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With increasing worldwide rates of morbidity and mortality
of pulmonary fibrosis, the development of effective therapeutics
for this disease is of great interest. Secretoglobin (SCGB) 3A2, a
novel cytokine-like molecule predominantly expressed in pul-
monary airways epithelium, exhibits anti-inflammatory and
growth factor activities. In the current study SCGB3A2 was
found to inhibit TGFB-induced differentiation of fibroblasts to
myofibroblasts, a hallmark of the fibrogenic process, using pul-
monary fibroblasts isolated from adult mice. This induction was
through increased phosphorylation of STAT1 and expression
of SMAD7 and decreased phosphorylation of SMAD2 and
SMAD3. To demonstrate the effect of SCGB3A2 on the TGFf
signaling in vivo, a bleomycin-induced pulmonary fibrosis
mouse model was used. Mice were administered bleomycin
intratracheally followed by intravenous injection of recombi-
nant SCGB3A2. Histological examination in conjunction with
inflammatory cell counts in bronchoalveolar lavage fluids dem-
onstrated that SCGB3A2 suppressed bleomycin-induced pul-
monary fibrosis. Microarray analysis was carried out using
RNAs from lungs of bleomycin-treated mice with or without
SCGB3A2 and normal mice treated with SCGB3A2. The results
demonstrated that SCGB3A2 affects TGF@ signaling and
reduces the expression of genes involved in fibrosis. This study
suggests the potential utility of SCGB3A2 for targeting TGFf3
signaling in the treatment of pulmonary fibrosis.

An increasing number of people are affected by pulmonary
fibrosis worldwide, with increasing morbidity and mortality
rates. In the United States, the number of patients suffering

* This work was supported by the National Institutes of Health, Center for
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from pulmonary fibrosis is about 200,000 (1, 2) (www.nhlbi.
nih.gov). Recovery from pulmonary fibrosis is possible at early
stages of the disease, whereas the recovery is limited once the
fibrosis has progressed. A risk for developing pulmonary fibro-
sis increases by administration of bleomycin (BLM),? an anti-
cancer and antibiotic agent, used in therapy for many types of
solid tumors.

Fibrosis arises from inflammation initiated by cell injury, and
injured tissues are gradually replaced by collagen fibers that are
produced from fibroblasts and accumulate as myofibroblasts.
Damaged cells produce chemokines, which stimulate leuko-
cytes to proliferate and produce profibrotic cytokines such as
transforming growth factor 8 (TGFpB), a major profibrotic
growth factor, and interleukin-13 (IL-13), a major profibrotic
mediator. TGFB1 induces collagen type I transcription through
the SMAD signaling, whereas IL-13 stimulates macrophages to
produce TGEB (3—6). On the other hand, interferon-vy (IFNv)
inhibits collagen generation through STAT1 activation fol-
lowed by sequestration of p300, which plays a pivotal role in the
regulation of collagen synthesis by TGFB (7, 8). [FNvy also
induces the antagonistic SMAD7, which in turn impairs TGFf3
signaling through inhibition of the SMAD?3 interaction with the
TGEB receptor (9) and/or disruption of formation of the
TGEB-induced functional SMAD-DNA complex (10). Other
molecules are also involved in the fibrotic process (6). These
include other Th2 cytokines such as IL-4, IL-5, and IL-10,
chemokines such as CCL2 and CCL3, connective tissue growth
factor, and platelet-derived growth factor (3, 11). Molecules
involved in various pathways leading to myofibroblast expan-
sion are considered to be useful as therapeutic targets. To this
end, a number of inhibitors and/or monoclonal antibodies
against these targeted molecules have been developed and sub-
jected to clinical trials as a means to treat fibrosis (3, 11, 12).
IFNvis one of the targeted molecules used as a new therapy for

2The abbreviations used are: BLM, bleomycin; SCGB, secretoglobin; CHX,
cycloheximide; GO, gene ontology; MMPs, metalloproteinases; gRT, quan-
titative RT; BALF, bronchoalveolar lavage fluid; «SMA, a smooth muscle
actin; rm, recombinant mouse.
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fibrosis (5, 6, 12); however, because of potentially harmful side
effects, a better alternative is desirable (13).

Secretoglobin (SCGB) 3A2, previously called uteroglobin-re-
lated protein 1, is a member of the SCGB gene superfamily (14).
The SCGB gene superfamily consists of 3 gene families; family 1
has 4 subfamilies, each composed of 3-11 members, family 2
consists of 2 subfamilies, each with 6 ~10 members, and family
3 consists of only one subfamily with 5 members (15, 16). All
members of the SCGB gene superfamily are cytokine-like
secreted proteins of ~10 kDa, found only in mammals. They
form homodimers or heterodimers with other members. Most
functions of SCGB are still elusive, and the signaling pathways
including a possible receptor(s) that transmits activities of these
proteins is not known. Among the best studied member of the
gene superfamily is SCGB1AL, also called uteroglobin, Clara
cell secretory protein, or Clara cell 10-kDa protein that exhibits
anti-inflammatory and immunomodulatory activities in lung
(17-19). Studies on the mechanisms of the anti-inflammatory
activity of SCGB1A1 have been carried out (20, 21). Other
members such as SCGB2A2 (mammaglobin A) and SCGB1D?2
(lipophilin B) are known as a cancer marker for mammary gland
(22) (23).

SCGB3A2 is the second member of the SCGB family 3, sub-
family A. It is predominantly expressed in lung airways.
SCGB3A2 was found to play a role in suppression of lung
inflammation using a mouse model for allergic airway inflam-
mation (24) and to promote branching and maturation of
mouse fetal lungs (25). MARCO (macrophage scavenger recep-
tor with collagenous structure), expressed in alveolar macro-
phages in lung, was suggested as a possible receptor for
SCGB3A2 (26). On the other hand, we have demonstrated the
possible presence of a SCGB3A2-specific receptor on the mes-
enchymal cells of mouse fetal lungs (25). Despite these studies,
very little is known about the biological and physiological func-
tions of SCGB3A2 and its mechanisms of action including the
receptor and the signaling pathway it provokes.

In the present study SCGB3A2 was found to inhibit the
TGEB signaling through increased STAT1 phosphorylation
and expression of SMAD7 and decreased phosphorylation of
SMAD?2/3, thus resulting in inhibition of TGFB-induced myo-
fibroblast differentiation. In an iz vivo mouse model, SCGB3A2
markedly suppressed BLM-induced pulmonary fibrosis, sug-
gesting the potential use of SCGB3A2 as a novel therapeutic
reagent to treat pulmonary fibrosis.

EXPERIMENTAL PROCEDURES

Isolation and Primary Culture of Lung Fibroblasts—Lung tis-
sues from 7-9-week-old female mice were cut into small pieces,
mounted on collagen type I-coated 60-mm plate (I'WAKI, Shi-
zuoka, Japan), and then cultured for 7 days. Fibroblasts were
harvested by 0.5% trypsin and 0.53 mm EDTA in PBS, washed
with DMEM supplemented with 10% FBS, plated on a 35-mm
plate, and cultured for 16 h. Fibroblasts were stimulated by 10
ng/ml TGFS (Sigma) in DMEM containing 3% FBS for 24 ~72 h
in the presence or absence of recombinant mouse (rm)
SCGR3A2 (2.5 pg/ml). The recombinant mouse SCGB3A2
(rmSCGB3A2) was purified as described (25) (detailed purifi-
cation method of SCGB3A2 will be provided upon request). For
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simplicity “SCGB3A2” is used instead of rmSCGB3A2 through-
out the manuscript. For blocking experiments of IFN+y receptor
signaling, a specific antibody against IFNy receptor (rat anti-
CD119 clone GR20, BD, Tokyo, Japan) was co-cultured with
SCGB3A2 or IFNy (R & D Systems, Minneapolis, MN) for 24 h
or 30 min, respectively. To determine translational regulatory
mechanism, fibroblasts were incubated with SCGB3A2 (2.5
pg/ml) and cycloheximide (CHX, 1 ug/ml, WAKO, Osaka,
Japan) for 3 h or pretreated with CHX 3 h before stimulation
with IFNvy. To down-regulate Statl expression, Statl siRNA
probes (no. 7 probe, sense strand (5'-GCAUCUUACUGAAG-
GUGAATT-3") and antisense strand (5'-UUCACCUUCAGU-
AAGAUGCAT-3') and no. 8 probe (sense strand 5'-GAGUU-
GGUUUAAUAUAUAUTT-3') and antisense strand (5'-AUA-
UAUAUUAAACCAACUCAT-3’); Qiagen, Valencia, CA)
were transfected into fibroblasts using Lipofectamine 2000
(Invitrogen) 48 h before addition of TGFB and/or SCGB3A2.
Immunoblotting—Immunoblotting was performed using the

following antibodies; anti-STAT1, anti-pSTAT1 (Tyr-701), -~
anti-SMAD?2, anti-pSMAD?2 (Ser-465/467), anti-SMAD3 (Cell

Signaling Technology, Danvers, MA), anti-pSMAD3 (Ser-423/
425) (Millipore Corp. Temecula, CA), anti-SMAD7 (Santa
Cruz Biotechnology, Inc. Santa Cruz, CA), anti-a-smooth mus-
cle actin («SMA; Sigma), and anti-B-actin (Sigma). Immuno-
blotting was performed as described in Kurotani et al. (25). All
immunoreactive bands were visualized using ECL (GE Health-
care) or ImmunoStar LD (WAKO) with LAS-3000mini
(FUJIFILM, Tokyo, Japan) and then standardized by immuno-
reactive band of B-actin using Multi Gauge Version 3.0 soft-
ware (FUJIFILM).

Quantitative RT-PCR and RT-PCR—Total RNAs isolated
using TRIzol (Invitrogen) and digested with DNase [ were
reverse-transcribed by Superscript II reverse transcriptase
(Invitrogen). Quantitative RT-PCR (qRT-PCR) was performed
with ABI Prism 7900 Sequence Detection System (Applied Bio-
systems, Foster City, CA) using SYBR Green master mixture.
The standard curve method was used, and all data were normal-
ized to 18 S rRNA amplified using TagMan Ribosomal RNA

Control Reagent, VIC Probe (Applied Biosystems). RT-PCR
was performed using AmpliTaq Gold DNA polymerase °

(Applied Biosystems) with iCycler (Bio-Rad). PCR condition
used was 50 °C for 2 min and 95 °C for 10 min followed by 95 °C
for 15 s and 60 °C for 40 s for 40 cycles. Primers used for qRT-
PCR and RT-PCR analysis are summarized in supplemental
Table S1. Leukocytes isolated from normal mouse spleen were
stimulated by phorbol 12-myristate 13-acetate, (10 ng/ml)
(Calbiochem) and ionomycin (1 M) (Calbiochem) for 3 h or by
poly(I:C) (polyinosinic-polycytidylic acid potassium salt, 10
pg/ml; Imgenex, San Diego, CA) for 24 h. The mRNAs
extracted were used as a positive control for IFNvy and IFN«
(27) and for IFNS, respectively (28).

Animals and SCGB3A2 Treatment—C57BL/6N mice (NCI-
Frederick, National Institutes of Health) were maintained
under a standard 12-h light/12-h dark cycle with water and
chow provided ad libitum. At least ten 7-8-week-old
C57BL/6N mice were prepared for each group. Eight units/kg
BLM (Sigma) or PBS was directly administered once by intra-
tracheal intubation into C57BL/6N mice using the BioLITE sys-
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tem (BioTex, Inc., Houston, TX). Purified SCGB3A2 (1.5
mg/kg/day) or PBS was intravenously administered to mice via
the tail vein once daily for a week starting on day 14 after BLM
administration. Four groups of mice were used in this study;
administration of BLM followed by intravenous injection of
PBS (Group 1) or SCGB3A2 (Group 2) or administration of PBS
followed by intravenous injection of PBS (Group 3) or
SCGB3A2 (Group 4). All animal studies were performed after
approval by the National Cancer Institute Animal Care and Use
Committee. SCGB3A2 used in the animal study contained
endotoxin at 0.2 enzyme units/mg. The dose of SCGB3A2 was
determined based on the previous study in which a total of 200
g, but not 100 ug, exhibited growth factor activity without
causing any gross abnormalities to the dam as well as the
embryos (25). For microarray analysis, C57BL/6N mice (7-8
weeks old) were treated with PBS or SCGB3A2 by intravenous
administration and were euthanized 12 h later.

Bronchoalveolar Lavage—On day 21 after administration of
BLM, mice were euthanized and subjected to bronchoalveolar
lavage. Bronchoalveolar lavage fluid (BALF) was obtained by
intratracheal instillation of 1 ml of PBS into the lung while it
was kept in the thoracic cavity. Cells in the BALF were centri-
fuged at 500 X g and subjected to Diff-Quick (Baxter Health-
care, Miami, FL) staining. Cells were identified and counted
using 2000 -2500 cells from 10 fields randomly chosen. Tissues
were fixed in 4% paraformaldehyde or stored at —80 °C for later
RNA preparation.

Pathology—The whole lung was inflated and fixed with 4%
paraformaldehyde. Lung tissues were embedded in paraffin,
and 4-um whole lung sections were prepared. Hematoxylin and
eosin staining was carried out for assessment of BLM-induced
fibrosis. Masson’s Trichrome staining (Sigma) was used to
detect collagen fibers. Immunohistochemical staining for
SCGB3A2, pSMAD?2, pSMAD3, and SMAD2/3 was performed
in BLM-treated lungs using anti-mouse SCGB3A2 antibody
(produced in our laboratory) (14), anti-pSMAD2(ser465/467)
(Cell Signaling Technology), anti-pSMAD3 (Epitomics, Burlin-
game, CA), and anti-SMAD2/3 (BD Biosciences), respectively.
For antigen-retrieval, the sections were incubated in Tris-
EDTA (pH 6.0) at a temperature over 95 °C for 10 min before
protein blocking. The immunoreactivities were enhanced by
ABC method (Vector Laboratories, Burlingame, CA) followed
by visualization using diaminobenzidine (DakoCytomation,
Carpinteria, CA) and counterstained with hematoxylin. Immu-
nocytochemical staining for «SMA was performed as described
(29, 30). Briefly, fibroblasts cultured on 8-well Lab Tek Cham-
ber Glass Slide (Nalge Nunc International, Naperville, IL) with
and without TGFB and/or SCGB3A2 were incubated at room
temperature in PBS containing 0.1% Triton X 100 for 15 min
followed by fixing with 4% paraformaldehyde for 15 min at
room temperature. Cells were incubated with anti-aSMA anti-
body (Sigma, 1:400) overnight at 4 °C after blocking with 3%
BSA-PBS for 1 h at room temperature. Cells were incubated
with Alexa Fluor 488 goat anti-mouse IgG (Invitrogen) for 30
min at room temperature in dark. Nuclei were stained by 1
mg/ml DAPI (4',6-diamino-2-phenylindole) (47). The «SMA
signal was observed using Nikon EC (Nikon, Tokyo, Japan).

19684 JOURNAL OF BIOLOGICAL CHEMISTRY

Fibrosis Assessment (Grading)—The grade of BLM-induced
pulmonary fibrosis was determined based on the percentage of
the fibrotic area in the whole lung section as follows; the pres-
ence of fibrosis in 0-25% of the lung for Grade 1, 26 -50% of the
lung for Grade 2, 51-75% of the lung for Grade 3, and 76 ~100%
of the lung for Grade 4. No fibrosis, but with inflammation
including a few infiltrating foci of lymphocytes or a very small
granulomas, was considered Grade 0.

DNA Microarray—Total RNAs were purified using TRIzol
and RNAeasy (Qiagen, Valencia, CA) from lungs of four groups
(Group 1, 2, 3, and 4) of mice as described above or mice 12 h
after SCGB3A2 treatment. Ten (group mice analysis) or 20 ug
(SCGB3A2 treatment) of purified total RNA were reverse-tran-
scribed to label with Cy3 and Cy5 (GE Healthcare) using the
FairPlay Microarray Labeling kit (Stratagene, La Jolla, CA) or
SuperScript™ Indirect cDNA Labeling Core kit (Invitrogen),
respectively. Microarray analysis was carried out using individ-
ually isolated RNA from at least 5 mice in each group and
mouse array chips (45K) obtained from the NCI Microarray
Facility. Experiments and analysis were performed according to
the manufacturer’s instruction and the instruction of the Cen-
ter for Cancer Research, NCI (nciarray.ncinih.gov). Gene
Ontology (GO) analysis (31) and pathway analysis were per-
formed using a mouse gene data (Mm-Std_20060628.gdb) and
a mouse pathway data (Mm_Contributed_20070917) from
MAPPFinder (32). Up-regulated genes were sorted based on
scores (ratio of Cy5 per Cy3) more than 2.0 (average) between
Group 1 and Group 3, more than 1.5 (average) between Groupl
and Group2, and those up-regulated in all reactions.

Statistical Analysis—Data are shown as the mean * S.D.
from indicated numbers of independent experiments. Statisti-
cal analysis was performed one-way ANOVA followed by Bon-
ferroni multiple comparison test.

RESULTS

Effect of SCGB3A2 on Differentiation of Fibroblasts into
Myofibroblasts—It was previously demonstrated that SCGB3A2
has at least two biological functions; an anti-inflammatory
function was revealed using an ovalbumin-induced allergic air-
way inflammation model (24), and growth factor activity was
studied using ex vivo fetal lung organ cultures and in vivo injec-
tion of SCGB3A2 to pregnant mice (25). To obtain insight into
whether SCGB3A2 plays any additional roles in lung physiology
and/or diseases, primary fibroblasts obtained from adult mouse
lungs were used as an in vitro model of fibrosis in which the
effect of SCGB3A2 on TGFB-induced differentiation of fibro-
blasts into myofibroblasts was studied (33). Inhibition of this
transformation would indicate a role for SCGB3A2 in control-
ling fibrosis. As expected, TGF§ treatment resulted in differen-
tiation of pulmonary fibroblasts to myofibroblasts within 24 h
as clearly seen by the characteristic myofibroblast morphology
and the robust expression of «aSMA (Fig. 14, TGFB, aSMA is
seen in green). In contrast, treatment of fibroblasts with both
TGERB and SCGB3A2 together (TGFB+SCGB3A2) exhibited
morphology and the level of aSMA expression similar to those
of normal fibroblasts (Fig. 14, Cont. versus TGFB+SCGB3A2).
SCGB3A2 alone did not have any effect on the morphology of
fibroblasts (Fig. 14, SCGB3A2). Note that the number of cells
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FIGURE 1. Inhibition of differentiation from fibroblast to myofibroblast by SCGB3A2. A, representative immunocytochemistry for «SMA (n = 4) is shown.
«SMA was visualized as a green signal. Fibroblasts isolated from adult mouse lungs were cultured in the absence (Cont.; normal fibroblast) or the presence of
SCGB3A2, TGFB, or TGFB and SCGB3A2 together for 24~72 h. All the images were taken at X600 (original magnification). B, representative immunoblotting
results for eSMA, phosphorylated SMAD2 (pSMAD2), total SMAD2, phosphorylated SMAD3 (pSMAD3), total SMAD3, and $-actin using cells harvested after24 h
stimulation are shown. C, and D, densitometric analysis of the immunoblot signals in Bis shown as the mean = S.D. (n = 4) for «SMA (C) and pSMAD2/SMAD2
and pSMAD3/SMAD3 ratios (D). E, gRT-PCR for collagen 1a1, collagen 1a2, and collagen 3a1 is shown. Fibroblasts were harvested 24 h after stimulation and
were subjected to gRT-PCR analysis to determine the level of collagen genes expression. Cont, normal fibroblast as control; TGFB, stimulated by TGFf;
TGFB+SCGB3A2, administration of both TGFB and SCGB3A2; SCGB3A2, fibroblast stimulated by SCGB3A2 only. The graph shows the mean + 5.D. from4-8

Jungs per group, each in triplicate. * p < 0.05; **, p < 0.01; NS, not significant.

did not significantly differ among different culture groups for at
least up to 72 h (data not shown). The level of SMA protein
was increased by TGF@ treatment, which returned to control
levels in cells treated with SCGB3A2 as determined by Western
blotting performed after 24 h of stimulation with TGFp (Fig. 1,
B and C). SCGB3A?2 alone did not have a significant effect on
the level of «SMA protein as compared with control. When
SMAD?2 and SMAD3, the major molecules in the TGFf sig-
naling pathway, were examined, phosphorylated SMAD2
(pSMAD2) and SMAD3 (pSMAD3) were increased by TGFf
treatment as expected, and combined treatment with TGFS
and SCGB3A2 partially reversed the increase (Fig. 1, B and D).
Again, SCGB3A2 alone did not have any effect on SMAD2 and
SMAD3 phosphorylation. Furthermore, gRT-PCR analysis
revealed that the expression of collagen 1a2 and collagen 3al
was decreased in fibroblasts stimulated by TGF8 and SCGB3A2
together as compared with those treated with TGF 3 alone (Fig.
1E). Because production of a complete collagen fiber requires

JUNE 3, 2011 -VOLUME 286+ NUMBER 22

three collagens (34), the reduced expression of two collagen
genes is likely to account for the reduced Type [ and Type 111
collagen fibers. The effect of SCGB3A2 on the reduced expres-
sion of collagen genes was abolished when SCGB3A2 was
boiled before the addition to the media, suggesting that the
effect of SCGB3A2 was not due to any contaminants in
SCGB3A2 preparation (supplemental Fig. S1). These results
demonstrated that SCGB3A2 inhibited TGFB-induced differ-
entiation of primary lung fibroblasts to myofibroblasts.
Induction of STATI Phosphorylation and SMAD?7 Expression
by SCGB3A2—Immunoblotting was performed to examine lev-
els of SMAD7 protein and the status of STAT1 phosphorylation
in the presence or absence of TGFB and/or SCGB3A2 (Fig. 2). It
is well documented that IFNy treatment results in phosphory-
lation of STAT1 and induces SMAD7 expression, which inter-
feres with the TGFp signaling (9, 35). In mouse lung primary
fibroblasts, the expression of SMAD7, STAT1, and phosphor-
ylated STAT1 was hardly detectable in control and TGFB-
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FIGURE 2. Phosphorylation of STAT1 and SMAD7 expression by
SCGB3A2. A, immunoblotting for phosphorylated STAT1 (pSTAT?), total
STAT1, SMAD?7, and B-actin as control is shown. B and C, shown is a graph for
densitometric analysis of the immunoblot signals shown in A for pSTAT1/
STAT1 (B) and SMAD7/B-actin (C). The mean = S.D. (n = 4)is shown.Dand £,
gRT-PCR for STAT1 (D) and SMAD7 (E) using 18 S as an internal control is
shown. NS, not significant. F-I, effect of STAT1 siRNA or nonspecific control
siRNA on the level of aSMA is shown. F, gRT-PCR to confirm knockdown of
STATT mRNA with STAT1 siRNA probes is shown. G, immunoblotting for
aSMA and B-actin using cells transfected with no. 8-STAT1 siRNA probe
(STATT si) or nonspecific negative siRNA probe (N.si). H and /, shown is a graph
for densitometric analysis of the immunoblot signals shown in G for aSMA/
B-actin with a STAT1 siRNA probe (+) and nonspecific negative siRNA probe
(/). The mean = S.D. (n = 4) is shown. Fibroblasts were harvested 24 h after
stimulation. Cont, normal fibroblast as control; TGFp, stimulated by TGFg;
TGFB+SCGB3A2, administration of both TGF 3 and SCGB3A2; SCGB3A2, fibro-
blast stimulated by SCGB3A2 only. **, p < 0.01, NS, not significant. Represent-
ative immunoblotting results are shown.

treated cells (Fig. 2A4). In contrast, the level of STAT1, phosphor-
ylated STAT1 (pSTAT1), and SMAD7 was markedly increased
when fibroblasts were treated with SCGB3A2 (Fig. 2, A-C). TGFf3

19686 JOURNAL OF BIOLOGICAL CHEMISTRY

dramatically inhibited the induction of STAT1 and SMAD7 by
SCGB3A2 (see TGFB+SCGB3A2 versus SCGB3A2), whereas
the pSTAT1/STAT1 ratio stayed at similar levels with
TGFB+SCGB3A2 and SCGB3A2-only treatments (Fig. 2B).
The SCGB3A2-induced increase of STAT1 and SMAD7 ex-
pression was due to an mRNA increase as demonstrated by
qRT-PCR (Fig. 2, D and E, respectively). When STAT1 siRNA
was transfected to mouse lung primary fibroblasts followed by
treatment with TGFB and/or SCGB3A2, TGEB-induced aSMA
expression levels stayed the same with and without SCGB3A2
(Fig. 2, G and H). With control nonspecific negative siRNA,
TGFB-induced «SMA expression was reduced by SCGB3A2 as
expected (Fig. 21), confirming that the effect of SCGB3A2 is
through STAT1. These data demonstrated that SCGB3A2
enhanced expression of SMAD7 and STAT1 and phosphoryla-
tion of STAT]I, resulting in inhibition of the TGFf signaling
pathway.

Relationship between SCGB3A2 and Interferon -y Receptor—
Several cytokines are known to activate STAT1. Among them,
the key cytokine that activates STAT1 is IFNvy (36). IFNvy is
known to improve fibrosis through phosphorylation of STAT1
(5, 6, 12), and its clinical effect on pulmonary fibrosis is well
documented (37). IFNa and IFNS also activate STAT1 and
inhibit fibrosis (38 —40). RT-PCR analysis using lung primary
fibroblasts demonstrated that IFNvy was not expressed in lung
primary fibroblasts regardless of SCGB3A2 treatment (Fig. 34).
Similarly, neither IFNa nor IFNS was expressed in lung pri-
mary fibroblasts stimulated by SCGB3A2 (supplemental Fig.
S2). In the following studies, we focused on the relationship
between SCGB3A2 and IFNwy and its receptor. When IFNvy
receptor-specific neutralizing antibody was added to the cul-
ture, IFN+y-induced phosphorylation of STAT1 was inhibited,
whereas it did not inhibit phosphorylation of STATT induced
by SCGB3A2 (Fig. 3B). Interestingly, it took ~3 h for the
SCGB3A2-induced phosphorylation of STAT1 to reach maxi-
mum levels (Fig. 3C). This was unusually long as compared with
the [FNvy-induced STAT1 phosphorylation, which reached
maximal levels within 30 min of stimulation (41, 42) (supple-
mental Fig. S3). Furthermore, SCGB3A2-stimulated STAT1
phosphorylation was suppressed in the presence of CHX (Fig.
3D).In contrast, IFNy-stimulated STAT1 phosphorylation was
unchanged with and without CHX treatment (Fig. 3E). These
data indicated that SCGB3A2 promoted phosphorylation of
STAT1 in a manner independent of IFNy receptor and through
a CHX-sensitive intermediate molecule. These data further
suggested that the SCGB3A2-STAT1 signaling may have been
through a SCGB3A2-specific receptor.

Inhibition of BLM-induced Lung Fibrosis by SCGB3A2—To
validate these in vitro data that SCGB3A2 suppresses the TGES
signaling pathway resulting in reduction of fibrosis, mice were
subjected to a pulmonary fibrosis model. Pulmonary fibrosis
was induced by direct administration of BLM or PBS as control
to mice by intratracheal intubation. The histopathology of the
lungs on day 14 (2 weeks) after BLM treatment did not reveal
any fibrosis regardless of treatment regimens (data not shown).
At day 14, mice received the first of 7 daily consecutive intrave-
nous injections of SCGB3A2 or PBS through the tail vein (Fig.
4A). On day 21 after BLM administration, pulmonary fibrosis
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FIGURE 3. Relationship between SCGB3A2 and IFNy receptor. A, representative RT-PCR for [FNvyin fibroblasts in the presence or absence of SCGB3A2 (n =
3) is shown. Leukocytes stimulated by phorbol 12-myristate 13-acetate (10 ng/ml) and ionomycin (1 um) for 3 h were used as a positive control for IFNYy.
B, shown are blocking experiments for IFN+y receptor signaling. A representative result is shown (n = 3). pSTAT1 was detected in the presence of anti-IFNy
receptor antibody and SCGB3A2 (right panel). C, a representative time-course result of STAT1 phosphorylation by SCGB3A2 (n = 3) is shown. D and £, protein
synthesis blocking experiments are shown. Fibroblasts were incubated with both SCGB3A2 and CHX (1 pg/mil) for 3 h (D and £ for CHX—SCGB3A2) or were
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was observed in the lungs of BLM-treated group of mice (Group
1). The extent of fibrosis was rated as grade 1 to grade 2 (Fig.
4B). In contrast, mice in Group 2 that received BLM and
SCGB3A2 did not develop any pulmonary fibrosis except one
mouse of five tested. In Group 3, one mouse exhibited small
fibrotic lesions, whereas no fibrosis was observed in Group 4
mice. Collagen fibers were found to focally occupy the alveolar
space of mice in Group 1 but not in other groups of lungs as
determined by Masson’s Trichrome staining, which detects
collagen fibers (Fig. 4C, upper panel). Excessive SCGB3A2
expression was focally found in a part of airway epithelial cells
and the foci of fibrosis of Group 1 mouse lungs (Fig. 4C, lower
panel). In contrast, other groups of lungs (Groups 2-4)
expressed SCGB3A?2 at similar levels in airway epithelial cells as
expected, although Group 2 lungs appeared to have slightly
higher expression than Group 3 and 4 lungs. When the expres-
sion of total SAMD2/3 as well as pSMAD2 and pSMAD3 was
examined by immunohistochemistry, all were highly up-regu-
lated in most of airway epithelial cells as well as the foci of
fibrosis in Group 1 mouse lungs, whereas expression stayed at
similar levels and patterns in other groups of lungs including
those of BLM+SCGB3A2 administered mouse lungs (Group 2)
(supplemental Fig. S4). The latter results suggested that
SCGB3A2 appeared to have suppressed expression of
SMADZ2/3 and/or pSMAD2 and pSMAD3 in epithelial as well
as parenchymal cells. The numbers of macrophages and neu-
trophils in BALF were enhanced by BLM treatment, whereas
they were markedly reduced to levels close to that of controls in
the SCGB3A2-treated group (Fig. 4D). The number of lympho-
cytes was not different with statistical significance among the
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four groups (data not shown). These data indicated that devel-
opment of BLM-induced fibrosis was suppressed by the daily
administration of SCGB3A2 on the third week of BLM
treatment.

Alteration of Gene Expression by BLM and/or SCGB3A2—To
determine the genes whose expression was altered in the BLM-
induced lung fibrosis and/or SCGB3A2-induced reduction of
fibrosis, microarray analysis was carried out using mRNAs
obtained from lungs of mice between Group 1 (BLM-treated)
and Group 3 (PBS control) and Group 1 (BLM-treated) and
Group 2 (BLM- and SCGB3A2-treated). With a cutoff of >1.5-
fold change in expression, 1646 and 1275 genes were, respec
tively, up- and down-regulated by BLM as compared with con-
trol PBS (between Group 1 and Group 3), and 346 and 919
genes were, respectively, up- and down-regulated by SCGB3A2
treatment as compared with no SCGB3A2 treatment in BLM
treated mice (between Group 1 and Group 2). Using these
genes, GO (gene ontology) analysis was performed for the
changes caused by BLM and for the effect of SCGB3A2 in BLM-
treated mice (heat map results are shown in supplemental Fig.
S5). The results revealed that “Inflammatory response” and
“Response to wounding” under “Biological Process” and “Extra-
cellular region part,” “Extracellular region,” and “Extracellular
space” under “Cellular Component” were overexpressed by
BLM injury (Table 1) and suppressed by administration of
SCGB3A2 (Table 2). Additionally, to demonstrate genes that
are altered by SCGB3A2, microarray analysis was carried out
using lung RNAs of normal mice that were intravenously
administered SCGB3A2 and were cuthanized 12 h later. GO
analysis revealed that “Signal transducer activity” and “Molec-
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FIGURE 4. Inhibition of BLM-induced lung fibrosis by SCGB3A2. A, shown is a scheme to prepare BLM-induced fibrosis model mice. BLM or PBS was
administered to the lungs of C57BL/6N mice by intratracheal intubation at day 0. SCGB3A2 or PBS was administered to mice by intravenous injection once daily
for a week starting at day 14 followed by euthanasia at day 21. The four groups of mice were subjected to the studies as shown. PBS was administered as a
control in Groups 3 and 4. Whole experiments were carried out at least twice. B, grading of fibrosis carried out as described under “Experimental Procedures.”
BLM administration resulted in production of fibrous tissue, focally or diffusely in lungs of Group 1, whereas no fibrous tissue formation was observed in four
of five lungs exposed to BLM followed by SCGB3A2 treatment in Group 2. White circle, no lesions; black circle, mean (n = 5); gray, presence of a few infiltrating
foci of lymphocytes or very small granulomas. **, p < 0.01, Group 1 versus Groups 2, 3, or 4. C, Masson’s Trichrome staining and immunohistochemistry for
SCGB3A2 are shown. Collagen fibers were focally detected as a blue color by Masson trichrome staining in the parenchyma of the lungs of mice in Group 1 but
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immunohistochemistry in Group 1. Representative staining is shown (n = 5). D, shown are the number of macrophages and neutrophils in BALF. The number
of macrophages and neutrophils increased by BLM (Group 1) was significantly decreased by administration of SCGB3A2 (Group 2), especially neutrophils which

reduced to the levels of control (Group 3 and Group 4). The graph shows the mean * S.D. from 5 lungs per group (n = 5).*, p < 0.05; **, p < 0.01.

ular transducer activity” categorized by only one term “Molec-
ular Function” were up-regulated by short-term treatment of
SCGB3A2 (Table 3). The TGF signaling was among the top
pathways identified by the Pathway Mapping program (Fig. 5),
further supporting our conclusion that SCGB3A2 affects the
TGEp signaling pathway.

Further analysis revealed that the expression of matrix met-
alloproteinases (MMPs) and other extracellular matrix (ECM)-
degrading enzymes that degrade damaged tissues as well as
enzymes synthesizing collagen I, fibronectin, hyaluronic acid,
and other components of wound provisional ECM was altered
after BLM and/or SCGB3A2 treatment (supplemental Table
§2). qRT-PCR was performed to confirm the alterations of gene
expression in BLM-treated lungs with (Group 2) and without
(Group 1) SCGB3A2 (Fig. 6). High levels of MMP2, MMP12,
and MMP14 expression in BLM-treated lungs (Group 1) were
significantly decreased by the administration of SCGB3A2
(Group 2); in particular, MMP14 returned to the levels of the
“no BLM treatment” groups (Group 3 and 4). Cathepsin Sand D
that belong to a group of proteinases were also highly expressed

19688 JOURNAL OF BIOLOGICAL CHEMISTRY

in BLM-treated group (Group 1), and decreased to a level sim-
ilar to control by SCGB3A2 (Group 2). Cathepsin C levels did
not show any statistically significant difference among the four
groups of mice. These data further indicated a role for
SCGB3A2 in suppression of lung fibrosis induced by BLM.

DISCUSSION

This study revealed that SCGB3A2 possesses anti-fibrotic
activity as revealed by in vitro cell culture studies with primary
lung fibroblasts and in vivo studies using a BLM-induced pul-
monary fibrosis model mouse. SCGB3A2, a member of the
SCGB gene superfamily composed of secretory proteins of
small molecular weight, is predominantly expressed in lung air-
ways (14, 43). The most studied member of the SCGB gene
superfamily, namely SCGB1A1l, also called uteroglobin, Clara
cell 10-kDa protein, or Clara cell secretory protein, is a multi-
functional protein with anti-inflammatory/immunomodula-
tory properties with manifestation of antichemotactic, antial-
lergic, antitumorigenic, and embryonic growth-stimulatory
activities (19). The current study revealed that the related pro-
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TABLE 1
GO terms for overexpressed genes in BLM-injured lung

Gene ontology term Cluster frequency® Total frequency”  Corrected p value®
% %
Biological Process, cell adhesion 6.40 3.50 2,92 X 107°
Biological adhesion 6.40 3.50 292 X 107°
Antigen processing and presentation of exogenous peptide antigen 0.70 0.10 0.00654
Immune system process 6.30 3.90 0.01711
Inflammatory response 2.70 1.30 0.01977
Antigen processing and presentation of peptide antigen via MHC class II 0.60 0.10 0.02221
Antigen processing and presentation of exogenous peptide antigen via MHC class 11 0.60 0.10 0.02221
Antigen processing and presentation of peptide of polysaccharide antigen via MHC class Il 0.60 0.10 0.04108
Response to wounding 3.30 1.80 0.04663
Cellular Component
Extracellular region part 18.00 12.70 5.62 X 1077
Extracellular matrix 4.00 1.70 1.05 X 107°
Proteinaceous extracellular matrix 3.39 1.70 1.68 X 107¢
Extracellular region 20.40 15.10 557 X 107
Extracellular space 16.80 12.00 7.62 X 107¢
Molecular function
Carbohydrate binding 3.00 1.60 0.04087

“Frequency of Entrez Gene IDs appeared in a given GO term based on those having over 0.585 in log ratio.

’ Frequency of Entrez Gene IDs appeared in a given GO term based on all genes.
¢ pvalue corrected using the Bonferroni method.

TABLE 2
GO terms for suppressed genes by SCGB3A2 in BLM-injured lung
Cluster Total Corrected
Gene ontology term frequency” frequency”  pvalue®
% %
Biological process
Defense response 6.10 2.50 678 X 107°
Response to external stimulus ~ 6.40 2.70 7.91 X 107"
Response to wounding 4.50 1.80 0.00172
Response to stimulus 15.80 10.60 0.00896
Inflammatory response 3.20 1.30 0.03692
Cellular component
Extracellular region 24.50 15.10 1.82 X 1077
Extracellular region part 20.40 12.70 2.26 X 1077
Extracellular space 19.50 12.00 3.22 X 1077

“ Frequency of Entrez Gene 1Ds appeared in a given GO term based on those hav-
ing over 0.585 in log ratio.

® Frequency of Entrez Gene IDs appeared in a given GO term based on all genes.

¢ p value corrected using the Bonferroni method.

TABLE 3
GO terms overexpressed by SCGB3A2 in normal lung
Gene ontology term, Cluster Total Corrected
molecular function frequency®  frequency’  pvalue®
% %
Signal transducer activity 20.7 15.9 0.0378
Molecular transducer activity — 20.7 15.9 0.0378

“ Frequency of Entrez Gene IDs appeared in a given GO term based on those hav-
ing over 0.585 in log ratio.

® Prequency of Entrez Gene IDs appeared in a given GO term based on all genes.

¢ pvalue corrected using the Bonferroni method.

tein SCGB3A?2 at therapeutic levels has novel biological activity
toward induced fibrosis in addition to its known anti-inflam-
matory (24) and growth factor activities (25). SCGB1A1 was
previously suggested to be a novel cytokine (44). The current
results support the notion that the SCGB gene superfamily may
be a novel cytokine family. The anti-inflammatory, growth fac-
tor and anti-fibrotic activities that SCGB3A2 possesses may
suggest a potential use for this protein in the treatment of many
lung diseases, including lung fibrosis as demonstrated in this
study.

BLM administered by intratracheal intubation induced pul-
monary fibrosis, which focally occupied the pulmonary paren-
chyma by 3 weeks after BLM administration. Interestingly,

“BSEpE\
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BLM-induced fibrosis was almost completely suppressed by
SCGB3A2 treatment, which interfered with the infiltration of
neutrophils and macrophages into lung and the expression of
fibrosis related-genes such as collagens, fibronectin, elastin,
cathepsins, and MMPs, all of which were up-regulated by BLM.
The development of fibrosis was hardly detectable by the end of
2 weeks after BLM administration, suggesting that SCGB3A2
might inhibit development of fibrosis when given at its early
stages.

The anti-fibrotic activity of SCGB3A2 appears to be exerted
through STAT1 phosphorylation, induction of SMAD7, and
inhibition of SMAD2/3 phosphorylation, which results in sup-
pression of the TGFf signaling, ultimately leading to the inhi-
bition of myofibroblasts formation. Interestingly, this is the
exact pathway that IFNy exhibits its anti-fibrotic activity (9,
35). We initially hypothesized that SCGB3A2 may induce the
expression of IFNy, thereby suppressing TGES signaling. How-
ever, the SCGB3A2 pathway is likely to be distinct from the
[FNy pathway based on the following reasons; 1) IFNy-induced
phosphorylation of STAT1 and increased expression of
SMAD?7 usually occurs within 10-30 min after IFNy stimula-
tion (supplemental Fig. S3) (9, 41, 42, 45), whereas it took ~3 h
for SCGB3A2 to induce maximum levels of STAT1 phosphor-
ylation, 2) SCGB3A2 did not induce IENy mRNA expression as
determined by RT-PCR, 3) IFNy receptor neutralizing antibody
(46) did not block SCGB3A2-induced STAT1 phosphorylation,
and 4) CHX ablated the expression of pSTAT1 in fibroblasts
treated with SCGB3A2 but not IFNy. These results suggest the
involvement of a newly synthesized protein upon SCGB3A2
stimulation other than [FNvy in the SCGB3A2-pSTAT1 path-
way. In this regard it is interesting to note that STAT1 was
induced by SCGB3A2 in a CHX-sensitive fashion. SMAD7 was
also induced by SCGB3A2. The SCGB3A2-induced increase
of STAT1 and SMAD?7 expression was dramatically inhib-
ited by TGEB at the mRNA levels. However the pSTAT1/
STAT]I ratio stayed the same. The involvement of STAT1 in
the SCGB3A2 pathway was confirmed by STATI1 siRNA
experiments, in which no decrease of aSMA was observed in
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on the scale shown at the bottom left.

TGFB+SCGB3A2-treated cells as compared with TGE only
treatment. These results together suggest that the SCGB3A2-
pSTAT1-SMAD7 signaling pathway may be through a
SCGB3A2-specific receptor that is distinct from the IFNvy
receptor (Fig. 7). We previously suggested the presence of a
SCGB3A2-specific receptor-like molecule on the surface of
pulmonary mesenchymal cells (25). The nature of the CHX-
sensitive intermediate molecule(s), a SCGB3A2-specific recep-
tor, and the mechanism(s) for the inhibitory effect of TGF(3 on
the induction of STAT1 and SMAD7 by SCGB3A2 are cur-
rently not known. Further experiments are required to address
these questions. Other cytokines/molecules such as IFNa,
IFNS, epidermal growth factor, growth hormone, and estrogen

19690 JOURNAL OF BIOLOGICAL CHEMISTRY

are known to activate STAT1 (47). Among them, neither IFN«
nor IFNB was induced by SCGB3A2 in mouse lung primary
fibroblasts, suggesting that they are not likely involved in the
SCGB3A2-pSTAT1-SMAD?7 pathway. The involvement of the
other cytokines/molecules in the SCGB3A2-pSTAT1 pathway
needs to be examined.

Inflammation is the first to occur after BLM administration
followed by fibrosis (3—6). In animal models the fibrosis stage
starts ~1 week after BLM administration (3). In our BLM
model, SCGB3A2 was administered at the fibrosis period
and exhibited anti-fibrotic activity through blocking the
TGFB signaling pathway. We previously demonstrated using
mice-exogenously administered SCGB3A2 that SCGB3A2
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FIGURE 7. Schematic diagram for the SCGB3A2-induced inhibition of the
TGFf signaling pathway. SCGB3A2 inhibits collagen production through
STAT1 phosphorylation and increases expression of SMAD7, which inhibits
TGFB-mediated SMAD2/3 activation. A newly synthesized molecule X medi-
ates the SCGB3A2-induced STAT1 phosphorylation.

exhibits anti-inflammatory activities. We do not know
whether SCGB3A2, if administered at the beginning of BLM
administration, exerts anti-inflammatory activities and
reduces the damage otherwise caused by BLM. Furthermore,
we do not know whether endogenous SCGB3A2 regulates
pulmonary inflammation and/or fibrosis. However, the fol-
lowing evidence suggests a role for SCGB3A2 in inflamma-
tion in lung ix vive; in the ovalbumin-induced allergic airway
inflammation model mouse, SCGB3A2 expression is re-
duced in the airways (24, 48, 49), and the plasma SCGB3A2
levels are significantly lower in severe asthmatics without
oral corticosteroid treatment as compared with mild- or
moderate-asthma patients and controls (50). In the current
study, a rather strong focal SCGB3A2 expression was found
in a part of epithelial cells, and overexpressed SCGB3A2 was
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accumulated in fibrotic foci of lungs of mice subjected to

BLM. However, it should be noted that these lungs are
already at late stages, having developed BLM-induced fibrosis.
In BLM+SCGB3A2-treated lungs, SCGB3A2 expression is in
similar patterns but is slightly up-regulated to those found in
control mice. Whether SCGB3A2 is down-regulated right after
BLM administration needs to be determined.

Although IFNvy has been used as a therapy for pulmonary
fibrosis (5, 6, 12), it causes a number of potentially harmful side
effects and thus is not useful for advanced fibrosis (nlm.nih.gov
(13)). In this study SCGB3A2 signaling was found to cross-talk
with the IFNy except at the beginning of the pathway. This
suggests that SCGB3A2 could be potentially useful in treating
fibrosis, in particular pulmonary fibrosis. More importantly,
SCGB3A2 can be administered intratracheally. SCGB3A2 is
almost exclusively expressed in lung (14) and is present at rela-
tively high levels in the BALF of normal lungs (24). Thus, deliv-
ering a protein into a place where the protein is naturally pres-
ent in high amounts would probably not cause toxicities.

Alternatively, SCGB3A2 can be administered intravenously.

Indeed, SCGB3A2 growth factor activity was previously dem-
onstrated in vivo by intravenous administration of SCGB3A2 to
pregnant female mice through the tail vein resulting in
advanced development of fetal lungs (25). In that study, no
gross abnormalities were observed in any fetal organs after
intravenous SCGB3A2 administration. Furthermore, histolog-
ical examination of the dam’s lung did not show any abnormal-
ities. Based on these facts, it is likely that SCGB3A2 may poten-
tially improve pulmonary fibrosis without harmful side effects
as seen with [FNy. It is possible that BLM treatment as a chem-
otherapy reagent may not damage the lung if SCGB3A2 is given
at the same time. However, additional studies are necessary to
determine the efficacy of SCGB3A2 in treating pulmonary
fibrosis in humans.

In conclusion, the present study demonstrated that
SCGB3A2 inhibits TGF signaling through increased STAT1
phosphorylation and expression of SMAD7 and decreased
phosphorylation of SMAD2/3, leading to inhibition of myofi-
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broblast differentiation. The inhibitory effect of SCGB3A2 on
myofibroblast differentiation was reproduced using a BLM-in-
duced lung fibrosis model mouse, in which the severity of lung
fibrosis was reduced by SCGB3A2 administration.

Acknowledgments—We thank Drs. Lalage Wakefield, Kathleen Flan-
ders, and Frank Gonzalez (NCI, National Institutes of Health) for
advice and critical review of the manuscript and Michie Kobayashi
for microarray analysis (DNA Chip Research Inc., Yokohama, Japan).

REFERENCES
1. Coultas, D. B,, Zumwalt, R. E., Black, W. C,, and Sobonya, R. E. (1994)
Am. J. Resp. Crit. Care Med. 150, 967972
2. Crystal, R. G, Bitterman, P. B.,, Mossman, B., Schwarz, M. L, Sheppard, D.,
Almasy, L., Chapman, H. A, Friedman, S. L., King, T. E., Jr,, Leinwand,
L. A, Liotta, L., Martin, G. R., Schwartz, D. A, Schultz, G. S., Wagner,
C. R., and Musson, R. A. (2002) Am. J. Respir. Crit. Care Med. 166,
236246
3. Moeller, A., Ask, K., Warburton, D., Gauldie, ]., and Kolb, M. (2008) /nt.
J. Biochem. Cell Biol. 40, 362382
4. Cutroneo, K. R., White, S. L., Phan, S. H., and Ehrlich, H. P. (2007) /. Cell.
Physiol. 211, 585-589
5. Tzortzaki, E. G., Antoniou, K. M., Zervou, M. 1., Lambiri, [, Koutsopoulos,
A., Tzanakis, N., Plataki, M., Maltezakis, G., Bouros, D., and Siafakas,
N. M. (2007) Respir. Med. 101, 18211829
6. Wynn, T. A. (2004) Nat. Rev. [mmunol. 4, 583~594
7. Eickelberg, O., Pansky, A., Koehler, E., Bihl, M, Tamm, M., Hildebrand, P.,
Perruchoud, A. P., Kashgarian, M., and Roth, M. (2001) FASEB J. 15,
797~ 806
8. Ghosh, A. K, and Varga, J. (2007) J. Cell. Physiol. 213, 663-671
9. Ulloa, L., Doody, J., and Massagué, J. (1999) Nature 397,710-713
10. Zhang, S., Fei, T, Zhang, L., Zhang, R., Chen, F., Ning, Y., Han, Y., Feng,
X. H., Meng, A., and Chen, Y. G. (2007) Mol. Cell Biol. 27, 44884499
11. Scotton, C.J., and Chambers, R. C. (2007) Chest 132, 13111321
12. Puente, N. A, Aliotta, ]. M., and Passero, M. A. (2007) Med. Health R. . 90,
43--45
13. Selman, M. (2003) Am. . Respir. Crit. Care Med. 167, 945-946
14. Niimi, T., Keck-Waggoner, C. L., Popescu, N. C,, Zhou, Y., Levitt, R. C,,
and Kimura, S. (2001) Mol. Endocrinol. 15, 20212036
15. Reynolds, S. D., Reynolds, P. R,, Pryhuber, G. 8., Finder, ]. D,, and Stripp,
B. R. (2002) Am. ]. Respir. Crit. Care Med. 166, 1498 ~1509
16. Klug,]., Beier, H. M,, Bernard, A,, Chilton, B. S,, Fleming, T. P., Lehrer, R. L,
Miele, L., Pattabiraman, N., and Singh, G. (2000) Ann. N.Y. Acad. Sci. 923,
348354
17. Shijubo, N., Kawabata, 1., Sato, N., and Itoh, Y. (2003) Curr. Pharm. Des. 9,
11391149
18. Wang, S. Z., Rosenberger, C. L., Bao, Y. X,, Stark, ]. M., and Harrod, K. S.
(2003) J. Immunol. 171, 10511060
19. Mukherjee, A. B, Zhang, Z., and Chilton, B. S. (2007) Endocr. Rev. 28,
707-725
20. Mandal, A. K, Zhang, Z, Ray, R., Choi, M. S., Chowdhury, B., Pattabira-
man, N., and Mukherjee, A. B. (2004) J. Exp. Med. 199, 1317-1330
21. Miele, 1. (2000) Ann. N.Y. Acad. Sci. 923,128 -140
22. Watson, M. A, and Fleming, T. P. (1996) Cancer Res. 56, 860~ 865
23. Culleton, ], O'Brien, N., Ryan, B. M., Hill, A. D, McDermott, E.,

O’Higgins, N., and Duffy, M. J. (2007) Int. J. Cancer 120, 1087-1092

19692 JOURNAL OF BIOLOGICAL CHEMISTRY

24.

25.

26.

27.

28.

29.

30.

3L

32.

33.

35.

36.
37.

38.

39.

40.

41.

42.
43.

45.
46.

47.
48.

49.

50.

Chiba, Y., Kurotani, R., Kusakabe, T., Miura, T., Link, B. W., Misawa, M.,
and Kimura, S. (2006) Am. J. Respir. Crit. Care Med. 173, 958 —964
Kurotani, R., Tomita, T, Yang, Q., Carlson, B. A., Chen, C,, and Kimura, S.
(2008) Am. J. Respir. Crit. Care Med. 178, 389 398

Bin, L. H., Nielson, L. D., Liuy, X,, Mason, R. ], and Shu, H. B. (2003)
J. Immunol. 171, 924.-930

Maeng, H. G., Lim, H, Jeong, Y. ], Woo, A,, Kang, |. S., Lee, W. |, and
Hwang, Y. I. (2009) Immunobiology 214, 311-320

Lin, Y. C, Huang, D. Y., Chu, C. L., and Lin, W. W. (2010) Mol. Immunol.
47,1569-1578

Asazuma-Nakamura, Y., Dai, P.,, Harada, Y., Jiang, Y., Hamaoka, K., and
Takamatsu, T. (2009) Exp. Cell Res. 315, 11901199

Kurotani, R., Yoshimura, S., Iwasaki, Y., Inoue, K, Teramoto, A., and Os-
amura, R. Y. (2002) J. Endocrinol. 172, 477 - 487

Ashburner, M., Ball, C. A,, Blake, ]. A., Botstein, D., Butler, H., Cherry,
J. M., Davis, A. P, Dolinski, K., Dwight, S. S., Eppig, J. T., Harris, M. A, Hill,
D. P., Issel-Tarver, L., Kasarskis, A., Lewis, S., Matese, ]. C,, Richardson,
J. E., Ringwald, M., Rubin, G. M., and Sherlock, G. (2000) Nat. Genet. 25,
25-29

Doniger, S, W, Salomonis, N., Dahlquist, K. D., Vranizan, K., Lawlor, 5. C,,
and Conklin, B. R. (2003) Genome Biol. 4, R7

Tomasek, J. ], Gabbiani, G., Hinz, B., Chaponnier, C,, and Brown, R. A.
(2002) Nat. Rev. Mol. Cell Biol. 3, 349 -363

. Shoulders, M. D., and Raines, R. T. (2009) Annu. Rev. Biochem. 78,

929958

Weng, H., Mertens, P. R, Gressner, A. M., and Dooley, S. (2007) J. Hepatol.
46, 295-303

Yu, H., Pardoll, D, and Jove, R. (2009) Nat. Rev. Cancer 9,798 809
Luppi, F., Losi, M., D’Amico, R., Fabbri, L. M., and Richeldi, L. (2009)
Sarcoidosis Vasc. Diffuse Lung Dis. 26, 64— 68

Azuma, A, Li, Y.]., Abe, S., Usuki, ., Matsuda, K., Henmi, S., Miyauchi, Y.,
Ueda, K., [zawa, A., Sone, S., Hashimoto, S., and Kudoh, S. (2005) A J.
Respir. Cell Mol. Biol. 32, 93-98

Senft, A. P., Taylor, R. H., Lei, W., Campbell, 5. A, Tipper, ]. .., Martinez,
M. J., Witt, T. L., Clay, C. C,, and Harrod, K. S. (2010) Am. /. Respir. Cell
Mol. Biol. 42, 404 - 414

Papatheodoridis, G. V., Petraki, K., Cholongitas, E., Kanta, E., Ketikoglou,
I, and Manesis, E. K. (2005) /. Viral. Hepat. 12, 199206

Tamai, M., Kawakami, A., Tanaka, F., Miyashita, T., Nakamura, H., Iwa-
naga, N., Izumi, Y., Arima, K., Aratake, K., Huang, M., Kamachi, M., Ida,
H., Origuchi, T,, and Eguchi, K. (2006) ]. Lab. Clin. Med. 147, 182-190
Seo, J. Y., Kim, D. Y., Lee, Y. S, and Ro, J. Y. (2009) Cyiokine 46, 51- 60
Tomita, T., Kido, T., Kurotani, R, lemura, S., Sterneck, E., Natsume, T.,
Vinson, C., and Kimura, S. (2008) /. Biol. Chem. 283, 25617-25627

. Mukherjee, A. B, Kundu, G. C., Mantile-Selvaggi, G., Yuan, C. ], Mandal,

A. K, Chattopadhyay, S., Zheng, F., Pattabiraman, N., and Zhang, Z.
(1999) Cell. Mol. Life Sci. 55,771-787

Lee, Y. ], and Benveniste, E. N. (1996) J. Immunol. 157, 1559 ~1568
Cheng, M., Nguyen, M. H,, Fantuzzi, G., and Koh, T. ]. (2008) Am. J.
Physiol. Cell Physiol. 294, C1183-C1191

Kriamer, O. H., and Heinzel, T. (2010) Mol. Cell Endocrinol. 315,40~ 48
Chiba, Y., Kusakabe, T., and Kimura, S. (2004) Am. J. Physiol. Lung Cell
Mol. Physiol. 287,1.1193-11198

Chiba, Y., Srisodsai, A., Supavilai, P., and Kimura, S. (2005) Immunol. Lett.
97,123-129

Inoue, K., Wang, X, Saito, J., Tanino, Y., Ishida, T., Iwaki, D., Fujita, T.,
Kimura, S, and Munakata, M. (2008) Allergol. Int. 57, 57— 64

VOLUME 286-NUMBER 22-JUNE 3,2011

2102 ‘0Z AB uo “Jejua) uoneWIOM| pue Aleiqi ANsIsAlun AiID eweyoNoA ' Ateiqi sndwe) iwnins] 18 B10°ogl-mmm Wolj papeojumoc]



Supplemental Material can be found at:

http://www jbc.org/conten

t/suppl/201 1/03/24/M111.219816.DC1.htm

Identification of Transcription

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 286, NO. 20, pp. 1776617776, May 20,2011
© 2011 by The American Society for Biochemistry and Molecular Biology, Inc. - Printed in the USA.

Factor E3 (TFE3) as a

Receptor-independent Activator of Ga, ¢
GENE REGULATION BY NUCLEAR Ga SUBUNIT AND ITS ACTIVATOR*®

Received for publication, January 8, 2011, and in revised form, March 7, 2011 Published, JBC Papers in Press, March 24, 2011, DOI 10.1074/jbcM111.219816

Motohiko Sato*', Masahiro Hiraoka®, Hiroko Suzuki®, Yun

zhe Bai, Reiko Kurotani®, Utako Yokoyama®,

Satoshi Okumura®, Mary J. Cismowski®, Stephen M. Lanier”, and Yoshihiro Ishikawa*

From the *Cardiovascular Research Institute, Yokohama City University School of Medicine, Fukuura, Yokohama 236-0004, Japan,
SCenter for Cardiovascular and Pulmonary Research, Research Institute at Nationwide Children’s Hospital, Columbus, Ohio 43205,
and "Department of Pharmacology, Medical University of South Carolina, Charleston, South Carolina 29425

Receptor-independent G-protein regulators provide diverse
mechanisms for signal input to G-protein-based signaling sys-
tems, revealing unexpected functional roles for G-proteins. As
part of a broader effort to identify disease-specific regulators for
heterotrimeric G-proteins, we screened for such proteins in car-
diac hypertrophy using a yeast-based functional screen of mam-
malian cDNAs as a discovery platform. We report the identifi-
cation of three transcription factors belonging to the same
family, transcription factor E3 (TFE3), microphthalmia-associ-
ated transcription factor, and transcription factor EB, as novel
receptor-independent activators of G-protein signaling selec-
tive for Ge; . TFE3 and Ga,; s were both up-regulated in cardiac
hypertrophy initiated by transverse aortic constriction. In pro-
tein interaction studies in vitro, TFE3 formed a complex with
Ga,, but not with Gay; or Gay,. Although increased expression
of TFE3 in heterologous systems had no influence on receptor-
mediated Ge, 4 signaling at the plasma membrane, TFE3 actu-
ally translocated Gay 4 to the nucleus, leading to the induction of
claudin 14 expression, a key component of membrane structure
in cardiomyocytes. The induction of claudin 14 was dependent
on both the accumulation and activation of Ga; g by TFE3 in the
nucleus. These findings indicate that TFE3 and G, are up-reg-
ulated under pathologic conditions and are involved in a novel
mechanism of transcriptional regulation via the relocalization
and activation of G .
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Heterotrimeric G-proteins play key roles in transducing cell
surface stimuli to intracellular signaling events (1, 2). Activa-
tion of G-protein coupled receptors (GPCRs)? at the cell sur-
face initiates nucleotide exchange on Ga subunits, leading to a

conformational change in Gafy and subsequent transduction
of signals to various intracellular effector molecules. In addition

to the basic components of the G-protein signaling system (i.e.
GPCRs, heterotrimeric G-proteins, and effector molecules),
there is a novel class of regulatory proteins for heterotrimeric
G-proteins that directly regulate the activation status of hetero-
trimeric G-proteins independently of GPCRs (3-10).

Such receptor-independent G-protein regulators are in-
volved in unexpected and important functional roles of hetero-
trimeric G-proteins in multiple cellular events. For example,
LGN (activator of G-protein signaling 5 (AGS5)) and AGS3 are
involved in the regulation of mitotic spindle dynamics and cell
division (11-14). The GTPase-activating protein RGS14 also
translocates between the nucleus and the cytoplasm and is
associated with centrosomes influencing mitosis (15). Another
RGS protein, RGS7, interacts with G5 and migrates into the
nucleus as an RGS7-GB; complex (16). Furthermore, signal
alteration by G-protein and their various types of regulators is
involved in adaptation of cells to maintain homeostasis under
pathologic conditions (17-21). In fact, the expression of such
regulatory proteins is altered with the development of cardiac
hypertrophy in hypertension or in response to pressure over-
load stress (22, 23).

As part of a broader approach to identify adaptation-specific
regulatory proteins for heterotrimeric G-proteins, we previ-
ously identified AGS8 from a ¢cDNA library of rat hearts sub-
jected to repetitive transient ischemia (18). AGS8 was up-reg-
ulated in cardiomyocytes in response to transient hypoxia and
regulated Gy signaling. Indeed, AGS8 played a key role in
apoptosis of cardiomyocytes induced by hypoxic stress via GB~y
and the channel protein connexin 43 (24). These findings
prompted us to investigate the presence of putative AGS pro-
teins in other models of cardiovascular diseases.

We first screened for regulatory proteins for heterotrim-
eric G-proteins involved in the development of cardiac

*The abbreviations used are: GPCR, G-protein coupled receptor; TFE, tran-
scription factor E; MITF, microphthalmia-associated transcription factor;
TFEB, transcription factor EB; AGS, activators of G-protein signaling; RGS,
regulator of G protein signaling; TAC, transverse aortic constriction; PLC,
phospholipase C.
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hypertrophy. Cardiac hypertrophy is a gateway to cardiac
dysfunction and acts as an independent risk factor for car-
diovascular events. GPCR-mediated signaling pathways, in
particular those involving B-adrenergic or angiotensin II
receptors, influence gene expression involved in cardiac
hypertrophy. Overexpression of Gey or Gog in the mouse
heart actually results in the development of cardiac hyper-
trophy and dysfunction.

We report the identification of three Gu,-selective AGS
proteins using a yeast-based discovery platform for receptor-
independent activators of G-protein signaling to screen cDNA
libraries from mouse models of cardiac hypertrophy induced by
transverse aortic constriction (TAC) or continuous infusion of
the B-adrenergic agonist isoproterenol. Of importance, the
three new AGS proteins are microphthalmia-associated tran-
scription factor (MITF)/TFE transcription factors. Although
increased expression of TFE3 in heterologous systems had no
influence on receptor-mediated Go 4 signaling at the plasma
membrane, TFE3 actually translocated Ga,, to the nucleus,
leading to the induction of claudin 14, a key component of
membrane structure in cardiomyocytes. These findings indi-
cate that Gy s-selective AGS proteins are up-regulated under
pathologic conditions and are involved in a novel mechanism of
transcriptional regulation via the relocalization and activation
of Gy

EXPERIMENTAL PROCEDURES
Materials

Anti-Goy,, anti-Gey, and anti-phospholipase C (PLC)-2
antibodies and anti-f,-adrenergic receptor were purchased
from Santa Cruz Biotechnology. IGEPAL CA-630 and anti-3-
actin antibody were obtained from Sigma. Anti-Ga, ¢ and anti-
claudin 14 antibodies were purchased from Medical and Bio-
logical Laboratories, Co., Ltd. (Nagoya, Japan) and Abcam,
respectively. Anti-Xpress antibody and Lipofectamine 2000
reagent were obtained from Invitrogen. pcDNA3.1:Ga, 4 and
pcDNA3.1:Ga, Q2121 were obtained from the Missouri S&T
¢DNA Resource Center. Go,(G211A was generated by site-
direct mutagenesis (PrimeSTAR Mutagenesis Basal kit, Takara,
Otsu, Japan). Full-length mouse TFE3, human transcription
factor EB (TFEB), and mouse MITF were subcloned into the
pYES2 vector (Invitrogen) or pcDNAHis vector (Invitrogen)
from ¢DNA clones (Open Biosystems) (TFE3, MMM1013-
98478992; TFEB, MHS1010-7508073; MITF, EMMI1002-
97035453).

Animal Models

All animal experiments were performed according to proce-
dures approved by the Institutional Animal Care and Use Com-
mittee at Yokohama City University.

TAC—Constriction of the transverse thoracic aorta was per-
formed on 14 male mice (C57BL/6; age, 14 ~17 weeks; 24~29 g;
Charles River Laboratories, Gilroy, CA) as described previously
(25). In brief, mice were anesthetized, intubated, and placed on
arespirator. The transverse aorta was visualized following mid-
line sternotomy. A 5-0 nylon suture was placed around the
aorta distal to the brachiocephalic artery. The suture was tight-
ened around a blunt 27-gauge needle placed adjacent to the
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aorta to produce —70% constriction. The needle was then
removed, and the chest and overlying skin were closed. Six age-
matched animals underwent the same surgical procedure but
without TAC (sham). Seven days after surgery, the mice were
sacrificed for tissue extraction. The left ventricles were quickly
separated, frozen in liquid nitrogen, and stored at —70 °C until
use.

Cardiac Hypertrophy and Tachycardia—Nineteen male
mice (C57BL/6; age, 16 —19 weeks; 25—-30 g; Charles River Lab-
oratories) were anesthetized, and an osmotic minipump (model
2002, ALZET Osmotic Pumps, Cupertino, CA) was implanted
subcutaneously (18). After 7 days of continuous infusion of iso-
proterenol (60 pg/g of body weight/day), mice were anesthe-
tized, and the hearts were rapidly excised. The left ventricles
were rapidly frozen in liquid nitrogen and stored at —70°C
until use.

Generation of cDNA Libraries and Functional Screen in
Saccharomyces cerevisiae

mRNA isolated from the left ventricle in the TAC or tachy-
cardia models was used to synthesize cDNAs using a cDNA
Synthesis kit (Takara); cDNAs were cloned into the pYES2
yeast expression vector. The ¢DNA library from the TAC
model contained 1.1 X 10° cfu with an average insert size of 1.5
kb, and the library from tachycardia model contained 2.8 X 10°
cfu with an average insert size of 1.2 kb. Functional screens and
growth assays in the modified strains of S. cerevisiae were con-
ducted as described previously (26 -28).

Quantitative Polymerase Chain Reaction (PCR)

RNA isolation, cDNA synthesis, and real time PCR analysis
were performed as described previously (24). The primers for
RT-PCR were as follows: mouse MITF: forward, 5'-ACTTTC-
CCTTATCCCATCCACC-3'; reverse, 5'-TGAGATCCAGA-
GTTGTCGTACA-3"; mouse TFE3: forward, 5'-TGCGTCAG-
CAGCTTATGAGG-3'; reverse, 5'-AGACACGCCAATCAC-
AGAGAT-3"; mouse TFEB: forward, 5'-CCACCCCAGCCAT-
CAACAC-3'; reverse, 5'-CAGACAGATACTCCCGAAC-
CTT-3'; mouse GNA15: forward, 5'-CGCCAGAATCGACC-
AGGAG-3'; reverse, 5'-GTAGCCCACACCGTGAATGA-3';
mouse claudin 14: forward, 5'-GCATGGTGGGAACGCT-
CAT-3"; reverse, 5-CCACAGTCCCTTCAGGTAGGA-3';
human claudin 14: forward, 5'-CAAACACCGCACCTGC-
CTA-3'; reverse, 5'-CACGTAGTCGTTCAGCCTGT-3'; rat
GNAI15: forward, 5'-CAGGAGAACCGTATGAAGGAGA-
GTC-3’; reverse, 5'-CAGGATGTCTGTCTTGTTGAGGAAG-
3'; rat TFE3: forward, 5'-TGTTCGTGCTGTTGGAAGAGC-
3’; reverse, 5'-GGGATAGAGGCTGGCTTTTGAG-3'; rat
claudin 14: forward, 5'-TCATCACTACTATCCTGCCGCAC-
3'; reverse, 5'-ACACACTCCATCCACAGTCCCTTC-3'; and
18 S: forward, 5'-GTAACCCGTTGAACCCCATT-3'; reverse,
5'-CCATCCAATCGGTAGTAGCG-3'. All PCRs were per-
formed in duplicate or triplicate at 95 "C for 2 min followed by
40 cycles at 95 °C for 30 s and 60 or 62 °C for 45 s. The cycle
threshold values corresponding to the PCR cycle number at
which fluorescence emission in real time reaches a threshold
above the base-line emission were determined. 18 S ribosomal
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RNA was used as a control for the amount of target mRNA in
each sample.

Generation of Glutathione S-Transferase (GST) Fusion Protein,
Protein Interaction Assays, and Inmunoblotting

The coding sequence of TFE3 (amino acids Leu"®-Ser®”?;
¢DNA1-8) was amplified by PCR and fused in-frame to GST in
the pGEX-6T vector (Amersham Biosciences). The GST-TFE3
fusion protein was expressed in bacteria (Escherichia coli BL21;
Amersham Biosciences) and purified on a glutathione affinity
matrix, The GST fusion protein was eluted from the resin, and
glutathione was removed by desalting to allow a solution-phase
interaction assay (17). Protein interaction assays and immuno-
blotting were performed as described previously (17, 29).

Cell Culture and Transfection

COS7 or HEK293 cells were cultured and transfected as
described previously (17). In brief, cells were suspended at 0.5-
1.0 X 10° cells/ml, and 1.0 (12-well plate), 2.0 (35-mm dish), or
10 ml (100-mm dish) was plated. After 18 h, cells were trans-
fected with 2 (12-well plate), 4-5 (35-mm dish), or 12 ug
(100-mm dish) of cDNA with Lipofectamine 2000 (Invitrogen)
as recommended by the manufacturer. For each experiment,
transfection efficiency was monitored by pEGEP vector trans-
fection to generate a fluorescent signal and immunoblotting.
The transfection efficiency was 60 — 80%. Cell lysis and fraction-
ation were performed as described previously (17, 30).

Transfection of Small Interfering RNA (siRNA) to Cultured
Cardiomyocytes

Double strand siRNA oligonucleotides to rat GNAIS5 (Gay;
NCBI Reference Sequence NM_053542) and TFE3 (NCBI
Reference Sequence XM_228760) were synthesized (Stealth
siRNA, Invitrogen) as follows: GNA15 siRNA: sense, 5'-CCA-
UGCAGGCCAUGAUUGAAGCAAU-3'; TFE3: sense, 5'-CAG-
AAGAAAGACAAUCACAACCUAA-3'. The conditions and
duplex eliciting the most effective reduction in GNA15 and
TFE3 were determined in a series of preliminary experiments.
Cardiomyocytes were prepared from the hearts of 1-3-day-old
Wistar rats as described previously (24). Approximately 24 h
after preparation, neonatal cardiomyocytes at 4.0 X 10° cells in
35-mm plates were transfected with siRNA using Lipo-
fectamine 2000 according to the manufacturer’s instructions.
Briefly, GNA15siRNA and TFE3siRNA individually in 50 ul of
Opti-MEM I medium (Invitrogen) and 2.5 ul of Lipofectamine
2000 in 50 pul of Opti-MEM I medium were mixed, and then the
mixture was added to cardiomyocytes. The final concentrations
of GNA15siRNA and TFE3siRNA were 50 and 100 nM, respec-
tively. The transfection efficiency of FITC-labeled oligonucleo-
tide was 70 —-80%. The decrease of mRNA of GNA15 or TFE3
was confirmed by real time PCR following transfection of
siRNAs.

Immunoprecipitation

Cell lysates were prepared in 250 -500 ul of immunoprecipi-
tation buffer (50 mm Tris, pH 7.4, 70 mM NaCl, 5 mmEDTA, 1%
IGEPAL CA-630 (Sigma), and a protease inhibitor mixture
(Complete Mini, Roche Applied Science)). The lysates were
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incubated with 1.0 -3.5 g of antibody for 18 h after preclearing
with 25 pl of 50% Sepharose-G for 1 hat 4 °C. The samples were
incubated with 25 pl of 50% Sepharose-G for 1 hat 4 °C, and the
pellets were washed three times with immunoprecipitation
buffer. Proteins were eluted in 30 ul of 2X Laemmli buffer and
resolved by SDS-PAGE (24).

Measurements of Inositol Phosphates

COS7 cells were seeded in 12-well plates at 0.5~1.0 X 10°
cell/well. Next, 40 h after transfection, the cells were washed
three times with phosphate-buffered saline (PBS) and incu-
bated with serum-free Dulbecco’s modified Eagle’s medium for
4 h. The amount of cellular inositol monophosphate was deter-
mined by IP-One ELISA (Cisbio) according to the manufactur-
er’s protocol.

Immunocytochemistry

Tissue Sections—Mouse heart was fixed in 4% paraformalde- -
hyde and embedded in paraffin. Sections (4 pum thick) were

prepared after being deparaffinized with xylene and graded eth-
anol. Sections were incubated in 0.3% H,O, in methanol for 30
min to inactivate endogenous peroxidases and then rinsed
three times for 5 min each with PBS. Tissues were incubated in
citrate buffer (pH 6.0) at 100 °C for 10 min. Tissues were
blocked in 5% skim milk for 30 min at room temperature and
then incubated overnight with goat anti-claudin 14 (ab19035,
Abcam; 1:100) antibodies at 4 °C in a humidified chamber.
After washing three times for 5 min each in PBS, tissues were
processed by the avidin-biotin complex method using a com-
mercially available kit (Vector Laboratories, Burlingame, CA)
according to the manufacturer’s instructions. Immunocom-
plexes were visualized with 3,3'-diaminobenzidine tetrahydro-
chloride (DAB) (Dako, Glostrup, Denmark) or with the Liquid
DAB-Black Substrate kit (Zymed Laboratories Inc., San Fran-
cisco, CA).

Cultured Cells—Cells were seeded on 24 X 24-mm polyly-
sine-coated coverslips. Cells were fixed with PBS containing 4%

paraformaldehyde and 4% sucrose for 15 min and then incu-
bated with 0.2% Triton X-100 in PBS for 5 min. After three

washes with PBS, cells were incubated with 5% normal donkey
serum in PBS for 1 h. Cells were incubated with primary anti-
bodies for 18 h at 4°C followed by incubation for 1 h with
secondary antibody (goat anti-mouse Alexa Fluor 488 or goat
anti-rabbit Alexa Fluor 594, highly cross-absorbed; Molecular
Probes) diluted to 1:2000 in PBS. All antibody dilutions were
centrifuged at 12,000 X g for 15 min prior to use. In some cases,
cells were incubated with 1 pg/ml 4',6'-diamidino-2-phenylin-
dole, dihydrochloride (DAPI) (Molecular Probes) in PBS for 5
min after incubation with secondary antibodies. Slides were
then mounted with glass coverslips with ProLong Gold antifade
reagent (Invitrogen). Images were analyzed by deconvolution
microscopy (TE2000-E, Nikon, Tokyo, Japan). Obtained
images were deconvoluted using NIS-Elements 3.0 software
(Nikon) with a “no neighbors” deconvolution algorithm. All
images were obtained from approximately the middle plane of
the cells.
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