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ABSTRACT 

Fibroblastic foci (FF) represent the cardinal pathogenic lesion in idiopathic pulmonary 

fibrosis (IPF) and comprise activated fibroblasts and myofibroblasts, the key effector cells 

responsible for dysregulated extracellular matrix deposition in multiple fibrotic conditions. 

The aim of this study was to define the major transcriptional programmes involved in 

fibrogenesis in IPF by profiling un-manipulated myo/fibroblasts within FF in situ by laser 

capture microdissection.  

The challenges associated with deriving gene calls from low amounts of RNA and the 

absence of a meaningful comparator cell type were overcome by adopting novel data 

mining strategies and by using weighted gene co-expression network analysis (WGCNA), as 

well as an eigengene-based approach to identify transcriptional signatures which correlate 

with fibrillar collagen gene expression. WGCNA identified prominent clusters of genes 

associated with cell cycle, inflammation/differentiation, translation and cytoskeleton/cell 

adhesion. Collagen eigengene analysis revealed that TGF-β1, RhoA kinase and the 

TSC2/RHEB axis formed major signalling clusters associated with collagen gene expression. 

Functional studies using CRISPR-Cas9 gene edited cells demonstrated a key role for the 

TSC2/RHEB axis in regulating TGF-β1-induced mTORC1 activation and collagen I deposition 

in mesenchymal cells reflecting IPF and other disease settings, including cancer-associated 

fibroblasts. These data provide strong support for the human tissue-based and 

bioinformatics approaches adopted to identify critical transcriptional nodes associated with 

the key pathogenic cell responsible for fibrogenesis in situ and further identifies the 

TSC2/RHEB axis as a potential novel target for interfering with excessive matrix deposition in 

IPF and other fibrotic conditions.  
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What is the key question?  

Can we identify a transcriptional signature associated with collagen gene expression in the 

fibrotic focus, the cardinal fibrotic lesion in IPF? 

 

What is the bottom line?  

We herein define the major transcriptional programmes involved in fibrogenesis in IPF by 

profiling myo/fibroblasts within FF in situ by laser capture microdissection. 

 

Why read on? 

The data provide strong support for a human tissue-based approach to identify critical 

transcriptional nodes associated with fibrogenesis in situ and further identifies the 

TSC2/RHEB axis as a potential novel target for interfering with excessive matrix deposition in 

IPF and other fibrotic conditions.  
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INTRODUCTION 

Fibrosis, defined as the abnormal accumulation of extracellular matrix (ECM), is a 

pathological feature of several major chronic inflammatory and metabolic diseases, 

including idiopathic pulmonary fibrosis (IPF), the most rapidly progressive and fatal fibrotic 

conditions with a median survival of 3.5 years from diagnosis.[1] Fibrosis can also influence 

cancer progression as part of the stromal response to the tumour.[2] Current anti-fibrotic 

drugs, pirfenidone and nintedanib , approved for the treatment of IPF, slow rather than halt 

disease progression and have significant side-effect profiles.[3, 4] There therefore remains 

an urgent need to develop novel therapeutic strategies for IPF and other fibrotic conditions.  

 

The aetiology of IPF remains poorly defined but the current favoured hypothesis proposes 

that IPF arises as a result of a highly dysregulated wound healing response following 

repeated epithelial injury in response to an environmental inciting agent in genetically 

susceptible and aged individuals. IPF has a distinct histopathological pattern of usual 

interstitial pneumonia (UIP) in which fibroblastic foci (FF), comprising aggregates of 

activated fibroblasts and myofibroblasts embedded in a collagen-rich extracellular matrix, 

represent discrete sites of lung injury, repair and active fibrogenesis.[5] These lesions 

represent a key histological diagnostic feature of UIP and their abundance is related to 

disease progression in IPF.[6] In order to shed novel light on the mechanisms leading to 

pathogenic fibrogenesis in IPF, we sought to define the transcriptional signature of these 

cardinal fibrotic lesions.[6] While single cell RNA sequencing (scRNAseq) has been reported 

in IPF,[7] this approach does not discriminate between profiles obtained from cells within FF 

or from other non-involved locations within the lung. Laser capture microdissection (LCM) 

of IPF lung tissue, provides an ideal approach to capture and profile unperturbed 
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myo/fibroblasts exclusively from within FF. Comparator cells are challenging to define given 

the potential diverse origins and phenotypes of myo/fibroblasts in IPF and importantly the 

paucity of interstitial fibroblasts which can be captured from healthy control lung. 

Moreover, recent scRNASeq data available on bioRχiv,[8] suggest that “pathological ACTA2-

expressing IPF myofibroblasts represent an extreme pole of a continuum connected to a 

quiescent ACTA2-negative stromal population rather than resident or activated fibroblasts 

in control lung”. We herein report on the generation of a composite gene expression profile 

from more than 60 individual FF derived from 13 patients. We adopt a novel informatics 

approach which obviates the need for a comparator group, based on the principles of 

weighted gene coexpression network analysis (WCGNA). We further employ a collagen 

eigengene approach[9] to define clusters of genes which functionally correlate with collagen 

I and III gene expression and therefore inform on the critical transcriptional programme 

underpinning pathogenic fibrogenesis. Key signalling nodes identified within the collagen 

eigengene cluster comprised gene signatures associated with the master regulator of 

fibrogenesis, transforming growth factor β1 (TGF-β1), as well as the TSC2/RHEB axis. This 

axis is a well characterised molecular switch for the activation of mechanistic target of 

rapamycin complex 1 (mTORC1), a key molecular node that integrates metabolic, energy, 

hormonal, and nutritional signals to regulate downstream cellular responses, including 

proliferation, growth, metabolism and protein synthesis.[10] Functional studies using 

CRISPR-Cas9 gene-edited primary human lung fibroblasts (pHLFs) confirmed the 

involvement of RHEB in TGF-β1-mediated mTORC1 activation and collagen I deposition. This 

observation was generalizable to other mesenchymal cells, including hepatic stellate cells 

(HSCs) and cancer associated fibroblasts (CAFs). Taken together the findings reported 

provide strong support for the transcriptomic approach adopted to identify functionally 
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relevant pathways involved in pathogenic fibrogenesis in situ. Our data further suggest that 

the TSC2/RHEB axis might represent a potential therapeutic target for interfering with 

fibrogenesis in the setting of fibrosis and the stromal reaction in cancer. 
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METHODS 

 

Patient material 

Frozen IPF lung tissue was obtained from patients either undergoing lung transplantation 

for end–stage disease (n=10) or surgical lung biopsy for diagnostic purposes (n=3). Patients 

with IPF were diagnosed in accordance with current international guidelines.[11] The human 

biological samples were sourced ethically and their research use was in accord with the 

terms of the informed consents (11/NE/0291; 12/EM/0058; 10/H0504/9).  

 

Laser capture microdissection and microarray analysis  

Frozen OCT embedded samples were cryo-sectioned into 8μm sections and processed with 

a modified haematoxylin and eosin (H&E) stain.[12] FF were identified by immunostaining a 

serial guide slide for αSMA and captured using a PALM MicroBeam 4 Laser Microdissection 

microscope (Zeiss). Care was taken to avoid capturing overlying epithelium (visualized by 

immunostaining for CK7 on a second serial guide slide). 3-6 captures (~0.015 mm2) per 

sample were collected. RNA was extracted using the Picopure RNA Isolation kit (Life 

Technologies) and processed for hybridization to Affymetrix HG-U133_plus_2.0 microarrays. 

 

RNAscope® in situ hybridization  

All RNAscope® analyses were performed on independent IPF lung tissue (Advanced Cell 

Diagnostics) using a standard RNAscope® 2.5 HD Red protocol according to the 

manufacturer’s instructions.  
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WGCNA and collagen eigengene analysis 

WGCNA was performed on the 9035 probe sets defined as the composite IPF FF signature in 

R v3.3.3.[9] Briefly, we selected a power (β) of 4 (the minimum power with R2 > 0.9) to 

construct the co-expression network from which the topological overlap matrix was 

calculated. To generate gene modules we used minModuleSize = 200 and default cutHeight 

which yielded 16 modules. Modules with eigengene correlations R >|0.7| were merged 

using the mergeCloseModules function leaving 14 independent modules. Biological function 

to the modules was assigned using MetaCore™ (Thomson Reuter) pathway enrichment. 

Sankey plots were generated to describe the biological function of modules. 

 

Statistical Analysis 

Statistical analysis of gene expression data was performed in R v3.3.3. Correlation 

coefficients were calculated using the Pearson method (base). WGCNA was performed using 

the wgcna package. P-Values for correlations were calculated using corPvalueStudent 

function in the wgcna package. Enrichment analysis and network construction were 

performed in R v3.3.3 using the metabaseR package (Thompson ReutersTM) database 

version 6.36.69400. The Girvan-Newman algorithm[13] was used to identify subnetworks in 

the collagen module.  

 

In vitro experiments 

Control and IPF pHLFs (REC reference 12/EM/0058) and CAFs from lung adenocarcinoma 

(via the Tracking Cancer Evolution through Therapy (TRACERx) clinical study, REC reference 

13/LO/1546) were grown from explant cultures as previously described.[14] Primary adult 

HSCs were obtained from Zen-Bio (#HP-F-S). RNAseq was performed on control pHLFs as 
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described in [15] (GSE102674). CRISPR-Cas9 gene editing followed the protocol described in 

[14] using a guide RNA sequence targeting RHEB (AGATGCCGCAGTCCAAGTCCCGG). Protein 

phosphorylation and expression were assessed by western blotting as described in [14] 

using p-4EBP1 (#13443), p-P70S6K (#9234), 4EBP1 (#9644), P70S6K (#9202) and RHEB 

(#13879) antibodies (all from Cell Signalling). α-tubulin (#9099) was used as a loading 

control. Type I collagen deposition under macromolecular crowding conditions was assessed 

by high-content imaging as described in [16]. Procollagen production was based on levels of 

hydroxyproline quantified by reverse phase high-performance liquid chromatography 

(HPLC) as described in [17]. In vitro data were analysed by two-way ANOVA with Tukey 

multiple-comparisons testing (Graphpad Prism). Data were considered statistically 

significant at p]<]0.05. 
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RESULTS 

Identification of an in situ gene expression signature for IPF fibroblastic foci  

In order to generate an in situ gene expression signature for IPF FF, lesions from 13 flash-

frozen IPF tissue samples (Table 1; Figure 1a) were captured by LCM (please see Methods 

section). RNA was isolated from 61 captures, amplified and cDNA hybridized to Affymetrix 

microarrays. To interrogate the cellular purity of the captures we examined the normalized 

microarray intensity values of myofibroblast (ACTA2) and epithelial (CDH1, CK7, EpCAM) 

marker genes (Figure 1b). The large difference in median Log2 intensity values obtained for 

myofibroblast and epithelial cell markers provided assurance regarding the quality of the 

captures. We next validated and examined the spatial localization of selected matrisomal 

mRNAs detected within the FF transcriptome in additional patient samples by selecting 

genes representing a range of microarray expression intensities (SPARC, ELN, POSTN) using 

RNAScope® in situ hybridization. An RNAScope® signal was detectable for all three genes 

within FF but not in the overlying epithelium (Figure 1c). Finally, we took advantage of a 

recently available scRNASeq dataset submitted on bioRχiv to interrogate enrichment for IPF 

fibroblast and myofibroblast marker genes.[8] The fibroblast marker genes, HAS1 and HAS2, 

were detected in less than 7 patients and were therefore excluded from our FF signature. 

The myofibroblast markers genes, COL8A1 and ACTA2, were detected in 13/13 and in 12/13 

patients, respectively. These data suggest that myofibroblasts are enriched in IPF FF. 
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Patient Age Sex FEV1 % FVC % TLCO % Captures 

arrayed 

HT13038 54 Male 53 50 29 5 

HT13042 56 Male 61 59 25 5 

HT13040 62 Male 51 51 26 5 

HT13041 44 Male 54 50 36 3 

HT13039 50 Male 49 47 31 5 

HT13037 61 Male 48 51 24 5 

HT14057 48 Male 50 80 46 4 

HT14058 62 Male 70 68 38 5 

HT14059 43 Male 50 49 23 6 

HT11026 54 Male 45 45 17 5 

HT13046 64 Female 87 94 45 5 

HT13043 66 Female 69 64 45 4 

HT13045 78 Male 66 64 47 4 

       

Mean (±SD) 57.1 (9.8) Male (11), 

Female (2) 

57.8 

(12.1) 

59.4 

(14.5) 

33.2 

(10.2) 

Total 61 

 

Table 1. Baseline characteristics of IPF patients for tissues used for laser capture 

microdissection.  

The demographics of the patients included in this study are shown. All patients were 

diagnosed with IPF in line with ATS/ERS 2011 guidelines. Pulmonary function tests were 

measured pre-transplantation or pre-biopsy and expressed as percentage of the predicted 

value. Data are shown as mean (±) SD. Definition of abbreviations: FEV1 = forced expiratory 

volume in one second; FVC = forced vital capacity; TLCO = transfer factor of the lung for 

carbon monoxide. 
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To generate an in situ IPF FF transcriptome, we first generated independent gene signatures 

for each of the 13 IPF patients using an informatic pooling strategy (described in Figure 1d). 

We then derived a composite IPF FF transcriptomic signature by selecting probesets 

expressed in the majority (≥7) of individual IPF patient signatures. This cut-off identified 

9035 probesets corresponding to 6667 individual genes. The complete dataset is available 

on Gene Expression Omnibus (GSE98925) (table S1).  

 

 

Weighted gene co-expression network analysis (WGCNA) of the in situ FF transcriptome  

In order to identify transcriptional programmes and biological pathways active in 

myo/fibroblasts within FF, we applied WGCNA and Metacore™ analyses of the composite FF 

transcriptome. WGCNA identified 14 independent co-expression modules reflecting sets of 

highly correlated gene transcripts (Figure 2a, Table S1). We next aimed to identify modules 

with the highest proportion of genes upregulated in IPF compared with control lungs by 

cross-referencing published whole lung microarray expression data (GSE10667).[18] The 

WGCNA turquoise module comprised genes with the most significant and highest average 

fold-change in IPF versus control (Figure 2b-c) and was therefore considered to represent 

the most enriched module with potential disease-relevant biology in the laser-captured FF.  

 

Within the 2607 genes represented in the WGCNA turquoise module, we mapped 2051 

Metacore™ network objects (representing genes, proteins, complexes and metabolites) and 

constructed a single biological network comprising 1021 IPF-enriched genes. In order to 

deconvolute this network further, we identified sub-clusters (i.e. local neighbourhoods) and 

investigated the seven local neighbourhoods containing more than 20 genes (Figure 3a). 
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Pathway analysis of these local neighbourhoods identified key genes that were most 

influential in the pathway mapping and may therefore represent important regulatory 

nodes in FF (Figure 3b-c). This included genes representing known cardinal features of the 

activated myofibroblast, such as cytoskeletal remodelling (RHOA, RAC1, ROCK, ARHGEF1), as 

well as highlighting JAK/STAT and NFκB signalling pathways and a small number of 

transcription factors.  

 

 

Collagen eigengene analysis of the in situ IPF FF transcriptome identifies key 

transcriptional programmes associated with fibrogenesis 

We next sought to define the transcriptional programmes and therefore the key pathways 

associated with pathogenic collagen production in IPF. To this end, we adapted the core 

principle of WGCNA to create a bespoke collagen eigengene from the first principal 

component of COL1A and COL3A probesets and then correlated the rest of the microarray 

probesets making up the FF signature. 362 probesets, representing 300 individual genes, 

correlated either positively or negatively with the collagen eigengene (Figure 4a, Table S1). 

Fifteen genes correlated with an R>|0.9|, including four genes that were highly inversely 

correlated with collagen gene expression.  

 

To further characterize this collagen eigengene module, we constructed an interaction 

network using MetaCore™ which we refined to a network of 66 genes following removal of 

predicted rather than experimentally-validated interactions and those without directionality 

(Figure 4b). This network featured genes that represent TGF-β1/ECM biology (green) and 

RhoA associated cytoskeletal remodelling (red), supporting this network as a core regulatory 
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feature of the FF myo/fibroblast phenotype. Additional modules included transcriptional 

regulation (yellow) and cell metabolism (blue), as well as a small module featuring TSC2 and 

RHEB, a well-characterised molecular switch for the activation of mTORC1 signalling. RHEB, 

which encodes the GTPase and proximal activator of mTORC1, RHEB, correlated positively 

with the collagen eigengene (R +0.71). In contrast, TSC2 which encodes tuberin within the 

TSC complex, a major allosteric inhibitor of RHEB, was inversely correlated (R -0.73). We 

next determined whether a similar TSC2/RHEB motif was represented in vitro in our 

published RNAseq dataset of TGF-β1-stimulated fibroblasts (GSE102674) and in published 

whole lung IPF and rat bleomycin model gene expression datasets (GSE10667 and 

GSE48455).[15, 18] A comparable eigengene was calculated using COLA1 and COLA3 

expression levels and correlation coefficients for COL1A1, COL3A1, TSC2 and RHEB were 

generated. As expected COLA1 and COLA3 expression correlated across all datasets; 

whereas the specific RHEB and TSC2 correlations were only present in TGF-β1-stimulated 

fibroblasts but not in datasets from whole fibrotic human and murine lung, where 

transcriptional profiles represent a composite derived from multiple cell types (Figure 4c). 

The LCM FF and TGF-β1-stimulated fibroblast correlations would therefore support a 

potential model favouring mTORC1 activation (Figure 4d). 

 

Functional validation of the TSC2/RHEB node during fibrogenesis in vitro 

Given the robust correlation of the TSC2/RHEB node with the collagen eigengene in IPF FF 

and in TGF-β1 activated myofibroblasts in vitro, we next sought to determine whether 

TSC2/RHEB represents a potential molecular switch involved in regulating collagen synthesis 

in TGF-β1-stimulated pHLFs. To this end, we generated RHEB-deficient pHLFs using CRISPR-

Cas9 gene editing. Monitoring the phosphorylation of the mTORC1 downstream substrates, 
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P70S6K and 4E-BP1 (Serine 65) at 3 hours following TGF-β1 stimulation in control and RHEB-

deficient fibroblasts revealed that RHEB was critical for TGF-β1-induced mTORC1 activation 

(Figure 5a). Analysis of procollagen synthesis, based on the quantitation of hydroxyproline, 

further demonstrated that RHEB was necessary for TGF-β1-induced procollagen synthesis 

(Figure 5b). This observation was validated by specifically assessing collagen I deposition in 

response to TGF-β1 stimulation under macromolecular crowding conditions by high-content 

imaging (Figure 5c, d). Finally, we also measured procollagen synthesis following TGF-β1 

stimulation in IPF pHLFs, HSCs and CAFs. In each case, there was an almost complete 

inhibition of TGF-β1-induced collagen production in RHEB-edited cells (Figure 6).  
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DISCUSSION  

The aim of this study was to identify key transcriptional pathways driving fibrogenesis in IPF 

by fingerprinting myo/fibroblasts located within FF, the defining pathological lesion of 

IPF/UIP. The use of informatics-based analysis of gene expression data to identify genes, 

pathways and mechanisms of relevance in organs and tissues of interest has become an 

established path to uncovering important pathobiology.[19] scRNAseq methodologies are 

rapidly advancing and recent studies have provided important insights into the 

heterogeneity and diversity of mesenchymal, epithelial and alveolar macrophage 

populations in the setting of pulmonary fibrosis.[20-22] However, spatial information, and 

therefore the precise anatomical location from which the cells are derived, is lost during 

single cell dissociation. It is also worth commenting that the cell dissociation process can 

also potentially influence gene expression profiles.[21] In order to generate an unperturbed 

gene expression signature for IPF myo/fibroblasts and identify pathways associated with 

pathological collagen expression within the cardinal lesion in IPF,[6] we chose to adopt an 

LCM-based approach which was optimised to overcome the challenges associated with 

isolating high quality  RNA from a small number of cells embedded within a collagen-rich 

fibrotic lesion. This allowed us to identify a a unique set of 6667 genes representing a 

generic transcriptome of the FF.  

 

Our bioinformatics approach obviated the need for a comparator cell type, in light of recent 

findings indicating that pathological ACTA2-expressing IPF myofibroblasts represent an 

extreme pole of a continuum connected to a quiescent ACTA2-negative stromal population 

rather than resident or activated fibroblasts in control lung. It is not possible to capture 

sufficient number of myo/fibroblasts from the interstitium of uninjured normal adult lung. 
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The lack of a suitable comparator cell type to identify differentially expressed genes in FF 

was obviated by using contemporary bioinformatic approaches. WGCNA has become widely 

adopted to identify groups of genes with similar expression profiles (modules) in large high-

dimensional genomic datasets. The functional correlation of genes aligned by expression 

within an eigengene underlies the principle of the WGCNA methodology where individual 

modules represent discrete functions.[9] These modules highlight related biological 

mechanisms and can provide insights into disease pathomechanisms. The largest WCGNA 

turquoise module identified within our dataset comprised 2607 genes and was the most 

significantly enriched module in terms of genes previously identified to be upregulated in 

whole IPF lungs compared to healthy controls.[18] RhoA/Rac1/ROCK signalling was 

prominent within the WGCNA turquoise module and this feature is consistent with the 

coordinated cytoskeletal rearrangements associated with highly contractile cells, such as 

myofibroblasts.[23] Strong representation of NFκB signalling in FF was not as predictable 

but adds to previous evidence implicating this signalling hub in the context of liver 

fibrosis[24, 25] and further provides support for a role for FF myo/fibroblasts as potential 

pro-inflammatory modulators in IPF.[26] JAK1, STAT1 and STAT3 signalling were represented 

in another node. Of interest, TGF-β1, IL-6 and Oncostatin M have all been reported to 

engage JAK1, STAT1 and STAT3 signaling[27] and genetic modulation of STAT3 is protective 

in the bleomycin-induced lung fibrosis model.[28] Moreover, therapeutic approaches 

targeting these mechanisms are currently being pursued in the context of IPF and other 

fibrotic indications.[29, 30] Finally, WGCNA analysis also identified translation as a 

prominent feature of the transcriptional signature of FF and is consistent with the highly 

ECM synthetic nature of myo/fibroblasts within FF.  
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The second bioinformatics approach aimed to identify key programmes associated with the 

generation of pathogenic ECM and was based on the core principle of WGCNA analysis that 

was adapted in order to use the first principal component of the expression of fibrillar 

collagen genes as a measure of underlying collagen production. We followed convention by 

naming this a collagen eigengene.[31] To the best of our knowledge, this is the first report 

describing the implementation of this approach to define pathways underlying fibrogenesis 

in IPF or indeed any other human fibrotic condition. This analysis identified around 300 

genes with expression patterns that were either positively or negatively correlated with the 

collagen eigengene. It is worth mentioning that we found no significant overlap between 

these collagen-related genes and the list of genes differentially expressed in myofibroblasts 

in IPF compared to control lung reported in a recent bioRχiv scRNAseq study.[8] This suggest 

that scRNAseq and our LCM approach could be considered complementary strategies to 

interrogate different aspects of IPF pathomechanisms. 

Interestingly, there was only one interaction network within the 300 genes comprising 

known protein-protein-interactions validated by multiple publications, resulting in a 

composite module. It is worth commenting that four of the top 15 correlated genes in the 

dataset were inversely correlated with the collagen eigengene (ATG4B, PLEC, SELM and WIZ) 

and may reflect mechanisms that are downregulated or inhibited during the course of 

collagen production. Of interest, Atgb4-deficient mice exhibit more extensive and severe 

fibrosis with increased accumulation of collagen relative to control mice in the bleomycin 

model of lung fibrosis.[32]  

 

Cytoskeletal re-organisation, TGFβ-1 signalling, ECM production and cell-matrix interactions 

are fundamental properties expected of myo/fibroblasts. These mechanisms mapped 
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strongly to the collagen eigengene signature and therefore provided important validation of 

the utility of the LCM and collagen eigengene approach to identify biology of relevance to 

the primary functions of these cells. It is worth highlighting the presence of a TGF-β1 

signalling sub-module, which includes both the TGF-β1 ligand and the αvβ5 integrin, which 

has been implicated in the activation of latent TGF-β1 in vitro.[33, 34] To the best of our 

knowledge, this represents the first human tissue-based evidence demonstrating a link for 

this TGF-β1-integrin axis and fibrogenesis in IPF.[33, 35]  

 

RhoA signalling again featured strongly within this network and was positively correlated 

with the collagen eigengene. This network also comprised two guanine nucleotide exchange 

factors involved in the regulation of the activation of RhoA signalling, ARHGEF2 and 

AKAP13/LBC, which were also positively correlated with the collagen eigengene. 

Interestingly, AKAP13/LBC has recently been identified as a susceptibility gene in IPF.[36] 

While expression of AKAP13 was reported to be highest in damaged epithelium and 

lymphoid cells, expression was also noted in cells within FF. Moreover, ablation of AKAP13 

expression in cardiac fibroblasts strongly impinges on collagen production in response to a 

pro-fibrotic challenge[37] so that AKAP13/LBC may represent both a susceptibility gene and 

potential drug target for inhibiting pro-fibrotic signalling.  

 

Hand curation of this composite module also identified less predictable elements, such as 

fatty acid (FA) metabolism, including the gateway enzyme for FA synthesis, FASN, which was 

inversely correlated with the collagen eigengene. The current literature indicates both pro- 

and anti-fibrotic roles for altered FA metabolism in the context of pulmonary fibrosis.[38, 

39] Whereas, endogenous nitrated FAs exert anti-fibrotic effects by up-regulating 
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peroxisome proliferator-activated receptor γ (PPARγ) in human lung fibroblasts another 

study showed that FASN is required for pro-fibrotic TGF-β signalling.[40] 

 

The observation that the collagen eigengene network also comprised a small TSC2/RHEB 

module, a prominent intrinsic regulator of mTORC1 activity, was of particular interest in 

light of the recent evidence highlighting a key role for the mTORC1/4E-BP1 axis as a core 

fibrogenic pathway downstream of TGF-β1.[14] The current LCM FF transcriptome and our 

previously published RNASeq dataset of TGF-β1-stimulated pHLFs, further revealed that 

RHEB was positively correlated with the collagen eigengene, whereas TSC2 was inversely 

correlated, supporting a potential model of persistent mTORC1 activation. The specific 

mechanism by which TGF-β1 promotes the activation of mTORC1 remains poorly 

understood and it is also recognised that the TSC2/RHEB signalling can act independently of 

mTORC1.[41] Using RHEB CRISPR-Cas9 gene editing, we now provide strong evidence for a 

key role for RHEB in mediating both TGF-β1-induced mTORC1 activation and downstream 

collagen deposition in mesenchymal cells reflecting IPF and other disease settings, including 

the stromal reaction in cancer. It is also worth commenting that the lack of any correlations 

for TSC2 and RHEB with the collagen eigengene in previously published datasets based on 

RNA extracted from whole IPF lungs, the bleomycin model and recent scRNAseq studies of 

IPF lung[7, 18] emphasizes the power of the LCM approach adopted in the present study. 

 

In summary, the findings reported in this study provide strong support for the experimental 

and bioinformatics approaches adopted to identify key transcriptional programmes 

associated with FF. As well as confirming expected pathways associated with myofibroblast 

biology, this analysis provides unprecedented biological insights into some of the key 
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signalling networks associated with fibrogenesis in situ and place TSC2/RHEB downstream of 

TGF-β1 signalling as being central to the fibrogenic response in multiple mesenchymal cells. 

Targeting this axis may hold therapeutic potential in the context of IPF and other conditions 

associated with pathogenic fibrosis, including the stromal reaction in cancer.  
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FIGURE LEGENDS  

Figure 1. Transcriptomic profiling of laser captured fibroblastic foci from IPF patients.  

a) Captures were obtained from fresh frozen IPF lung tissue obtained from 13 patients. 

αSMA-rich FF were identified by αSMA immunostaining and captured from serially stained 

H&E sections, taking care to avoid the overlying CK7-positive epithelium. Representative 

sections of αSMA (i) and CK7 (ii) staining are shown, as well as sections before (iii) and after 

(iv) laser capture of a typical fibroblastic focus. b) Median Log2 intensity values for 

myofibroblast (ACTA2) and epithelial (CDH1, CK7, EpCAM) marker genes. c) Confirmation of 

spatial expression of selected genes within FF in independent patient samples 

by RNAScope® in situ hybridization (SPARC, POSTN, ELN). d) Generation of the fibroblastic 

focus gene expression signature. For each of the 13 patient lung samples, fibroblastic foci 

were captured, the RNA was extracted, amplified and cDNA was arrayed on an Affymetrix 

HG-U133_plus_2.0microarray. Using the presence call information on the array, we 

excluded probes that were present in less than two captures for the same patient 

(approximately 5% error rate). The final probeset intensity was averaged per patient. 

Probesets detected in the majority (≥7) of the patient signatures were included to generate 

a final IPF FF gene expression signature/transcriptome. 

 

Figure 2: Weighted Gene Co-Expression Analysis (WGCNA) of the composite fibroblastic 

focus transcriptome.  

a) The composite FF transcriptome was subjected to WGCNA and the gene dendrogram is 

shown identifying 14 independent co-expression modules. Modules can appear in multiple 

regions of the dendrogram as highly correlated, smaller modules are collapsed. b) The gene 

expression in IPF versus healthy lung from published data (GSE10667) for all genes of each 
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module was interrogated. The log2 ([diseased]/[healthy]) ratios are shown with > 2-fold 

difference shown in black. c) -log10 p-values from a two-sided t-test performed on each 

module log2 ratios, to determine which sets were significantly different from zero.  

 

Figure 3: Network and pathway analysis of the WGCNA turquoise module.  

a) A biological network was constructed from the 2607 genes in the turquoise WGCNA 

module. After removal of the edges supported by less than three citations, 7 local 

neighbourhoods containing at least 20 genes were investigated. b) Pathway analysis of the 

seven sub-clusters is shown displaying the genes that appear most frequently in pathways 

identified to represent key modulators of neighbourhood biology. c) The pathways detected 

with the highest significance are shown in detail as Sankey diagrams.  

 

Figure 4: Collagen eigengene analysis.  

a) The expression of COL1A and COL3A mRNA probes across the 13 patient profiles was 

used to create a collagen eigengene (red line) and all other probesets correlating to this 

(p<0.01), assigned as collagen correlating genes (black lines). Array expression data is shown 

as Z-transformed log2 intensity. Z-transformed log2 intensities of negatively correlated 

genes were inverted for illustration. b) A single interaction network was derived from 

the 300 genes forming the collagen eigengene as represented by three or more citations 

and excluding implied interactions. The network includes a TGF-β1/ECM module (green), a 

Rho kinase module (red), a transcriptional module (yellow), a metabolism module (blue) and 

a TSC/RHEB module (purple). The proteins are linked with a red arrow to represent 

activation or a blue line to represent an inhibition with the thickness of the lines reflecting 

the existing body of evidence for the interaction. Gene names illustrated in black font were 
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positively correlated with the collagen eigengene, whereas genes in red were negatively 

correlated. c) Table reflects correlation coefficients for COL1A1, COL3A1, TSC2 and RHEB 

with comparable eigengenes (COL1A1 and COL3A1) calculated independently in the 

captured IPF FF (IPF FF LCM) and in previously published datasets for TGF-β1 stimulated 

human primary lung fibroblasts, IPF whole lung and in the rat bleomycin model. d) Figure 

illustrates a proposed model for mTORC1 activation in response to a pro-fibrotic stimulus 

(e.g. TGF-β1) or a fibrotic microenvironment (e.g. FF). TSC2 (-ve) and Rheb (+ve) expression 

correlations relative the collagen eigengene would favour persistent mTORC1 activation and 

collagen deposition via GTP-bound Rheb. 

 

Figure 5: RHEB is essential for TGF-β1-stimulated mTORC1 activation and collagen 

production in primary human lung fibroblasts (pHLFs).  

a) CRISPR-Cas9 gene editing was used to disrupt RHEB in pHLFs. A predesigned control gRNA 

sequence was used to generate matched wild-type pHLFs (crCTRL). RHEB-disrupted (crRHEB) 

and crCTRL pHLFs were stimulated with TGF-β1 (1ng/mL) or media alone for 3 hrs. 

Successful gene editing of RHEB was confirmed by immunoblotting. mTORC1 signalling was 

evaluated by monitoring the phosphorylation of the mTORC1 downstream substrates, 

P70S6K and 4E-BP1 by immunoblotting. b) Procollagen production was measured by 

quantifying hydroxyproline levels in ethanol-insoluble proteins in cell supernatants after 48 

hrs stimulation with TGF-β1 (1ng/mL) by reverse-phase HPLC and normalised to the cell 

count. c) Collagen I deposition after 48hrs stimulation with TGF-β1 (1ng/mL) was measured 

by high-content imaging of collagen I immunofluorescence in cells grown under 

macromolecular crowding conditions. Data are represented as collagen I signal normalised 

to cell count (n=4 fields per well). d) Representative images of collagen I deposition are 
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shown. Data in graphs are presented as mean (±) SEM of 3 replicate wells per condition. 

Differences between groups were evaluated by two-way ANOVA with Tukey multiple 

comparison testing, * = p<0.05, **=p<0.01, ***=p<0.001, ****=p<0.0001. 

 

Figure 6: RHEB is essential for TGF-β1-stimulated collagen deposition in IPF pHLFs, CAFs 

and HSCs. 

CRISPR-Cas9 gene editing was used to disrupt RHEB (crRHEB) and a crCTRL was used as a 

control in: a) IPF pHLF; b) primary CAFs derived from lung adenocarcinoma; and c) primary 

HSCs. (i) Successful RHEB gene editing was confirmed by assessing RHEB levels by 

immunoblotting and (ii) procollagen production was measured by quantifying 

hydroxyproline levels in ethanol-insoluble proteins in cell supernatants after 48 hrs 

following stimulation with TGF-β1 (1ng/mL) by reverse-phase HPLC and normalised to the 

cell count. Data are presented as mean (±) SEM of 3 replicate wells per condition. 

Differences between groups were evaluated with two-way ANOVA with Tukey multiple 

comparison testing, * = p<0.05, **=p<0.01, ***=p<0.001, ****=p<0.0001. 

 

 

SUPPLEMENTARY TABLE 

Table S1: Probe intensity and analysis.  

Table of the probesets that constitute the fibroblastic focus gene signature (probesets 

detected in >7 patients) with the corresponding gene symbol and gene title (column B and 

C) as well as the log 2 intensity values for each patient (column D-P) and the WGCNA 

module they were associated to (column Q). The R values of the probesets correlating to the 

collagen eigengene (p<0.01) are presented in column R.  

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted March 11, 2020. ; https://doi.org/10.1101/2020.03.10.984955doi: bioRxiv preprint 

https://doi.org/10.1101/2020.03.10.984955


 
 

 
 

REFERENCES 

1. Wynn TA. Common and unique mechanisms regulate fibrosis in various 
fibroproliferative diseases. J Clin Invest. 2007;117(3):524-9. 
2. Yamauchi M, Barker TH, Gibbons DL, et al. The fibrotic tumor stroma. J Clin Invest. 
2018;128(1):16-25. 
3. King TE, Bradford WZ, Castro-Bernardini S, et al. A phase 3 trial of pirfenidone in 
patients with idiopathic pulmonary fibrosis. N Engl J Med. 2014;370(22):2083-92. 
4. Wongkarnjana A, Yanagihara T, Kolb MR. Treatment of idiopathic pulmonary fibrosis 
with Nintedanib: an update. Expert Rev Respir Med. 2019:1-8. 
5. Jones MG, Fabre A, Schneider P, et al. Three-dimensional characterization of 
fibroblast foci in idiopathic pulmonary fibrosis. JCI Insight. 2016;1(5). 
6. Nicholson AG, Fulford LG, Colby TV, et al. The relationship between individual 
histologic features and disease progression in idiopathic pulmonary fibrosis. Am J Respir Crit 

Care Med. 2002;166(2):173-7. 
7. Reyfman PA, Walter JM, Joshi N, et al. Single-Cell Transcriptomic Analysis of Human 
Lung Provides Insights into the Pathobiology of Pulmonary Fibrosis. Am J Respir Crit Care 

Med. 2019;199(12):1517-36. 
8. Adams TS, Schupp JC, Poli S, et al. Single Cell RNA-seq reveals ectopic and aberrant 
lung resident cell populations in Idiopathic Pulmonary Fibrosis. bioRxiv. 2019:759902. 
9. Langfelder P, Horvath S. WGCNA: an R package for weighted correlation network 
analysis. BMC Bioinformatics. 2008;9:559. 
10. Saxton RA, Sabatini DM. mTOR Signaling in Growth, Metabolism, and Disease. Cell. 
2017;168(6):960-76. 
11. Raghu G, Collard HR, Egan JJ, 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. 2011;183(6):788-824. 
12. Morrogh M, Olvera N, Bogomolniy F, et al. Tissue preparation for laser capture 
microdissection and RNA extraction from fresh frozen breast tissue. Biotechniques. 
2007;43(1):41-2, 4, 6 passim. 
13. Girvan M, Newman ME. Community structure in social and biological networks. Proc 

Natl Acad Sci U S A. 2002;99(12):7821-6. 
14. Woodcock HV, Eley JD, Guillotin D, et al. The mTORC1/4E-BP1 axis represents a 
critical signaling node during fibrogenesis. Nat Commun. 2019;10(1):6. 
15. Selvarajah B, Azuelos I, Platé M, et al. mTORC1 amplifies the ATF4-dependent de 
novo serine-glycine pathway to supply glycine during TGF-β. Sci Signal. 2019;12(582). 
16. Chen CZ, Peng YX, Wang ZB, et al. The Scar-in-a-Jar: studying potential antifibrotic 
compounds from the epigenetic to extracellular level in a single well. Br J Pharmacol. 
2009;158(5):1196-209. 
17. Chambers RC, Laurent GJ, Westergren-Thorsson G. Cadmium inhibits proteoglycan 
and procollagen production by cultured human lung fibroblasts. Am J Respir Cell Mol Biol. 
1998;19(3):498-506. 
18. Bauer Y, Tedrow J, de Bernard S, et al. A novel genomic signature with translational 
significance for human idiopathic pulmonary fibrosis. Am J Respir Cell Mol Biol. 
2015;52(2):217-31. 
19. Vukmirovic M, Kaminski N. Impact of Transcriptomics on Our Understanding of 
Pulmonary Fibrosis. Front Med (Lausanne). 2018;5:87. 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted March 11, 2020. ; https://doi.org/10.1101/2020.03.10.984955doi: bioRxiv preprint 

https://doi.org/10.1101/2020.03.10.984955


 
 

 
 

20. Xie T, Wang Y, Deng N, et al. Single-Cell Deconvolution of Fibroblast Heterogeneity in 
Mouse Pulmonary Fibrosis. Cell Rep. 2018;22(13):3625-40. 
21. van den Brink SC, Sage F, Vértesy Á, et al. Single-cell sequencing reveals dissociation-
induced gene expression in tissue subpopulations. Nat Methods. 2017;14(10):935-6. 
22. Xu Y, Mizuno T, Sridharan A, et al. Single-cell RNA sequencing identifies diverse roles 
of epithelial cells in idiopathic pulmonary fibrosis. JCI Insight. 2016;1(20):e90558. 
23. Knipe RS, Tager AM, Liao JK. The Rho kinases: critical mediators of multiple 
profibrotic processes and rational targets for new therapies for pulmonary fibrosis. 
Pharmacol Rev. 2015;67(1):103-17. 
24. Elsharkawy AM, Mann DA. Nuclear factor-kappaB and the hepatic inflammation-
fibrosis-cancer axis. Hepatology. 2007;46(2):590-7. 
25. Luedde T, Schwabe RF. NF-κB in the liver--linking injury, fibrosis and hepatocellular 
carcinoma. Nat Rev Gastroenterol Hepatol. 2011;8(2):108-18. 
26. Htwe SS, Harrington H, Knox A, et al. Investigating NF-κB signaling in lung fibroblasts 
in 2D and 3D culture systems. Respir Res. 2015;16:144. 
27. Tang LY, Heller M, Meng Z, et al. Transforming Growth Factor-β (TGF-β) Directly 
Activates the JAK1-STAT3 Axis to Induce Hepatic Fibrosis in Coordination with the SMAD 
Pathway. J Biol Chem. 2017;292(10):4302-12. 
28. O'Donoghue RJ, Knight DA, Richards CD, et al. Genetic partitioning of interleukin-6 
signalling in mice dissociates Stat3 from Smad3-mediated lung fibrosis. EMBO Mol Med. 
2012;4(9):939-51. 
29. Kolilekas L, Papiris S, Bouros D. Existing and emerging treatments for idiopathic 
pulmonary fibrosis. Expert Rev Respir Med. 2019;13(3):229-39. 
30. Wang L, Huang W, Zhang L, et al. Molecular pathogenesis involved in human 
idiopathic pulmonary fibrosis based on an integrated microRNA�mRNA interaction network. 
Mol Med Rep. 2018;18(5):4365-73. 
31. Fuller TF, Ghazalpour A, Aten JE, et al. Weighted gene coexpression network analysis 
strategies applied to mouse weight. Mamm Genome. 2007;18(6-7):463-72. 
32. Cabrera S, Maciel M, Herrera I, et al. Essential role for the ATG4B protease and 
autophagy in bleomycin-induced pulmonary fibrosis. Autophagy. 2015;11(4):670-84. 
33. Scotton CJ, Krupiczojc MA, Königshoff M, et al. Increased local expression of 
coagulation factor X contributes to the fibrotic response in human and murine lung injury. J 
Clin Invest. 2009;119(9):2550-63. 
34. Wipff PJ, Hinz B. Integrins and the activation of latent transforming growth factor 
beta1 - an intimate relationship. Eur J Cell Biol. 2008;87(8-9):601-15. 
35. Wipff PJ, Rifkin DB, Meister JJ, et al. Myofibroblast contraction activates latent TGF-
beta1 from the extracellular matrix. J Cell Biol. 2007;179(6):1311-23. 
36. Allen RJ, Porte J, Braybrooke R, et al. Genetic variants associated with susceptibility 
to idiopathic pulmonary fibrosis in people of European ancestry: a genome-wide association 
study. Lancet Respir Med. 2017;5(11):869-80. 
37. Cavin S, Maric D, Diviani D. A-kinase anchoring protein-Lbc promotes pro-fibrotic 
signaling in cardiac fibroblasts. Biochim Biophys Acta. 2014;1843(2):335-45. 
38. Sunaga H, Matsui H, Ueno M, et al. Deranged fatty acid composition causes 
pulmonary fibrosis in Elovl6-deficient mice. Nat Commun. 2013;4:2563. 
39. Reddy AT, Lakshmi SP, Zhang Y, et al. Nitrated fatty acids reverse pulmonary fibrosis 
by dedifferentiating myofibroblasts and promoting collagen uptake by alveolar 
macrophages. FASEB J. 2014;28(12):5299-310. 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted March 11, 2020. ; https://doi.org/10.1101/2020.03.10.984955doi: bioRxiv preprint 

https://doi.org/10.1101/2020.03.10.984955


 
 

 
 

40. Jung MY, Kang JH, Hernandez DM, et al. Fatty acid synthase is required for 
profibrotic TGF-β signaling. FASEB J. 2018;32(7):3803-15. 
41. Neuman NA, Henske EP. Non-canonical functions of the tuberous sclerosis complex-
Rheb signalling axis. EMBO Mol Med. 2011;3(4):189-200. 
 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted March 11, 2020. ; https://doi.org/10.1101/2020.03.10.984955doi: bioRxiv preprint 

https://doi.org/10.1101/2020.03.10.984955


a) b)

c)

Figure 1

d)
SPARC

ELN

POSTN

i

iii iv

ii

13 IPF pa�ents

3-6 FF captured/pa�ent

array data (61 captures)

13 individual pa�ent signatures
(probes with a ‘present’ call in at least 2 captures)

Fibroblas�c Focus Gene Signature
9035 probes (6667 genes) present in ≥7 pa�ents

4

6

8

10

12

ACTA2 CDH1 CK7 EpCAM
Transcript

Lo
g2

 e
xp

re
ss

io
n

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted March 11, 2020. ; https://doi.org/10.1101/2020.03.10.984955doi: bioRxiv preprint 

https://doi.org/10.1101/2020.03.10.984955


b) c)

Figure 2

black

brown

cyan

green

greenyellow

lightcyan

magenta

midnightblue

pink

purple

red

tan

turquoise

yellow
0 50 10
0

15
0

20
0

−log10 P Value

W
G

C
N

A
 M

od
ul

e

black

brown

cyan

green

greenyellow

lightcyan

magenta

midnightblue

pink

purple

red

tan

turquoise

yellow

−5
.0

−2
.5 0.
0

2.
5

5.
0

Log2 Ratio IPF vs Healthy

W
G

C
N

A
 M

od
ul

e

Fold Cut Off

< −2 fold

< |2| fold

> 2 fold

0.
5

0.
6

0.
7

0.
8

0.
9

hclust (*, "average")
d

H
ei

gh
t

Dynamic Tree Cut

a)

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted March 11, 2020. ; https://doi.org/10.1101/2020.03.10.984955doi: bioRxiv preprint 

https://doi.org/10.1101/2020.03.10.984955


Figure 3
Local 
Neighbourhood

Key Signalling Moderators

i E2F1, E2F4, RHEB
ii JAK1, STAT1, STAT3
iii HNF4α, HNF1α
iv RhoA, Rac1, ROCK, ARHGEF1
v G-protein αi family
vi IκB, IRAK1, MyD88, ubiquitin
vii RPS family

a) b)

c)

iii
tr

an
sl

at
io

n

vi
in

fla
m

m
at

io
n

vii
tr

an
sl

at
io

n
v

 c
yt

os
ke

le
to

n 
/ 

ad
he

si
on

 / 
in

fla
m

m
at

io
n

iv
cy

to
sk

el
et

on
 / 

ce
ll 

ad
he

si
on

ii
in

fla
m

m
at

io
n 

/ 
di

ffe
re

nt
ia

tio
n

ic
el

l c
yc

le

Immune response_Oncosta�n M signaling via JAK-Stat
Immune response_IL-11 signaling via JAK/STAT
Il-6 signaling in colorectal cancer

Immune response_Oncosta�n M signaling via MAPK
Immune response_IL-3 signaling via JAK/STAT, p38, JNK and NF-κB
Development_Cytokine-mediated regula�on of megokaryopoiesis
Il-6 signaling in breast cancer
Signal transduc�on_PTMs in IL-17-induced CIKS-independent signaling
Immune response_IL-6 signaling pathway via JAK/STAT

Immune response_IL-22 signaling pathway
Immune response_IFN-alpha/beta signaling via JAK/STAT
Immune response_IL-2 signaling via JAK/STAT
Immune response_IL-4 signaling pathway
Immune response_IL-4-induced regulators of cell growth, survival, differen�a�on
Inhibi�on of apoptosis in mul�ple myeloma
Immune response_Genera�on of memory CD4+ T cells
Puta�ve glucocor�coid- and LABA-mediated inhibi�on of pro-fibro�c
TGF-beta 1-mediated induc�on of EMT in normal and asthma�c airway
Stromal-epithelial interac�on in Prostate Cancer
Inhibi�on of TGF-beta signaling in gastric cancer

Apoptosis and survival_Role of nuclear PI3K in NGF/TrkA signaling

Cell cycle_Role of SCF complex in cell cycle regula�on

G-protein signaling_RhoA regula�on pathway

Development_angiotensin II/AGTR1 signaling via RhoA and JNK

G-protein signaling_G-Protein alpha-12 signaling pathway 

Oxida�ve stress_Angiotensin II-induced produc�on of ROS

Chemotaxis_Lysophospha�dic acid signaling via GPCRs

G-protein signaling_Regula�on of p38 and JNK signaling
Cytoskeleton remodeling_Role of PKA in cytoskeleton reorganisa�on
Stem cells_Rancrea�c cancer strem cells in tumor metastasis
Cytoskeleton remodeling_Hyaluronic acid/CD44 signaling pathways

Muscle contrac�on_ACM regula�on of smooth muscle contrac�on
Hyaluronic acid/CD44 signaling in cancer
Cytoskeleton remodeling_Fibronec�n-binding integrins in cell mo�lity

Cell adhesion_Integrin-mediated cell adhesion and migra�on
Inhibi�on of GTPase prenyla�on by sta�ns in asthma an COPD

Apoptosis and survival_NGF/TrkA PI3L-mediated signaling

Cytoskeleton remodeling_Regula�on of ac�n cytoskeleton organiza�on
Inhibi�on of remyelina�on in mul�ple sclerosis

Development_Regula�on of cytoskeleton proteins in oligodendrocytes
Cytoskeleton remodelling_Regula�on of ac�n cytoskeleton nuclea�on

G-protein signaling_RAC1 in cellular process

Transport_Alpha-2 andrenergic receptor regula�on of ion channels

Development_Alpha-2 adrenergic receptor ac�va�on of ERK

Amitraz-induced inhibi�on of Insulin secre�on

Cannabinoid receptor signaling in nico�ne addic�on

Development_S1P1 receptor signaling via beta-arres�n

Development_S1P1 signaling pathway

G-protein signaling_Regula�on of Cyclic AMP levels by ACM

Regula�on of AKT(PKB)/ GSK3 beta cascade in bipolar disorder
Regula�on of Adenylate cyclase and IMPA1 by lithium in major depressive
G-protein signaling_G-Protein alpha-i signaling cascades

G-protein signaling_Rap2A regula�on pathway

Basophil migra�on in asthma

Stem cells_Dopamine-induced expression of CNTF in adult neurogenesis
Eosinophil chemotaxis in asthma

Development_Dopamin D2 receptor transac�va�on of EGFR
Neurophysiological process_Dopamine D2 receptor transac�va�on of PC
Development_Transac�va�on of PDGR in non-neuronal cells by Dopamine
Stem cells_Dopamine-induced transac�va�on of EGFR in SVX neural stem cells
Nico�n signaling in glutamatergic neurons
Regula�on of intrinsic membrane proper�es and excitability of cor�cal p

Proteolysis_Role of Parkin in the Ubiqui�n_Proteasomal Pathway

Immune response_HMGB1/TLR signaling pathway

Immune response_HSP60 and HSP70/TLR signaling pathway

SLE gene�c marker-specific pathways in an�gen-presen�ng cells (APC)

Signal transduc�on_NF-κB ac�va�on pathways

Immune response_TLR5, TLR7, TLR8 and TLR9 signaling pathways

Stellate cells ac�va�on and liver fibrosis
Immune response_Role of PKR in stress-induced an�viral cell response

Signal transduc�on_PTMs in BAFF-induced canonical NF-κB signaling

Immune response_IL-33 signaling pathway

Immune response_TLR2 and TLR4 signaling pathways

IL-1 beta-dependent CFTR expression
Role of kera�nocytes and Langerhans cells in skin sensi�za�on

B cell signaling in hematological malignancies

Apoptosis and survival_NGF ac�va�on of NF-κB

Immune response_Role of DPP4(CD26) in immune regula�on

Immune response_TCR alpha/beta signaling pathway
Role of IL-2 in the enhancement of NK cell cytotoxicity in mul�ple sclerosis
Development_Role of IL-8 in angiogenesis
Skeletal muscle atrophy in COPD

Skeletal muscle atrophy in COPD

Propionate metabolism p.2

Mitochondrial unsaturated fa�y acid beta -oxida�on

Interconnec�vity between Folic acid and Fluorouracil pathway

Catecholamine metabolism

Serotonin – melatonin biosynthesis and metabolism
PXR-mediated direct regula�on of xenobio�c metabolizing enzymes
Renal secre�on of drugs/Rodent version
Dichloroethylene metabolism
Development_Transcrip�on factors in segrega�on of hepatocy�c lines
Arsenite metabolism and transport
Stem cells_FGF and BMP signalling in early embryonic hepatogenesis
Regula�on of metabolism_Bile acids regula�on of glucose and lipid
Stem cells_Signaling pathways in embryonic hepatocyte matura�on
K-RAS signaling in pancrea�c cancer
Glutathione metabolism

Apoptosis and survival_Regula�on of Apoptosis by mitochondrial proteins
Immune response_Produc�on and main func�ons of biologically ac�ve

Immune response_Lec�n induced complement pathway
Chonroi�n sulfate and dermatan sulfate metabolism

Turquoise module
2607 genes

Single biological network
1021 genes

105 local neighbourhoods
(Girvan-Newman algorithm)

7 local neighbourhood
(>3 publica�ons & >20 genes)

Apoptosis and survival_Role of nuclear PI3K in NGF/ TrkA signaling

Rb proteins signaling in mul�ple myeloma

Cell cycle_Cell cycle (generic schema)

Cell cycle_Regula�on of G1/S transi�on (part 2)

The role of aberra�ons in CDKN2 locus and CDK4 in familial melanoma
Cell cycle_ESR1 regula�on of G1/S transi�on

Role of IGH transloca�ons in mul�ple myeloma
Cell cycle_Start of DNA replica�on in early S phase

Transcrip�on_Role of HP1 family
Apoptosis and survival_DNA-damage-induced apoptosis

Abnormali�es in cell cycle in SCLC

Development_Transcrip�on regula�on of granulocyte development

Development_Regula�on of telomere length and cellular immortaliza�on

Nico�ne/nAChR alpha-7 signaling in NSCLC

IGF signaling in lung cancer
An�-apopto�c ac�on of ErbB2 in breast cancer

Role of mevalonate pathway in mul�ple myeloma

Aberrant B-Raf signaling in melanoma progression

Cell cycle_Spindle assembly and chromosome separa�on

Vitamin B7 (bio�n) metabolism

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted March 11, 2020. ; https://doi.org/10.1101/2020.03.10.984955doi: bioRxiv preprint 

https://doi.org/10.1101/2020.03.10.984955


POSTN
PCOLCE

aVb5
Col I

TGFb3

TGFb1 SPARC

Biglycan

RHEB

p120GAP

TSC2FBXL17

PAPSS2

MK2

UBE2D3

KSR

ITGAV TBXA2R

PIK3R2

MARK3

FLJ10357

RhoA

LOXL2

E2A

Hap-1

NR3C1

LBC
TUBB1

COL1A2

Ptx1

ANKRD25

BRG1

Rab-27A

Col III

CatK

OGN

Matriptase

PRPF4B

Elastin

FN1

PRMT5

PKC-mu
RAP-1A

EVL

PRA1

MARK2

ARHGEF2

KHSRP

SMAD5

AML1/ETO

Mcl-1

AML1

HNRNPA0

CD24

Artemis

SORL1

ACACA

Sno-N

SMRT

PTMA

ALDOA

ChREBPFASN

NCOA1

c)

Figure 4

−2

0

2
H

T1
10

26

H
T1

30
37

H
T1

30
38

H
T1

30
39

H
T1

30
40

H
T1

30
41

H
T1

30
42

H
T1

30
43

H
T1

30
45

H
T1

30
46

H
T1

40
57

H
T1

40
58

H
T1

40
59

Patient

Sc
al

ed
 In

te
ns

ity

Collagene Eigengene Correlating Probes (362)
a) b)

COL1A1 COL3A1 RHEB TSC2

IPF FF LCM 0.83 0.94 0.71 -0.73

TGF-β1 stim lung 
fibroblasts (GSE102674)

0.99 0.99 0.83 -0.89

IPF whole lung 
(GSE10667)

0.99 0.97 0.14 0.17

Rat bleo whole lung 
(GSE48455)

0.98 0.92 -0.55 -0.07

d)

Rheb

GTP

Rheb

GDP

Ac�va�on

Pro-fibro�c s�mulus

Collagen

TSC2

mTORC1

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted March 11, 2020. ; https://doi.org/10.1101/2020.03.10.984955doi: bioRxiv preprint 

https://doi.org/10.1101/2020.03.10.984955


a) b)

c) d)

0

2

4

6

8

pHLF donor 1

pr
oc

ol
la

ge
n 

(p
g/

ce
ll)

****
****

- + - +TGF-β1

crCTRL crRHEB

0

2×106

4×106

6×106

8×106

1×107

pHLF donor 1

Co
lla

ge
n 

I s
ig

na
l (

A
U

) *
*

- + - +TGF-β1

crCTRL crRHEB

Figure 5

Rheb

p-P70S6K(Thr389)

t-P70S6K

p-4EBP1(S65)

t-4EBP1

αTubulin

15

70

50

70

15

15

- - - + + + - - - + + +TGF-β1
crCTRL crRHEB

DAPI
Collagen I

cr
CT

RL
cr

RH
EB

media control TGF-β1

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted March 11, 2020. ; https://doi.org/10.1101/2020.03.10.984955doi: bioRxiv preprint 

https://doi.org/10.1101/2020.03.10.984955


a)

c)

b)

0

2

4

6

IPF pHLF

pr
oc

ol
la

ge
n 

(p
g/

ce
ll)

**

****

- + - +TGF-β1

crCTRL crRHEB

****

0

5

10

15

20

HSC

pr
oc

ol
la

ge
n 

(p
g/

ce
ll)

****

**

- + - +TGF-β1

crCTRL crRHEB

**

0

5

10

15

20

25

CAF

pr
oc

ol
la

ge
n 

(p
g/

ce
ll)

**
****

- + - +TGF-β1

crCTRL crRHEB

****

****

Figure 6

i ii

i ii

i ii

HSCs

αTubulin

Rheb 15

50

CAFs

αTubulin

Rheb 15

50

IPF pHLFs
crRHEB   crCTRL

αTubulin

Rheb 15

50

crRHEB   crCTRL

crRHEB   crCTRL

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted March 11, 2020. ; https://doi.org/10.1101/2020.03.10.984955doi: bioRxiv preprint 

https://doi.org/10.1101/2020.03.10.984955

