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A Smad3 and TTF-1/NKX2-1 complex regulates 
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Thyroid transcription factor-1 (TTF-1, also known as NKX2-1) is a tissue-specific transcription factor in lung ep-
ithelial cells. Although TTF-1 inhibits the epithelial-to-mesenchymal transition induced by transforming growth fac-
tor-β (TGF-β)  in lung adenocarcinoma cells, the mechanism through which TTF-1 inhibits the functions of TGF-β 
is unknown. Here we show that TTF-1 disrupts the nuclear Smad3-Smad4 complex without affecting the nuclear 
localization of phospho-Smad3. Genome-wide analysis by chromatin immunoprecipitation followed by sequencing 
revealed that TTF-1 colocalizes with Smad3 on chromatin and alters Smad3-binding patterns throughout the ge-
nome, while TTF-1 generally inhibits Smad4 binding to chromatin. Moreover, Smad3 binds to chromatin together 
with TTF-1, but not with Smad4, at some Smad3-binding regions when TGF-β signaling is absent, and knockdown of 
Smad4 expression does not attenuate Smad3 binding in these regions. Thus, TTF-1 may compete with Smad4 for in-
teraction with Smad3, and in the presence of TTF-1, Smad3 regulates the transcription of certain genes independent-
ly of Smad4. These findings provide a new model of regulation of TGF-β-Smad signaling by TTF-1.
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Introduction

Thyroid transcription factor-1 (TTF-1), also known as 
NKX2-1, is a tissue-specific homeodomain transcription 
factor expressed only in lung, bronchi, thyroid grand and 
forebrain. In the lung, TTF-1 is strongly expressed in 
type II alveolar cells and Clara cells, and regulates the 
expression of genes that encode surfactant proteins, such 
as SFTPB (encoding surfactant protein B). TTF-1 is thus 
thought to be the master regulator of lung epithelial dif-
ferentiation [1]. 

TTF-1 is expressed in 75%-80% of lung adenocar-

cinoma patients [2, 3]. Among patients with lung ade-
nocarcinoma, those with TTF-1-positive cancer exhibit 
better prognosis than those with TTF1-negative cancer 
[4-6]. Using a transgenic lung cancer mouse model, deletion 
of TTF-1 has been shown to promote invasion and me-
tastasis of lung adenocarcinoma, in part due to the role 
of TTF-1 in HMGA2 expression [7]. TTF-1 was also 
shown to reduce cell motility and metastasis through in-
duction of MYBPH expression [8]. These findings strongly 
suggest that TTF-1 functions as a tumor suppressor in lung 
adenocarcinoma. In contrast, genomics analyses revealed 
that human TTF1/NKX2-1 gene was amplified in 10%-
15% of lung adenocarcinomas; it is therefore called a lin-
eage-survival oncogene [9-12]. TTF-1 has been shown to 
exhibit a pro-survival effect by inducing ROR1 expres-
sion, which enhances AKT signaling through the EGF-
ErbB3-PI3 kinase axis [13]. It has also recently been 
reported that amplified TTF-1 and FOXA1 cooperatively 
regulate expression of the LMO3 oncogene, which me-
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diates cell survival downstream of TTF-1 [14]. Although 
the precise mechanism(s) of favorable prognosis brought 
by TTF-1 remains unknown, it is possible that TTF-1 
interacts with other transcription factors and alters their 
signaling activities.

Transforming growth factor-β (TGF-β) is a multi-
functional cytokine with bidirectional roles in cancer 
progression [15, 16]. TGF-β binds to type II and type I 
receptors, resulting in phosphorylation of the receptor-reg-
ulated Smads (R-Smads): Smad2 and Smad3. R-Smads 
form hetero-oligomeric complexes with Smad4, and 
translocate into the nucleus [15, 16], where they regu-
late the transcription of target genes through interac-
tion with other transcription factors. Smad3 and Smad4 
bind directly to chromatin through their N-terminal 
MH1 domains; Smad2 does not bind directly to chro-
matin because of an insert sequence that is present in 
its MH1 domain [17, 18]. Several groups have reported 
genome-wide analyses of the binding patterns of TGF-β 
receptor-regulated Smads in various cancer cell lines and 
embryonic stem cell-derived cells [19-25]. These results 
reveal varied Smad-binding profiles in different cell 
types, indicating that “cell-specific context” is important 
for the response to TGF-β signaling. 

Smad3 reportedly regulates the transcriptional activity 
of TTF-1 [26, 27]. We previously reported that TTF-1 
inhibits TGF-β-induced epithelial-to-mesenchymal tran-
sition (EMT) in lung adenocarcinoma cells [28]. Conversely, 
TGF-β decreased endogenous expression of TTF-1 
[28]. Thus, functional links between TTF-1 and TGF-β 
signaling appear to be important for the progression of 
lung adenocarcinoma. Genome-wide analyses of TTF-1 
binding have recently been reported [14, 29]; however, 
how TTF-1 regulates TGF-β-Smad signaling remains to 
be elucidated. Here, we identified and compared Smad3-, 
Smad4- and TTF-1-binding sites in the H441 lung ade-
nocarcinoma cell line to understand the mechanism by 
which TTF-1 inhibits TGF-β signaling. Our data suggest 
that TTF-1 regulates TGF-β-Smad signaling by compet-
ing with Smad4, and that Smad3 acts together with TTF-
1 to regulate expression of certain genes, e.g., LMO3, 
in a Smad4-independent manner. TTF-1 may therefore 
contribute to context-dependent regulation of TGF-β and 
Smad3 signaling in lung epithelial cells and lung adeno-
carcinoma cells.

Results

TTF-1 disrupts the Smad3-Smad4 complex
First, we examined whether TTF-1 affects the com-

plex formation of Smad3 with Smad4, as well as the 
phosphorylation and nuclear translocation of Smad3. 

TTF-1 was exogenously expressed in A549 cells, which 
lack the expression of endogenous TTF-1, with an ade-
noviral vector AdTTF-1. Co-immunoprecipitation assay 
demonstrated that TTF-1 bound to Smad3 with or with-
out TGF-β stimulation, and formation of the Smad3 and 
Smad4 (Smad3-Smad4) complex induced by TGF-β was 
strongly inhibited by TTF-1 overexpression (Figure 1A). 
Next, we fractionated the nucleus and cytoplasm of A549 
cells infected with AdTTF-1, and detected phosphorylat-
ed Smad3 (pSmad3) by immunoblotting. pSmad3 was 
detected in the nucleus upon TGF-β stimulation, while 
TTF-1 was located mainly in the nucleus in the presence 
or absence of TGF-β stimulation (Figure 1B). TTF-1 
overexpression did not suppress either phosphorylation 
of Smad3 or nuclear translocation of Smad3 and Smad4. 

We also confirmed the localization of Smad3 and 
Smad2 using an in situ proximity ligation assay (in situ 
PLA). In agreement with the findings of the subcellular 
fractionation experiments (Figure 1B), forced expression 
of TTF-1 did not affect TGF-β-induced nuclear translo-
cation of Smad3 and Smad2 (Supplementary informa-
tion, Figure S1A). By using anti-TTF-1 and anti-Smad3 
antibodies, we found that TTF-1 was located in the 
vicinity of Smad3 in the nucleus with or without TGF-β 
stimulation (Supplementary information, Figure S1B).

Next, we assessed formation of the Smad3-Smad4 
complex by in situ PLA (Figure 1C). The Smad3-Smad4 
complex was observed in both the nucleus and the cyto-
plasm in A549 cells infected with a control adenovirus 
(AdLacZ), and most of the nuclear Smad3-Smad4 com-
plex disappeared in the presence of TTF-1. The nuclear 
complex containing Smad2 and Smad4 was also de-
creased by TTF-1 overexpression (data not shown). We 
then performed in situ PLA assays using H441 human 
lung adenocarcinoma cells, which endogenously express 
TTF-1 [28]. Knockdown of TTF-1 by siRNA treatment 
(Supplementary information, Figure S4A) increased the 
number of nuclear Smad3-Smad4 complexes in H441 
cells (Figure 1D), suggesting that TTF-1 disrupts the 
Smad3-Smad4 complex in the nucleus.

TTF-1 inhibits Smad3 binding to chromatin
TTF-1 has been reported to inhibit certain TGF-β-

Smad3 signaling pathways [28]; therefore, it is pos-
sible that Smad3 is present in the nucleus but fails to 
bind to target genomic regions in the presence of TTF-
1. Thus, we performed chromatin immunoprecipita-
tion (ChIP)-quantitative PCR (qPCR) analysis using a 
Smad3-specific antibody. Exogenous expression of TTF-
1 strongly inhibited the binding of Smad3 to the plasmin-
ogen activator inhibitor-1 (PAI-1, also known as SER-
PINE1) and SMAD7 promoters (Figure 1E). Next, we 
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Figure 1 TTF-1 interacts with Smad3 independently of TGF-β and inhibits Smad3-Smad4-induced transcription of target 
genes. (A) A549 cells were infected with the adenoviral TTF-1 expression vector (AdTTF-1) or control adenovirus (AdLacZ) 
as indicated. At 24 h post-infection, cells were treated with TGF-β for 1.5 h. Cell lysates were immunoprecipitated (IP) with 
anti-Smad3 antibody or control mouse IgG, and Smad3-bound TTF-1 and Smad4 were detected by immunoblotting (IB). (B) 
A549 cells were infected with adenoviral vectors as in A. Nucleic and cytoplasmic fractions of the cells were obtained 2 h af-
ter TGF-β stimulation, and the levels of phosphorylated Smad3 (pSmad3), total Smad3 (tSmad3) and Smad4 were detected 
by IB. (C, D) A549 cells infected with the indicated adenoviral vectors (AdLacZ or AdTTF-1) (C) and H441 cells transfected 
with control siRNA (siControl) or TTF-1 siRNA (siTTF-1) (D) were treated with TGF-β for 1.5 h, and the Smad3-Smad4 com-
plex was detected using anti-Smad3 and anti-Smad4 antibodies. PLA signals (red) detected in the nuclei (blue) of A549 cells 
infected with AdLacZ or AdTTF-1 or H441 cells treated with siControl or siTTF-1 were counted (right panels). (E) A549 cells 
were infected with adenoviral TTF-1 or LacZ expression vectors and treated with TGF-β for 1.5 h. Then, a ChIP assay using 
Smad3-specific antibody was performed to analyze the binding of Smad3 to the PAI-1 and SMAD7 promoter regions. (F) 
A549 cells were transfected with the TTF-1-expression vector or control vector and treated with TGF-β for 12 h or SB431542 
for 12 h. Luciferase reporter assays using PAI-1-luc containing PAI-1 natural promoter or 9× CAGA-luc containing tandemly 
repeated SBEs were performed.
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examined the effects of TTF-1 on TGF-β-induced tran-
scription using a luciferase reporter containing the PAI-1 
promoter (PAI-1-luc) and a reporter containing tandemly 
repeated Smad-binding elements (SBEs; 9× CAGA-luc). 
TTF-1 overexpression inhibited the promoter activity of 
PAI-1-luc induced by TGF-β, but did not affect that of 
9× CAGA-luc (Figure 1F). However, treatment with the 
TGF-β type I receptor inhibitor SB431542 effectively re-
duced TGF-β-induced activation of both reporters (Figure 
1F). These findings suggest that certain cis-regulatory el-
ement(s) other than the canonical SBE might be required 
for TTF-1 to inhibit Smad-induced transcription.

Genome-wide identification of Smad3-, Smad4- and TTF-
1-binding regions in H441 cells

Next, we performed ChIP-seq analyses using H441 
cells transfected with siRNA for TTF-1 (siTTF-1) or 
control siRNA (siControl), and stimulated the cells with 
TGF-β. Using a false discovery ratio (FDR) cut-off of 
0.01, we have identified 8 941 and 14 145 Smad3-bind-
ing regions from the ChIP-seq data of TGF-β-treated 
H441 cells transfected with control and TTF-1 siRNAs, 
respectively. ChIP-seq data from TGF-β-stimulated H441 
cells with and without TTF-1 siRNA yielded 1 605 and 1 
Smad4-binding peaks, respectively, with a FDR cutoff of 
0.1; the same sample set also yielded 21 292 and 31 083 
TTF-1-binding peaks with and without TGF-β stimula-
tion, respectively, with a FDR cutoff of 0.01 (Supplemen-
tary information, Tables S1-S6).  

There were several significant Smad3- and Smad4-bind-
ing peaks in the promoter region of PAI-1 gene, as pre-
viously reported [25] (see Figure 2D). The enrichment 
of Smad3 in the PAI-1 promoter region was validated by 
ChIP-qPCR (Supplementary information, Figure S2). 
There were also significant TTF-1-binding peaks in the 
promoter region of SFTPB gene [14] (Supplementary in-
formation, Figure S3A and S3B). We performed de novo 
motif prediction in the TTF-1 ChIP-seq data using the 
CisGenome Gibbs motif sampler. One of the obtained 
motifs (Supplementary information, Figure S3C) was very 
similar to the TTF-1-binding motif recently reported by 
others [14], indicating that the ChIP-seq analysis appeared 
to successfully recognize binding regions of TTF-1.

Binding of Smad3 to chromatin at the Smad3-only re-
gions is mainly affected by TTF-1

We compared the identified Smad3-, Smad4- and 
TTF-1-binding peaks obtained by the ChIP-seq analyses 
of H441 cells. Approximately 80% (7 201/8 941) of the 
Smad3-binding peaks in H441 cells treated with siCon-
trol were also observed in cells treated with siTTF-1 
(Figure 2A-i). When transfected with TTF-1 siRNA, 

approximately 75% (1 281/1 605) of the Smad4-bind-
ing peaks were common to the Smad3-binding peaks 
(Figure 2A-ii). It should be noted that the number of 
binding sites of each transcription factor depends on 
the efficiency of antibodies used for ChIP analysis, and 
that the ChIP efficiency of the anti-Smad4 antibody 
was much lower than that of the anti-Smad3 antibody. 
More than 85% (7 839/8 941) of the Smad3-binding 
peaks were common to the TTF-1-binding peaks (Figure 
2B-i). Knockdown of TTF-1 increased the number of 
Smad3-binding peaks, but most of the new peaks were 
not common to TTF-1-binding peaks (Figure 2B-ii). 
About one-half (797/1 605) of the Smad4-binding peaks 
in siTTF-1-transfected cells were common to TTF-1-
binding peaks (Figure 2B-iii).

To analyze these data quantitatively, we obtained a 
read count of each Smad3-binding peak from the ChIP-
seq data of Smad3 in H441 cells treated with siTTF-1 
and siControl. We then calculated the siControl/siTTF-1 
ratio of the read counts at each binding peak. If this ratio 
is high, then TTF-1 does not tend to inhibit Smad3 bind-
ing in the respective region. If the ratio is low, the bind-
ing strength of Smad3 in the respective region is likely to 
be attenuated by the presence of TTF-1. We arranged the 
Smad3-binding peaks with respect to these ratios, chose 
the top 2 000 and bottom 2 011 peaks and examined 
whether there were any TTF-1-binding region(s) within 
200 bps of the peak summit. Interestingly, more than 
80% of the top 2 000 binding peaks have TTF-1-binding 
regions within 200 bps of their binding summits, while 
TTF-1 binds to only 8% of the bottom 2 011 peaks (Figure 
2C). Therefore, Smad3 colocalizes with TTF-1 on chro-
matin in the presence of TTF-1, and the inhibitory effect 
of TTF-1 on Smad3 does not appear to be induced by 
competition in chromatin binding.

Analysis of the ChIP-seq data revealed two types 
of Smad3-binding regions, i.e., Smad3-TTF-1 com-
mon regions and Smad3-only regions, even around a 
single target gene locus. For example, there are seven 
Smad3-binding peaks around the PAI-1 gene; two of 
them are Smad3-TTF-1 common regions (Figure 2D, 
peaks f and g) and five are Smad3-only regions (Figure 
2D, peaks a-e). We performed sequential anti-Smad3 and 
anti-Smad4 ChIP-qPCR at the peak e in Figure 2D. We 
found that Smad3 and Smad4 were colocalized at this 
peak, and that the binding strength was increased when 
TTF-1 was knocked down (Figure 2E). Next, we used 
scatter plotting to compare the changes in read counts of 
Smad3-TTF-1 common regions (Figure 2F, upper panel) 
or Smad3-only regions (Figure 2F, lower panel) between 
siControl- and siTTF-1-transfected cells. The read counts 
in most of the Smad3-TTF-1 common regions did not 
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increase more than two-fold in H441 cells with siTTF-1 
compared with cells with siControl, while the read 
counts in the Smad3-only regions increased more than 
two-fold in the siTTF-1-treated cells. Taken togeth-
er, these findings suggest that TTF-1 mainly inhibits 
Smad3 binding in Smad3-only regions.

Inhibitory effect of TTF-1 on the binding of Smad4 to 
chromatin

We obtained and analyzed read counts of Smad4 bind-
ing in all of the Smad3-binding regions of H441 cells 
with siTTF-1 from the Smad4 ChIP-seq data. Then, we 
compared the binding strengths of Smad3 and Smad4 in 
each Smad3-binding peak, and analyzed them by scat-
ter plotting (Figure 2G). Regardless of the presence of 
siControl and siTTF-1, the binding strengths of Smad3 
and Smad4 were strongly correlated. However, the slope 
of the regression curve was sharper for cells treated 
with siTTF-1 than for cells treated with siControl. Thus, 
the binding strength of Smad4 may be weaker in the 
presence of TTF-1 than in its absence, especially where 
strong binding peaks of Smad3 were observed.

As TTF-1 appeared to affect Smad4-chromatin bind-
ing more strongly than Smad3-chromatin binding, we 
obtained read counts of TTF-1 in the absence of TGF-β 
treatment in the Smad3-binding regions shown in Figure 
2G (upper panel), and compared them with the relative 
binding strengths of Smad3 and Smad4 by calculating 
the read count ratios of Smad4/Smad3 (Figure 2H). 

Smad4/Smad3 read count ratios diminished in peaks 
where TTF-1 strongly bound to chromatin together with 
Smad3 in H441 cells treated with siControl. In contrast, 
there is no correlation between TTF-1-binding strengths 
and Smad4/Smad3 read count ratios observed in siT-
TF-1-treated cells. In such case Smad4 bound to chro-
matin equally well, regardless of whether the chromatin 
regions represent Smad3-TTF-1 common regions or 
Smad3-only regions (data not shown). Therefore, TTF-1 
may compete with Smad4 to bind to Smad3.

TTF-1 suppresses the expression of EMT-related genes 
and regulates that of apoptosis-related genes

We obtained expression array data from H441 cells 
with siTTF-1 or siControl in the presence and absence 
TGF-β stimulation. The knockdown efficiency of TTF-
1 by siRNA was confirmed (Supplementary information, 
Figure S4A). We chose 1 049 genes that were expressed 
in H441 cells and induced by TGF-β stimulation. We 
compared changes in mRNA expression levels of these 
genes and Smad3-binding signals in their promoter re-
gions between cells transfected with siControl and si-
TTF-1, and found that elevation of Smad3-binding sig-
nals was correlated with the upregulation of gene expres-
sion in siTTF-transfected cells (Figure 3A). Representa-
tive genes, whose expression was induced by TGF-β and 
enhanced more than two-fold by knockdown of TTF-1, 
are shown in Supplementary information, Table S7. 

We next performed ontology analysis of the microar-

Figure 2 ChIP-seq analysis reveals colocalization of Smad3 and TTF-1, and competition of Smad4 and TTF-1 on chromatin 
in H441 cells. (A, B) Comparison of the numbers of Smad3-, Smad4- and TTF-1-binding regions in H441 cells obtained from 
ChIP-seq analyses. (A) i: Pink and green circles represent Smad3-binding regions in H441 cells treated with TGF-β for 1.5 h 
with control and TTF-1 siRNA, respectively (FDR = 0.01). ii: Blue circle represents Smad4-binding regions in siTTF1-trans-
fected H441 cells treated with TGF-β (FDR = 0.1). (B) Yellow circle represents TTF-1-binding regions in H441 cells without 
TGF-β stimulation. Orange (i) and green (ii) circles represent Smad3-binding regions in siControl- and siTTF-1-transfected 
H441 cells treated with TGF-β, respectively, and the blue circle (iii) represents the Smad4-binding regions as shown in A-ii. (C) 
The frequency of TTF-1-binding at the Smad3-binding sites. Smad3-binding strength at each binding region was defined as 
read counts normalized by total mapped reads of the dataset (14 145 Smad3-binding peaks determined in H441 cells trans-
fected with siTTF-1). The read count ratio of each binding region was obtained by calculating the normalized read counts 
of siControl/siTTF-1. The frequency of Smad3-binding sites common to TTF-1 was calculated in two groups: the top 2 000 
and bottom 2 011 regions with high and low siControl/siTTF-1 ratios, respectively. (D) TTF-1-, Smad3- and Smad4-binding 
regions in the PAI-1 gene locus. Peaks a-e indicate Smad3-only regions; peaks f and g indicate Smad3-TTF-1 common 
regions. (E) ChIP-reChIP analysis of Smad3-Smad4 co-binding to DNA in H441 cells. Cells were stimulated with TGF-β for 
1.5 h and fixed. Samples were eluted after anti-Smad3 ChIP, followed by secondary ChIP as indicated (IgG or anti-Smad4). 
Primers specific for the Smad3-binding region (peak e in Figure 2D) were used for evaluation by real-time PCR. (F) Read 
counts of Smad3-binding strength in the Smad3-TTF-1 common binding regions (upper panel) and the Smad3-only binding 
regions (lower panel) were obtained, and comparison was made in each region in TGF-β-treated H441 cells transfected with 
siControl and siTTF-1. Red dots (a-e) and green dots (f and g) indicate the binding regions shown in D. (G) Read counts in 
all Smad3-binding regions were obtained from the Smad3-ChIP-seq and Smad4-ChIP-seq data of TGF-β-treated H441 cells 
transfected with siControl (upper panel) or siTTF-1 (lower panel), and read counts of Smad3 and Smad4 were compared in 
each region. (H) Binding strengths of TTF-1 were determined as normalized read counts of TTF-1 and compared with the rel-
ative read counts’ ratios of Smad4/Smad3 in the Smad3-binding sites in H441 cells transfected with siControl (upper panel) 
or siTTF-1 (lower panel). RPM, reads per million mapped reads.
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ray data using DAVID [30]. We chose genes whose ex-
pression levels were increased upon TGF-β stimulation 
in cells transfected with siControl or siTTF-1. Upon 
TGF-β stimulation, only small increases in enrichment 
scores were seen in the presence of TTF-1, while knock-
down of TTF-1 increased expression of many genes, in-
cluding cell migration- and locomotion-related genes, in 
addition to genes involved in blood vessel development 
(Figure 3B). Notably, induction of SNAI1 and SNAI2 by 
TGF-β was enhanced upon knockdown of TTF-1 (Sup-
plementary information, Figure S4B and S4C). Some of 
the Smad3-binding peaks around these genes represented 
Smad3-only regions and the binding strengths of Smad3 
were strongly affected by TTF-1 expression.

We also analyzed TTF-1-regulated genes in the ab-
sence of TGF-β by comparing gene expression in siCon-
trol and siTTF-1 cells. We chose genes whose expression 
levels were upregulated in cells transfected with siCon-
trol (Figure 3C, left) or siTTF-1 (Figure 3C, right) with-
out TGF-β stimulation. We found that TTF-1 up-regulat-
ed cell adhesion-related genes, and that knockdown of 
TTF-1 enhanced expression of apoptosis-related genes. 
Taken together, these data suggest that TTF-1 suppresses 
TGF-β-induced EMT-related genes involved in cell mi-
gration and locomotion and protects cells from apoptosis 
in H441 cells.

Knockdown of TTF-1 enhances the interaction between 
multiple Smad3-binding regions in Smad3/Smad4 target 
genes

As shown in Figure 2D and Supplementary informa-
tion, Figure S4B, we observed multiple Smad3-binding 
sites around a single target gene locus. Some repre-
sent Smad3-TTF-1 common regions, and others are 
Smad3-only regions. Therefore, it is possible that one 
Smad complex might bind to multiple sites through 

the MH1 domains of Smad3 and Smad4 or indirectly 
through other protein(s); alternatively, each Smad com-
plex may bind to only one SBE. To test this, we per-
formed a chromatin conformation capture (3C) assay. 
If each Smad protein in the Smad complex binds to the 
SBE independently and they act together to link distant 
genomic regions, we can detect interaction(s) of recog-
nition sites of the restriction enzyme between multiple 
Smad-binding sites (Figure 3D, left). If each Smad com-
plex can bind to only one SBE, such interactions cannot 
be observed (Figure 3D, right).

We designed probes and primers in two target gene 
regions, PAI-1 and ITGA5 (Figure 3E). In both regions, 
a probe was designed immediately downstream of one 
Smad3-binding site and primers were designed upstream 
and downstream of other Smad3-binding sites. One of 
the Smad3-binding sites is common to TTF-1 where 
Smad3 can bind to chromatin regardless of TTF-1 ex-
pression, and the other(s) is Smad3-only region(s) where 
Smad3-binding strength is weak in the presence of en-
dogenous TTF-1. We detected enhanced interaction us-
ing primers upstream of the Smad3-binding sites in cells 
treated with siTTF-1, and minimal interaction was ob-
served using primers downstream of the Smad3-binding 
regions. Taken together, these data suggest the existence 
of interactions between different SBEs in the promoters 
of PAI-1 and ITGA5 genes, which could  be enhanced by 
TTF-1 knockdown.

Smad3 binds to certain DNA regions with TTF-1 in the 
absence of TGF-β stimulation and regulates target gene 
expression

Next, we analyzed Smad3-binding regions, which 
were identified only in cells with siControl but not with 
siTTF-1 (Figure 2A-i). These Smad3-binding peaks 
were common to TTF-1 binding, and were therefore 

Figure 3 TTF-1 knockdown affects gene expression and genomic interactions at regions with multiple Smad3-binding sits. (A) 
Comparison of the microarray data of genes induced by TGF-β in H441 cells and ChIP-seq data of Smad3. Left column: data 
from the expression array. Genes expressed in H441 cells and induced by TGF-β stimulation are selected and arranged with 
respect to siTTF-1/siControl ratios (changes in gene expression levels between siTTF-1 and siControl cells). Right column: 
Smad3 ChIP-seq data. Black bars indicate Smad3 binding with two-fold upregulation by siTTF-1. (B) Gene ontology analysis 
of the expression microarray data of H441 cells transfected with siControl or siTTF-1. Effect of the knockdown of TTF-1 on 
TGF-β-induced changes in gene expression was evaluated by comparing the enriched gene ontology clusters (left vs right) 
obtained by DAVID. (C) Gene ontology analysis of the function of TTF-1 in the absence of TGF-β stimulation. Acquisition of 
gene ontology clusters was performed as in B. (D) The 3C assay. Left: if a Smad complex binds to multiple sites in the pro-
moter and assembles different regions after DNA digestion, interaction between multiple binding sites can be detected. Right: 
if a Smad complex binds to a single site in the promoter and fails to assemble different regions after DNA digestion, interac-
tion between multiple binding sites cannot be observed. (E) Left panels: designed 3C Taqman probes (blue triangles) and 
primers (orange triangles) in the PAI-1 and ITGA5 loci. We designed four primers (including one with the opposite direction). 
The scheme of the PAI-1 promoter (upper left) is a modification of Figure 2D. Right panels: interaction ratios were normalized 
by input values. Rev1-Rev4 indicate the reverse primers shown in the left panels. Error bars = SD.
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termed Smad3-TTF-1-requiring loci (STRL). We iden-
tified the genes nearest to these loci, and compared their 
expression in the presence and absence of TGF-β. Genes 
located near the STRL, whose expression levels were 
reduced by more than half after 24 h of TGF-β stimula-
tion, are shown in Supplementary information, Table S8, 
including LMO3, which exhibits pro-survival effects in 
adenocarcinoma cells [14]. To determine whether Smad3 
binding to the STRL is regulated by TGF-β signaling, 
we performed ChIP-qPCR analysis at these loci in the 
presence of TGF-β or the TGF-β type I receptor inhibitor 
SB431542. Surprisingly, Smad3 bound strongly to these 
loci in the presence of SB431542, and TGF-β treatment 
reduced the respective binding strengths of Smad3 to 
these loci (Figure 4A, left). Moreover, knockdown of 
Smad4 did not attenuate Smad3 binding to these loci 
(Figure 4A, right), suggesting that Smad3 binds to these 
loci independently of Smad4. We confirmed colocal-
ization of Smad3 and TTF-1 at the LMO3 region by se-
quential ChIP using TTF-1 and Smad3 antibodies (Sup-
plementary information, Figure S5). We also found that 
Smad2 colocalized with TTF-1 at this region, possibly 
through interaction of Smad2 with Smad3. We examined 
whether Smad3 or Smad4 affects mRNA expression of 
these genes, and found that knockdown of either Smad3 
or Smad4 cancelled the effects of TGF-β (Figure 4B). 
By knocking down Smad3, the basal expression level of 
LMO3 was increased, whereas those of SDPR and FBP1 
were reduced, suggesting that Smad3 could act as both 
a repressor and an activator of genes close to the STRL. 
Expression levels of those genes in A549 cells (which 
lack endogenous TTF-1 expression) were comparable to 
those in H441 cells (which express TTF-1) treated with 
TGF-β for 24 h, suggesting that binding of TTF-1-Smad3 
complex to these target regions is important for regulat-
ing the expression of these genes in H441 cells.

Finally, we performed Smad3 ChIP-seq analysis using 
A549 cells treated with TGF-β, and compared binding 
regions of Smad3 with those in H441 cells. Approxi-
mately 20% of the Smad3-binding regions were observed 
at STRL in H441 cells which express TTF-1, while only 
1% of them were observed at STRL in A549 cells (Figure 
4C). In A549 cells treated with TGF-β, Smad3 failed to 
bind to the STRL at LMO3, SDPR or FBP1 (Supple-
mentary information, Table S9). Read counts of Smad3 
were obtained at the Smad3-binding regions in A549 
cells treated with TGF-β (Supplementary information, 
Table S9), and compared to those in H441 cells treated 
with siTTF-1, using scatter plotting (Figure 4D, left). 
We have also obtained read counts of Smad3 in A549 
cells at the STRL in H441 cells, and compared to those 
in H441 cells treated with siControl (Figure 4D, right). 

Correlation of the read counts in Smad3-binding regions 
was observed between A549 cells and H441 cells treated 
with siTTF-1 (correlation coefficient = 0.479), while no 
correlation was observed between A549 cells and H441 
cells with siControl in terms of Smad3 binding to the 
STRL (Figure 4D). These findings suggest that certain 
portions of Smad3-binding regions in A549 cells are 
common to those in other lung adenocarcinoma cells, 
and that Smad3 binding to STRL requires the expression 
of TTF-1.

Discussion

Smad4-dependent and -independent functions of Smad3
We demonstrated that TTF-1 binds to Smad3 both in 

the presence and absence of TGF-β stimulation and its 
presence decreases the amount of Smad3-Smad4 com-
plex in the nucleus (Figure 1A-1D). TTF-1 inhibits both 
Smad3 and Smad4 binding to chromatin, but in different 
ways. Smad3 colocalizes with TTF-1 in certain chroma-
tin regions (Figure 2B), while Smad4 was not detected 
at chromatin in the presence of TTF-1 in the PAI-1 re-
gions (Figure 2D). In addition, Smad4-binding strengths 
were weaker than those of Smad3 at the Smad3-binding 
sites where TTF-1 strongly bound, and this tendency was 
cancelled by knockdown of TTF-1 (Figure 2H). These 
findings suggest that TTF-1 competes with Smad4 for 
interaction with Smad3 at the whole Smad-binding sites 
of the genome.

Our present findings also revealed that Smad3 binds to 
chromatin with TTF-1, but not with Smad4, in certain re-
gions (Figure 5). Smad3 binds to the promoter regions of 
SDPR and FBP1, and the second intron of LMO3, where 
TTF-1 is also able to bind, in the absence of TGF-β sig-
naling. TGF-β stimulation reduces the binding strengths 
of Smad3 at these sites, while knockdown of Smad4 en-
hanced or did not significantly affect them (Figure 4A). 
Thus, in cells expressing TTF-1, Smad3 binds to chro-
matin with TTF-1 without TGF-β stimulation, and the 
Smad3-TTF-1 complex regulates expression of different 
target genes from those regulated by the Smad3-Smad4 
complex. 

There are some reports that Smad3 regulates the ex-
pression of target genes in a Smad4-independent manner 
[31-34]. TRIM33 (also known as TIF1γ and ectodermin) 
competes with Smad4 for interaction with Smad3 upon 
TGF-β stimulation, and transduces signals independently 
of Smad4 through the TRIM33/Smad3 complex [33]. 
Also, SARS-associated coronavirus nucleocapsid protein 
was reported to interact with Smad3, acting competitive-
ly with Smad4, and modulate the expression of target 
genes of TGF-β signaling [34]. In contrast to these cases, 
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TTF-1 forms complexes with Smad3 without TGF-β 
stimulation. Thus, the Smad4-independent function of 
Smad3 demonstrated in the present study differs from 
that induced by the other reported factors.

Mutual inhibition between TGF-β and TTF-1 signaling
The effects of TTF-1 on tumor progression appear to 

be context dependent [35]. TTF-1 exhibits pro-survival 
effects through induction of ROR1 and/or LMO3 [13, 
14]. In the present study, we have shown that LMO3 
expression was regulated by the Smad3-TTF-1 complex 
in H441 cells. On the other hand, TTF-1 inhibits TGF-
β-induced EMT [28], and thus functions as a tumor sup-
pressor gene. TTF-1 may thus have two different effects 
that are opposite to the effects induced by TGF-β signal-
ing: pro-survival and anti-EMT functions. The ontology 
analysis of the microarray data of H441 cells by DAVID 
(Figure 3B and 3C) supports these observations.

TTF-1 regulates specific genes in alveolar epithelial 
cells, while TGF-β induces EMT. Thus, the balance be-
tween TTF-1 expression and TGF-β signaling may be 
very important for differentiation of lung epithelial cells 
and progression of lung adenocarcinoma. TTF-1 inhibits 
parts of TGF-β signaling, and TGF-β conversely inhibits 
the function of TTF-1. Interaction of Smad3 with TTF-
1 did not alter the binding profiles of TTF-1 to chromatin 
(Supplementary information, Figure S6A and S6B). Of 
note, TGF-β reduced the expression of TTF-1 mRNA 
only at later time points (Supplementary information, 
Figure S4A), while TTF-1 binding to chromatin was 
rapidly inhibited by TGF-β, suggesting that some other 
mechanisms are important in regulation of the function 
of TTF-1 by TGF-β signaling.

We previously reported that TTF-1 inhibits TGF-β-in-
duced EMT, and suggested that inhibition of the expres-
sion of Snail and/or Slug by TTF-1 is important. We also 
detected up-regulation of SNAI1 and SNAI2 expression 
levels (encoding Snail and Slug, respectively) in H441 

cells by TGF-β (Supplementary information, Figure S4B 
and S4C). Furthermore, we observed that expression 
levels of some other genes that are known to be involved 
in EMT are regulated by TGF-β and TTF-1. ITGA5 is 
reportedly up-regulated during EMT. Moreover, integrin 
α5 (encoded by ITGA5) interacts with the extracellu-
lar matrix and enhances cell migration [36]. Using the 
3C assay, we observed enhanced Smad3 binding to the 
ITGA5 promoter and the interaction of distant chromatin 
regions around the  ranscription start site in H441 cells 
upon TTF-1 knockdown. Thus, ITGA5 might be another 
direct target of TGF-β, which is suppressed by TTF-1. 
Also, some genes shown in Supplementary information, 
Table S7, e.g., LOX and RUNX2, have been reported to 
promote EMT in some carcinomas [37, 38]. These genes 
may play important roles in the progression of malignan-
cy.

Cellular context-dependent function of the TTF-1-Smad3 
complex

In the present study, we have shown that the TTF-1-
Smad3 complex regulates the expression of genes differ-
ent from those regulated by the canonical TGF-β-Smad 
pathway. In H441 cells, knockdown of TTF-1 enhanced 
the expression of pro-apoptotic genes in the absence of 
TGF-β stimulation as well as the induction of EMT-re-
lated genes upon TGF-β stimulation. TTF-1 inhibits 
apoptosis of lung epithelial cells, and the TTF-1-Smad3 
complex may modulate the expression of apoptosis-re-
lated genes. LMO3 is one of such genes regulated by the 
TTF-1-Smad3 complex, though Smad3 has a suppressive 
effect on its expression (Figure 4B). 

We also obtained RNA-seq data using TTF-1-deficient 
A549 cells, and performed ontology analysis (Supple-
mentary information, Figure S7A), as in H441 cells (Fig-
ure 3B and 3C). Ectopic expression of TTF-1 inhibited 
the expression of cell motion-related genes induced by 
TGF-β, but did not enhance that of pro-survival-related 

Figure 4 Smad3 binds to certain chromatin regions with TTF-1 independently of Smad4 in the absence of TGF-β stimulation. (A) 
Left: H441 cells were treated with SB431542 or TGF-β for 1.5 h. ChIP-qPCR was performed using Smad3 antibody. Right: 
H441 cells were treated with control or Smad4 siRNAs for 48 h without TGF-β stimulation, and ChIP-qPCR was performed 
using Smad3 antibody. LMO3, LIM-domain only-3; KRT4, keratin 4; SDPR, serum deprivation response; and FBP, fruc-
tose-1,6-biphosphatase. (B) mRNA expression of target genes near the STRL. H441 cells were treated with control, Smad3, 
or Smad4 siRNAs for 48 h, and A549 cells were treated with control siRNA for 48 h. H441 cells were stimulated with TGF-β 
as indicated. RT-PCR analyses were performed using primers specific for LMO3 (left), SDPR (middle) or FBP1 (right). (C) 
Comparison of Smad3-binding loci between A549 cells (inner circle) and H441 cells treated with siControl (outer circle). Red 
parts show loci which are observed at STRL. (D) Read counts of Smad3 at the Smad3-binding regions in A549 cells were 
obtained, and comparison was made in each region between A549 cells and H441 cells transfected with siTTF1 (left panel). 
Read counts of Smad3 at the STRL of H441 cells were also obtained from A549 cells and from H441 cells treated with si-
Control, and comparison was made in each region (right panel). r, Pearson’s correlation coefficient; RPM, reads per million 
mapped reads.
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genes, including LMO3 (Supplementary information, 
Figure S7A). One of the reasons that ectopic TTF-1 
failed to upregulate some of its target genes in A549 cells 
might be due to epigenetic changes. Based on a public 
database (GEO accession no. GSM999365), CpG meth-
ylation was present in the LMO3 locus in A549 cells (data 
not shown). Moreover, cell growth assay revealed that 
TTF-1 inhibits the proliferation of A549 cells (Supple-
mentary information, Figure S7B), suggesting that the 
function of TTF-1 in cell proliferation and apoptosis var-
ies according to cellular contexts, although inhibitory ef-
fects of TTF-1 on the Smad3-Smad4 complex and EMT 
are maintained.

Tissue-specific expression of transcription factors and 
modification of Smad3 binding

We propose a hypothesis that each Smad protein in 
the Smad complex binds to distinct Smad-binding sites, 
resulting in an assembly connecting multiple promot-
er and/or enhancer regions of a target gene (Figure 5). 
Smad3 and Smad4 may also bind to chromatin indirectly 

through other proteins. Thus, the increased interaction of 
promoter and enhancer regions demonstrated in the 3C 
assay may reflect enhanced binding between Smads and 
other transcription factors. 

Recent studies indicate that co-localization of 
cell-type-specific transcription factors and Smad3 is 
important for context-dependent outputs of TGF-β sig-
naling [19, 21]. We have shown here that TTF-1, a lung 
epithelial-specific transcription factor, co-occupies with 
Smad3 on chromatin, and that loss of TTF-1 function 
greatly alters the binding profiles of Smad3, especially in 
regions where TTF-1 does not bind to chromatin. These 
tissue-specific factors seem not only to enable Smad3 
to bind to specific regions, but also to inhibit Smad3 
binding to certain regions. These factors may bind to un-
phosphorylated Smad3, as well as to the Smad3-Smad4 
complex. Understanding the underlying regulatory mech-
anisms may help to elucidate the differences in progres-
sion and therapeutic response of cancers from different 
organs.

Materials and Methods

Cell culture
A549 cells were maintained in Dulbecco’s modified Eagle’s 

medium (#11965; Life Technologies) supplemented with 10% fetal 
bovine serum (FBS), 100 U/ml penicillin G and 100 µg/ml strep-
tomycin. H441 cells were maintained in RPMI 1640 (#11875; Life 
Technologies) supplemented with 10% FBS, 100 U/ml penicillin 
G and 100 µg/ml streptomycin. Cells were grown in a humidified 
atmosphere with 5% CO2 at 37 °C.

Reagents and antibodies
Recombinant TGF-β (TGF-β3) and the TGF-β type I receptor 

inhibitor SB431542 were purchased from R&D systems and Sig-
ma-Aldrich (S4317), respectively. The following antibodies were 
used: mouse anti-FLAG (M2; Sigma-Aldrich), mouse anti-myc 
(9E10; Oncogene research products), rabbit anti-pSmad3 (C25A9; 
Cell Signaling), mouse anti-tubulin (DM1A; Sigma-Aldrich), 
rabbit anti-HDAC1 (2E10; Millipore), mouse anti-Smad2/3 (BD), 
rabbit anti-Smad3 (ab28379 and ab40854; Abcam), mouse an-
ti-Smad4 (B-8; Santa Cruz), goat anti-Smad4 (AF2097; R&D) and 
mouse anti-TTF-1 (8G7G3/1; Novus Biologicals).

Immunoprecipitation and immunoblotting
Lysis buffer (1% NP-40, 150 mM NaCl, 50 mM Tris-HCl (pH 

8.0), 5 mM EDTA, 1 mM phenylmethylsulfonyl fluoride and 10 
µg/ml aprotinin) was used for cell lysis. Immunoprecipitation was 
performed as previously described [39]. Sodium dodecyl sulfate 
gel electrophoresis and immunoblotting were performed as de-
scribed [39], using a SEPROS SV (Fujifilm, Japan) or a LAS-4000 
lumino-image analyzer (Fujifilm, Japan).

Fractionation of the nucleus and cytoplasm
We used the NE-PER Nuclear and Cytoplasmic Extraction Kit 

(Thermo Scientific) according to the manufacturer’s instructions. 

Figure 5 Smad4-independent roles of Smad3 regulated 
by TTF-1. Scheme of Smad4-dependent and -inde-
pendent functions of Smad3 in lung adenocarcinoma 
cells. The Smad3-Smad4 complex interacts with other 
transcription factors and transcriptional co-activators (or 
co-repressors), and regulates transcription of certain tar-
get genes, including PAI-1 and ITGA5, leading to induc-
tion of EMT and other effects upon TGF-β stimulation. 
In the presence of TTF-1, the Smad3-Smad4 complex 
is disrupted, and TTF-1 interacts with Smad3 and other 
transcription factors and regulates certain other genes, 
including LMO3, leading to induction of cell survival 
and certain other effects in a cellular context-dependent 
manner. 
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We confirmed that the same numbers of cells were applied to the 
kit by counting cell numbers.

In situ PLA
We used the Duolink (Olink, Uppsala, Sweden) kit for in situ 

PLA assay as previously described [40]. Combination of the pri-
mary antibodies was determined so that each antibody does not 
cross-react with the PLA probe-conjugated secondary antibody 
to the other primary antibodies. TOTO-3 (Invitrogen-Molecular 
Probes) or Vectashield mounting medium with DAPI (Vector labo-
ratories) was used as a nuclear counterstain.

Promoter-reporter and cDNA constructs
Human PAI-1 reporter and 9× CAGA reporter were previously 

described [18]. Human Smad3, Smad4 and TTF-1 cDNAs were 
prepared as previously reported [25, 28]. Adenoviral expression 
vectors of LacZ and TTF-1 were prepared as described [28]. 

Dual-luciferase assay
Cells in 24-well plates were transfected with combinations of 

promoter-reporter constructs and expression plasmids using Lipo-
fectamine LTX (Life Technologies). Total amounts of transfected 
DNA were adjusted to the same quantities with empty vectors. For 
normalization, pGL4.75-SV40-hRluc was cotransfected. Twen-
ty-four hours later, cells were stimulated with or without 1 ng/ml 
TGF-β, and then harvested and assayed for luciferase activity 12 h 
after stimulation using the Dual-Luciferase Reporter Assay System 
(Promega). All samples were run in duplicate, and the results were 
averaged.

RNA interference
We used the siRNA against human TTF-1 (Invitrogen) as pre-

viously reported [28], and control siRNA was purchased from 
Invitrogen (Cat. 12935-112, sequence not available). siRNAs were 
introduced into A549 cells twice every 48 h using Lipofectamine 
RNAiMAX reagent (Invitrogen) according to the manufacturer’s 
instructions. The final concentration of siRNA in the culture media 
was 50 nM.

Chromatin immunoprecipitation
A549 cells were cultured in 15-cm plates to ~80% confluence, 

and one plate was used for one immunoprecipitation. H441 cells 
were cultured in 10-cm plates, and two plates were used for one 
immunoprecipitation. ChIP was performed as described [21]. Re-
ChIP assay was performed with a similar protocol, but the primary 
immune complex was eluted by 10 mM DTT at 37 °C for 30 min, 
diluted 50-fold with the ChIP-dilution Buffer as described [21] and 
immunoprecipitated with secondary antibodies. Fold-enrichment 
values were calculated by dividing percent input values at target 
regions by those at the first intron of HPRT1 gene. Primer se-
quences for ChIP-qPCR are shown in Supplementary information, 
Data S1.

RNA isolation and qRT-PCR
Total RNAs were extracted as described previously [28]. 

First-strand cDNAs were synthesized using PrimeScript2 reverse 
transcriptase (TakaraBio, Shiga, Japan). qRT-PCR analysis was 
performed using FastStart Universal SYBR Green Master Mix 
with ROX (Roche), and the ABI PRISM 7000 Sequence Detec-

tion System or the StepONE Plus real time PCR system (Applied 
Biosystems, CA, USA). All samples were run in triplicate and the 
results were averaged. Primer sequences for qRT-PCR are shown 
in Supplementary information, Data S1.

ChIP-seq and data analysis
High-throughput sequencing of the ChIP fragments was per-

formed using the Illumina Genome Analyzer (Illumina) follow-
ing the manufacturer’s protocols. One flow cell lane was used to 
sequence each pooled sample. Unfiltered 36-bp sequence reads 
were aligned against the human reference genome (NCBI Build 
36, hg18) using ELAND (Illumina). Peaks were called using 
CisGenome v1.2 [41] by two-sample analysis; input genomic 
DNA was used as a negative control. Assigning a binding site to 
the nearest gene within 100 kb of a peak was performed using 
CisGenome. CisGenome was also used for both de novo motif pre-
diction and motif mapping of TTF-1 ChIP-seq-binding regions.

Expression microarray
Total RNAs were extracted as described above. The experimen-

tal procedures for GeneChip (Affymetrix) were performed as de-
scribed previously [21] using the GeneChip Human U133 plus 2.0 
oligonucleotide arrays (Affymetrix). Microarray Suite software 5.0 
(Affymetrix) was used with a target intensity of 100. Data from 
one array were obtained for each sample. Functional Annotation 
Clustering function of DAVID 6.7 was used to identify top-en-
riched clusters by gene ontology analyses.

3C assay
We used Taqman Chromosome Conformation Kits (Life Tech-

nologies) for the 3C assay. H441 cells were cultured in 10-cm 
plates, and one plate was used for each 3C assay. EcoRI was used 
for digestion. qRT-PCR analysis was performed using Taqman 
gene expression master mix, and a LightCycler 480 (Roche, Swit-
zerland) was used. All samples were run in quintuplicate and the 
results were averaged. Amplification data were quantified using 
the ∆∆Ct method (comparative threshold cycle method) and nor-
malized using the human internal control attached to the kit. The 
sequences of the Taqman probe and primers for 3C assays are 
shown in Supplementary information, Data S1.

Statistical analysis
Student’s t-test was used for two-sample analyses. Bonferroni 

test of the R program (http://www.r-project.org/) was used for 
multiple comparisons of the data.

Accession number
Raw sequencing data with peak calling results and microarray 

data are available at GEO (GSE51510).
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