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Abstract
STAT1 mediates Interferon (IFN)-dependent positive and negative regulation of inflammatory gene
expression in lung. In this study, we examined the effect of IFN-γ on the expression of SCGB3A1
which is thought to play crucial roles in inflammation and epithelial cell differentiation in lung. We
found that expression of SCGB3A1 was down-regulated by IFN-γ in a time- and dose-dependent
manner in the murine transformed Clara Cells (mtCC) line. IFN-γ induced the phosphorylation of
STAT1, which binds to a STAT-binding element (SBE) in the SCGB3A1 gene promoter, leading to
decreased transcriptional activation of this gene.
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Secretoglobin (SCGB) 3A1, also known as uteroglobin-related protein 2 (UGRP2) [1] or
HIN-1 (high in normal-1) [2], belongs to the Secretoglobin (SCGB) gene superfamily, based
on its amino acid sequence and predicted structure. SCGB3A1 is predominantly expressed in
the lung and trachea [3]. Although its function in vivo is not fully defined, SCGB3A1 appears
to be involved in the regulation of local immune responses in the lung for the following reasons.
First, in amino acid sequence, SCGB3A1 has similarity to Uteroglobin/Clara cell secretory
protein (UG/CCSP), the prototypical protein of the SCGB gene superfamily, also called
SCGB1A1, which is known to be a regulator of airway inflammation [3]. Second, the human
SCGB3A1 gene is located at 5q31–q35, which has been suggested to be an asthma
susceptibility region. Further, other studies have found a reduced level of expression of
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SCGB3A2, a member of the same gene family as SCGB3A1, in ovalbumin-induced airway
inflammation in mice [4,5].

IFN-γ, a T helper 1 (Th1) cytokine, plays an important role in inducing and modulating an
array of immune responses against many microbial pathogens, including bacteria, viruses, and
fungi [6]. IFN-γ is the sole type-II IFN, and the functional IFN-γ receptor complex (IFNGR)
is comprised of two receptor chains: IFNGR1, which is the primary ligand-binding chain, and
IFNGR2 which serves an accessory role by recruiting the Janus tyrosine kinase, Jak2 [7]. The
primary signaling of IFN-γ occurs through the Jak-Stat pathway, which involves sequential
receptor recruitment and activation of members of the Janus family of kinases, specialy Jak1
and Jak2. IFN-γ induces the autophosphorylation and activation of Jak2, which promotes trans-
phosphorylation of Jak1 [8], while activated Jak1 causes IFNGR1 phosphorylation to form
two adjacent docking sites for the SH2 domains of STAT1 [9,10]. Receptor-recruited STAT1
is phosphorylated by Jak2, and phosphorylated STAT1 then homodimerizes and enters the
nucleus, where it binds to promoter elements to initiate or suppress transcription of IFN-γ
responsible genes [11–13].

SCGB3A1 gene expression is regulated by several growth factors and cytokines, including
EGF/TGF-α, IL-4 and IL-13, in mouse transformed Clara Cells (mtCC) [14]. EGF/TGF-α
stimulate both the ERK-MAPK and PI3K pathways via activation of EGF receptors, leading
to up-regulation of SCGB3A1 gene expression [14]. Furthermore, the T helper 2 (Th2)-type
cytokines, IL-4 and IL-13, stimulate expression of the SCGB3A1 gene through binding of
STAT6 to the STAT-binding element (SBE) that resides –209 to –201 bp from the
transcriptional start site of this gene [15]. In that study, we showed that the IL-4/IL-13-induced
increase of SCGB3A1 gene expression was inhibited by IFN-γ. IFN-γ is a well known
antagonist that inhibits the expression of several IL-4/IL-13-inducible genes, including IGF1,
FcεRIIb (CD23), IgE, 15-lipoxygenase, IL-1R1 and IL-1RII, and the IL-1R antagonist [16].
Interestingly, IFN-γ inhibits not only IL-4/IL-13-induced SCGB3A1 gene expression, but also
basal SCGB3A1 gene expression in mtCC cells [15].

The aim of this study was to investigate the mechanism that governs the negative regulation
of SCGB3A1 gene expression by IFN-γ. We found that SCGB3A1 gene expression is down-
regulated by IFN-γ via the binding of STAT1 to the SBE located in the SCGB3A1 gene
promoter.

Materials and methods
Reagents and experimental animals

Pregnant C57BL/6 mice were purchased from Saitama Experimental Animals. Recombinat
murine IFN-α, β and γ were purchased from R&D systems (Minneapolis, MN, USA).
Antibodies against STAT1 and phospho-STAT1 were obtained from Cell Signaling
Technology (Boston, MA, USA), HIN-1 (SCGB3A1) from R&D systems, and β-actin from
Sigma-Aldrich (St. Louis, MO, USA). Horseradish peroxidase-conjugated secondary antibody
was purchased from Santa Cruz (Santa Cruz, CA, USA).

Cell culture
Mouse transformed Clara cells (mtCC) were generated from tumor cells derived from
transgenic mice expressing the SV40 large T Antigen gene under the control of the Uteroglobin/
CCSP promoter [17]. mtCC and RAW264.7 cells were maintained in Dulbecco’s modified
Eagle’s medium (DMEM) (WAKO Pure Chemical Industries Ltd., Osaka, Japan)
supplemented with 10% fetal bovine serum (Sigma-Aldrich).

Yamada et al. Page 2

Biochem Biophys Res Commun. Author manuscript; available in PMC 2010 February 20.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



RT-PCR
Total RNAs from cells were prepared using TRIzol solution (Invitrogen Life Technologies,
Carlsbad, CA, USA). First-strand cDNA was synthesized using Superscript III (Invitrogen Life
Technologies) and subjected to amplification with Taq polymerase (Sigma-Aldrich) using the
following specific PCR primers:GAPDH, 5′-GAAGGTCGGTGTGAACGGATTTGGC-3′
and 5′-CATGTAGGCCATGAGGTCCACCAC-3′; mouse IFNGR1, 5′-
CGAAAGACGTCTGTATCCCT-3′ and 5′-AAAAGCTGCGTCTTTGTGTC-3′; mouse
IFNGR2, 5′-GATGATGTGCTCCAAACACC-3′ and 5′-
AGGGGTCTCACATTTAAGCC-3′.

Northern blot analysis
Total RNAs (10 μg) were electrophoresed on a 1% agarose gel containing 2% formaldehyde
and blotted onto nylon membranes (Hybond N, GE Healthcare UK Ltd., Buckinghamshire,
UK). Filters were serially hybridized with mouse SCGB3A1 and GAPDH cDNA as a probe.
Hybridization was performed in Perfect Hybridization solution (Sigma–Aldrich) at 65 °C
overnight. The membranes were washed twice with 2 × SSC containing 0.5% SDS at 65 °C
for 30 min, and once with 2 × SSC at 65 °C for 30 min, then exposed to STORM phosphoimager
(Molecular Dynamics, Sunnyvale, CA, USA).

Western blot analysis
Total cell lysate (20 μg) was isolated, separated by 10% SDS-PAGE, and transferred onto
Immobilon-P membranes (Millipore, Billerica, MA, USA). The membranes were blocked with
3% BSA in TBST (150 mM NaCl, 20 mM Tris–HCl, pH 7.4 and 0.1% Tween 20), then
subjected to immunostaining with antibodies. The membranes were developed using an ECL
detection kit (ECL-plus, GE Healthcare UK Ltd.).

Luciferase reporter assay
mtCC cells were seeded in 24-well tissue culture plates, grown to 80% confluency, and
transfected with pGL3 reporter plasmids containing various lengths of the mouse SCGB3A1
gene promoter using Lipofectamine 2000 (Invitrogen). Cells were cultured in 0.5% FBS-
containing medium in the presence or absence of cytokine for 48 h and then lysed with passive
lysis buffer (Promega, Madison, WI, USA). Luciferase activity was measured according to the
technical manual for the Dual-Luciferase Reporter Assay System (Promega) and Lumat
LB9507 (Berthhold Technologies, Bad Wildbad, Germany).

Electrophoretic mobility shift assay (EMSA)
Nuclear protein extracts were prepared from IFN-γ-treated RAW264.7 using a modification
of the original method described by Schreiber et al. [18]. A double-stranded oligonucleotide
(21 nt) prepared based on the DNA sequence present in the mouse SCGB3A1 gene promoter
was used as a probe in EMSA. This oligonucleotide contains a STAT-binding element (SBE)
that can bind STAT1 and STAT6 [15]. Binding reactions were performed as described
previously [15].

Results
IFN-γ inhibits SCGB3A1 gene expression in a time- and dose-dependent manner

Our previous findings showed that SCGB3A1 gene expression is up-regulated by IL-4/IL-13,
whereas it is down-regulated by IFN-γ [15]. Both IL-4 and IL-13 stimulated expression of the
SCGB3A1 gene through the binding of STAT6 to the proximal SBE in the SCGB3A1 gene
promoter. To investigate the mechanism of IFN-γ-mediated down-regulation of SCGB3A1
gene expression, we treated mtCC cells with either 100 ng/ml of type-I IFNs such as IFN-α
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and IFN-β, or IFN-γ (type-II IFN) for 12 h. All three IFNs markedly inhibited the expression
of SCGB3A1 mRNA (Fig. 1A). Furthermore, Western blot analysis showed that SCGB3A1
protein expression was also decreased by IFN-γ treatment (Fig. 1B). These results indicate that
all IFN-α, IFN-β, and IFN-γ down-regulate SCGB3A1 gene expression.

The regulation of SCGB3A1 gene expression by IFN-γ was examined in more detail. When
mtCC cells were treated with different concentrations of IFN-γ for 24 h, a significant decrease
in the SCGB3A1 mRNA level was seen at a concentration of 0.01 ng/ml (Fig. 1C), while IFN-
γ markedly inhibited SCGB3A1 mRNA expression at 0.1 ng/ml and higher concentrations.
The time-dependent effect of IFN-γ on the suppression of SCGB3A1 mRNA was also
examined using a fixed concentration of 100 ng/ml (Fig. 1D). A significant decrease was first
detectable at 12 h after the addition of IFN-γ. These results demonstrate that IFN-γ suppresses
the expression of SCGB3A1 mRNA in a dose- and time-dependent manner.

Activation of STAT1 in mtCC cells through IFNGRs
In order to study the mechanism of the IFN-γ-mediated decrease of SCGB3A1 mRNA
expression, the presence of the IFN-γ receptors IFNGR1 and IFNGR2 was examined using
RT-PCR analysis (Fig. 2A). The results clearly demonstrated that both receptors are present
in mtCC cells. IFN-γ has been reported to activate STAT1, which is capable of binding to SBEs
in the promoters of various IFN-γ responsive genes. To determine whether STAT1 is activated
in mtCC cells upon IFN-γ treatment, phosphorylation of STAT1 was examined by Western
blot analysis using antibodies against phospho-STAT1 and STAT1 (Fig. 2B). The levels of
phosphorylated STAT1 were increased in the presence of as little as 0.1 ng/ml of IFN-γ, and
increased in a dose-dependent manner. These results demonstrate that STAT1 is activated by
IFN-γ in mtCC cells.

Regulation of SCGB3A1 gene promoter through binding of STAT1 to proximal SBE
Three mouse SCGB3A1 gene promoter-luciferase constructs (pGL3-154, –212, and –412)
[15] were prepared and transfected into mtCC cells, and the cells were then treated with or
without IFN-γ. The basal reporter activity of the SCGB3A1 gene promoter without IFN-γ
treatment was gradually increased up to –412 bp of the promoter sequence (Fig. 3A) [15]. In
the presence of IFN-γ, the reporter activities of the constructs pGL3-212 and –412, but not –
154 were down-regulated by the addition of IFN-γ as compared to those in the absence of IFN-
γ. These results suggest that the element(s) responsible for the IFN-γ-induced suppression of
SCGB3A1 gene promoter activity reside in the region from –154 and –212 bp upstream from
the transcription start site of the SCGB3A1 gene. In fact, within this region, one SBE (5′-
TTCCTGGAA-3′) is located at a position –209 to –201 bp from the transcription start site of
the gene, which our previous study demonstrated is responsible for the IL-4/IL-13-induced
increase of SCGB3A1 gene expression [15]. To determine whether this SBE may be
responsible for the IFN-γ-induced decrease of SCGB3A1 promoter activity, mutations were
introduced to modify two of its nucleotides (5′-TTCCTGGAA-3′ to 5′-TACCTGCAA-3′;
mutations are underlined). We found that the construct pGL3-212M carrying these mutated
nucleotides almost completely inhibits the IFN-γ induced decrease of SCGB3A1 gene
promoter activity (Fig. 3B), suggesting that this SBE plays an important role in the suppression
of SCGB3A1 promoter activity by IFN-γ. STAT1 binds to this SBE (–209 to –201 bp) in EMSA
analysis using a 32P end-labeled double-stranded oligonucleotide spanning –215 through –195
bp of the mouse SCGB3A1 gene promoter (Fig. 3C) [15].

Discussion
Previously, we demonstrated that the suppression of basal SCGB3A1 gene expression by IFN-
γ can inhibit the induction of SCGB3A1 gene expression independently of IL-4 and IL-13
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[15]. In this study, SCGB3A1 mRNA was found to be negatively regulated by IFN-γ through
STAT1 activation. Activated STAT1 binds to the proximal STAT-binding element and inhibits
the promoter activity of the SCGB3A1 gene.

SCGB3A1 mRNA expression was inhibited by IFN-α/β as well as IFN-γ (Fig. 1A). IFN-α/β
are the type-I IFNs, which are well known to be central to the host defense against microbial
pathogens including most viruses [19,20]. The IFN-α/β and IFN-γ signaling pathways exhibit
intracellular cross-talk at multiple levels. Furthermore, the signaling pathways and target genes
activated by type-I and -II IFNs partially overlap each other, which provides an opportunity
for cross-talk within cells to synergize or antagonize particular functions [21]. Thus, it is
possible that IFN-α/β regulates the expression of SCGB3A1 mRNA through STAT1 activation
as seen with IFN-γ. In this regard, it is interesting that the expression of SCGB3A2, the gene
from the same genefamily as SCGB3A1, is inhibited by IFN-α/β but not IFN-γ in mtCC cells
(A. Yamada, unpublished observations).

Transcriptional analysis of the SCGB3A1 promoter–reporter constructs showed that the
proximal SBE located between –209 and –201 bp from the transcription start site contains the
elements that are responsible for the IFN-γ-induced inhibition of SCGB3A1 gene promoter
activity (Fig. 3B). Previously, we demonstrated that IL-4- or IL-13-activated STAT6 binds to
the same SBE in the SCGB3A1 gene promoter [15]. When cells were co-treated with IFN-γ
and IL-4 or IL-13, binding of STAT6 to the SBE decreased apparently due to the binding of
STAT1 to the same element. Ohmori et al. reported that the affinity of STAT1 is greater than
the affinity of STAT6 for the SBE in the promoter of IRF-1 gene [22]. This may also be the
case for the SCGB3A1 gene promoter. We do not know how the binding of STAT1 to the
proximal SBE in the SCGB3A1 gene promoter suppresses SCGB3A1 promoter activity.
Additional studies are required to address this issue.

Regulation of IFN-γ signal transduction and gene expression in airway epithelial cells is of
critical importance in allergic diseases such as asthma because epithelial cells stimulated with
IFN-γ express a multitude of inflammatory mediators that trigger and then maintain airway
inflammation [23]. SCGB3A1 gene expression is up-regulated by retinoic acid, which induces
mucinous differentiation in primary bronchial epithelial cells. The potential pathophysiological
role of decreased SCGB3A1 expression induced by IFN-γ in the lung remains to be understood.

In conclusion, we demonstrated that IFN-γ suppresses expression of the SCGB3A1 gene in
lung epithelial cells through activation of the STAT1 pathway.
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Fig. 1.
Regulation of SCGB3A1 gene expressions by IFNs. (A) mtCC cells were treated with 100 ng/
ml of selected IFNs (IFN-α, IFN-β and IFN-γ) for 12 h, and mRNAs for SCGB3A1 and
GAPDH as a control were examined by Northern blot analysis. (B) Effect on SCGB3A1 protein
expression of IFN-γ. mtCC cells were treated with 100 ng/ml of IFN-γ, and proteins for
SCGB3A1 and β-actin as a control were examined by Western blot analysis. (C) Dose effects
of IFN-γ analyzed using Northern blots. mtCC cells were treated with 0.01, 0.1, 1, 10, or 100
ng/ml of IFN-γ for 24 h. (D) Time course analysis of IFN-γ effects by Northern blot analysis.
mtCC cells were treated with 100 ng/ml of IFN-γ for 3, 6, 12, or 24 h. In each panel, band
intensities were quantitated and the relative expression of SCGB3A1 vs GAPDH as a control
is plotted on the right. Experiments were repeated at least twice and a representative result is
shown.
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Fig. 2.
STAT1 is activated by IFN-γ in mtCC cells. (A) RT-PCR analysis of IFNGR1 and IFNGR2
using RNAs prepared from mtCC cells and adult mouse lung as a control. The sizes of PCR
products are 426 bp for IFNGR1, 439 bp for IFNGR2, and 982 bp for GAPDH. (B) mtCC cells
were treated with 0.001, 0.01, 0.1, 1, or 10 ng/ml of IFN-γ for 30 min. The level of activated-
STAT1 was measured using a rabbit polyclonal anti-phospho-STAT1 (Tyr694) antibody.
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Fig. 3.
Identification of an IFN-γ-responsive region in the SCGB3A1 gene promoter. (A) Transfection
analysis of a series of luciferase reporter plasmids containing various lengths (–412, –212 and
–154/+52 bp) of the mouse SCGB3A1 gene promoter with or without IFN-γ. The proximal
SBE (5′-TTCCTGGAA-3; –212 to –154 bp) previously shown to be involved in the IL-4/
IL-13-induced increase of SCGB3A1 expression[15], is indicated in the illustration on the left.
The SBE is characterized by a palindromic sequence shown in boldface. Luciferase assays
were performed in mtCC cells with (black bar) or without (gray bar) stimulation with 100 ng/
ml of IFN-γ. Results shown are the mean ± SE from three independent experiments. A
significant difference was obtained with versus without IFN-γ treatment: **P < 0.01. (B)
Mutation analysis. The SBE site and the mutated sequences (underlined) are shown in
boldface. The mutation of the proximal SBE abrogates the IFN-γ-induced promoter activity of
the –212 construct. (C) Electrophoretic mobility shift assays (EMSA) for the STAT1-binding
site in the SCGB3A1 gene promoter. A SBE is underlined. In the mutated SBE oligonucleotide
(mut), mutations were introduced by changing 2 nucleotides (boldfaced). Nuclear extract
proteins (5 μg) from RAW264.7 cells stimulated with 100 ng/ml of IFN-γ for 30 min at 37 °
C were incubated with labeled wild-type (WT) SBE oligonucleotide. For supershift assays, 2
μg of STAT1 antibody was added to probe-extract complexes. After incubations, DNA/protein
complexes were resolved by 6% polyacrylamide gel electrophoresis.

Yamada et al. Page 9

Biochem Biophys Res Commun. Author manuscript; available in PMC 2010 February 20.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


