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Abstract

Smad4 plays a central role in the regulation of extracellular matrix (ECM) protein expression 

and cell differentiation; however, the molecular regulation of Smad4 protein stability by a 

deubiquitinase has not been reported. In the current study, we reveal that a deubiquitinase USP13 

stabilizes Smad4, ultimately modulating ECM protein expression in lung fibroblast cells. USP13 

was increased in primary adult lung fibroblasts isolated from bleomycin-challenged mice and 

transforming growth factor (TGF)-β1-treated primary mouse lung fibroblasts. In a bleomycin-

induced murine model of lung fibrosis, USP13-deficient mice showed reduced ECM levels 

such as fibronectin (FN) and collagen compared with wild-type mice. The reductions in both 

protein levels and mRNA expression of ECM were observed in the isolated lung fibroblasts from 

USP13-deficient mice, suggesting that downregulation of USP13 reduces ECM levels through 

inhibiting its transcription. To investigate the molecular mechanisms by which USP13 modulates 

ECM expression, we focused on the role of USP13 on Smad4 expression. Overexpression of 

USP13 increased FN and Smad4 protein levels in lung fibroblasts, while downregulation of 

USP13 reduced Smad4 protein levels, without altering Smad4 mRNA expression, suggesting that 
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USP13 regulates Smad4 protein stability. Knockdown of USP13 decreased Smad4 half-life and 

promoted Smad4 ubiquitination. Both Smad4 and USP13 were co-localized in the cytoplasm in 

treated cell, and co-translocated into the nucleus in response to TGF-β1. The results indicate that 

USP13 promotes ECM expression by stabilizing Smad4 in lung fibroblasts and plays a role in the 

maintenance of the extracellular matrix in lungs.

INTRODUCTION

Extracellular matrix (ECM) proteins including FN and collagen plays an important 

role in maintaining tissue structure, tissue repair,1 fibrogenesis, inflammatory processes,2 

and cancer pathogenesis.3,4 In addition to its role in ECM, FN regulates a variety of 

cellular functions including cell adhesion, proliferation, migration, and survival.5 FN and 

collagen expression are majorly regulated by transforming growth factor-β1 (TGF-β1)/Smad 

signaling in a variety of cell types, such as fibroblasts, endothelial cells, smooth muscle 

cells.6 The Smad proteins mediate extracellular TGF-β1-induced intracellular signaling. 

In response to TGF-β1, Smad2/3 are phosphorylated by TGF-β1 receptors and the 

phosphorylated Smad2/3 heterodimeric complex interacts with Smad4.7,8 The Smad2/3/4 

complex translocates to the nucleus to promote gene transcription of FN and collagen.9 

Smad4 plays a central role in the regulation of other Smads activity. Smad4 regulates both 

basal and TGF-β1-inudced collagen expression.10

The TGF-β1/Smad signaling pathway can be regulated by ubiquitin-mediated degradation.11 

Protein ubiquitination is a reversible covalent modification which regulates stability, activity, 

and localization of the target proteins. Deubiquitinating enzymes (DUBs) are a group of 

proteases that remove ubiquitin or ubiquitin-like proteins from target proteins and often 

rescue them from degradation.12 We have shown that USP11 stabilizes TGF-β receptor 

II13 and UCHL5 deubiquitinates and stabilizes Smad2/3.14 Smad4 has been known to be 

degraded in the proteasome system.15 Several ubiquitin E3 ligases including β-Trcp,16 

Smurfs, WWP1, and Nedd4–217 have been identified for targeting Smad4. Recent study 

demonstrated that a pan-inhibitor of DUB reduces Smad4 expression; however, the DUB 

responsible for Smad4 has not been identified.

USP13 is a deubiquitinase that has been shown to regulate the stability of tumor-

related proteins18,19 and cellular antiviral responses.20,21 Our previous study demonstrated 

that USP13 stabilizes the anti-inflammatory receptor IL-1R8/Sigirr and exhibits an anti-

inflammatory property.22 In this report, we revealed that USP13 regulates ECM expression 

through deubiquitinating and stabilizing Smad4. This study is the first report that USP13 

plays a role in the regulation of Smad signaling and ECM in lung fibroblasts.

METHODS AND MATERIALS

Animal experiments.

C57BL/6 wild type (WT) and USP13 deficient (Usp13−/−) mice were housed in the 

specific pathogen-free animal care facility at the Ohio State University in accordance with 

institutional guidelines and guidelines of the US National Institutes of Health. All animal 
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experiments were approved by an institutional animal care and use committee (IACUC) at 

the Ohio State University Animal Resources Centers. The Usp13−/− mice were generated by 

the CRISPR/Cas9 system.22 Usp13−/− and WT mice (8–10 weeks) were challenged with a 

single intratracheal instillation of bleomycin (BLM, 0.045 units per mouse in 50 μL PBS) 

or PBS (50 μL). At designated time points after BLM challenge, the mice were anesthetized 

before myocardial perfusions were performed with PBS via the right ventricle until lungs 

were cleared of blood, and then lungs were harvested for further analysis.

Cell culture and reagents.

Primary adult mouse lung fibroblast cells were isolated from WT and Usp13−/− mice 

and cultured according to the method introduced by Seluanov A et al.23 Human lung 

fibroblast cell line (MRC5) cells and lung fibroblast cells from idiopathic pulmonary 

fibrosis (IPF) patients were cultured in EMEM (Gibco) supplemented with 10% fetal bovine 

serum (FBS) (Hyclone) and 1% penicillin/streptomycin (Lonza). IPF tissues were obtained 

from explanted lungs of subjects with advanced disease under a protocol approved by 

the University of Pittsburgh Institutional Review Board and Material Transfer Agreement 

between the University of Pittsburgh and the Ohio State University. Cells were maintained in 

a 37°C incubator in the presence of 5% CO2. Cyclo-heximide (CHX) was from Sigma 

Aldrich (St Louis, MO, USA). Immobilized protein A/G beads, anti-V5, anti-Lamin 

A/C, and anti-β-actin antibodies were from Santa Cruz Biotechnology (Santa Cruz, CA, 

USA). Anti-USP13, anti-FN, anti-Smad4, anti-GAPDH, and anti-Flag antibodies were 

from ProteinTech (Chicago, IL, USA). Anti-collagen1a1 antibody was from Cell Signaling 

Technology (Danvers, MA, USA), Horseradish peroxidase-conjugated goat anti-rabbit and 

anti-mouse secondary antibodies were purchased from BioRad Laboratories (Hercules, CA, 

USA). Mammalian expression plasmid pcDNA3.1/His-V5-topo and Escherichia coli Top10 

competent cells were from Life Technologies (Gaithersburg, MD, USA). All commercially 

available materials used were of the highest quality.

Plasmid and siRNA transfection.

GenMute siRNA transfection reagent and LipoJet DNA transfection reagents were 

purchased from SignaGen (Rockville, MD, USA). Human Usp13 siRNA and control siRNA 

were purchased from Sigma Aldrich (St Louis, MO, USA). Cells were cultured on 6-well 

plates or 10-mm dishes to 70%−90% confluence. Plasmid encoding V5-tagged human 

USP13,22 empty vector, and siRNAs were transfected into Mrc5 cells according to the 

transfection reagent manufacturer’s instructions.

Western blotting analysis.

Cells were washed with cold PBS and collected in the cell lysis buffer containing 20mM 

Tris●HCl (pH 7.4), 150mM NaCl, 2mM EGTA (ethylene glycol-bis (β-aminoethyl ether)-

N,N, Nʹ,Nʹ-tetraacetic acid), 5mM β-glycerophosphate, 1mM MgCl2, 1% Triton X-100, 

1mM sodium orthovanadate, 10μg/mL protease inhibitors, 1μg/mL aprotinin, 1μg/mL 

leupeptin and 1μg/mL pepstatin. An equal amount of cell lysates (20μg) was subjected 

to SDS-PAGE, electrotransferred to membranes and immunoblotted following standard 

protocol.
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qRT-PCR analysis.

Total RNA was isolated from cultured MRC5 cells or isolated primary mouse lung 

fibroblast cells using the Total RNA Mini kit (IBI Scientific, IA, USA) according to the 

manufacturer’s instructions, and RNA was quantified by Nano-drop spectrophotometry. 

cDNA was prepared using the iScript cDNA synthesis kit (Bio-Rad, CA, USA). The 

expression of FN, Smad4, and Usp13 was performed using iQ SYBR Green Supermix 

and the iCycler real-time PCR detection system (Bio-Rad, CA, USA). Gapdh was 

used as an internal control. mFN primers: forward, GGTTCGGGAAGAGGTTGTGA, 

reverse, ATGGCGTAATGGGAAACCGT; mGapdh primers: forward, 

ACCCTTAAGAGGGATGCTGC, reverse, TCACACCGACCTTCACCATTT; 

hSmad4 primers: forward, TTAGACAGAGAAGCTGGGCG, 

reverse, TGTCGATGACACTGACGCAA; hUsp13 primers, forward, 

TGTCGCAAGGCTGTGTACTT, reverse, CAGCGGCTCAGCAAAATCTG; 

mCOL1A1 primers: forward, GGGCAAGACAGTCATCGAA, 

reverse, GTCCGAATTCCTGGTCTGGG; mSMA primers: forward, 

ACCTTTGGCTTGGCTTGTCA, reverse, TTGAAGCGGAAGTCTGGGAAG; 

hGapdh primers: forward, TCGGAGTCAACGGATTTGGTCG, reverse 

GCTCTCCAGAACATCATCCCTGCCT.

Co-immunofluorescence staining.

MRC5 cells were cultured in glass-bottomed dishes. Some cells were transfected with V5-

tagged USP13 and Flag-tagged Smad4 plasmids for 24 hours. Other cells were transfected 

with V5-tagged USP13 only and then were treated with or without TGF-β1 (10 ng/mL) 

for 1 hour. Cells were fixed with 3.7% formaldehyde for 20 minutes. After blocking in 1% 

bovine serum albumin in Tris-buffered saline with 0.1% Tween-20 for 1 hour, cells were 

incubated with 1:200 dilution of primary antibody for 1 hour, followed by a 1:200 dilution 

of fluorescence-conjugated secondary antibodies sequentially for immunostaining. Images 

were captured by Nikon A1R-HD25 confocal microscope (Nikon, Tokyo, Japan).

In vivo ubiquitination assay.

We performed a modified protocol under denaturing conditions. MRC5 cells were treated 

with MG-132 for 3 hours before they were washed with cold PBS and harvested in PBS. 

After centrifuging at 1000 rpm for 5 minutes, the supernatant was removed. Then 1 μL 

of ubiquitin aldehyde, 1 μL of NEM, and 70 μL of 2% SDS lysis buffer were added. The 

samples were diluted with 700 μL of 1 × TBS after 12s sonication. Equal amounts of protein 

(1 mg) were incubated with the anti-Smad4 antibody overnight at 4°C. 40 μL protein A/G 

plus agarose were added and incubated for additional 2 hours at 4°C to pull down Smad4. 

The immunoprecipitated complex was washed three times with cold PBS and analyzed by 

immunoblotting with antibody against ubiquitin.

Nuclear protein isolation.

Nuclear proteins were extracted using the NE-PER Nuclear Extraction Kit (Thermo Fisher 

Scientific). Protein concentration was measured using the Bio-Rad Protein Assay Kit (Bio-

Rad Laboratories, Inc.).
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Quantification and statistical analysis.

Immunoblot intensities were quantified by ImageJ software (Image Processing and Analysis 

in Java; National Institutes of Health, Bethesda, MD, USA; http://imagej.nih.gov/). One-

way ANOVA statistical analysis was used for comparison among several groups. Data are 

expressed as mean ± SEM of triplicate samples from at least three independent experiments. 

P < 0.05 were considered statistically significant.

RESULTS

USP13 protein levels were increased in mouse lung fibroblasts isolated from Bleomycin-
challenged mice and TGF-β1-treated lung fibroblasts.

Bleomycin (BLM) is widely used to induce FN and collagen expression in lungs in a murine 

model of lung fibrosis. To investigate the role of USP13 protein in ECM expression, first, 

we investigated the changes of USP13 in lung tissues from BLM-challenged mice. C57BL/6 

WT mice were challenged with PBS or BLM (0.045 U/mouse) for 1 week, primary adult 

lung fibroblasts were then isolated. USP13 protein levels were significantly increased in 

the isolated lung fibroblasts from BLM-challenged mice compared with PBS groups (Fig 

1A). TGF-β1 is a central profibrotic cytokine which triggers and promotes fibroblast ECM 

accumulation. To examine if TGF-β1 regulates expression of USP13, primary adult mouse 

lung fibroblasts were isolated from C56BL/6J mice and then treated with TGF-β1 (10 

ng/mL) for 1 day or 2 days. While TGF-β1 promoted FN expression, the protein levels 

of USP13 were also significantly increased (Fig 1B). These data suggest that USP13 is 

upregulated by TGF-β1 in lung fibroblasts.

USP13 regulates ECM expression in lung fibroblasts.

FN and collagen play a crucial role in ECM assembly. First, we evaluated the impact of 

USP13 on FN and collagen expression. USP13 deficient (USP13KO) mice showed reduced 

protein levels of FN and collagen I compared with WT mice after BLM challenge for 3 

weeks (Fig 2A). The similar changes in FN protein levels were observed in the isolated 

lung fibroblasts from USP13KO mice, compared with the cells from WT mice (Fig 2B). 

Smooth muscle actin (SMA) expression is an indicator of myofibroblast differentiation. 

SMA levels were reduced in lung fibroblast cells from USP13KO mice. To further confirm 

USP13 regulates ECM expression in lung fibroblast cells, we downregulated USP13 gene 

expression by siRNA transfection in human lung fibroblast cells. As shown in Fig 2C, 

fibronectin and collagen I levels in both resting cells and TGF-β1-treated cells were 

reduced in USP13 siRNA-transfected cells. Changes of protein levels are controlled by 

protein stability and new protein synthesis. To investigate the molecular mechanisms by 

which USP13 regulates ECM expression, we examined the mRNA expression of FN, 

collagen, and SMA in the TGF-β1 (10 ng/mL, 1 day)-treated mouse lung fibroblasts. The 

mRNA expression of FN, collagen I, and SMA were significantly decreased in the isolated 

lung fibroblasts from USP13KO mice, compared with the cells from WT mice (Fig 2D), 

suggesting that USP13 regulates ECM levels through modulating their transcript.
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USP13 regulates Smad4 protein changes.

The expression of ECM is up-regulated in response to TGF-β1. Smad4 plays a central 

role in the TGF-β1-mediated pro-fibrotic gene expression by facilitating phosphorylated 

Smad2/3 translocation into the nucleus. Consistent with others’ findings, we found that 

knockdown of Smad4 by siRNA significantly reduced FN, collagen I, and SMA expression 

in human lung fibroblast cells (Fig 3A). Smad4 levels were increased in response to TGF-β1 

(Fig 3B). Thus, we focused on examining the effect of USP13 on Smad4 expression. 

Spautin-1, a small molecule inhibitor of USP13, was used to treat MCR5 cells. As shown in 

Fig 3C, spautin-1 decreased the Smad4 protein levels in a dose-dependent manner in MRC5 

cells. Knockdown of USP13 with Usp13 siRNA exhibited a reduction of Smad4 protein 

in both MRC5 cells and IPF lung fibroblast cells compared to control siRNA (Fig 3D, E). 

Smad4 protein levels were also decreased in isolated lung fibroblasts from USP13KO mice, 

compared with the cells from WT mice (Fig 3F). Furthermore, overexpression of USP13 

increases both Smad4 and FN protein levels in MRC5 cells (Fig 4). Taken together, these 

results suggest that USP13 regulates Smad4 protein levels in lung fibroblast cells.

USP13 has no effect on Smad4 mRNA levels.

Reduction of protein levels is usually due to suppression of gene expression or increase 

in protein degradation. To explore the molecular mechanism by which USP13 regulates 

Smad4 levels, we investigated the mRNA expression of Smad4 and found that knockdown 

of USP13 had no effect on Smad4 mRNA in MRC5 cells (Fig 5), implying that the effect of 

USP13 on Smad4 level might be through modulation of Smad4 protein stability.

USP13 stabilizes Smad4 by deubiquitinating Smad4.

To investigate if USP13 regulates Smad4 protein stability, MRC5 cells were transfected 

with control siRNA or U-SP13 siRNA prior to cycloheximide (CHX) treatment. Knockdown 

of USP13 augmented Smad4 degradation and reduced Smad4 half-life (Fig 6A). Further, 

an in vivo ubiquitination assay showed that downregulation of USP13 increased Smad4 

polyubiquitination (Fig 6B). Further, we examined the cellular localizations of USP13 

and Smad4 by co-transfection of V5-tagged USP13 and Flag-tagged Smad4 plasmids. As 

shown in Fig 7A, both V5-tagged USP13 and Flag-tagged Smad4 were co-localized in the 

cytoplasm of MRC5 cells. Interestingly, we also found that while Smad4 is translocated 

into the nucleus under the stimulation of TGF-β1 (10 ng/mL, 1 hour), USP13-V5 was also 

observed in the nucleus (Fig 6B, C), suggesting that USP13 is associated with Smad4 and 

the USP13/Smad4 complex is translocated into nucleus in response to TGF-β1 treatment. 

These data suggest that USP13 deubiquitinates and thus stabilizes Smad4 in lung fibroblast 

cells.

DISCUSSION

Lung fibroblast cells, the principal effector cells in fibrogenesis, differentiate to 

myofibroblasts and produce excessive ECM under the stimulation of TGF-β1.24 Lung 

fibrosis disorders, such as IPF, are characterized by excessive ECM deposition. The 

accumulation of ECM leads to destroyed lung structure and eliminates the function of 

gas exchange.25 FN and collagen are key components of ECM and play a crucial role in 
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matrix assembly as it cross-links with integrins, proteoglycans, and other focal adhesion 

molecules.26 The expression of ECM is regulated by TGF-β1/Smad signaling which is 

a potential intervention target for treating fibrotic diseases and cancer. In this study, we 

revealed that a DUB, USP13, regulates ECM expression by modulating Smad4 stability.

The TGF-β1 downstream Smad proteins form complexes that are regulated by reversible 

interactions with other proteins. Recently, many studies have been focused on investigating 

the regulation of the protein components of the TGF-β1/Smad signaling pathways by 

post-translational modification such as ubiquitination and deubiquitination.20,27 DUBs play 

an important role in the regulation of protein stability.12 Our recent study showed that 

the USP18/FOXO3a pathway regulates TGF-β1 signaling and affects FN expression.28 

In this study, we identify that USP13 promotes ECM expression by stabilizing Smad4 

in lung fibroblast cells. Smad4 plays a central role in the TGF-β1 signaling pathway 

as a chaperone protein transferring Smad2/3 between the nucleus and the cytoplasm.29 

Smad4 ubiquitination has been reported.17,30–32 USP9X has been identified as a DUB 

for controlling Smad4 mono-ubiquitination.32 Here, we show that Smad4 can be poly-

ubiquitinated and that the poly-ubiquitination can be reversed by USP13. This study is the 

first to reveal that the DUB USP13 regulates Smad4 protein levels through deubiquitinating 

Smad4. Unlike the effect of USP9X on Smad4 interaction with phosphoSmad2,32 USP13 

regulates Smad4 protein stability. Lysine 507 is a mono-ubiquitination site on Smad4; 

however, the poly-ubiquitination site within Smad4 has not been identified. Future studies 

will be focused on identifying the Smad4 poly-ubiquitination site and if USP13 removes 

the ubiquitination site-linked polyubiquitin chain. In addition, we demonstrate that USP13 

is associated with Smad4, and the association is not affected by TGF-β1. This is the first 

to reveal a role of USP13 in the nucleus. The USP13 docking site within Smad4 will be 

identified in future studies.

In this study, we observed that both BLM and TGF-β1 increased USP13 protein levels in 

isolated primary mouse lung fibroblast cells, suggesting a role of USP13 in lung fibroblasts 

in the pathogenesis of pulmonary fibrosis. We reanalyzed a publicly available microarray 

data from the Lung Genomics Research Consortium (http://www.lung-genomics.org/) and 

revealed that USP13 mRNA levels were reduced in IPF patients compared to normal 

subjects (supplemental Fig S1), which is consistent with findings from Geng J et al, 

demonstrating that USP13 expression was decreased in lung fibroblasts from IPF patients.33 

Taken together, USP13 level in lung fibroblasts is upregulated in the development of 

pulmonary fibrosis, while it is decreased in the late stage of IPF. Surprisingly, global 

USP13KO mice reduced lung fibronectin and collagen expression, whereas the trichrome 

staining displayed comparable severity of experimental pulmonary fibrosis (supplemental 

Fig S2), suggesting a compensable role of USP13 in other cell types. In lung epithelial 

cells, USP13 has been shown to exhibit an anti-inflammatory, enhanced proliferation, 

and an anti-apoptotic property by targeting Sigirr, AKT/MPAK signaling, and MCL1, 

respectively.22,34,35 In the future study, generation of cell type specific USP13 knockout 

mice will reveal the distinct roles of USP13 in lung fibroblasts during the development of 

pulmonary fibrosis. We have shown that LPS treatment decreased USP13 levels in mouse 

macrophage-like RAW264.7 cells22; however, the molecular regulation of USP13 during the 

development of pulmonary fibrosis has not been investigated.
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In summary, USP13 is a positive regulator of Smad4 stability and promotes ECM expression 

in lung fibroblast cells. Inhibition of USP13 activity may be a potential intervention strategy 

to treat abnormal ECM-related diseases. Our future study will explore whether the USP13 

contributes to the pathogenesis of lung fibrosis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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AT A GLANCE COMMENTARY

Liao X, et al.

Background

Smad4 plays a central role in ECM expression and cell differentiation, as well as in the 

pathogenesis of lung fibrosis; however, regulation of its protein stability has not been 

well studied. Recent studies have shown that abnormal ubiquitination-mediated protein 

degradation contributes to the pathogenesis of human disorders.

Translational Significance

This is the first report to demonstrate that USP13 stabilizes Smad4 and regulates ECM 

expression in lung fibroblast cells and suggest that USP13 is a new therapeutic target for 

treating pulmonary fibrosis. Future studies will focus on development of USP13 specific 

inhibitors and evaluation of their therapeutic potential in IPF.
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Fig 1. 
USP13 levels are increased in mouse lung fibroblasts in BLM-challenged mice and TGF-

β1-induced mouse lung fibroblasts. (A) Primary adult lung fibroblasts were isolated from 

C57BL/6 wild-type mice which were challenged with PBS or BLM (0.045 U/mouse) for 1 

week. Cell lysates were examined by immunoblotting with USP13 and β-actin antibodies. 

Intensities of USP13 were quantified by ImageJ software. n = 3. *P < 0.05 compared to 

PBS. (B) Isolated primary adult mouse lung fibroblasts from C57BL/6 mice were treated 

with TGF-β1(10 ng/mL) for 1 day or 2 days. Cell lysates were examined by immunoblotting 

with FN, USP13, and β-actin antibodies. Intensities of USP13 were quantified by ImageJ 

software. n = 3. *P < 0.05 compared to 0 d. **P < 0.01 compared to 0 d. Shown are 

representative blots from three independent experiments.
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Fig 2. 
Downregulation of USP13 reduces ECM expression. (A) Lung tissues were obtained from 

USP13KO and WT mice after BLM (0.045 U/mouse) challenge for 3 weeks and then 

tissue lysates were analyzed by immunoblotting with FN, collagen I (COL1A1), USP13, 

and β-actin antibodies. Intensities of FN and COL1A1 were quantified by ImageJ software. 

n = 4–6. **P < 0.01 compared to WT mice. (B) Primary adult mouse lung fibroblasts 

were isolated from USP13KO and WT mice. FN, SMA, USP13, and β-actin levels were 

analyzed by Western blot analysis. Intensities of FN and SMA were quantified by ImageJ 

software. n = 3. **P < 0.01 compared to WT control. Shown are representative blots from 

three independent experiments. (C) Human lung fibroblast cells (MRC5) were transfected 

with USP13 siRNA for 3 days, and then treated with TGF-β1. FN, COL1A1, USP13, 

and β-actin levels were analyzed by Western blot analysis. Shown are representative blots 

from 3 independent experiments. (D) Isolated primary adult mouse lung fibroblasts from 

USP13KO and WT mice were treated with TGF-β1 (10 ng/mL) for 1 day. RNA was 

extracted and analyzed by real-time qPCR with Fibronectin, COL1A1, and SMA primers. 

Relative expression of mRNA was normalized to Gapdh. n = 3. *P < 0.05 compared to WT 

group. **P < 0.01 compared to WT group.
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Fig 3. 
Inhibition or downregulation of USP13 reduces Smad4 levels. (A) Human lung fibroblast 

cells were transfected with Smad4 siRNAs for 3 days. FN, COL1A1, SMA, Smad4, and 

β-actin levels were analyzed by Western blot analysis. *P < 0.05 compared to cont siRNA. 

**P < 0.01 compared to cont siRNA. (B) Mrc5 cells were treated with TGF-β1 for 1, 2, 

and 3 hours. Fibronectin, Smad4, and β-actin levels were analyzed by Western blot analysis. 

(C) MRC5 cells were treated with different doses of spautin-1 (0, 5, 10, or 20 μM) for 24 

hours. Smad4 and β-actin levels were analyzed by Western blot analysis. n = 3. **P < 0.01 

compared to 0 μM. (D) MRC5 cells were transfected with control siRNA or U-SP13 siRNA 

for 3 days. Smad4, USP13, and β-actin levels were analyzed by Western blot analysis. 

Intensities of Smad4 were quantified by ImageJ software. n = 3. *P < 0.05 compared to 

control siRNA. (E) Lung fibroblasts from IPF patients were transfected with control siRNA 

or Usp13 siRNA, and incubated for 3 days. Smad4, USP13, and β-actin levels were analyzed 

by Western blot analysis. Intensities of Smad4 were quantified by ImageJ software. n = 3. *P 

< 0.05 compared to control siRNA. (F) Primary adult mouse lung fibroblasts were isolated 

from USP13KO and WT mice, and then cell lysates were analyzed by immunoblotting with 

Smad4, USP13, and β-actin antibodies. Intensities of Smad4 were quantified by ImageJ 

software. n = 3. *P < 0.05 compared to cells from WT mice. Shown are representative blots 

from three independent experiments.
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Fig 4. 
Overexpression of USP13 increases FN and Smad4 levels in MRC5 cells. MRC5 cells were 

transfected with empty vector or U-SP13-V5 plasmids and incubated for 2 days. Cell lysates 

were analyzed by immunoblotting with FN, Smad4, V5, and β-actin antibodies. Intensities 

of FN and Smad4 were quantified by ImageJ software. n = 3. *P < 0.05 compared to empty 

vector-transfected cells. Shown are representative blots from 3 independent experiments.
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Fig 5. 
Knockdown of USP13 has no effect on Smad4 mRNA levels. MRC5 cells were transfected 

with control siRNA or USP13 siRNA for 3 days. RNA was extracted and analyzed by 

real-time qPCR with USP13 and Smad4 primers. Relative expression of USP13 and Smad4 
mRNA was normalized to Gapdh. n = 3. **P < 0.01 compared to control siRNA. n.s., no 

significant.
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Fig 6. 
USP13 stabilizes Smad4 through reducing Smad4 polyubiquitination. (A) MRC5 cells were 

transfected with control siRNA or USP13 siRNA and incubated for 3 days. Then the cells 

were treated with CHX (40 ng/μL) for 4, 8, or 24 hours. Cell lysates were analyzed by 

immunoblotting with Smad4, USP13, and β-actin antibodies. Intensities of FN and Smad4 

were quantified by ImageJ software. n = 3. *P < 0.05 compared to control siRNA. (B) 

MRC5 cells were transfected with control siRNA or USP13 siRNA for 3 days. Denatured 

cell lysates were subjected to immunoprecipitation with a Smad4 antibody, followed by 

immunoblotting with ubiquitin and Smad4 antibodies. Input lysates were analyzed by 

immunoblotting with USP13 and β-actin antibodies. Shown are representative blots from 

3 independent experiments.
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Fig 7. 
Co-localization of USP13 and Smad4. (A) Representative immunofluorescence staining of 

USP13-V5 (green), Flag-Smad4 (red) and DAPI (blue) in MRC5 cells. (B) Representative 

immunofluorescence staining of USP13-V5 (green), Smad4 (red), and DAPI (blue) in 

MRC5 cells with or without TGF-β1 (10 ng/mL) treatment for 1 hour. (C) MRC5 cells 

were treated with or without TGF-β1 (10 ng/mL) for 1 hour. The nuclear fraction was 

isolated and analyzed with antibodies to USP13, Smad4, Lamin A/C, and Gapdh. Shown are 

representative blots from 3 independent experiments.
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