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Abstract

Idiopathic pulmonary fibrosis (IPF) is an irreversible lethal lung disease with an unknown 

aetiology. IPF patient’s lung fibroblasts express inappropriately high Akt activity, protecting them 

in response to an apoptosis-inducing type I collagen matrix. FasL, a ligand for Fas, is known to be 

increased in the lung tissues of patients with IPF, implicated with the progression of IPF. 

Expression of Decoy Receptor3 (DcR3) which binds to FasL, thereby subsequently suppressing 

the FasL/Fas-dependent apoptotic pathway is frequently altered in various human disease. 

However, the role of DcR3 in IPF fibroblasts in regulating their viability has not been examined. 

We found that enhanced DcR3 expression exists in the majority of IPF fibroblasts on collagen 

matrices, resulting in the protection of IPF fibroblasts from FasL-induced apoptosis. Abnormally 

high Akt activity suppresses GSK-3β function, thereby accumulating the nuclear factor of 

activated T-cells c1 (NFATc1) in the nucleus, increasing DcR3 expression in IPF fibroblasts. This 

alteration protects IPF cells from FasL-induced apoptosis on collagen. However, the inhibition of 

Akt or NFATc1 decreases DcR3 mRNA and protein levels, which sensitizes IPF fibroblasts to 

FasL-mediated apoptosis. Furthermore, enhanced DcR3 and NFATc1 expression is mainly present 

in myofibroblasts in the fibroblastic foci of lung tissues derived from IPF patients. Our results 

showed that when IPF cells interacted with collagen matrix, aberrantly activated Akt increased 

DcR3 expression via GSK-3β/NFATc1 and protected IPF cells from the FasL-dependent apoptotic 

pathway. These findings suggest that the inhibition of DcR3 function may be an effective approach 

for sensitizing IPF fibroblasts in response to FasL, limiting the progression of lung fibrosis.
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Introduction

Idiopathic pulmonary fibrosis (IPF) is a lethal, irreversible fibrotic lung disease [1–3]. IPF 

fibroblasts maintain their apoptosis-resistant phenotype via inappropriately high PI3K/Akt 

activities due to PTEN suppression [4–6]. Akt plays a central role in protecting IPF 

fibroblasts from collagen matrix induced cell death by regulating several downstream 

proteins [7–9]. A recent study demonstrated that IPF fibroblasts express reduced levels of 

Fas (CD95) protein, a member of the tumor necrosis factor receptor superfamily (TNFRSF), 

as a result of an altered Akt-dependent pathway and protecting IPF cells from Fas-dependent 

apoptosis [5]. Fas ligand (FasL, CD95L) is a tumor necrosis factor (TNF) ligand that binds 

to Fas receptors, and the FasL/Fas interaction directs diverse biological responses ranging 

from proliferation to apoptosis [10–15]. In human lung fibroblasts, the binding of FasL to 

Fas receptor recruits Fas-associated protein with death domain (FADD) to the cytoplasmic 

tail of Fas, activating a caspase cascade that promotes apoptosis [13,16]. Enhanced FasL 

levels have been observed in the bronchoalveolar lavage fluid (BALF) and infiltrating 

lymphocytes of IPF patients, strongly suggesting that the increase in FasL expression is 

linked to promoting lung fibrosis [15,17]. Like Fas, decoy receptor 3 (DcR3, tumor necrosis 

factor receptor superfamily member 6B; TNFRSF6B), is a member of the TNFRSF, and it 

binds and inhibits FasL, suppressing the FasL/Fas-dependent apoptotic pathway [18]. DcR3 

is known to be over-expressed in pancreatic, lung, hepatocellular, and colorectal cancers 

[19–22], and DcR3 expression is negatively correlated with disease specific survival and 

qualified as an independent prognostic indicator [23,24].

Interestingly, when IPF fibroblasts attach to collagen matrix, DcR3 expression is greatly 

increased. Therefore, in this study, we examined whether aberrantly high DcR3 expression 

protects IPF fibroblasts from FasL-dependent apoptosis in response to collagen matrix. We 

found that Akt inhibition decreases DcR3 expression in IPF cells, which sensitizes them to 

FasL-induced apoptosis. We further elucidated that enhanced Akt suppresses GSK-3β 
activity, facilitating the translocation of NFATc1 (a key transcription factor of DcR3), to the 

nucleus, enhancing DcR3 mRNA levels. Altered DcR3 expression was also found in the 

cytoplasm and the cytoplasmic membranes of myofibroblasts, and NFATc1 was mainly 

present in the nuclear or perinuclear regions in fibroblastic foci of lung tissues from IPF 

patients. Thus, our results show that when IPF fibroblasts interact with collagen matrix, 

DcR3 expression is greatly increased as a result of an aberrant Akt/GSK-3β/NFATc1 axis, 

and this pathological alteration contributes to IPF fibroblasts acquiring a resistance to FasL-

induced apoptosis. Our study suggests that IPF fibroblasts utilize various mechanisms to 

protect themselves from cell death inducing conditions, furthering IPF progression.
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Materials and methods

Human subjects

Use of human lung tissues was approved by the Institutional Review Board (IRB) at the 

University of Minnesota. Details are given in Supplementary Materials and Methods.

Preparation of primary lung fibroblasts and collagen matrix

Control and IPF lung fibroblasts derived from lung tissues of non-IPF and IPF patients were 

generated as described previously [25,26]. We used cells at passages 3 through 7 in the 

experiments reported here. The collagen matrices were prepared using 80% of type I 

collagen solution (Advanced BioMatrix, San Diego, CA, USA), 10% 10x DMEM and 10% 

1x DMEM, and pH was adjusted to 7.2 with 0.1M NaOH. Cell culture dishes or 96-well 

plates were coated with collagen and incubated for 3 h at 37°C to solidify.

Reagents and antibodies

FasL (ALX-522-020-C005) was purchased from Enzo Life Sciences (Farmingdale, NY, 

USA). LY294002 and FK506 were purchased from Cell Signaling (Beverly, MA, USA) and 

InvivoGen (San Diego, CA, USA), respectively. DcR3 (catalogue No. 4758; 1:1000 

dilution), phosphorylated Akt Serine 473 (pAkt; catalogue No. 4060/clone D9E; 1:1000 

dilution), Akt (catalogue No. 9272; 1:1000 dilution), NFATc1 (catalogue No. 8032/clone 

D15F1; 1:1000 dilution), pan-cadherin (catalogue No. 4073/clone 28E12; 1:1000 dilution), 

phosphorylated GSK-3β Serine 9 (pGSK-3β; catalogue No. 5587/clone D1A3; 1:1000 

dilution) and GSK-3β (catalogue No. 9315/clone 27C10; 1:1000 dilution) antibodies were 

purchased from Cell Signaling (Beverly, MA, USA). GAPDH (catalogue No. SC-25778/

clone FL335; 1:2000 dilution) and lamin A/C (catalogue No. MABE 481/clone EP4520; 

1:2000 dilution) were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA) 

and Millipore (Bedford, MA, USA), respectively. For immunohistochemistry, DcR3 (catalog 

No. 333202/clone B08-35; 1:100 dilution) and NFATc1 (catalog No. 649601/clone 7A6; 

1:100 dilution) antibodies were purchased from Biolegend (San Diego, CA, USA).

ELISA and Reverse Transcription (RT)-PCR

Control fibroblasts were cultured in wells of a 24-well plate pre-coated with collagen in 200 

Ml of serum free DMEM for 48 h. The culture media was then collected and soluble DcR-3 

levels were measured using the DcR3 ELISA kit (Biolegend). For RT-PCR, the total RNA 

from control or IPF fibroblasts (n=8, each) grown on collagen for 48 h was extracted using 

TRIGent (Biomatik, Cambridge, Canada). The total RNA fraction was then separated by 

centrifugation at 12,000 x g for 15 min after adding chloroform. The total RNA was 

precipitated with isopropyl alcohol and washed with 75% ethanol. One microgram of 

isolated total RNA was subjected to complementary DNA (cDNA) synthesis using Oligo 

d(T) (Roche Applied Science, Indianapolis, IN, USA), dNTP (QIAGEN, Valencia, CA, 

USA) and reverse transcriptase (Sigma-Aldrich, St. Louis, MO, USA). PCR analyses were 

conducted using a Light Cycler 1.5 (Roche Applied Science) under the following reaction 

conditions: initial denaturation at 95ºC for 10 min, then amplification by 40 cycles of: 95ºC 

for 15 s; 60ºC for 7 s for DcR3 or 58ºC for 7 s for GAPDH; 72ºC for 13 s. GAPDH was 
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used as a reference gene. Sequences of primers for DcR3 (TNFRSF6B) and GAPDH were 

described as follows: DcR3 (Forward: 5’-CAG AAA CAC CCA CCT ACC C-3’; Reverse:

5’-GTA GTT CCA GAA CTG CGT GT -3’), or GAPDH (Forward: 5’-TTC ATT GAC CTC 

AAC TAC ATG GT-3’; Reverse:5’-CCT TCT CCA TGG TGG TGA AGA-3’).

Cell binding assay

For the assay, magnetic beads (Bio-Rad, Hercules, CA, USA) were washed with PBST (PBS 

with 0.1% Tween 20) three times and conjugated with DcR3 antibody (catalog No. 333202, 

Biolegend) in PBST for 30 min at room temperature. Control and IPF fibroblasts were 

cultured on collagen for 48 h, and were harvested and resuspended in PBS. The cells were 

then incubated with prepared magnetic beads conjugated with DcR3 antibody for 3 h at 

room temperature. Cells were washed with PBS, magnetized, and resuspended in PBS. The 

cell suspension was diluted 10 times with Isoton II diluent (Beckman Coulter, Brea, CA, 

USA) and total cell numbers were counted using the Coulter counter ZM (Beckman).

Cell viability assay and Caspase 3/7 activity assay

Details are given in Supplementary Materials and Methods.

Nuclear and cytoplasmic extraction, and the isolation of plasma membrane, adenovirus, 
siRNA and constructs

Nuclear and Cytoplasmic Extraction Reagents kit (Thermo Scientific, Waltham, MA, USA) 

were used for these assays. The protein fraction of plasma membranes was separated using a 

Mem-PER Plus membrane protein Extraction kit (Thermo Scientific) according to the 

manufacturer’s protocol. For the over-expression or forced inhibition of Akt, control and IPF 

fibroblasts were infected with 2 × 106 PFU of an adenovirus expressing hyper-active Akt 

(Hyper Akt) or dominant negative Akt (Akt DA; Vector BioLabs, Eagleville, PA, USA) for 

48h, respectively. Adenovirus expressing GFP was used as a control. For the over-expression 

of GSK-3β or Fas protein, IPF fibroblasts were transfected with a plasmid expressing HA-

tagged GSK-3β (GSK-3β-HA, Addgene, Cambridge, MA, USA) or Fas (Sino Biological, 

Beijing, China) for 24 h using Lipofectamine 3000 (Life technologies, Carlsbad, CA, USA). 

The plasmids pcDNA3 (Addgene) or pCMV (Sino Biological) were used as controls, 

respectively. For silencing of DcR3 or GSK-3β, fibroblasts were transfected with 50 nM 

DcR3, GSK-3β or scrambled siRNA (Santa Cruz Biotechnology) using Lipofectamine 3000. 

Cells were then cultured on collagen matrix for 48 h, and Western analysis, RT-PCR or 

caspase 3/7 activity assays were performed.

Immunohistochemistry

Details are given in Supplementary Materials and Methods.

Statistical analysis

Protein expression data were presented as box-and-whisker plots showing the lowest 

expression, lower quartile, median, upper quartile and the highest expression using SPSS v.

19. Bar graphs and scatter plots were prepared using Microsoft Excel. Group data were 

expressed as the mean ± S.D. and group comparisons between IPF and control were 
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conducted using Student's t-test. The significance levels are presented as *p<0.05, **p<0.01 

and ***p<0.001.

Results

DcR3 expression is enhanced in IPF fibroblasts on collagen matrix

Since DcR3 is known to bind and inhibit FasL, thereby suppressing FasL-induced apoptosis 

[28], IPF fibroblast desensitization to FasL is possibly due to altered DcR3 expression. 

Therefore, we first measured the DcR3 protein levels in control and IPF fibroblasts in 

response to an apoptosis-inducing polymerized type I collagen matrix. When control and 

IPF fibroblasts were cultured in the absence of collagen matrix, the level of DcR3 protein 

was relatively similar in both control and IPF fibroblasts (Figure 1A, upper and lower). 

However, when these cells were cultured on collagen, DcR3 expression was clearly 

enhanced in the majority of IPF fibroblasts (n=8) compared with that of control fibroblasts 

(n=8) (Figure 1B, upper). Statistical analysis demonstrated that IPF fibroblasts showed a 2-

fold greater DcR3 expression than control fibroblasts (Figure 1B, lower). To confirm that the 

expression of DcR3 is predominantly increased in IPF fibroblasts on collagen rich matrix, 

control or IPF fibroblasts were then attached to tissue culture plates and collagen matrix, and 

DcR3 expression was measured. DcR3 expression was 4.4 fold greater when IPF fibroblasts 

attached to collagen while the expression of DcR3 was only 1.7 fold increased 

(Supplementary Figure 1A and B) compared to that from tissue culture plates. These 

findings showed that DcR3 expression is predominantly increased in IPF cells on collagen, 

suggesting the possibility that the alteration of DcR3 protein expression participates in 

protecting IPF fibroblasts from FasL-induced apoptosis.

Membrane bound DcR3 is found in IPF fibroblasts on collagen matrix

DcR3 is known to exist in predominantly a soluble form [29,30] but also found in membrane 

associated forms [31]. Therefore, soluble and membrane bound forms of DcR3 were 

measured in control and IPF fibroblasts on collagen. Soluble DcR3 was not detected in 

medium from either control or IPF fibroblasts on collagen matrix (Figure 1C). However, 

enhanced membrane bound DcR3 was mainly found in IPF fibroblasts while cytoplasmic 

DcR3 was absent or very low in both cells (Figure 1D). To confirm, these findings control 

and IPF fibroblasts cultured on collagen matrix were incubated with magnetic beads 

conjugated with DcR3 antibody, and the number of binding cells was measured. IPF 

fibroblasts showed significantly increased binding cell number compared to control 

fibroblasts (Figure 1E). Collectively, these results showed that when IPF cells interacted 

with collagen, DcR3 was highly expressed in a membrane-bound form.

PI3K/Akt and NFATc1 regulate DcR3 expression in IPF fibroblasts on collagen matrix

Previous studies showed that the PI3K/Akt axis is associated with the regulation of DcR3 

protein expression [32,33]. Therefore, IPF fibroblasts were first treated with various doses of 

a PI3K inhibitor, LY294002, and DcR3 protein levels were measured. DcR3 expression 

progressively decreased in the presence of increasing doses of LY294002 in IPF fibroblasts 

(Figure 2A). Likewise, Akt inhibition by dominant negative Akt (Akt DA) also decreased 

DcR3 expression in IPF fibroblasts compared to that of cells infected with virus expressing 
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empty vector (GFP; Figure 2B). To confirm our findings, control lung fibroblasts were then 

infected with adenovirus expressing hyper-active Akt (Hyper Akt), and DcR3 levels were 

measured. As shown in Figure 2C, DcR3 protein expression was increased in control 

fibroblasts by hyperactive Akt compared to that of empty vector infection (GFP). 

Collectively, these results demonstrated that the PI3K/Akt axis is responsible for the 

regulation of DcR3 protein expression.

A key transcription factor for DcR3 is nuclear factor of activated T cells (NFATc1). 

Phosphorylation of NFATc1 by GSK-3β enhances NFATc1 localization to the cytoplasm 

from the nucleus, resulting in suppression of DcR3 gene expression [33]. Furthermore, 

enhanced Akt inhibits GSK-3β activity by phosphorylating the Ser 9 residue [34–36]. Thus, 

DcR3 up-regulation in IPF fibroblasts is possibly due to an altered Akt/GSK-3β/NFATc1 

axis. To test this, we next examined GSK-3β activity in control and IPF fibroblasts in the 

absence or presence of collagen matrix. Overall, pGSK-3β (Ser 9) and pAkt levels were 

relatively lower in IPF fibroblasts compared to control fibroblasts in the absence of collagen 

matrix (Figure 2D, upper and lower). However, when IPF fibroblasts were cultured on 

collagen, the majority of IPF fibroblasts expressed enhanced pGSK-3β and pAkt (Figure 2E, 

upper and lower). To confirm the function of GSK-3β on DcR3 regulation, GSK-3β was 

then over-expressed or silenced in IPF fibroblasts, and DcR3 protein expression was 

measured. While DcR3 expression was decreased by GSK-3β over-expression (Figure 3A), 

GSK-3β siRNA increased DcR3 protein expression (Figure 3B). These findings showed that 

enhanced DcR3 expression is due to GSK-3β suppression as a result of Akt activation in IPF 

fibroblasts on collagen matrix. Next, we examined whether NFATc1 is involved with DcR3 

expression by using the NFATc1 inhibitor, FK506, and found that DcR3 protein expression 

was significantly reduced when cells were treated with 20 MM of FK506 (Figure 3C). These 

results suggest that activated NFATc1 enhances DcR3 expression in IPF fibroblasts, due to 

reduced GSK-3β function by inappropriately high Akt activity. To test this, we next over-

expressed GSK-3β in IPF fibroblasts infected with a virus that expressed dominant negative 

Akt (Akt DA) on collagen matrix, and DcR3 protein levels were measured. DcR3 expression 

was suppressed by the over-expression of GSK-3β (lane 2) or Akt DA (lane 3) compared to 

that of cells treated with GFP and empty vector (Figure 3D, lane 1, upper and lower). 

Moreover, DcR3 expression was further suppressed when IPF fibroblasts were treated with 

both GSK-3β over-expression and Akt DA compared to individual treatments of each 

(Figure 3D, lane 4, upper and lower). In contrast, the silencing of GSK-3β in IPF fibroblasts 

over-expressing dominant negative Akt partially restored DcR3 protein levels compared with 

levels when Akt was inhibited (Figure 3E, lane 4 and 3, respectively). These findings 

demonstrate that the Akt/GSK-3β axis contributes to the regulation of DcR3 expression at 

least in part when IPF fibroblasts interact with collagen rich matrix, and the alteration of this 

axis is responsible for aberrant DcR3 expression.

NFATc1 is localized to the nucleus of IPF cells by Akt/GSK-3β

We next investigated whether NFATc1 is mainly located in the nucleus of IPF fibroblasts on 

collagen matrix due to GSK-3β suppression. NFATc1 was found more predominantly in the 

nucleus of IPF fibroblasts compared to that of control fibroblasts (Figure 3F). These results 

suggest that IPF fibroblasts activate the NFATc1-dependent signaling pathway by facilitating 
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its localization into the nucleus by GSK-3β inhibition via Akt activation. To confirm this, we 

altered GSK-3β and/or Akt functions, and measured NFATc1 localization in IPF fibroblasts 

on collagen. Akt inhibition by dominant negative Akt (Akt DA, Figure 3G, lane 7) or 

GSK-3β over-expression (GSK-3β-HA, lane 6) clearly decreased nuclear NFATc1. 

Furthermore, when GSK-3β and Akt DA were co-expressed, nuclear NFATc1 localization 

was further suppressed (Figure 3G, lane 8 upper and lower). Unlike this observation, 

enhanced NFATc1 was localized to the nucleus when Akt DA was overexpressed in IPF 

fibroblasts in which GSK-3β was silenced (Figure 3H, lane 8 upper and lower). Taken 

together, these results demonstrate that Akt regulates NFATc1 localization between the 

cytosol and nucleus via GSK-3β, and the suppression of GSK-3β activity as a result of high 

Akt activity in IPF fibroblasts increased the localization of NFATc1 to the nucleus.

DcR3 mRNA is highly up-regulated in IPF fibroblasts

We next examined if the enhanced DcR3 expression is regulated by the PI3K/Akt/GSK-3β/

NFATc1 axis at the mRNA level. We initially measured DcR3 mRNA levels (relative to 

GAPDH) in control and IPF cells (n=8 each) on collagen. The DcR3 mRNA level was 

significantly higher in IPF fibroblasts compared to that of control cells (Figure 4A). IPF 

fibroblasts on collagen matrix were then treated with a PI3K inhibitor LY294002, and DcR3 

mRNA levels were measured. DcR3 levels were lower in response to LY294002 compared 

to that of the vehicle control (VH, Figure 4B). The role of Akt in regulating DcR3 mRNA 

levels was also measured in control fibroblasts by the activation of Akt using hyper-active 

Akt (Hyper Akt). DcR3 mRNA levels were increased in control fibroblasts by the 

enhancement of Akt function (Figure 4C). In contrast, forced inhibition of Akt by dominant 

negative Akt (Akt DA) in IPF fibroblasts produced a significant decrease in DcR3 mRNA 

levels (Figure 4D). To test the role of GSK-3β in regulating DcR3 mRNA levels, GSK-3β 
was also over-expressed in IPF fibroblasts, and DcR3 mRNA levels were measured. DcR3 

mRNA levels were decreased by GSK-3β over-expression compared to that of cells 

transfected with a control vector, pcDNA3 (Figure 4E). However, GSK-3β silencing by 

GSK-3β siRNA in IPF fibroblasts showed an enhanced DcR3 mRNA level compared to that 

of cells transfected with the scrambled siRNA (Figure 4F). In contrast, when NFATc1 

function was inhibited by FK506, DcR3 mRNA levels decreased in IPF fibroblasts (Figure 

4G). In order to elucidate the role of Akt/GSK-3β axis in regulating DcR3 mRNA levels, 

DcR3 mRNA levels in IPF fibroblasts expressing Akt DA and GSK-3β-HA were measured. 

DcR3 mRNA levels were further suppressed in the presence of Akt DA and GSK-3β-HA 

(Figure 4H). In contrast, DcR3 mRNA levels remained low when Akt was inhibited, but 

when GSK-3β was silenced in IPF fibroblasts over-expressing dominant negative Akt, DcR3 

mRNA levels were partially increased (Figure 4I, lane 4). Collectively, these results 

demonstrate that when IPF fibroblasts attach to collagen matrix, enhanced NFATc1 

localization in the nucleus due to Akt/GSK-3β increases DcR3 mRNA levels.

IPF fibroblasts utilize DcR3 to protect them from FasL-induced cell death via Akt/GSK-3β/
NFATc1

To measure whether enhanced DcR3 expression can protect IPF fibroblasts from FasL-

induced apoptosis, cell viability and caspase 3/7 activity in control and IPF fibroblasts on 

collagen matrix were measured in the presence of FasL. As shown in Figure 5A and B, IPF 
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fibroblasts showed reduced cell death and caspase 3/7 activity compared to control 

fibroblasts in response to FasL, suggesting that increased levels of DcR3 protected IPF 

fibroblasts from FasL-induced apoptosis. To confirm the protective role of DcR3, DcR3 was 

then silenced using siRNA, and caspase 3/7 activity was measured in IPF fibroblasts in 

response to FasL. Enhanced caspase 3/7 activity was observed in IPF fibroblasts in the 

presence of DcR3 siRNA compared to those treated with scrambled siRNA (Figure 5C). 

This finding showed evidence that the presence of DcR3 protects IPF fibroblasts from FasL-

induced apoptosis. To further test the role of the Akt/GSK-3β/NFATc1 axis for mitigating 

apoptosis via DcR3, we next inhibited Akt activity using a dominant negative Akt (Akt DA), 

and caspase 3/7 activity was measured in the presence of FasL. Caspase 3/7 activity 

increased when Akt activity was inhibited in IPF fibroblasts (Figure 5D) in response to 

FasL. Likewise, GSK-3β over-expression or the treatment with NFATc1 inhibitor FK506 

augmented caspase 3/7 activity in IPF fibroblasts in response to FasL, compared with that of 

each control group (Figure 5E and F, respectively). Furthermore, caspase 3/7 activity was 

greatly increased when Akt DA and GSK-3β-HA were co-expressed in IPF fibroblasts 

(Figure 5G, lane 4, lower). Since Fas suppression is also thought to be linked to the 

resistance to FasL-induced apoptosis, and Fas protein is aberrantly low in IPF fibroblasts on 

collagen matrix (5), we next measured whether the increase in Fas protein sensitizes IPF 

fibroblasts to FasL-induced apoptosis on collagen. As we expected, enhanced apoptosis was 

seen when Fas protein was over-expressed in IPF fibroblasts. Furthermore, caspase 3/7 

activity was increased when DcR3 was also silenced under this condition (Supplementary 

Figure 2A and B). Importantly, when Fas was over-expressed in IPF fibroblasts treated with 

DcR3 siRNA, the fewest viable IPF fibroblasts were found (Supplementary Figure 2C). Our 

data suggests that IPF fibroblasts are likely to utilize various mechanisms that effectively 

protect them from FasL-driven apoptosis. Taken together, our results demonstrated that 

DcR3 suppression is Akt/GSK-3β-dependent, and the inappropriately high Akt increases 

DcR3 expression via suppression of GSK-3β activity, localizing NFATc1 to the nucleus, 

thereby protecting IPF cells from FasL-induced apoptosis on collagen.

DcR3 expression is high in IPF patient lung tissues

Given the fact that DcR3 is regulated by NFATc1, we next examined DcR3 and NFATc1 

protein expression in lung tissues from IPF patients. Enhanced DcR3 expression was found 

in the region of the cytoplasm and potentially in the cytoplasmic membrane of 

myofibroblasts in the fibroblastic foci of patient tissues compared to that of control lung 

alveoli (Figure 6A and Supplementary Figure 3A). Additionally, when we examined 

NFATc1 expression in both IPF and control lung tissues, NFATc1 proteins were mainly 

observed in the cytosol of control lung tissues while most NFATc1 was found in the peri-

nuclear or nuclear fraction of IPF lung tissues (Figure 6B, and Supplementary Figure 3B). 

Collectively, these results suggest that myofibroblasts found in IPF patients are likely to be 

resistant to FasL-induced apoptosis due to an enhanced DcR3 level resulting from increased 

NFATc1 activity.
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Discussion

Lung injury, primarily of epithelial cells by external and internal insults, is believed to 

trigger the fibrotic process, and FasL is highly expressed in recruited lymphocytes and 

alveolar epithelial cells, accelerating alveolar tissue damages [17]. FasL is elevated in BALF 

in patients with IPF [15,17], suggesting that the alteration of FasL expression is associated 

with the progression of lung fibrosis by augmenting tissue damage. We found previously 

that when control fibroblasts were cultured on collagen, Fas levels were increased whereas 

the expression of Fas protein was abnormally low in IPF fibroblasts [5]. This pathological 

alteration is thought to cause normal fibroblasts to become highly susceptible to FasL-

mediated cell death, while IPF fibroblasts bearing reduced Fas protein levels become 

resistant to the FasL-mediated apoptotic pathway [37,38]. In this study, we further 

elucidated that activated Akt increases the localization of NFATc1 in the nucleus, and 

increased DcR3 mRNA levels, which neutralizeD the FasL effect, protecting them from 

FasL/Fas-mediated cell death on collagen rich matrix. We found that with low levels of 

DcR3 control fibroblasts are susceptible to FasL-induced cell death while IPF fibroblasts 

express increased levels of DcR3 protein, protecting them from FasL-mediated apoptosis. 

Our study confirmed that aberrantly activated Akt is a critical kinase to participate in 

conferring an IPF fibroblast phenotype. We previously found that FoxO3a (an Akt down-

stream protein) and its target molecules Bim, p27, and p21 are suppressed when IPF cells 

are cultured on collagen, and this alteration causes IPF fibroblasts to become viable and 

proliferative [39]. Furthermore, the FoxO3a target gene caveolin-1 (CAV1) is also 

suppressed, reducing Fas expression, thereby inhibiting Fas-mediated apoptosis in IPF cells 

[5]. Likewise, autophagic activity is suppressed in IPF cells due to up-regulated Akt and 

mTORC1 kinases [7,40]. Thus, these findings consistently show that IPF cells do not sense 

collagen matrix as a stress inducing condition via altered Akt, and they can maintain their 

abnormal properties in response to this unfavorable environment.

In this study, we have shown that IPF fibroblasts also utilize a DcR3-dependent mechanism 

when exposed to FasL-rich environments. Enhanced DcR3 is found mainly as a membrane 

bound form when IPF fibroblasts interact with collagen matrix. It is thought that the soluble 

or membrane bound form of DcR3 may have different pathological effects. For example, 

when DcR3 exists as soluble or circulating form, it can inhibit the function of FasL that can 

potentially bind to themselves or any neighboring cells that express Fas protein. However, in 

case of the membrane bound form, the inhibition of FasL-induced apoptosis by DcR3 is 

rather specific to cells expressing DcR3. Thus, membrane-bound DcR3 may be a direct 

indicator that IPF fibroblasts with abnormally high DcR3 protein protect them from the 

FasL-mediated apoptotic effect. Based on DcR3’s unique pathological functions, DcR3 has 

been thought to be a prognostic indicator of certain types of cancer. For example, DcR3 is a 

prognostic factor for renal carcinoma [24] and gastrointestinal cancer [41]. Since there has 

been limited knowledge available for finding pathologically relevant proteins over-expressed 

in IPF fibroblasts, these studies also suggest a possible role of DcR3 as a diagnostic and/or 

prognostic indicator for IPF. Perhaps, identification and the characterization of additional 

protein markers along with DcR3 can potentially be useful for the precise diagnosis of IPF. 

Although our results showed that the aberrant Akt/GSK-3β/NFATc1 signalling pathway 
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causes the enhanced DcR3 expression in IPF fibroblasts, we still cannot rule out the 

possibility that additional mechanisms may also exist for the abnormal DcR3 expression. 

Based on the fact that there is a variation in DcR3 expression in IPF fibroblasts we 

examined, these results suggest that the pathological mechanism we have elucidated is not 

ubiquitous. Thus, our findings further support the notion that IPF fibroblasts effectively 

utilize various mechanisms to maintain their persistent phenotype in response to apoptosis 

inducing environments.

In summary, we showed that abnormal expression of DcR3 participates in the protection of 

IPF fibroblasts from FasL-dependent apoptosis via the PI3K/Akt/GSK-3β/NFATc1-depedent 

axis. Based on our results, it may be a feasible and novel approach that the neutralization or 

inhibition of DcR3 in IPF cells can increase their sensitization to FasL-dependent cell death, 

limiting the progression of IPF.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

AKT v-AKT murine thymoma viral oncogene homolog 1

BALF bronchoalveolar lavage fluid

Bim Bcl2 interacting mediator of cell death

Akt DA adenovirus expressing dominant negative Akt

DcR3 decoy receptor3

DMEM Dulbecco’s modified Eagle’s medium

ELISA enzyme-linked immunosorbent assay

FADD Fas associated protein with death domain

Fas Fas receptor

FasL Fas ligand

FoxO forkhead box O

GFP green fluorescent protein

GSK-3β glycogen synthase kinase-3β

HA haemagglutinin
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Hyper Akt adenovirus expressing hyper active Akt

IPF idiopathic pulmonary fibrosis

mTORC1 mammalian target of rapamycin complex 1

NFAT nuclear factor of activated T-cells

PI3K phosphoinositide 3-kinase

PTEN phosphatase and tensin homologue

siRNA small interfering RNA

TNFSF tumor necrosis factor receptor superfamily
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Figure 1. 
DcR3 protein expression is aberrantly high in IPF fibroblasts on collagen matrix. (A) 

Randomly selected 6 × 105 control and IPF fibroblasts (n=8, each) were grown in tissue 

culture plates (without polymerized collagen) for 48 h in serum free DMEM. Upper, DcR3 

protein expression in control and IPF fibroblasts were examined by Western analysis. Lower, 
box-and-whisker plots of DcR3 normalized to GAPDH in control and IPF fibroblasts. All 

values of DcR3 in control and IPF fibroblasts were divided by mean value of DcR3 of the 

control group to set the average expression of DcR3 in control fibroblasts as 1. (B) The same 

control and IPF fibroblasts (n=8, each) were grown on polymerized collagen matrix for 48 h 

in serum free DMEM. Upper, DcR3 protein expression in control and IPF fibroblasts was 

examined by Western analysis. Lower, box-and-whisker plots of DcR3 normalized to 

GAPDH in control and IPF fibroblasts. (C) 1 × 105 control and IPF fibroblasts (n=3 each) 

were cultured on polymerized collagen matrices in 200 Ml of serum free DMEM per well 

for 48 h. Soluble DcR3 levels were measured by ELISA as described in the Materials and 

Methods. Human colon cancer cell line, SW620 was used as a positive control. (D) 1.5 × 106 

control and IPF fibroblasts (n=4, each) were cultured on polymerized collagen matrices for 

48 h in serum free DMEM, and cytosolic and plasma membrane fractions were separated as 

described in the Materials and Methods. Upper, a representative Western blot for DcR3 

protein expression in cytosolic and plasma membrane fractions from control (Con) and IPF 

fibroblasts. Pan-cadherin and GAPDH were used as plasma membrane and cytosolic protein 
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markers, respectively. Lower, densitometric analysis of DcR3 protein expression on plasma 

membrane normalized to pan-cadherin. (E) Control (n=3) and IPF fibroblasts (n=4) were 

cultured on collagen for 48 h in serum free DMEM. Cells were then incubated with 

magnetic beads conjugated with a DcR3 antibody. Total binding cell number was measured 

using a Coulter counter. Control fibroblasts expressing low levels of DcR3 protein and IPF 

fibroblasts expressing high levels of DcR3 were selected for Figure 1C–E. *p<0.05, 

**p<0.01 and ***p<0.001. N.D. non-detected.
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Figure 2. 
Aberrantly high PI3K and Akt regulate DcR3 expression in IPF fibroblasts on collagen 

matrix. (A) IPF fibroblasts (n=3) were plated on collagen matrices for 24 h, then cells were 

treated with LY294002 for an additional 24 h. DMSO was used as a vehicle control (VH). 

Upper, representative Western analysis of DcR3, pAkt, pGSK3β, Akt, GSK3β, and GAPDH 

protein expression after LY294002 treatment. Lower, densitometric analysis of DcR3 protein 

expression normalized to GAPDH. (B) IPF fibroblasts (n=3) infected with adenovirus 

expressing dominant negative Akt (Akt DA) or empty vector (GFP) were cultured on 

polymerized collagen matrices for 48 h. Upper, representative Western blot of DcR3, Akt 

DA, pGSK3β, pAkt, GSK3β, and GAPDH protein expression under the condition as 

described above. Lower, densitometric analysis of DcR3 protein expression normalized to 

GAPDH. GAPDH for DcR3 expression was shown in the lower Western blot panel. (C) 

Control fibroblasts (n=3) infected with adenovirus expressing hyper active Akt (Hyper Akt) 

or GFP were plated on collagen matrices for 48 h. Upper, representative Western blot of 

DcR3, pAkt, pGSK3β, Akt, GSK3β, and GAPDH protein expression. Lower, densitometric 

analysis of DcR3 protein expression normalized to GAPDH. Values are the average of three 

cell lines, presented as relative fold change ± S.D. against VH or GFP group for individual 

fibroblasts set as 1 fold. IPF fibroblasts expressing high DcR3 protein and control fibroblasts 

expressing low levels of DcR3 protein were selected for Figure 2A and B, and Figure 2C, 

respectively. (D and E) Control and IPF fibroblasts shown in Figure 1 (n=8 each) were 

cultured on tissue culture plates (D) or on collagen matrix (E) for 48 h. Upper, pGSK-3β, 

pAkt, and GAPDH protein expressions in control and IPF fibroblasts were examined by 

Western analysis. Lower, box-and-whisker plots of pGSK-3β and pAkt after normalization 

to GAPDH in control and IPF fibroblasts by densitometric analysis. *p≤0.05, **p<0.01 and 

***p<0.001.
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Figure 3. 
Translocation of NFATc1 into the nucleus by Akt/GSK-3β axis is important for DcR3 

expression. (A) IPF fibroblasts (n=3) were transfected with empty vector (−) or plasmid 

expressing HA tagged GSK-3β (+) and subsequently cultured on polymerized collagen 

matrices for 48 h. Upper, Representative Western blot of DcR3 and GSK-3β protein 

expression. Lower, densitometric analysis of DcR3 protein expression normalized to 

GAPDH after GSK-3β-HA over-expression. (B) IPF fibroblasts (n=3) transfected with 

scrambled (−) or GSK-3β siRNA (+) were cultured on polymerized collagen matrices for 

48h. Upper, representative Western blot of DcR3, GSK-3β and GAPDH protein expression 

under the condition as described above. Lower, densitometric analysis of DcR3 protein 

expression normalized to GAPDH after GSK-3β siRNA treatment. (C) IPF fibroblasts (n=3) 

were plated on collagen matrices for 24 h, and cells were incubated for an additional 24 h in 

the presence of various doses of FK506 as described. DMSO was used as a vehicle control 

(VH). Upper, representative Western blot of DcR3 protein expression. Lower, densitometric 

analysis of DcR3 protein expression normalized to GAPDH. (D) IPF fibroblasts (n=3) 

infected with adenovirus expressing Akt DA or GFP were transfected with empty vector or 

GSK-3β-HA and cultured on collagen matrices for 48 h. Upper, representative Western blot 

of DcR3, Akt and GSK-3β protein expression. Lower, densitometric analysis of DcR3 
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protein expression normalized to GAPDH. Values are presented as relative fold change ± 

S.D. against the control group set as 1 fold. (E) IPF fibroblasts (n=3) infected with 

adenovirus expressing Akt DA or GFP were transfected with scrambled or GSK-3β siRNA 

and cultured on collagen matrices for 48 h. Upper, representative Western blot of DcR3, Akt 

and GSK-3β protein expression under the conditions as described above. Lower, 
densitometric analysis of DcR3 protein expression normalized to GAPDH. IPF fibroblasts 

expressing high levels of DcR3 protein were chosen for Figure 3A–E. (F) 1.5 × 106 control 

and IPF fibroblasts (n=3 each) were cultured on polymerized collagen matrices for 48 h, and 

the cytosolic and nuclear fractions were separated as described in the Materials and 

Methods. Upper, representative Western analysis of NFATc1. Lower, densitometric analysis 

of NFATc1 expression in the nuclear fraction. Values are presented as relative fold values ± 

S.D. against NFATc1 expression of control fibroblasts set as 1 fold after lamin A/C 

normalization. Control fibroblasts expressing low levels of DcR3 protein and IPF fibroblasts 

expressing high levels of DcR3 protein were selected for this experiment. (G) Upper, 
representative Western analysis of NFATc1 expression in the cytoplasm and the nucleus of 

IPF fibroblasts over-expressing Akt DA and/or GSK-3β-HA on collagen matrix at 48 h. 

Lower, densitometric analysis of NFATc1 expression in the nuclear fraction. Values are 

presented as relative fold values ± S.D. against control treatment (GFP and pcDNA3 over-

expression) set as 1 fold after lamin A/C normalization. (H) Upper, representative Western 

blot of NFATc1 expression in the cytoplasm and the nucleus of IPF fibroblasts over-

expressing Akt DA following GSK3β siRNA transfection. Lower, densitometric analysis of 

NFATc1 expression in the nuclear fraction. IPF fibroblasts expressing high levels of DcR3 

protein were selected for G and H. Lamin A/C and GAPDH were used as nuclear and 

cytosolic protein markers, respectively. *p≤0.05, **p≤0.01 and ***p<0.001.
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Figure 4. 
Enhanced DcR3 mRNA levels in IPF fibroblasts are due to the alteration of PI3K/Akt/

GSK-3β/NFATc1. (A) 2 × 105 control and IPF fibroblasts used in previous experiments 

(n=8, each) were grown on collagen matrices for 48 h, and RT-PCR analysis was performed 

to examine DcR3 mRNA levels. On the scatterplot, each circle and triangle point represents 

the fold change of normalized DcR3 mRNA from control and IPF fibroblasts, respectively. 

(B) IPF fibroblasts (n=3) cultured on polymerized collagen were treated with a PI3K 

inhibitor, LY294002, at 20 MM for 24 h. DMSO was used as a vehicle control (VH). Values 

are presented as relative fold change ± S.D. against VH set as 1 fold. (C) Control fibroblasts 

(n=3) infected with adenovirus expressing hyper Akt or GFP were cultured on polymerized 

collagen matrices for 48 h. (D) IPF fibroblasts (n=3) expressing Akt DA or GFP were 

cultured on polymerized collagen matrices for 48 h. DcR3 mRNA levels are presented as a 

relative fold change ± S.D. against GFP set as 1 after GAPDH normalization in C and D. (E) 

IPF fibroblasts (n=3) transfected with empty vector (pcDNA3) or GSK-3β-HA were 

cultured on polymerized collagen matrix for 48 h. DcR3 mRNA levels are presented as a 

fold change ± S.D. against individual empty vector groups set as 1 fold after GAPDH 
normalization. (F) IPF fibroblasts (n=3) transfected with scrambled (Scr) or GSK-3β siRNA 

were cultured on polymerized collagen matrix for 48 h. DcR3 mRNA levels are presented as 

a fold change ± S.D. against the individual Scr group set as 1 fold after GAPDH 

normalization. (G) IPF fibroblasts (n=3) cultured on polymerized collagen matrix were 

incubated with 20 MM of FK506 or DMSO (VH) for 24 h. DcR3 mRNA levels are 

presented as a relative fold change ± S.D. against VH set as 1 fold after GAPDH 
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normalization. (H and I) DcR3 mRNA levels in IPF fibroblasts (n=3) infected with 

adenovirus expressing Akt DA followed by GSK-3β-HA transfection (H), or with GSK-3β 
siRNA (I). DcR3 mRNA levels are presented as a fold change ± S.D. against an individual 

control group set as 1 after GAPDH normalization. IPF fibroblasts expressing increased 

levels of DcR3 mRNA were used in Figure 4B, D, E, F, G, H, and I, and control fibroblasts 

showing low levels of DcR3 mRNA were used in Figure 4C. GAPDH mRNA was used as a 

reference transcript. *p<0.05, **p<0.01 and ***p<0.001.
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Figure 5. 
Enhanced DcR3 expression is responsible for the resistance of IPF fibroblasts to FasL-

mediated apoptosis. 1 × 104 control and IPF fibroblasts (n=8 each) used in previous 

experiments were grown on collagen for 48 h and treated with 500 (A) or 200 ng/ml of FasL 

(B) for an additional 24 h. Cell viability and caspase 3/7 activity were measured as described 

in the Materials and Methods. On the scatterplot, each circle and triangle point represents 

the percentage of viability (A) or caspase 3/7 activity (B) of each control and IPF cell in 

response to FasL. (C) IPF fibroblasts (n=3) transfected with scrambled or DcR3 siRNA were 

cultured on collagen matrix for 48 h. Upper, shown is the representative DcR3 protein 

expression in IPF fibroblasts used for the caspase 3/7 activity assay. Lower, caspase 3/7 

activity in IPF fibroblasts was examined at 8 h in the presence of 200 ng/ml of FasL. (D) IPF 

fibroblasts (n=3) expressing Akt DA or GFP were cultured on collagen matrix for 48 h. 

Upper, shown is the representative Akt DA and DcR3 protein expression in IPF cells used 

for the measurement of caspase 3/7 activity. Lower, caspase 3/7 activity was measured at 8 h 

after FasL treatment. (E) IPF fibroblasts (n=3) over-expressing empty vector (pcDNA3) or 

GSK-3β-HA were cultured on collagen matrix for 48 h. Upper, shown is the representative 

GSK-3β and DcR3 protein expression in IPF cells used for the caspase 3/7 activity assay. 

Lower, caspase 3/7 activity was measured as described above. (F) IPF fibroblasts (n=3) 

grown on polymerized collagen matrix for 24 h were incubated with 20 MM of FK506 or 
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DMSO (VH) for 24 h. Caspase 3/7 activity was measured at 8 h after FasL treatment. (G) 

IPF fibroblasts (n=3) expressing GFP or Akt DA were transfected with a construct 

expressing empty pcDNA3 vector or GSK-3β-HA and cultured on collagen matrix for 48 h. 

Upper, shown is the representative Western analysis of Akt, GSK-3β, DcR3, and GAPDH 

protein expression used for the caspase 3/7 activity assay. Lower, caspase 3/7 activity was 

measured at 8 h after FasL treatment as described above. Values given in Figure 5C–G were 

expressed as the percentage against their respective non-treatment groups, set at 100%. For 

experiments shown in Figure 5C–G, IPF fibroblasts expressing enhanced DcR3 protein 

expression were selected. *p<0.05, **p<0.01 and ***p<0.001.
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Figure 6. 
Enhanced DcR3 and NFATc1 expression in IPF patient lung tissues. Human lung tissues 

derived from non-IPF (Control) and IPF patients (n=3 each) embedded in paraffin were 

placed on slides and incubated with DcR3 (A) or NFATc1 (B) antibody solution as described 

in the Supplementary Materials and Methods. The images were obtained by microscopy at 

40 X magnification. Scale bars represent 50 Mm.
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