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Running head: Regulation of 26S proteasome activity in pulmonary fibrosis. 

3.11 Pulmonary Fibrosis/Fibroblast Biology 

Total word count: 3710 words 

Word count abstract: 218words 

At a Glance Commentary: 

Scientific Knowledge on the Subject: The proteasome plays an important role in maintenance of 

protein homeostasis. While its dysregulation has been proposed to contribute to the pathogenesis 

of several chronic lung diseases, proteasome function in idiopathic pulmonary fibrosis has not 

been studied in detail so far. 

What This Study Adds to the Field: We here provide evidence that the 26S proteasome is 

activated in human myofibroblasts in vitro, in experimental lung fibrosis in vivo, and in IPF lung 

tissue. Activation of the 26S proteasome is required for TGF-β mediated myofibroblast 

differentiation suggesting that activation of 26S proteasome plays a pathogenic role in 

myofibroblast-driven fibrotic remodelling of the lung. 

 

This article has an online data supplement, which is accessible from this issue's table of content 

online at www.atsjournals.org 
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Abstract 

Rationale: The ubiquitin-proteasome system is critical for maintenance of protein homeostasis 

by degrading polyubiquitinated proteins in a spatially and timely controlled manner. Cell and 

protein homeostasis are altered upon pathological tissue remodelling. Dysregulation of the 

proteasome has been reported for several chronic diseases of the heart, brain, and lung. We 

hypothesized that proteasome function is altered upon fibrotic lung remodelling, thereby 

contributing to the pathogenesis of idiopathic pulmonary fibrosis (IPF).  

Methods: To investigate proteasome function during myofibroblast differentiation, we treated 

lung fibroblasts with TGF-β and examined proteasome composition and activity. For in vivo 

analysis, we used mouse models of lung fibrosis and fibrotic human lung tissue.  

Measurements and main results: We demonstrate that induction of myofibroblast differentiation 

by TGF-β involves activation of the 26S proteasome, which is critically dependent on the 

regulatory subunit Rpn6. Silencing of Rpn6 in primary human lung fibroblasts counteracted 

TGF-β-induced myofibroblast differentiation. Activation of the 26S proteasome and increased 

expression of Rpn6 was detected during bleomycin-induced lung remodelling and fibrosis. 

Importantly, Rpn6 is overexpressed in myofibroblasts and basal cells of the brochiolar 

epithelium in lungs of patients with IPF, which is accompanied by enhanced protein 

polyubiquitination.  

Conclusion: Our study identifies Rpn6-dependent 26S proteasome activation as an essential 

feature of myofibroblast differentiation in vitro and in vivo and suggests an important role in IPF 

pathogenesis. 

 

Word count: 218 words 
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Introduction 

Idiopathic pulmonary fibrosis (IPF) is an irreversible fibrotic disease of the lung in its worst form 

(1). It is characterized by progressive loss of alveolar structure, caused by excessive deposition 

of extracellular matrix (ECM) proteins, which adds to the loss of pulmonary elasticity and gas 

exchange, ultimately leading to organ failure and death (2). The pathomechanism of IPF involves 

repetitive severe injuries of alveolar epithelial cells together with dysregulated wound-healing 

responses contributing  to fibrotic tissue remodelling of the lungs (3). 

Transforming growth factor (TGF)-β is the main profibrotic mediator inducing myofibroblast 

differentiation, an activation process resulting in ECM-secreting and α-smooth muscle actin 

(αSMA) expressing myofibroblasts. TGF-β ligands and its receptors are highly induced in lungs 

of IPF patients and experimental models of pulmonary fibrosis (4, 5). 

During differentiation and tissue remodelling, the ubiquitin-proteasome system degrades 

unwanted proteins thereby maintaining protein homeostasis and proper cellular function (6–11). 

For degradation, proteins are covalently tagged with polyubiquitin chains, which are mainly 

linked through their lysine 48 (K48) residues via a cascade of E1, E2, and E3 enzymes. 

Substrates are then recognized by the 26S proteasome and degraded into oligopeptides (12, 13). 

The 26S proteasome consists of a barrel-like proteolytic core particle, the 20S proteasome, and 

19S regulatory complexes that are attached to one or both ends of the 20S (14). Three active sites 

within the 20S core particle cleave proteins after different amino acids. According to their 

cleavage site specificity they are named chymotrypsin-like (CT-L), trypsin-like (T-L), and 

caspase-like (C-L) active sites (15). The entry pore of the 20S barrel is usually closed to avoid 

uncontrolled degradation of proteins (15). This pore is opened by binding of the 19S forming 

singly-capped 26S or doubly-capped 30S proteasomes, respectively (14, 16, 17). The 19S 

Page 5 of 59
 AJRCCM Articles in Press. Published on 24-July-2015 as 10.1164/rccm.201412-2270OC 

 Copyright © 2015 by the American Thoracic Society 



6 

 

activator consists of more than 19 subunits, which enable binding of polyubiquitinated proteins, 

recycling of ubiquitin via deubiquitination, and ATP-dependent unfolding of protein chains to 

funnel them into the 20S catalytic core (18). The importance of the ubiquitin-proteasome system 

for maintenance of protein homeostasis in the lung is an emerging new concept for chronic lung 

diseases (7, 19, 20). While inhibition of the proteasome by specific proteasome inhibitors has 

been shown to provide antifibrotic effects in the bleomycin mouse model (21), regulation of 

proteasome function in lung fibrosis has not been studied in detail yet. Here, we hypothesized, 

that proteasome function is altered in fibrotic lung remodelling and contributes to the 

pathogenesis of IPF. 

Some of the results of this study have been previously reported in the form of abstracts (22–26). 

Materials and Methods 

Human Lung Tissue 

Explanted lungs or lobes from 13 patients with IPF (mean age ± SD, 50.3 ± 7.9 years; 7 females, 

6 males) were obtained after lung transplantation and processed as detailed recently (27). 

Accordingly, atypical lung resections or lobes from 10 organ donors (mean age ± SD, 48.7 ± 9.7 

years; 3 females, 5 males; in one case gender was unknown and in two cases gender and age 

were unknown) were obtained because of size incompatibilities and processed accordingly. All 

patients gave informed consent. All procedures were approved by local ethics committees 

(Justus-Liebig-University School of Medicine No. 31/93, 84/93, 29/01), the European IPF 

Registry (No. 111/08), and the University of Vienna School of Medicine (No. 076/2009). 
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Cell culture and gene silencing 

Primary human lung fibroblasts (phLF) were derived from peripheral normal lung tissue of 

explanted lungs from organ donors. Primary lines were established as previously reported (28, 

29). The CCL206 mouse lung fibroblast cell line was obtained from ATCC and cultured under 

standard conditions. Details on the cell culture conditions and silencing experiments are provided 

in the Supplement.  

Proteasome activity assays 

Proteasome activities were assayed as previously described (30) using specific luminogenic 

substrates (Proteasome-Glo Assay System, Promega) in hypoosmotic lysates supplemented with 

cOomplete protease (Roche) and phosphatase inhibitor (PhosStop, Roche). Native gel 

electrophoresis and ABP labelling of proteasome complexes was performed as detailed in the 

Supplement. 

Immunohistochemistry (IHC) 

Immunohistochemical analysis of human and mouse lung tissue was performed as previously 

described and detailed in the Supplement (27).  

Western blotting and antibodies  

Western blot analysis was performed as described previously (30) using 10% SDS-PAGE gels. 

Hypoosmotic lysates of CCL206 cells and mouse lungs, TSDG lysates of whole human tissue 

and phLF and RIPA lysates of phLF were prepared. The following antibodies were used for 

Western blot, native gel immunoblotting or immunohistochemistry: Rpn6 (Novus Biologicals), 

Rpt5 (Biomol), proteasome β1 (Santa Cruz), proteasome α1-7 (Abcam), Ubiquitin K48 

(Millipore), β-Actin (Sigma-Aldrich), Cyclin D1 (Cell Signaling), proteasome β5 (Abcam), 
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Collagen-1 (Rockland), proteasome α3 (Abcam), Cytokeratin-5 (Abcam), αSMA (Abcam), and 

TTF1 (Abcam).  

RNA preparation and qRT PCR analysis 

Total RNA from cells was prepared using the Roti-Quick-Kit according to manufacturer’s 

protocol (Carl Roth). 500 ng of RNA were reverse transcribed using random hexamers (Life 

Technologies) and M-MLV reverse transcriptase (Sigma-Aldrich). For quantitative PCR 

reactions, we used the SYBR Green LC480 System (Roche Diagnostics). mRNA expression was 

standardized to the hypoxanthine phosphoribosyl transferase gene or the 60S ribosomal protein 

L19 as a housekeeping gene (primer sequences available on request). 

Animal experiments 

Pathogen-free female C57BL/6 mice (10–12weeks old) were obtained from Charles River. All 

animal experiments were conducted according to international guidelines and were approved by 

the local administrative government. Initiation of pulmonary fibrosis and lung function analysis 

was performed as published and detailed in the Supplement (31, 32). 

Statistics  

Data are presented as means ± SEMs and were considered statistically significant when p ≤ 0.05 

(*p ≤ 0.05, **p < 0.01, ***p < 0.001). Data were analysed using Prism 5 software (GraphPad 

Software) and statistical analysis was performed as detailed in the figure legends. Dixons outlier 

test was performed. 
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Results 

TGF-β stimulates proteasome activity by Rpn6-dependent formation of 26S proteasomes 

To investigate a possible role of the proteasome in profibrotic TGF-β signalling, we stimulated 

murine lung fibroblasts, i.e. CCL206 cells, with TGF-β and analysed proteasome activities after 

6, 24, and 48 hours of treatment. We observed a significant elevation in the chymotrypsin-like 

activity (CT-L) – the main proteolytic active site of the proteasome (33) - after 24h which further 

increased within 48h compared to untreated fibroblasts (Figure 1A). Subsequent addition of the 

proteasome inhibitor bortezomib counteracted TGF-β-induced activation of the proteasome, thus 

confirming specificity of our activity assay (Supplementary Figure E1). Using native gel 

analysis, we resolved several active proteasome complexes using a fluorogenic CT-L substrate 

for in-gel activity assays (Figure 1B). Of note, TGF-β stimulation increased formation of active 

26S and 30S complexes as evidenced by immunoblotting of the native gels (Figure 1B and 

Supplementary Figure E2). Increased assembly of 26S and 30S proteasomes via the 19S subunit 

Rpn6 has recently been described for embryonic stem cell differentiation (34). We thus analysed 

whether Rpn6 mediates TGF-β-induced assembly of 26S and 30S proteasome complexes. 

Western blot analysis revealed specific induction of Rpn6 expression after 48h of TGF-β 

treatment in CCL206 cells while neither expression of the 19S ATPase subunit Rpt5 nor of the 

20S subunits α1-7 were upregulated (Figure 1C). To validate the role of Rpn6 in TGF-β-

stimulated proteasome activity, we partially knocked down Rpn6 levels in murine lung 

fibroblasts and analysed proteasome activity after subsequent treatment of cells with TGF-β for 

48h. An approximate reduction of 50% of Rpn6 levels was well tolerated by the fibroblasts 

(Figure 1D and Supplementary Figure E3). Importantly, partial Rpn6 silencing neutralized TGF-

β-induced assembly and activation of 26S and 30S proteasome complexes as determined by 
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native gel activity assay and subsequent immunoblot detection of 20S (α1-7) and 19S complexes 

(Rpt5), respectively (Figure 1E). Reduced assembly and activity of 26S/30S proteasomes was 

reproducibly observed in four independent silencing experiments (Supplementary Figure E4). 

Silencing of Rpn6, however, did not affect the activity or amount of 20S proteasomes in CCL206 

cells (Supplementary Figure E4 and E5). Our data thus indicate that Rpn6 is an essential 26S 

subunit which is required for TGF-β-induced assembly of 26S and 30S proteasome complexes 

for ubiquitin-dependent protein degradation. 

Proteasome activity and Rpn6 expression is reversibly increased upon fibrotic remodelling of 

mouse lungs 

Having shown that TGF-β stimulation of lung fibroblast involves 26S proteasome activation we 

next assayed proteasome activities in a mouse model of lung fibrosis. Mice were treated once 

with bleomycin by intratracheal instillation which resulted in acute inflammatory and tissue 

repair responses at day 7, followed by fibrotic remodelling of the lungs at day 14 and resolution 

of fibrosis until day 56 as determined by lung function analysis (Supplementary Figure E6). We 

observed a pronounced increase of all three proteasome activities at day 7 and in fibrotic lungs at 

day 14 after bleomycin challenge (Figure 2A). Increased proteasome activity, however, 

normalized to levels of control animals at day 56 when fibrosis was resolved (Figure 2A). Native 

gel analysis of fibrotic lungs revealed that the observed increase in proteasome activities at day 

14 was due to enhanced formation of 26S/30S proteasome complexes as corroborated by 

immunoblotting for the catalytic 20S subunit β1 and the 19S subunits Rpt5 and Rpn6 (Figure 

2B). Moreover, Western blot analysis of these tissue lysates revealed significant upregulation 

specifically of Rpn6 in fibrotic mouse lungs while expression levels of 20S (α1-7) and other 19S 
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(e.g. Rpt5) subunits were not altered (Figure 2C). RNA levels of proteasomal subunits, however, 

were not significantly altered (Supplementary Figure E7). 

To assess the dynamics and cellular source of Rpn6 expression in the course of reversible 

fibrotic remodelling, we analyzed the cellular composition of the lungs and expression of Rpn6 

at days 7, 14, and 56 after bleomycin instillation in detail (Figure 3). Serial lung tissue sections 

were Masson-Goldner stained for overall collagen deposition and extent of fibrosis, and 

immunostained for Rpn6, αSMA (myofibroblast and smooth muscle cell marker) and thyroid 

transcription factor 1 (TTF1), a marker for alveolar epithelial cells type II (AECII) and 

bronchiolar Clara cells. Of note, lung tissue of PBS treated control animals indicated no or only 

very weak staining for Rpn6. At day 7, Rpn6 expression was strongly upregulated in AECII and 

Clara cells that were also increased in number. Inflammatory cells were also detectable at this 

time point, but they expressed only moderate levels of Rpn6. During the fibrotic phase at day 14, 

hyperplastic AECIIs as well as myofibroblasts overexpressed Rpn6. At day 56, the alveolar 

structure was fully restored and expression levels of Rpn6 normalized. These data thus 

demonstrate that Rpn6 expression is upregulated in epithelial and fibroblast effector cells of 

reversible wound healing in the bleomycin model of lung fibrosis. Expression closely followed 

the course of proteasome activity suggesting that increased 26S/30S proteasome formation is 

responsible for the observed activation of the proteasome in fibrotic lungs at day 14. 

We confirmed our findings in a mouse model of gamma-herpesvirus (MHV-68) induced 

irreversible pulmonary fibrosis (35): Formation of 26S/30S proteasomes was increased in lung 

tissue homogenates of virus-infected interferon-ã receptor KO mice and expression of Rpn6 was 

elevated which correlated with the expression of the profibrotic marker αSMA in these mice 
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(Supplementary Figures E8 and E9). These data suggest that activation of the 26S proteasome is 

an intrinsic feature of reversible and irreversible fibrotic remodelling of the lung. 

Rpn6 and ubiquitin levels are increased in IPF lungs 

Similar to our in vitro and in vivo data, we observed significant upregulation of Rpn6 in lung 

tissues of IPF patients compared to healthy donor lungs. Levels of Rpt5 were also elevated while 

expression of the 20S subunit α3 was not altered (Figure 4A). Of note, RNA expression of 

proteasomal subunits was not significantly altered indicating regulation on the post-

transcriptional level as observed for fibrotic mouse lungs (Supplementary Figure E10). We 

further observed an increase in K48-ubiquitinated proteins in IPF lung tissue compared to donor 

lungs (Figure 4A). High ubiquitin levels correlated positively with elevated Rpn6 expression 

(Figure 4B). Levels of K48-polyubiquitinated proteins increase either due to the accumulation of 

polyubiquitinated substrates (30) or as a result ofenhanced turnover rates of proteins in 

metabolically active cells (36). We thus assayed proteasome activity in our IPF and donor lung 

tissues using the proteasome activity-based probe (ABP) MV151 combined with native gel 

analysis to resolve the different complexes (37). ABPs covalently bind to the active sites of the 

proteasome and can be detected by their attached fluorescent tag thus allowing quantification of 

active proteasome complexes. Proteasome activity was neither consistently inhibited nor 

activated in IPF lungs compared to donor tissue (Supplementary Figure E11). We noticed 

however, that in IPF samples, Rpn6 levels positively correlated with activation of 26S/30S 

proteasome activity (Figure 4C). This was not evident in donor samples and suggests some 

distinct activation of 26S proteasome activity in the diseased IPF lungs (Figure 4D). This notion 

is also supported by our immunohistological analysis of IPF lungs: In comparison to normal 

donor lungs, we observed pronounced upregulation of Rpn6 in myofibroblasts of fibroblast foci 
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as well as in abnormal overlying basal cells in diseased lungs (Figure 5), which are hallmarks of 

pulmonary remodelling in IPF (27). In addition, basal cells of IPF-bronchioles also showed 

enhanced immunostaining for Rpn6 (Figure 5). We also observed increased levels of K48-linked 

polyubiquitinated proteins in Rpn6-positive myofibroblasts and basal cells (Figure 6). To 

investigate whether proteasome activation is a general feature of fibrotic lung diseases or 

exclusive for IPF, we performed additional stainings of explanted lung tissues from patients with 

fibrotic non-specific interstitial pneumonia (fNSIP), sarcoidosis, and extrinsic allergic alveolitis 

(EAA). Of note, we did not observe any pronounced Rpn6 staining in NSIP and EAA lungs in 

any cell type and only weak expression of Rpn6 in epitheloid giant granulomas and some 

surrounding myofibroblasts in sarcoidosis (Supplementary Figure E12). Collectively, these data 

suggest that activation of ubiquitin-mediated protein degradation occurs specifically in areas of 

active fibrotic remodelling in IPF. 

Silencing of Rpn6 counteracts profibrotic differentiation of human lung fibroblasts 

To elucidate whether the observed upregulation of Rpn6 in myofibroblasts is related to TGF-β-

induced myogenic differentiation and proliferation, we silenced Rpn6 in primary human lung 

fibroblasts (phLF) lines prepared from healthy organ donors in the absence or presence of TGF-

TGF-β. We first confirmed activation of 26S/30S proteasome activity by TGF-βand its effective 

counteraction by partial silencing of Rpn6 (Figure 7A, Supplementary Figure E13). Rpn6 

silencing slightly increased the amount of 20S proteasomes (Figure 7A, Supplementary Figure 

E13). Of note, partial Rpn6 silencing of about 40% counteracted TGF-β-stimulated 

myofibroblast differentiation as revealed by qRT-PCR and Western blot analyses of the 

myogenic marker genes collagen I and fibronectin (Figures 7B, C and Supplementary Figure 

E14). Rpn6 silencing impaired basal expression of profibrotic markers in the absence of TGF-β 
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treatment (Figures 7B, C, and Supplementary Figure E14). These results were confirmed for 

collagen I in an additional set of Rpn6-silencing experiments using unstimulated phLF (Figure 

8). Partial knockdown of Rpn6 clearly increased K48-polyubiquitin and cyclin D1 protein levels 

demonstrating effective inhibition of ubiquitin-mediated protein degradation and indicating a G1 

cell cycle arrest in these cells (38) (Figure 8). We observed similar changes for TGF-β co-treated 

samples (Supplementary Figure E15). These findings are well in accordance with the growth 

inhibitory effects observed upon silencing of Rpn6 in murine lung fibroblast as detected by BrdU 

incorporation assays (Supplementary Figure E16). Our results thus identify an essential role for 

TGF-β induced activation of 26S/30S proteasome complexes for myogenic growth and 

differentiation of lung fibroblasts. 

Discussion 

Here, we show that the proteasome is activated in the process of TGF-β-induced myofibroblast 

differentiation. Proteasome activation results from increased formation of 26S proteasomes, 

involving the 19S regulatory subunit Rpn6, and is required for myofibroblast differentiation. 

Increased proteasome activity and upregulation of Rpn6 was observed in both reversible and 

irreversible fibrotic remodelling of mouse lungs. In IPF lungs, Rnp6 expression was upregulated 

specifically in myofibroblasts and hyperplastic alveolar epithelial cells overlying fibroblast foci. 

Elevated levels of K48-polyubiquitin protein conjugates in these cells and the positive 

correlation of whole lung Rpn6 protein levels with K48-polyubiquitinated proteins suggest that 

activation of ubiquitin-dependent protein degradation by the 26S proteasome as a pathologic 

feature of fibrotic remodelling occurs specifically in IPF. The ubiquitin-proteasome system and 

TGF-β signalling are closely linked by the ubiquitin-mediated degradation of signal mediators of 

the TGF-β pathway (39). Here, we show for the first time that TGF-β activates the ubiquitin-
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proteasome system during the process of myofibroblast differentiation. We observed increased 

formation of highly active 26S proteasome complexes in pulmonary fibroblasts which was 

dependent on the 19S subunit Rpn6. Cryo-EM structures of the 26S proteasome have identified 

Rpn6 as a molecular clamp stabilizing the interaction between the 19S regulatory particle and the 

20S catalytic core (40). The particular relevance of Rpn6 for 26S formation is supported by the 

recent finding that increased assembly of 26S complexes depended on Rpn6 as shown by 

overexpression, knockdown, and genetic deletion analysis in human embryonic stem cells and C. 

elegans, respectively (34, 41). In our study, partial knockdown of Rpn6 prevented TGF-β 

mediated formation of 26S proteasomes and counteracted growth and differentiation of primary 

human lung fibroblasts into myofibroblasts. In addition, increased protein levels of Rpn6 

correlated with 26S proteasome activation in pulmonary fibroblasts and fibrotic mouse lungs. 

Strongly elevated expression of Rpn6 was also observed in tissue homogenates of IPF lungs, as 

well as in myofibroblasts of fibrotic foci, of human IPF lungs, whereas immunostaining for Rpn6 

was absent in lung tissues from patients with fibrotic NSIP or EAA, or only faintly expressed in 

some myofibroblasts in close proximity to granulomas in the lungs of sarcoidosis patients. A 

recent study also showed increased levels of proteasomes in IPF and sarcoidosis lungs (42). 

While overall proteasome activity was not altered in IPF lungs, increased levels of 

polyubiquitinated proteins correlated positively with Rpn6 upregulation both in tissue 

homogenates and in myofibroblasts of IPF tissue. These data thus indicate that activation of 

ubiquitin-dependent degradation by the 26S proteasome is an integral part of myofibroblast 

differentiation and fibrotic tissue remodelling. As we also observed increased levels of Rpn6 in 

activated AECII and bronchial Clara cells of bleomycin-challenged mice and in hyperplastic 

basal cells in close proximity to fibroblast foci of IPF lungs, it is tempting to speculate that these 
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activated epithelial cells contribute to the abnormal, exaggerated production of profibrotic 

signals in IPF and thus require enhanced formation and activation of 26S proteasomes. 

Moreover, 26S proteasome activation may be a general feature of cellular activation and tissue 

remodelling in the lung. The observation that epidermal growth factor (EGF) signalling activates 

the proteasome and enhances ubiquitin-mediated protein degradation in C. elegans supports this 

notion (43). Similarly, hypertrophic growth of cardiomyocytes involves activation of ubiquitin-

mediated protein turnover via the 26S proteasome (44). Furthermore, a recent study unravelled a 

previously unknown link between mTOR mediated growth signalling and 26S proteasome 

activation (9). Taken together these data support the concept that signal-induced formation of 

26S proteasomes represents a novel regulatory mechanism that allows the cell to rapidly adjust 

ubiquitin-mediated protein degradation in order to maintain protein homeostasis during 

differentiation and remodeling (14, 19, 45).  

Our results also indicate that targeting the formation of 26S proteasome complexes represents a 

novel therapeutic approach to interfere with pulmonary myofibroblast differentiation. This would 

be more specific than the use of catalytic proteasome inhibitors that inactivate the proteolytic 

active sites of the 20S. Proteasome inhibitors have previously been shown to interfere with 

myofibroblast growth, differentiation and also fibrotic organ remodelling in different organs such 

as heart, skin, kidney and lung (21, 46–49). For the lung, however, there are conflicting data 

regarding the antifibrotic effects of proteasome inhibitors in the bleomycin model of lung 

fibrosis: While Fineschi et al. reported that treatment with the clinically approved proteasome 

inhibitor bortezomib did not show any protective effects in bleomycin-treated mice (48), Mutlu 

et al. observed that bortezomib promoted tissue repair and prevented lung fibrosis in response to 

bleomycin challenge. They also reported, however, that application of both drugs, bortezomib 
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and bleomycin, at the same time, resulted in excess mortality of these mice (21). These data 

suggest that there is only a small therapeutic window for catalytic proteasome inhibitors. This 

has also been reported for other disease applications and clearly hampers the use of these drugs 

beyond tumour therapy (50, 51). In addition, testing of proteasome inibitors in the bleomycin 

model of pulmonary fibrosis has its limitations and its comparison to IPF pathology has been 

highly controversial (52, 53). As also shown in our study here, bleomycin instillation induces 

acute lung injury with a reparative wound healing response but it lacks the irreversible formation 

of fibroblast foci and bronchiolized alveolar airspaces which both are hallmarks of IPF (1, 53). In 

clear contrast to IPF, fibrotic tissue remodelling and lung function decline are reversible and 

fully restored over time. 

Therapeutic application of catalytic proteasome inhibitors for treatment of pulmonary fibrosis is 

a narrow bridge between beneficial antifibrotic and harmful cytotoxic effects as indiscriminate 

inhibition of the proteolytic sites of all 20S containing proteasomal complexes kills the cell (50, 

55). Current drug development thus aims to develop site-specific inhibitors of the proteasome or 

to target ubiquitin-mediated protein degradation further upstream by interfering with specific E3 

ligases or deubiquitinases (56, 57). A completely novel targeting approach that seeks to inhibit 

the interaction of proteasomal regulators with the 20S catalytic core is based on the recent 

realization that different proteasomal complexes have diverse cellular functions (19, 45, 58–60). 

As there are no established drugs available yet, knockdown of single proteasome regulators or of 

components thereof, such as Rpn6, allows validation of this targeting approach. Specific 

interference with 26S proteasome function, as shown here for Rpn6 silencing, might offer a new 

therapeutic treatment strategy to counteract activation of specific 26S proteasome complexes in 

areas of active fibrotic remodelling in IPF.  
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To conclude, we here provide evidence that the 26S proteasome is activated in myofibroblasts in 

vitro, in experimental lung fibrosis in vivo, and in IPF lung tissue. We propose that 26S 

proteasome activation and induction of Rpn6 is a novel pathomechanism during fibrotic organ 

remodelling. Activation of the 26S proteasome is well in line with the emerging concept of fine-

tuned regulation of proteasomal protein degradation for cell and tissue homeostasis (8, 10, 14). 

Impairment of 26S proteasome activation by silencing of the regulatory subunit Rpn6 inhibited 

myofibroblast differentiation of primary human lung fibroblasts and may thus represent a novel 

approach to counteract activation of 26S proteasome complexes in areas of active fibrotic 

remodelling, thereby potentially interfering with the pathogenesis of IPF.  
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Figure legends 

Fig. 1. TGF-β stimulates proteasome activity and 26S formation in CCL206 lung fibroblasts via 

Rpn6. (A) Chymotrypsin-like (CT-L) proteasome activity in hypoosmotic cell lysates of 

fibroblasts treated with TGF-β for 6h, 24h, and 48h (Mean ± SEM. n = 4 for 6h and 24h, 

n = 7 for 48h. One-way ANOVA, Dunnett‘s Multiple Comparison Test). (B) Native gel 

analysis of hypoosmotic cell lysates after treatment with TGF-β for 48h with subsequent 

CT-L activity overlay assay and immunoblotting for the 20S alpha subunits α1-7 and the 

19S regulatory subunit Rpt5. Densitometry analysis of 26S/30S levels obtained from α1-

7 immunoblots (Mean ± SEM. n = 3, Paired t-test). (C) Western blot analysis of 

hypoosmotic CCL206 lysates after treatment with TGF-β for 48h for the 20S alpha 

subunits α1-7 and the 19S regulatory subunits Rpn6 and Rpt5 using β-actin to confirm 

equal loading. Densitometric analysis was performed for β-actin normalized signals of 

α1-7, Rpn6 and Rpt5, and compared to untreated controls (Mean ± SEM. n = 3. One-way 

ANOVA, Dunnett‘s Multiple Comparison Test) (D) Western blot analysis of 

hypoosmotic lysates of CCL206 fibroblasts after transfection of scrambled or Rpn6-

specific siRNAs followed by treatment with TGF-β for 48h. Densitometric analysis was 

performed for β-actin normalized Rpn6 signals (Mean ± SEM. n = 4. One-way ANOVA 

Bonferroni-Multiple Comparison Test). (E) Representative native gel analysis of cell 

lysates of CCL206 fibroblasts after Rpn6 knockdown and treatment with TGF-β for 48h 

with subsequent in gel CT-L activity assay and immunoblotting for the 20S subunits α1-7 

and the 19S subunit Rpt5. Densitometric analysis of 26S/30S levels as represented by 

Rpt5 immunoblot signals was performed for four independent silencing experiments 

(Mean ± SEM. n = 4. Two-tailed Mann Whitney Test). 
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Fig. 2. Proteasome activity is reversibly increased upon fibrotic lung remodeling in the 

bleomycin mouse model of pulmonary fibrosis. (A) Proteasome activity was assayed in 

hypoosmotic lysates of whole lung tissue of C57BL/6N mice 7, 14, and 56 days after 

treatment with bleomycin and compared to the PBS-treated control group (Mean ± SEM. 

n = 5-15 per group. Two-tailed Mann Whitney Test, Dixons outlier test was performed 

and the outlier is shown in brackets). (B) Native gel analysis of hypoosmotic lysates of 

whole lung tissue at day 14 after bleomycin instillation with subsequent in-gel CT-L 

activity assay and immunoblotting for the 20S β1 subunit and the 19S regulatory subunits 

Rpt5 and Rpn6. Loading of purified 20S proteasomes confirmed 20S proteasome activity 

in lung tissue lysates (C) Western blot of hypoosmotic lysates of whole lung tissue of 

C57BL/6N mice 14 days after bleomycin instillation for Rpn6, β1-7, Rpt5 and β-actin, 

and densitometric analysis of normalized expression data (Mean ± SEM. n = 6 per group. 

One-way ANOVA Dunnett‘s Multiple Comparison Test). 

Fig. 3. Rpn6 expression is upregulated in hyperplastic AECII, Clara cells, and myofibroblasts 

during reversible fibrotic remodeling in bleomycin induced pulmonary fibrosis. Paraffin-

embedded lung tissue sections of PBS treated control animals or animals, which were 

sacrificed 7, 14 or 56 days after bleomycin instillation, were analyzed by Masson-

Goldner staining for fibrotic remodelling (red staining for keratin and muscle fibres, 

blue/green collagen, pink cytoplasm, brown/black: nucleus). Expression of αSMA 

(marker for myofibroblasts and smooth muscle cells) and Rpn6 is indicated in red and 

expression of TTF1 (marker for AECII and Clara cells) in brown color. Of note, lung 

tissue of PBS treated control animals indicate no or only faint staining for Rpn6. Weak 
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immunoreactivity for Rpn6 was also observed in mice lungs 56 days after bleomycin 

instillation. Pictures show representative stainings from 3-6 animals per group.  

Fig. 4. Expression of Rpn6 and K48-polyubiquitinated proteins is increased in human IPF lungs. 

(A) Western blot analysis of RIPA lysates of whole lung tissue of donor and IPF lungs. 

Expression of Rpn6, Rpt5, K48-polyubiquitinated proteins, αSMA and the α3 subunit of 

the 20S proteasome was quantified by densitometry after normalization to β-actin (Mean 

± SEM. n = 11-13 per group. Two-tailed Mann Whitney Test). (B) Correlation analysis 

of normalized expression of K48-polyubiquitinated proteins and Rpn6 from the Western 

blot data. Donor and IPF values were pooled (Two-tailed Spearman correlation, r = 

0.508, p = 0.013). Separate correlation analyses of IPF (C) and donor lungs (D) for the 

amount of active 26S/30S proteasomes as obtained from densitometric analysis of ABP 

native gel analysis (Supplementary Figure E11), and β-actin normalized Rpn6 expression 

levels obtained from the western blot (Two-tailed Spearman correlation, IPF r = 0.648, 

p = 0.017; Donor r = -0.127, p = 0.711). 

Fig. 5. Rpn6 is overexpressed in myofibroblasts and hyperplastic basal cells in human IPF lungs. 

Immunohistochemistry of paraffin-embedded donor and IPF lung tissues stained for 

Rpn6, KRT5 (basal cell marker), or αSMA (marker for smooth muscle cells and 

myofibroblasts). (Rpn6, αSMA and KRT5: red; Nuclei: blue). Pictures show 

representative stainings for 10 IPF and 6 donor lungs. 

Fig. 6. Levels of K48-polyubiquitinated proteins are increased and correlate with Rpn6 

upregulation in myofibroblasts and hyperplastic basal cells in human IPF lungs. 
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Immunohistochemistry of donor and IPF lungs stained for Rpn6 and K48-

polyubiquitinated proteins (Ubi-K48). (Rpn6 and Ubi-K48: red; Nuclei: blue). 

Fig. 7. Silencing of Rpn6 counteracts TGF-β induced myofibroblast differentiation in primary 

human lung fibroblasts (phLF). (A) Native gel analysis of CT-L proteasome activity and 

immunoblotting for Rpt5 and α1-7 (n = 3). (B) RNA expression of fibrotic markers, i.e. 

collagen I (Coll-I) and fibronectin (Fn), in phLF treated for 48h with TGF-β starting 24h 

after Rpn6 knockdown as determined by qRT-PCR analysis (Mean ± SEM. n = 4. 1way 

ANOVA, Bonferroni-Multiple Comparison Test). (C) Western blot analysis and 

densitometric analysis of RIPA lysates for fibronectin (Fn), collagen I (Coll-I), and Rpn6 

in phLF after Rpn6 knockdown and TGF-β treatment using β-actin protein expression for 

normalization (Mean ± SEM. n = 4. Two-tailed Mann Whitney Test). 

Fig. 8. Silencing of Rpn6 inhibits ubiquitin-mediated protein degradation in primary human lung 

fibroblasts (phLF). Western blot analysis of Rnp6, K48-linked polyubiquitin (Ubi-K48), 

collagen-1 (Coll-1) and cyclin D1, and densitometric analysis of β-actin normalized 

expression levels using 6 different lines of phLF knockdown of Rpn6 for 48h (Mean ± 

SEM. n = 6. Two-tailed paired t-test). 
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One Sentence Summary: 26S proteasome activity is activated upon myofibroblast 

differentiation and in pulmonary fibrosis.  
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Supplementary Materials and Methods 

Cell culture and gene silencing 

The CCL206 mouse lung fibroblast cell line was obtained from ATCC and cultured under 

standard conditions in DMEM-F12 medium (Gibco) supplemented with 10% FBS (PAN 

Biotech) and 100 U/ml penicillin/streptomycin (Gibco). phLF at passages 2 and 4 were cultured 

under standard conditions in MCDB 131 Medium (PAN Biotech) supplemented with 10% FBS 

(PAN Biotech), 100 U/ml penicillin/streptomycin (Gibco), 2 mM glutamine (Gibco), 2 ng/ml β-

FGF (Gibco), 0.5 ng/ml EGF (Sigma-Aldrich) and 5 µg/ml Insulin (Gibco). Knockdown 

experiments of murine Rpn6 in CCL206 mouse lung fibroblasts and of human Rpn6 in phLF 

were performed by reverse transfection of small interfering RNA (Silencer Select s87417 or 

s11413, Ambion) or scrambled siRNA (Silencer Select Control#2, Ambion) using Lipofectamine 

RNAiMAX (Life Technologies) according to the manufacturer’s protocol. Confirmatory 

experiments in phLF were performed with a pool of three siRNAs (Silencer Select s11413, 

s11414, s11415, Ambion) for Rpn6 knockdown and a pool of two scrambled control siRNAs 

(Silencer Select Control#1 and #2, Ambion). 

Native gel analysis 

Native gel electrophoresis was performed using the XCell SureLock® Mini-Cell system (Life 

Technologies). Proteins (30 µg of hypoosmotic lysates) were loaded on gradient (3-8% 

acrylamide) tris-acetate gels (NuPAGE Novex 3-8%, Life Technologies) and run for 4h at 150 V 

and 4°C. Native gels were incubated for 30 min at 37°C in assay buffer (50 mM Tris, pH 7.5, 10 

mM MgCl2, 1 mM ATP, 1 mM DTT) containing 50 µM Suc-LVVY-AMC (Bachem), a 

fluorogenic, synthetic peptide substrate of the chymotrypsin-like (CT-L) activity of the 

proteasome. Gels were imaged at excitation wavelength of 380 nm and emission wavelength of 
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460 nm in the ChemiDoc XRS+ system (Bio-Rad). Subsequently, gels were blotted onto 

polyvinylidene difluoride membranes and proteins were detected using standard antigen 

detection procedures with the ECL Plus Detection Reagent (GE Healthcare) followed by 

exposure of Kodak X-Omal LS films (Sigma-Aldrich) and development of films in a Curix 60 

developer (Agfa) or with the ChemiDoc XRS+ (Bio-Rad). 

ABP Proteasome labeling 

In gel proteasome activity was monitored by using the pan-reactive proteasome ABP MV151 (1). 

TSDG buffer lysates (Tris/HCl 50 mM pH 7.0, NaCl 10 mM, MgCl2 1.1 mM, EDTA 0.1 mM, 

NaN3 1 mM, DTT 1 mM, ATP 2 mM, Glycerol 10% (v/v), cOmplete protease inhibitor (Roche) 

of whole human lung tissue were diluted to a total protein concentration of 0.5 µg/µl with 

reaction buffer (50 mM HEPES pH 7.4, 100 mM KCl, 10 mM MgCl2). 30 µl of sample was 

incubated with 0.5 µM MV151 for 1h at 37°C and subsequently quenched by the addition of 1x 

sample buffer. Native gel separation was performed as described above and proteasome activity 

was visualized using a fluorescent scanner (Typhoon TRIO+; Amersham Biosciences). Images 

were taken at 450 PTM and 50 µm pixel resolution with fluorescence Cy3/TAMRA for 

ABPMV151. 

Induction and assessment of pulmonary fibrosis  

a) Bleomycin: Pulmonary fibrosis was initiated by a single intratracheal instillation of 50 µl of 

bleomycin (3U/kg, Sigma Aldrich, Taufkirchen, Germany), that had been dissolved in sterile 

saline, and locally applied using the MicroSprayer Aerosolizer, Model IA-1C (Penn-Century, 

Wyndmoor, PA). Control mice were instilled with 50 µl of sterile PBS. Fibrosis was assessed by 

lung function measurement via Flexivent, broncho-alveolar lavage cell counts, and histology 

evaluation. 
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b) MHV-68 infection: Wildtype C57BL/6 mice (Charles River Laboratories, Sulzfeld, Germany) 

and IFNγR
-/-

 mice on a C57BL/6 background (originally purchased from Jackson Laboratories, 

Bar Harbor, Maine, and bred in the animal facility of the Helmholtz Zentrum München) were 

anesthetized using ketamine/xylazine and infected intranasally with 1×10
5
 plaque forming units 

(PFU) of murine gammaherpesvirus-68 (MHV-68) as described elsewhere (2). Animals were 

sacrificed at days 45 and 63 after infection. Mice were housed in individually ventilated cages 

during the MHV-68 infection period. All animal experiments were in compliance with the 

German Animal Welfare Act, and the protocol was approved by the local Animal Care and Use 

Committee (District Government of Upper Bavaria; permit number 124/08). 

Immunohistochemistry (IHC) 

Human and mouse lungs were fixed in 4% (w/v) paraformaldehyde and processed for paraffin 

embedding. Sections (3 µm) were cut, mounted on glass slides (Super Frost Plus), and cooked in 

10 mM sodium citrate-buffer (pH 6.0). Proteins were immunostained using the ZytoChem-Plus 

AP Kit (Fast Red) or ZytoChem-Plus HRP Kit (DAB-staining, brown dye), Broad Spectrum 

(Zytomed Systems) according to the protocol as previously described (3). The following primary 

antibodies were used against Cytokeratin-5 [KRT5] (Abcam), αSMA (Abcam), Rpn6 (Novus 

Biologicals), Lys48-Ubiquitin [K48] (Millipore) and TTF1 (Abcam). Counterstaining was 

performed using Mayer’s hemalaun solution (WALDECK Division CHROMA). To asses 

fibrotic remodelling in bleomycin challenged animals, standard Masson-Goldner staining was 

performed using Weigert’s hematoxylin (PolyScience), Ponceau de Xylidene (Waldbeck), 

Orange G (Waldeck) and Light Green (Waldeck). Control sections were treated with PBS 

containing 2% BSA or with rabbit primary antibody isotype control (Acris Antibodies). Sections 

were scanned with a Mirax Desk slide scanning device (Zeiss). IHC was performed for 10 IPF- 
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and 6 control lung tissue samples. Lungs of 3 PBS treated control animals and 14 bleomycin 

challenged animals (4 animals after 7 days, 6 animals after 14 days and 4 animals after 56 days 

of bleomycin instillation) were analysed by IHC. 

BrdU cell proliferation assay 

BrdU cell proliferation assay (Roche) was performed according to the manufacturer’s protocol. 

Briefly, reverse transfection with siRNA was performed and cells were plated at a density of 

2000 cells/well in 100 µl transfection medium in a 96 well plate. The next day, transfection 

medium was replaced by culture medium containing 1% FBS and 5 ng/ml TGF-β. 48h later cells 

were labeled for 2-4h using 10 µM BrdU, cells were dried and stored at 4°C overnight. The next 

day, cells were fixed and DNA was denatured by adding FixDenat and incubated with anti-

BrdU-POD antibody for 90 minutes at room temperature. Cells were washed and substrate 

solution was added. The reaction was stopped by adding H2SO4 to a final concentration of 0.2 M. 

Absorbance measurement was performed within 5 minutes at 450 nm using a Tristar LB 941 

plate reader (Berthold Technologies). 

RNA preparation 

Frozen mouse or human lung tissue samples were homogenized using a Mikro-Dismembrator S 

(Sartorius). Tissue powder was suspended in Solution 1 of the Roti-Quick-Kit (A979.1, Carl 

Roth) and incubated on ice to allow cell lysis. RNA extraction was performed by phase 

separation using Solution 2 of the Roti-Quick-Kit according to the manufacturer’s protocol. In a 

next step RNA was purified using the Peqlab-Gold Total RNA-Kit (12-6834-01, Peqlab) 

according to the manufacturer’s protocol starting with loading of the prepared RNA extract on 

the RNA-binding column. Reverse transcription and quantitative PCR reaction were performed 

as described in the material and methods part. 
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Fig. E1. TGF-β mediated increase in proteasome activity can be counteracted by inhibition of the 

proteasome. Chymotrypsin-like (CT-L) activity in cell lysates of CCL206 fibroblasts 

treated with TGF-β for 48h and additional incubation with 10 nM bortezomib for 1.5h 

(Mean ± SEM. n = 4. One-way ANOVA, Bonferroni‘s Multiple Comparison Test). 

Fig. E2. TGF-β reproducibly increases 26S/30S proteasome formation in CCL206 fibroblasts. 

Native gel analysis with subsequent CT-L activity assay and immunblotting for α1-7 20S 

subunits from two other independent additional experiments complementary to Figure 

1B. 

Fig. E3. Morphological changes in CCL206 murine lung fibroblasts after Rpn6 silencing and 

TGF-β treatment as observed by phase-contrast light microscopy. CCL206 fibroblasts 

were treated for 48h with TGF-β (5 ng/ml) starting 24h after Rpn6 knockdown. 

Fig. E4. Rpn6 silencing reproducibly inhibits TGF-β-induced activation of 26S/30S proteasome 

formation in CCL206 fibroblasts. Native gel analysis with CT-L activity assay and 

immunoblotting for Rpt5 and α1-7 from independent additional silencing experiments 

complementary to Figure 1E. 

Fig. E5. 20S levels are not affected by Rpn6 silencing in TGF-β treated CCL206 fibroblasts. 20S 

levels were analyzed by densitometry of the 20S α1-7 immunoblots of the native gels as 

shown in Figures 1E and E4 (Mean ± SEM. n = 4. One-way ANOVA, Bonferroni‘s 

Multiple Comparison Test) 

Fig. E6. Lung function analysis (compliance) of bleomycin treated C57BL/6N mice at day 7, 14, 

and 56 after instillation compared to PBS treated control mice (Mean ± SEM. n = 6-9 per 

group. Two-tailed Mann Whitney Test). 
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Fig. E7: mRNA expression of several proteasomal subunits is not significantly altered in 

bleomycin-treated C57BL/6N mice. qRT-PCR of whole lung tissue of animals 14 days 

after bleomycin instillation compared to PBS-treated controls (Mean ± SEM. n = 6 per 

group. Two-tailed Mann Whitney Test). 

Fig. E8. Rpn6 is overexpressed in lungs of MHV-68 challenged IFNγR
-/- 

mice. Western blot 

analysis of Rpn6, α3, and αSMA in whole lung tissue of MHV-68 challenged wt and 

IFNγR
-/- 

mice lysed in RIPA buffer and corresponding densitometric analyses (Mean ± 

SEM. n = 3. One-way ANOVA Dunnett’s-Multiple Comparison Test). 

Fig. E9. 26S/30S formation is increased in lungs of MHV-68 challenged IFNγR
-/- 

mice. Native 

gel, CT-L activity overlay assay, and immunoblot analyses for Rpn6 and β5 of whole 

lung tissue of MHV-68 challenged wt and IFNγR
-/- 

mice lysed in TSDG buffer. 

Fig. E10. mRNA expression of proteasome subunits is not significantly altered in IPF lungs. 

qRT-PCR analysis of whole lung tissue of donor and IPF lungs (Mean ± SEM. n = 8 

donors and n = 13 IPF patients. Two-tailed Mann Whitney Test). 

Fig. E11. Proteasome activities in IPF lungs are heterogeneous and not altered compared to 

donor lungs. ABP labelling of proteasomes in whole lung extracts and subsequent native 

gel analysis (Donor 35 was excluded from analysis as a case of chronic thromboembolic 

pulmonary hypertonia). Samples were labeled and run in parallel on two gels but imaged 

at the same time to allow for comparable exposure and densitometric analysis of signals 

(Mean ± SEM. n = 10 donors and n = 13 IPF patients. Two-tailed Mann Whitney Test). 

Fig. E12. Expression and localization of Rpn6 and αSMA in lungs of patients with fibrotic NSIP 

(fNSIP), EAA, or sarcoidosis. Rpn6 expression was virtually absent in fNSIP-lungs, and 
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not detectable in the interstitial smooth muscle (indicated by αSMA-staining in a serial 

section) of thickened alveolar septae (female fNSIP-patient, 51 years old at time of 

diagnosis). Similarly, interstitial α-SMA expressing smooth muscle cells in thickened 

alveolar septae of patients with EAA revealed no notable staining for Rpn6 (female 

EAA-patient, 50 years old at time of diagnosis). In a sarcoidosis-lung, epitheloid giant 

granulomas (indicated by asterisks) and some surrounding myofibroblasts (indicated by 

αSMA staining) showed weak expression of Rpn6 (male sarcoidosis-patient, 35 years old 

at time of diagnosis). Results are representative for 3 fNSIP-patients (Mean age ± SD, 

53.3 ± 3.2 years; 2 females, one male), and for 3 EAA-patients (Mean age ± SD, 51.0 ± 

6.6 years; 3 females) and one sarcoidosis patient (male sarcoidosis-patient, 35 years old). 

Fig. E13. Native gel, CT-L activity, and immunoblot analyses of three independent experiments 

in three different lines of phLF using a pool of three Rpn6 siRNAs and a pool of two 

control siRNAs demonstrates the reproducibility of the effects of Rpn6 silencing on TGF-

β induced 26S/30S proteasome formation as shown in Figure 7A. Densitometric analysis 

of the amount of 20S and 26S/30S proteasomes calculated from α1-7 or Rpt5 

immunoblots, respectively. Results were normalized to their scrambled siRNA/non-

TGF-β control (Mean ± SEM. n = 3. One-way ANOVA Bonferroni-Multiple Comparison 

Test). 

Fig. E14. Rpn6 silencing using a pool of three Rpn6 siRNAs and a pool of two control siRNAs 

confirms the antifibrotic effects in three different TGF-β stimulated phLF lines. mRNA 

expression of Collagen I (Coll-I) and αSMA as determined by qRT-PCR analysis (Mean 

± SEM. n = 3. One-way ANOVA Bonferroni’s-Multiple Comparison Test). 
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Fig. E15. Rpn6 silencing using a pool of three Rpn6 siRNAs and a pool of two control siRNAs 

confirms the antiproliferative effects in three different TGF-β stimulated phLF lines. 

Protein expression of Rpn6, Cyclin D1, K48-polyubiquitinated proteins, and β-actin was 

assessed by immunoblotting. Densitometric data were first normalized to the respective 

β-actin loading control and then to the scrambled siRNA/non-TGF-β control (Mean ± 

SEM. n = 3. One-way ANOVA Bonferroni’s-Multiple Comparison Test). 

Fig. E16. Rpn6 knockdown counteracts TGF-β mediated induction in proliferation. BrdU assay 

of CCL206 fibroblasts treated for 48h with TGF-β (5 ng/ml) starting 24h after Rpn6 

knockdown (Mean ± SEM. n = 3. One-way ANOVA Bonferroni-Multiple Comparison 

Test). 
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