinical Assessment of Potential Therapies for Pulmonary 
Fibrosis. Am. J. Respir. Cell Mol. Biol. 56, 667–679 (2017). 

314. Campa, J. S., McAnulty, R. J. & Laurent, G. J. Application of high-pressure liquid 
chromatography to studies of collagen production by isolated cells in culture. Anal. 
Biochem. 186, 257–63 (1990). 

315. McAnulty, R. J. Methods for measuring hydroxyproline and estimating in vivo rates of 
collagen synthesis and degradation. Methods Mol. Med. 117, 189–207 (2005). 

316. Ramshaw, J. A. & Werkmeister, J. A. Electrophoresis and electroblotting of native 
collagens. Anal. Biochem. 168, 82–7 (1988). 

317. Lareu, R. R., Arsianti, I., Subramhanya, H. K., Yanxian, P. & Raghunath, M. In vitro 
enhancement of collagen matrix formation and crosslinking for applications in tissue 
engineering: a preliminary study. Tissue Eng. 13, 385–91 (2007). 

318. Ellis, R. J. Macromolecular crowding: obvious but underappreciated. Trends Biochem. 
Sci. 26, 597–604 (2001). 

319. Zimmerman, S. B. Macromolecular crowding effects on macromolecular interactions: 
Some implications for genome structure and function. Biochim. Biophys. Acta - Gene 



5. References 
 

 257 

Struct. Expr. 1216, 175–185 (1993). 

320. Minton, A. P. Influence of excluded volume upon macromolecular structure and 
associations in ‘crowded’ media. Curr. Opin. Biotechnol. 8, 65–9 (1997). 

321. Minton, A. P. The influence of macromolecular crowding and macromolecular 
confinement on biochemical reactions in physiological media. J. Biol. Chem. 276, 
10577–80 (2001). 

322. Chen, C., Loe, F., Blocki, A., Peng, Y. & Raghunath, M. Applying macromolecular 
crowding to enhance extracellular matrix deposition and its remodeling in vitro for 
tissue engineering and cell-based therapies. Adv. Drug Deliv. Rev. 63, 277–90 (2011). 

323. Zimmerman, S. B. & Minton, A. P. Macromolecular crowding: biochemical, 
biophysical, and physiological consequences. Annu. Rev. Biophys. Biomol. Struct. 22, 
27–65 (1993). 

324. Kuznetsova, I. M., Turoverov, K. K. & Uversky, V. N. What Macromolecular Crowding 
Can Do to a Protein. Int. J. Mol. Sci. 15, 23090–23140 (2014). 

325. Lang, F. et al. Functional significance of cell volume regulatory mechanisms. Physiol. 
Rev. 78, 247–306 (1998). 

326. Burg, M. B. Macromolecular crowding as a cell volume sensor. Cell. Physiol. Biochem. 
10, 251–6 (2000). 

327. Galan, A. et al. Excluded volume effects on the refolding and assembly of an 
oligomeric protein. GroEL, a case study. J. Biol. Chem. 276, 957–64 (2001). 

328. Martin, J. & Hartl, F. U. The effect of macromolecular crowding on chaperonin-
mediated protein folding. Proc. Natl. Acad. Sci. U. S. A. 94, 1107–12 (1997). 

329. Chen, C. Z. C. et al. The Scar-in-a-Jar: studying potential antifibrotic compounds from 
the epigenetic to extracellular level in a single well. Br. J. Pharmacol. 158, 1196–209 
(2009). 

330. Clark, R. A., McCoy, G. A., Folkvord, J. M. & McPherson, J. M. TGF-beta 1 stimulates 
cultured human fibroblasts to proliferate and produce tissue-like fibroplasia: a 
fibronectin matrix-dependent event. J. Cell. Physiol. 170, 69–80 (1997). 

331. Anderson, S. M. & Elliott, R. J. Evaluation of a new, rapid collagen assay. Biochem. 
Soc. Trans. 19, 389S (1991). 

332. de Jong, S., van Veen, T. A. B., de Bakker, J. M. T. & van Rijen, H. V. M. Monitoring 
cardiac fibrosis: a technical challenge. Neth. Heart J. 20, 44–8 (2012). 

333. Kumar, P. et al. Accelerated development of supramolecular corneal stromal-like 
assemblies from corneal fibroblasts in the presence of macromolecular crowders. 
Tissue Eng. Part C. Methods (2014). doi:10.1089/ten.TEC.2014.0387 

334. Graupp, M. et al. Establishing principles of macromolecular crowding for in vitro 
fibrosis research of the vocal fold lamina propria. Laryngoscope (2014). 
doi:10.1002/lary.25103 

335. Hurd, S. A., Bhatti, N. M., Walker, A. M., Kasukonis, B. M. & Wolchok, J. C. 
Development of a biological scaffold engineered using the extracellular matrix 
secreted by skeletal muscle cells. Biomaterials 49, 9–17 (2015). 

336. Zock, J. M. Applications of high content screening in life science research. Comb. 
Chem. High Throughput Screen. 12, 870–76 (2009). 

337. Harrison, B. C. et al. Regulation of cardiac stress signaling by protein kinase d1. Mol. 
Cell. Biol. 26, 3875–88 (2006). 

338. Li, Z. et al. Identification of Gap Junction Blockers Using Automated Fluorescence 
Microscopy Imaging. J. Biomol. Screen. 8, 489–499 (2003). 

339. Steinberg, B. E., Scott, C. C. & Grinstein, S. High-throughput assays of phagocytosis, 
phagosome maturation, and bacterial invasion. Am. J. Physiol. Cell Physiol. 292, C945-
52 (2007). 



5. References 
 

 258 

340. Ding, G. J. et al. Characterization and quantitation of NF-kappaB nuclear translocation 
induced by interleukin-1 and tumor necrosis factor-alpha. Development and use of a 
high capacity fluorescence cytometric system. J. Biol. Chem. 273, 28897–905 (1998). 

341. Sarker, K. P. et al. ING2 as a novel mediator of transforming growth factor-beta-
dependent responses in epithelial cells. J. Biol. Chem. 283, 13269–79 (2008). 

342. Dawes, L., Angell, H., Sleeman, M., Reddan, J. & Wormstone, I. TGFβ isoform 
dependent Smad2/3 kinetics in human lens epithelial cells: A Cellomics analysis. Exp. 
Eye Res. 84, 1009–1012 (2007). 

343. Pike, K. G. et al. Optimization of potent and selective dual mTORC1 and mTORC2 
inhibitors: the discovery of AZD8055 and AZD2014. Bioorg. Med. Chem. Lett. 23, 
1212–6 (2013). 

344. Kaplan, J. et al. Discovery of 3,6-dihydro-2H-pyran as a morpholine replacement in 6-
aryl-1H-pyrazolo[3,4-d]pyrimidines and 2-arylthieno[3,2-d]pyrimidines: ATP-
competitive inhibitors of the mammalian target of rapamycin (mTOR). Bioorg. Med. 
Chem. Lett. 20, 640–3 (2010). 

345. Staben, S. T. et al. Structure-based optimization of pyrazolo-pyrimidine and -pyridine 
inhibitors of PI3-kinase. Bioorg. Med. Chem. Lett. 20, 6048–51 (2010). 

346. Yap, T. A. et al. First-in-Man Clinical Trial of the Oral Pan-AKT Inhibitor MK-2206 in 
Patients With Advanced Solid Tumors. J. Clin. Oncol. 29, 4688–4695 (2011). 

347. Sherk, A. B. et al. Development of a Small-Molecule Serum- and Glucocorticoid-
Regulated Kinase-1 Antagonist and Its Evaluation as a Prostate Cancer Therapeutic. 
Cancer Res. 68, 7475–7483 (2008). 

348. Medina, J. R. et al. Structure-based design of potent and selective 3-
phosphoinositide-dependent kinase-1 (PDK1) inhibitors. J. Med. Chem. 54, 1871–95 
(2011). 

349. Cansfield, A. D. et al. CZ415, a Highly Selective mTOR Inhibitor Showing in Vivo 
Efficacy in a Collagen Induced Arthritis Model. ACS Med. Chem. Lett. 7, 768–73 
(2016). 

350. Mercer, P. F. et al. Exploration of a potent PI3 kinase/mTOR inhibitor as a novel anti-
fibrotic agent in IPF. Thorax 71, 701–11 (2016). 

351. Zuccoti, P. & Modelska, A. Studying the Translatome with Polysome Profiling. in 
Methods in Molecular Biology: Post-transcriptional gene regulation (ed. Dassi, E.) 59–
70 (Springer Science & Business Media, 2016). 

352. Achterberg, V. F. et al. The nano-scale mechanical properties of the extracellular 
matrix regulate dermal fibroblast function. J. Invest. Dermatol. 134, 1862–72 (2014). 

353. Hinz, B. Tissue stiffness, latent TGF-beta1 activation, and mechanical signal 
transduction: implications for the pathogenesis and treatment of fibrosis. Curr. 
Rheumatol. Rep. 11, 120–6 (2009). 

354. Benny, P., Badowski, C., Lane, E. B. & Raghunath, M. Improving 2D and 3D Skin 
&lt;em&gt;In Vitro&lt;/em&gt; Models Using Macromolecular Crowding. J. Vis. Exp. 
e53642–e53642 (2016). doi:10.3791/53642 

355. Mazza, G., Al-Akkad, W. & Rombouts, K. Engineering in vitro models of 
hepatofibrogenesis. Adv. Drug Deliv. Rev. (2017). doi:10.1016/j.addr.2017.05.018 

356. Zheng, B. et al. Predicting In Vivo Anti-Hepatofibrotic Drug Efficacy Based on In Vitro 
High-Content Analysis. PLoS One 6, e26230 (2011). 

357. de Graaf, I. A. M. et al. EMPIRICAL VALIDATION OF A RAT IN VITRO ORGAN SLICE 
MODEL AS A TOOL FOR IN VIVO CLEARANCE PREDICTION. Drug Metab. Dispos. 34, 
591–599 (2006). 

358. Rojas, A., Padidam, M., Cress, D. & Grady, W. M. TGF-beta receptor levels regulate 
the specificity of signaling pathway activation and biological effects of TGF-beta. 



5. References 
 

 259 

Biochim. Biophys. Acta 1793, 1165–73 (2009). 

359. Kamiya, Y. et al. Specificity of the inhibitory effects of Dad on TGF-β family type I 
receptors, Thickveins, Saxophone, and Baboon in Drosophila. FEBS Lett. 582, 2496–
2500 (2008). 

360. White, E. S. et al. Negative Regulation of Myofibroblast Differentiation by PTEN 
(Phosphatase and Tensin Homolog Deleted on Chromosome 10). Am. J. Respir. Crit. 
Care Med. 173, 112–121 (2006). 

361. Xia, H. et al. Pathological integrin signaling enhances proliferation of primary lung 
fibroblasts from patients with idiopathic pulmonary fibrosis. J. Exp. Med. 205, (2008). 

362. Shegogue, D. & Trojanowska, M. Mammalian target of rapamycin positively regulates 
collagen type I production via a phosphatidylinositol 3-kinase-independent pathway. 
J. Biol. Chem. 279, 23166–75 (2004). 

363. Runyan, C. E., Schnaper, H. W. & Poncelet, A.-C. The Phosphatidylinositol 3-
Kinase/Akt Pathway Enhances Smad3-stimulated Mesangial Cell Collagen I Expression 
in Response to Transforming Growth Factor-β1. J. Biol. Chem. 279, 2632–2639 (2004). 

364. Ricupero, D. A. et al. Phosphatidylinositol 3-kinase-dependent stabilization of α1(I) 
collagen mRNA in human lung fibroblasts. Am. J. Physiol. - Cell Physiol. 281, (2001). 

365. Reif, S. et al. The role of focal adhesion kinase-phosphatidylinositol 3-kinase-akt 
signaling in hepatic stellate cell proliferation and type I collagen expression. J. Biol. 
Chem. 278, 8083–90 (2003). 

366. McNamara, C. R. & Degterev, A. Small-molecule inhibitors of the PI3K signaling 
network. Future Med. Chem. 3, 549–65 (2011). 

367. Finlay, G. A. Transforming growth factor beta1 induced activation of the ERK pathway 
and AP 1 in human lung fibroblasts requires the autocrine induction of basic 
fibroblast growth factor. J. Biol. Chem. (2000). doi:10.1074/jbc.M000893200 

368. Shimobayashi, M. & Hall, M. N. Multiple amino acid sensing inputs to mTORC1. Cell 
Res. 26, 7–20 (2016). 

369. Smith, E. M., Finn, S. G., Tee, A. R., Browne, G. J. & Proud, C. G. The tuberous sclerosis 
protein TSC2 is not required for the regulation of the mammalian target of rapamycin 
by amino acids and certain cellular stresses. J. Biol. Chem. 280, 18717–27 (2005). 

370. Eyre, T. A., Collins, G. P., Goldstone, A. H. & Cwynarski, K. Time now to TORC the 
TORC? New developments in mTOR pathway inhibition in lymphoid malignancies. Br. 
J. Haematol. 166, 336–351 (2014). 

371. Chang, W. et al. A critical role for the mTORC2 pathway in lung fibrosis. PLoS One 9, 
e106155 (2014). 

372. Walker, N. M. et al. Mechanistic Target of Rapamycin Complex 1 (mTORC1) and 
mTORC2 as Key Signaling Intermediates in Mesenchymal Cell Activation. J. Biol. 
Chem. 291, 6262–71 (2016). 

373. Rozen-Zvi, B. et al. TGF-β/Smad3 activates mammalian target of rapamycin complex-
1 to promote collagen production by increasing HIF-1α expression. Am. J. Physiol. 
Renal Physiol. 305, F485-94 (2013). 

374. Li, J. et al. Rictor/mTORC2 signaling mediates TGFβ1-induced fibroblast activation and 
kidney fibrosis. Kidney Int. 88, 515–27 (2015). 

375. Panasyuk, G. et al. mTORbeta splicing isoform promotes cell proliferation and 
tumorigenesis. J. Biol. Chem. 284, 30807–14 (2009). 

376. Shimobayashi, M. & Hall, M. N. Making new contacts: the mTOR network in 
metabolism and signalling crosstalk. Nat. Rev. Mol. Cell Biol. 15, 155–62 (2014). 

377. MALOUF, M. A., HOPKINS, P., SNELL, G. & GLANVILLE, A. R. An investigator-driven 
study of everolimus in surgical lung biopsy confirmed idiopathic pulmonary fibrosis. 
Respirology 16, 776–783 (2011). 



5. References 
 

 260 

378. Harrington, L. S. et al. The TSC1-2 tumor suppressor controls insulin–PI3K signaling 
via regulation of IRS proteins. J. Cell Biol. 166, 213–223 (2004). 

379. Hsu, P. P. et al. The mTOR-regulated phosphoproteome reveals a mechanism of 
mTORC1-mediated inhibition of growth factor signaling. Science 332, 1317–22 (2011). 

380. Dibble, C. C., Asara, J. M. & Manning, B. D. Characterization of Rictor phosphorylation 
sites reveals direct regulation of mTOR complex 2 by S6K1. Mol. Cell. Biol. 29, 5657–
70 (2009). 

381. Liu, P. et al. Sin1 phosphorylation impairs mTORC2 complex integrity and inhibits 
downstream Akt signalling to suppress tumorigenesis. Nat. Cell Biol. 15, 1340–50 
(2013). 

382. Galanis, E. et al. Phase II Trial of Temsirolimus (CCI-779) in Recurrent Glioblastoma 
Multiforme: A North Central Cancer Treatment Group Study. J. Clin. Oncol. 23, 5294–
5304 (2005). 

383. Margolin, K. et al. CCI-779 in metastatic melanoma. doi.org 104, 1045–1048 (2005). 

384. Powles, T. et al. A Randomised Phase 2 Study of AZD2014 Versus Everolimus in 
Patients with VEGF-Refractory Metastatic Clear Cell Renal Cancer. Eur. Urol. 69, 450–
456 (2016). 

385. Guichard, S. M. et al. AZD2014, an Inhibitor of mTORC1 and mTORC2, Is Highly 
Effective in ER+ Breast Cancer When Administered Using Intermittent or Continuous 
Schedules. Mol. Cancer Ther. 14, 2508–2518 (2015). 

386. Kim, S. T. et al. Rapamycin-insensitive companion of mTOR ( RICTOR ) Amplification 
Defines a Subset of Advanced Gastric Cancer and is Sensitive to AZD2014-mediated 
mTORC1/2 Inhibition. Ann. Oncol. 28, mdw669 (2016). 

387. Lang, F. et al. (Patho)physiological Significance of the Serum- and Glucocorticoid-
Inducible Kinase Isoforms. Physiol. Rev. 86, (2006). 

388. Chandran, S. et al. Neural precursor cell-expressed developmentally down-regulated 
protein 4-2 (Nedd4-2) regulation by 14-3-3 protein binding at canonical serum and 
glucocorticoid kinase 1 (SGK1) phosphorylation sites. J. Biol. Chem. 286, 37830–40 
(2011). 

389. García-Martínez, J. M. & Alessi, D. R. mTOR complex 2 (mTORC2) controls 
hydrophobic motif phosphorylation and activation of serum- and glucocorticoid-
induced protein kinase 1 (SGK1). Biochem. J. 416, 375–385 (2008). 

390. Biondi, R. M., Kieloch, A., Currie, R. A., Deak, M. & Alessi, D. R. The PIF-binding pocket 
in PDK1 is essential for activation of S6K and SGK, but not PKB. EMBO J. 20, 4380–
4390 (2001). 

391. Loffing, J., Flores, S. Y. & Staub, O. SGK KINASES AND THEIR ROLE IN EPITHELIAL 
TRANSPORT. Annu. Rev. Physiol. 68, 461–490 (2006). 

392. Zhang, B. H. et al. Serum- and glucocorticoid-inducible kinase SGK phosphorylates 
and negatively regulates B-Raf. J. Biol. Chem. 276, 31620–6 (2001). 

393. Brunet, A. et al. Protein kinase SGK mediates survival signals by phosphorylating the 
forkhead transcription factor FKHRL1 (FOXO3a). Mol. Cell. Biol. 21, 952–65 (2001). 

394. Sommer, E. M. et al. Elevated SGK1 predicts resistance of breast cancer cells to Akt 
inhibitors. Biochem. J. 452, 499–508 (2013). 

395. Castel, P. et al. PDK1-SGK1 Signaling Sustains AKT-Independent mTORC1 Activation 
and Confers Resistance to PI3Kα Inhibition. Cancer Cell 30, 229–42 (2016). 

396. García-Martínez, J. M. & Alessi, D. R. mTOR complex 2 (mTORC2) controls 
hydrophobic motif phosphorylation and activation of serum- and glucocorticoid-
induced protein kinase 1 (SGK1). Biochem. J. 416, (2008). 

397. Bae, D.-H. et al. The role of NDRG1 in the pathology and potential treatment of 
human cancers. J. Clin. Pathol. 66, 911–917 (2013). 



5. References 
 

 261 

398. Gon, Y. et al. NDRG1 is important to maintain the integrity of airway epithelial barrier 
through claudin-9 expression. Cell Biol. Int. 41, 716–725 (2017). 

399. Hong, F. et al. mTOR-Raptor Binds and Activates SGK1 to Regulate p27 
Phosphorylation. Mol. Cell 30, 701–711 (2008). 

400. Lizcano, J. M. et al. Molecular Basis for the Substrate Specificity of NIMA-related 
Kinase-6 (NEK6). J. Biol. Chem. 277, 27839–27849 (2002). 

401. Pearce, L. R., Komander, D. & Alessi, D. R. The nuts and bolts of AGC protein kinases. 
Nat. Rev. Mol. Cell Biol. 11, 9–22 (2010). 

402. Wang, X., Chuang, H.-C., Li, J.-P. & Tan, T.-H. Regulation of PKC-θ function by 
phosphorylation in T cell receptor signaling. Front. Immunol. 3, 197 (2012). 

403. Li, X. & Gao, T. mTORC2 phosphorylates protein kinase Cζ to regulate its stability and 
activity. EMBO Rep. 15, 191–8 (2014). 

404. Gan, X. et al. PRR5L degradation promotes mTORC2-mediated PKC-δ phosphorylation 
and cell migration downstream of Gα12. Nat. Cell Biol. 14, 686–696 (2012). 

405. Frödin, M. et al. A phosphoserine/threonine-binding pocket in AGC kinases and PDK1 
mediates activation by hydrophobic motif phosphorylation. EMBO J. 21, 5396–407 
(2002). 

406. Keshwani, M. M., von Daake, S., Newton, A. C., Harris, T. K. & Taylor, S. S. 
Hydrophobic motif phosphorylation is not required for activation loop 
phosphorylation of p70 ribosomal protein S6 kinase 1 (S6K1). J. Biol. Chem. 286, 
23552–8 (2011). 

407. Gingras, A. C. et al. Regulation of 4E-BP1 phosphorylation: a novel two-step 
mechanism. Genes Dev. 13, 1422–37 (1999). 

408. Moerke, N. J. et al. Small-molecule inhibition of the interaction between the 
translation initiation factors eIF4E and eIF4G. Cell 128, 257–67 (2007). 

409. Larsson, O. et al. Fibrotic myofibroblasts manifest genome-wide derangements of 
translational control. PLoS One 3, e3220 (2008). 

410. Nho, R. S. & Polunovsky, V. Translational control of the fibroblast-extracellular matrix 
association: An application to pulmonary fibrosis. Transl. (Austin, Tex.) 1, e23934 
(2013). 

411. Fan, S., Li, Y., Yue, P., Khuri, F. R. & Sun, S.-Y. The eIF4E/eIF4G interaction inhibitor 
4EGI-1 augments TRAIL-mediated apoptosis through c-FLIP Down-regulation and DR5 
induction independent of inhibition of cap-dependent protein translation. Neoplasia 
12, 346–56 (2010). 

412. Descamps, G. et al. The cap-translation inhibitor 4EGI-1 induces apoptosis in multiple 
myeloma through Noxa induction. Br. J. Cancer 106, 1660–7 (2012). 

413. Assouline, S. et al. Molecular targeting of the oncogene eIF4E in acute myeloid 
leukemia (AML): a proof-of-principle clinical trial with ribavirin. Blood 114, 257–60 
(2009). 

414. Te, H. S., Randall, G. & Jensen, D. M. Mechanism of action of ribavirin in the 
treatment of chronic hepatitis C. Gastroenterol. Hepatol. (N. Y). 3, 218–25 (2007). 

415. Hill, J. M. et al. L-asparaginase therapy for leukemia and other malignant neoplasms. 
Remission in human leukemia. JAMA 202, 882–8 (1967). 

416. Lin, C.-J. et al. Targeting Synthetic Lethal Interactions between Myc and the eIF4F 
Complex Impedes Tumorigenesis. Cell Rep. 1, 325–333 (2012). 

417. Zhou, X. et al. Dynamic Visualization of mTORC1 Activity in Living Cells. Cell Rep. 10, 
1767–1777 (2015). 

418. Cunningham, J. T. et al. mTOR controls mitochondrial oxidative function through a 
YY1–PGC-1α transcriptional complex. Nature 450, 736–740 (2007). 

419. Riquet, F. B. et al. YY1 Is a Positive Regulator of Transcription of the Col1a1 Gene. J. 



5. References 
 

 262 

Biol. Chem. 276, 38665–38672 (2001). 

420. Favot, L., Hall, S. M., Haworth, S. G. & Kemp, P. R. Cytoplasmic YY1 Is Associated with 
Increased Smooth Muscle-Specific Gene Expression. Am. J. Pathol. 167, 1497–1509 
(2005). 

421. Asano, Y. et al. Phosphatidylinositol 3-kinase is involved in alpha2(I) collagen gene 
expression in normal and scleroderma fibroblasts. J. Immunol. 172, 7123–35 (2004). 

422. Aoki, K. et al. LARP1 specifically recognizes the 3′ terminus of poly(A) mRNA. FEBS 
Lett. 587, 2173–2178 (2013). 

423. Sandbo, N., Kregel, S., Taurin, S., Bhorade, S. & Dulin, N. O. Critical role of serum 
response factor in pulmonary myofibroblast differentiation induced by TGF-beta. Am. 
J. Respir. Cell Mol. Biol. 41, 332–8 (2009). 

424. Herrmann, J., Haas, U., Gressner, A. M. & Weiskirchen, R. TGF-β up-regulates serum 
response factor in activated hepatic stellate cells. Biochim. Biophys. Acta - Mol. Basis 
Dis. 1772, 1250–1257 (2007). 

425. Lien, S.-C., Usami, S., Chien, S. & Chiu, J.-J. Phosphatidylinositol 3-kinase/Akt pathway 
is involved in transforming growth factor-β1-induced phenotypic modulation of 
10T1/2 cells to smooth muscle cells. Cell. Signal. 18, 1270–1278 (2006). 

426. Goldsmith, A. M. et al. Transforming growth factor-beta induces airway smooth 
muscle hypertrophy. Am. J. Respir. Cell Mol. Biol. 34, 247–54 (2006). 

427. Manojlovic, Z. & Stefanovic, B. A novel role of RNA helicase A in regulation of 
translation of type I collagen mRNAs. RNA 18, 321–34 (2012). 

428. Stefanovic, B. & Brenner, D. A. 5’ stem-loop of collagen alpha 1(I) mRNA inhibits 
translation in vitro but is required for triple helical collagen synthesis in vivo. J. Biol. 
Chem. 278, 927–33 (2003). 

429. Zhang, Y. & Stefanovic, B. mTORC1 phosphorylates LARP6 to stimulate type I collagen 
expression. Sci. Rep. 7, 41173 (2017). 

430. Schneider-Poetsch, T. et al. Inhibition of eukaryotic translation elongation by 
cycloheximide and lactimidomycin. Nat. Chem. Biol. 6, 209–217 (2010). 

431. Akhmetshina, A. et al. Activation of canonical Wnt signalling is required for TGF-β-
mediated fibrosis. Nat. Commun. 3, 735 (2012). 

432. Hornberger, T. A. et al. Mechanical stimuli regulate rapamycin-sensitive signalling by 
a phosphoinositide 3-kinase-, protein kinase B- and growth factor-independent 
mechanism. Biochem. J. 380, 795–804 (2004). 

433. Bar-Peled, L. & Sabatini, D. M. Regulation of mTORC1 by amino acids. Trends Cell Biol. 
24, 400–406 (2014). 

434. Mitra, A. et al. Dual mTOR Inhibition Is Required to Prevent TGF-β-Mediated Fibrosis: 
Implications for Scleroderma. J. Invest. Dermatol. 135, 2873–6 (2015). 

435. Krupsky, M., Kuang, P. P. & Goldstein, R. H. Regulation of type I collagen mRNA by 
amino acid deprivation in human lung fibroblasts. J. Biol. Chem. 272, 13864–8 (1997). 

436. Needleman, B. W., Choi, J., Burrows-Mezu, A. & Fontana, J. A. Secretion and binding 
of transforming growth factor β by scleroderma and normal dermal fibroblasts. 
Arthritis Rheum. 33, 650–656 (1990). 

437. Liang, M. et al. Vertical inhibition of PI3K/Akt/mTOR signaling demonstrates in vitro 
and in vivo anti-fibrotic activity. J. Dermatol. Sci. 76, 104–111 (2014). 

438. Yoshizaki, A. et al. Treatment with rapamycin prevents fibrosis in tight-skin and 
bleomycin-induced mouse models of systemic sclerosis. Arthritis Rheum. 62, 2476–
2487 (2010). 

439. Saunders, R., Metcalfe, M. & Nicholson, M. Rapamycin in transplantation: A review of 
the evidence. Kidney Int. 59, 3–16 (2001). 

440. Fabregat, I. et al. TGF-β signalling and liver disease. FEBS J. 283, 2219–2232 (2016). 



5. References 
 

 263 

441. Khamzina, L., Veilleux, A., Bergeron, S. & Marette, A. Increased Activation of the 
Mammalian Target of Rapamycin Pathway in Liver and Skeletal Muscle of Obese Rats: 
Possible Involvement in Obesity-Linked Insulin Resistance. Endocrinology 146, 1473–
1481 (2005). 

442. Le Bacquer, O. et al. Elevated sensitivity to diet-induced obesity and insulin resistance 
in mice lacking 4E-BP1 and 4E-BP2. J. Clin. Invest. 117, 387–396 (2007). 

443. Kubrusly, M. S. et al. A role for mammalian target of rapamycin (mTOR) pathway in 
non alcoholic steatohepatitis related-cirrhosis. Histol. Histopathol. 25, 1123–31 
(2010). 

444. Calvert, V. S. et al. A systems biology approach to the pathogenesis of obesity-related 
nonalcoholic fatty liver disease using reverse phase protein microarrays for 
multiplexed cell signaling analysis. Hepatology 46, 166–172 (2007). 

445. Liao, H. et al. Dramatic antitumor effects of the dual mTORC1 and mTORC2 inhibitor 
AZD2014 in hepatocellular carcinoma. Am. J. Cancer Res. 5, 125–39 (2015). 

446. Shan, L. et al. mTOR Overactivation in Mesenchymal cells Aggravates CCl4- Induced 
liver Fibrosis. Sci. Rep. 6, 36037 (2016). 

447. Svegliati-Baroni, G. et al. Insulin and insulin-like growth factor-1 stimulate 
proliferation and type I collagen accumulation by human hepatic stellate cells: 
Differential effects on signal transduction pathways. Hepatology 29, 1743–1751 
(1999). 

448. Son, G., Hines, I. N., Lindquist, J., Schrum, L. W. & Rippe, R. A. Inhibition of 
phosphatidylinositol 3-kinase signaling in hepatic stellate cells blocks the progression 
of hepatic fibrosis. Hepatology 50, 1512–23 (2009). 

449. Zhu, J. et al. Rapamycin inhibits hepatic stellate cell proliferation in vitro and limits 
fibrogenesis in an in vivo model of liver fibrosis. Gastroenterology 117, 1198–204 
(1999). 

450. Shan, L. et al. mTOR Overactivation in Mesenchymal cells Aggravates CCl4- Induced 
liver Fibrosis. Sci. Rep. 6, 36037 (2016). 

451. Kim, Y. J. et al. Inhibitory effects of rapamycin on the different stages of hepatic 
fibrosis. World J. Gastroenterol. 20, 7452–60 (2014). 

452. Wang, W. et al. Rapamycin Ameliorates Inflammation and Fibrosis in the Early Phase 
of Cirrhotic Portal Hypertension in Rats through Inhibition of mTORC1 but Not 
mTORC2. PLoS One 9, e83908 (2014). 

453. Piguet, A.-C. et al. Everolimus is a potent inhibitor of activated hepatic stellate cell 
functions in vitro and in vivo , while demonstrating anti-angiogenic activities. Clin. Sci. 
126, 775–791 (2014). 

454. Chen, M., Liu, J., Yang, L. & Ling, W. AMP-activated protein kinase regulates lipid 
metabolism and the fibrotic phenotype of hepatic stellate cells through inhibition of 
autophagy. FEBS Open Bio 7, 811–820 (2017). 

455. Jackson, R. J., Hellen, C. U. T. & Pestova, T. V. The mechanism of eukaryotic 
translation initiation and principles of its regulation. Nat. Rev. Mol. Cell Biol. 11, 113–
127 (2010). 

456. Thoreen, C. C. et al. An ATP-competitive mammalian target of rapamycin inhibitor 
reveals rapamycin-resistant functions of mTORC1. J. Biol. Chem. 284, 8023–32 (2009). 

457. Tcherkezian, J. et al. Proteomic analysis of cap-dependent translation identifies 
LARP1 as a key regulator of 5’TOP mRNA translation. Genes Dev. 28, 357–71 (2014). 

458. Wipff, P.-J., Rifkin, D. B., Meister, J.-J. & Hinz, B. Myofibroblast contraction activates 
latent TGF-β1 from the extracellular matrix. J. Cell Biol. 179, 1311–1323 (2007). 

459. Antic, S., Wolfinger, M. T., Skucha, A., Hosiner, S. & Dorner, S. General and MicroRNA-
Mediated mRNA Degradation Occurs on Ribosome Complexes in Drosophila Cells. 



5. References 
 

 264 

Mol. Cell. Biol. 35, 2309–20 (2015). 

460. Nwogu, J. I. et al. Inhibition of collagen synthesis with prolyl 4-hydroxylase inhibitor 
improves left ventricular function and alters the pattern of left ventricular dilatation 
after myocardial infarction. Circulation 104, 2216–21 (2001). 

461. Bickel, M. et al. Selective inhibition of hepatic collagen accumulation in experimental 
liver fibrosis in rats by a new prolyl 4-hydroxylase inhibitor. Hepatology 28, 404–411 
(1998). 

462. Wang, Z. et al. Long non-coding RNA TSIX is upregulated in scleroderma dermal 
fibroblasts and controls collagen mRNA stabilization. Exp. Dermatol. 25, 131–136 
(2016). 

463. Micheletti, R. et al. The long noncoding RNA Wisper controls cardiac fibrosis and 
remodeling. Sci. Transl. Med. 9, eaai9118 (2017). 

464. Hu, B. & Phan, S. H. Myofibroblasts. Curr. Opin. Rheumatol. 25, 71–7 (2013). 

465. Smith, K. A. et al. Transforming Growth Factor-β1 Induced Epithelial Mesenchymal 
Transition is blocked by a chemical antagonist of translation factor eIF4E. Sci. Rep. 5, 
18233 (2015). 

466. Chawla, K., Tripathi, S., Thommesen, L., Lægreid, A. & Kuiper, M. TFcheckpoint: a 
curated compendium of specific DNA-binding RNA polymerase II transcription 
factors. Bioinformatics 29, 2519–2520 (2013). 

467. Leppäranta, O. et al. Transcription Factor GATA-6 Is Expressed in Quiescent 
Myofibroblasts in Idiopathic Pulmonary Fibrosis. Am. J. Respir. Cell Mol. Biol. 42, 626–
632 (2010). 

468. Abe, K. et al. Possible role of Krüppel-like factor 5 in the remodeling of small airways 
and pulmonary vessels in chronic obstructive pulmonary disease. Respir. Res. 17, 7 
(2016). 

469. Yang, Y., Zhe, X., Phan, S. H., Ullenbruch, M. & Schuger, L. Involvement of Serum 
Response Factor Isoforms in Myofibroblast Differentiation During Bleomycin-Induced 
Lung Injury. Am. J. Respir. Cell Mol. Biol. 29, 583–590 (2003). 

470. Kim, W. et al. RUNX1 is essential for mesenchymal stem cell proliferation and 
myofibroblast differentiation. Proc. Natl. Acad. Sci. U. S. A. 111, 16389–94 (2014). 

471. Maurer, B. et al. MicroRNA-29, a key regulator of collagen expression in systemic 
sclerosis. Arthritis Rheum. 62, 1733–1743 (2010). 

472. Montgomery, R. L. et al. MicroRNA mimicry blocks pulmonary fibrosis. EMBO Mol. 
Med. 6, 1347–56 (2014). 

473. Hara, K. et al. Raptor, a Binding Partner of Target of Rapamycin (TOR), Mediates TOR 
Action. Cell 110, 177–189 (2002). 

474. Nojima, H. et al. The mammalian target of rapamycin (mTOR) partner, raptor, binds 
the mTOR substrates p70 S6 kinase and 4E-BP1 through their TOR signaling (TOS) 
motif. J. Biol. Chem. 278, 15461–4 (2003). 

475. Schalm, S. S. & Blenis, J. Identification of a Conserved Motif Required for mTOR 
Signaling. Curr. Biol. 12, 632–639 (2002). 

476. Chen, C.-H. & Sarbassov, D. D. The mTOR (mammalian target of rapamycin) kinase 
maintains integrity of mTOR complex 2. J. Biol. Chem. 286, 40386–94 (2011). 



6. Appendix 
 

 265 

 

6 Appendix 

 

 

Figure 6.1: Images of western blot membranes showing molecular weight markers for 
Smad proteins and mTORC2 signalling substrates 
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Figure 6.2: Images of western blot membranes showing molecular weight markers for 
mTORC1 signalling substrates, eIF4F components and β actin 
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Figure 6.3: Additional experimental data of the effect of ATP-competitive mTOR inhibitors 
on TGFβ1-induced collagen I deposition in NHLFs. 

NHLFs were incubated with vehicle (0.1% DMSO) or increasing concentrations of AZD8055 
for 1 hour prior to the addition of exogenous TGF-β1 (1ng/ml) in 1x Ficoll conditions for 72 
hours. Fixed cell monolayers were incubated with a primary antibody against collagen I, and 
an Alexa Fluor 488 fluorescent secondary antibody. Data represent collagen I deposition, 
and are the mean +/- SEM for 4 technical replicates, each with 4 fields-of-view imaged. Data 
were generated by expressing each point as a percentage of the average of the positive 
control (+TGF) wells. IC50 values were calculated by four-parameter non-linear regression. 
Data shown are for two different control fibroblast donors. 
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Figure 6.4: Additional experimental data of the effect of ATP-competitive mTOR inhibitors 
on TGFβ1-induced α-SMA induction in NHLFs. 

NHLFs were incubated with vehicle (0.1% DMSO) or increasing concentrations of AZD8055 
for 1 hour prior to the addition of exogenous TGF-β1 (1ng/ml) in 1x Ficoll conditions for 72 
hours. Fixed cell monolayers were incubated with a primary antibody against α-SMA, and an 
Alexa Fluor 488 fluorescent secondary antibody. Data represent α-SMA induction, and are 
the mean +/- SEM for 4 technical replicates, each with 4 fields-of-view imaged. Data were 
generated by expressing each point as a percentage of the average of the positive control 
(+TGF) wells. IC50 values were calculated by four-parameter non-linear regression. Data 
shown are for two different control fibroblast donors. 
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Figure 6.5: Replicate experimental data of the effect of ATP-competitive mTOR inhibitors 
on TGFβ1-induced collagen I deposition in IPF-HLFs. 

IPF-HLFs were incubated with vehicle (0.1% DMSO) or increasing concentrations of AZD8055 
for 1 hour prior to the addition of exogenous TGF-β1 (1ng/ml) in 1x Ficoll conditions for 72 
hours. Fixed cell monolayers were incubated with a primary antibody against collagen I, and 
an Alexa Fluor 488 fluorescent secondary antibody. Data represent collagen I deposition, 
and are the mean +/- SEM for 4 technical replicates, each with 4 fields-of-view imaged. Data 
were generated by expressing each point as a percentage of the average of the positive 
control (+TGF) wells. IC50 values were calculated by four-parameter non-linear regression. 
Data shown are for three different control fibroblast donors. 
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Figure 6.6: The effect of PI3K and Akt inhibition on TGF-β1-induced collagen I deposition 
and comparison of the effect of the dual mTORC inhibitor AZD8055 versus the partial 
mTORC1 inhibitor on COL1A1 mRNA levels. 

Data are kindly provided by Dr Hannah Woodcock. NHLFs were incubated with vehicle (0.1% 
DMSO) or increasing concentrations of the ATP-competitive PI3K inhibitor, Compound 2, the 
allosteric Akt inhibitor, MK2206, or the ATP-competitive p70S6K inhibitor, LY2584702, for 1 
hour prior to the addition of exogenous TGF-β1 (1ng/ml) in 1x Ficoll conditions for 72 hours. 
Fixed cell monolayers were incubated with a primary antibody against collagen I, and an 
Alexa Fluor 488 fluorescent secondary antibody. Data in panels A-C represent collagen I 
deposition, and are the mean +/- SEM for 4 technical replicates, each with 4 fields-of-view 
imaged. Data were generated by expressing each point as a percentage of the average of the 
positive control (+TGF) wells. Additionally, serum-starved NHLFs were incubated with the 
ATP-competitive inhibitor, AZD8055, (1µM), or the partial mTORC1 inhibitor, rapamycin, for 
1 hour prior to the addition of control media or TGF-β1 (1ng/ml) for a further 24 hours. Cells 
were lysed and RNA extracted, DNase treated and reverse transcribed into cDNA for the 
analysis of COL1A1 and ACTA2 mRNA levels by qRT-PCR. Data are expressed normalised to 
the geometric mean of two housekeeping genes, ATP5B and B2M. 
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