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Abstract Bleomycin produces its fibrogenic effect, at least in part, by TGF-b1 secretion. Treatment of IMR-90
human embryonic lung fibroblasts with bleomycin at 0.5 mg/ml results in a 1.6-fold increase of TGF-b1 as determined by a
specific ELISA assay for TGF-b1 after acidification of the conditioned media. This elevation of TGF-b1 secretion is
furthermore enhanced in vivo by TGF-b1 autoinduction of the TGF-b1 gene. To demonstrate TGF-b1 autoinduction,
the fibroblasts were pretreated with 12.5 ng/ml TGF-b1, washed extensively to remove any residual TGF-b1, and then
allowed to incubate for 24 h in AIM V synthetic serum-free media. The media when assayed using the ELISA assay
contained a 1.6-fold increase of TGF-b1. The distal promoter of the human TGF-b1 gene contains a Smad 3 element
(CAGGACA), which is homologous to the Smad 3 binding element motif (CAGA). The nuclear extracts of human
embryonic lung fibroblasts treated for either 15 min or 24 h with TGF-b1 did not demonstrate specificity of binding of a
protein(s) to the homologous Smad 3 element as determined by cold wild-type oligodeoxynucleotide competition
experiments. However, specific Smad 3 binding to the Smad 3 element (GTCTAGAC) found in proximal promoter of the
Smad 7 genewas observed by cold oligo competition and supershift assays using a goat polyclonal Smad 3 antibody in the
presence and absence of anN-terminal Smad 3 peptide. To determine the functionality of this Smad 3 binding to the Smad
3 element in the proximal promoter of the Smad 7 inhibitory gene to TGF-b1 secretion, fibroblasts were transiently
pretransfected with double-stranded phosphorothioate oligo ‘‘decoys’’ containing the Smad 7/Smad 3 element in the
presence of plasmin to convert latent TGF-b1 to active TGF-b1. Under these conditions, which simulate the in vivo
situation of 2.2-fold increase of total active TGF-b1was observed. Fibroblasts were also pretransfectedwith these double-
stranded oligo ‘‘decoys,’’ washed, then treatedwith TGF-b1,washed and incubated inAIMV for an additional 24 h. In this
latter experiment, a superinductionof TGF-b1 secretionwas observed.Wepropose that these oligo ‘‘decoys’’ bind Smad3
preventing this initiation factor from binding to the Smad 7/Smad 3 element thereby decreasing the transcription of the
Smad 7 gene. The decrease of the inhibitory Smad 7would result in less binding of this Smad inhibitor to the Type I TGF-b
receptor and less antagonismof active TGF-b1,more autoinduction of the TGF-b1 gene, andmore of the fibrogenic effects
of TGF-b1. J. Cell. Biochem. 89: 474–483, 2003. � 2003 Wiley-Liss, Inc.
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Little was known about the mechanism(s) by
which TGF-b signals were transduced to target
genes in the nucleus. However, with the dis-
covery of the Smad protein family initially in
Drosophila andC. elegans, this unique pathway
in vertebrates that functions tomediate respon-
ses to the TGF-b superfamily which includes
more than 30 members having a broad array of
biological activitieswas elucidated. Smads are a
family of nine related proteins.Only Smads 2, 3,
and4are believed to act as positive regulators in
the mediation of specific gene expression by
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TGF-b [Itoh et al., 2000a]. TGF-b binds to Type I
and II receptors on targeted cells. The Type I
intrinsic serine/threonine kinase activity recep-
tor triggers the phosphorylation of Smads 2 and
3, after which this complex forms a heteromeric
complex with the unphosphorylated co-Smad 4
which translocates into the nucleus, where in
cooperation with transcription factors, coacti-
vators and/or corepressors regulate the tran-
scription of specific genes.
Smads 6 and 7 inhibit signaling by TGF-b.

The induction of the inhibitory Smads by the
members of the TGF-b superfamily suggests an
autoregulatory route to control the responses to
TGF-b [Afrakhte et al., 1998; Miyazono, 2000].
The inhibitory Smad 7 is believed to antagonize
the TGF-b signaling pathway by stably asso-
ciatingwith theactivatedTGF-b type I receptor,
thereby blocking phosphorylation of the recep-
tor-regulated Smads [Matsuzaki et al., 2000].
The TGF-b-induced transcription of theSmad 7
gene requires synergism between the transcrip-
tion factors TFE3 and Smad 3 [Hua et al., 2000]
and cooperation between AP-1, Sp1, and Smad
proteins on the Smad 7 promoter [Brodin et al.,
2000].
The TGF-b protein superfamily controls de-

velopment and homeostasis by the regulation of
genes that determine cell phenotype. TGF-bhas
potent effects on intracellular trafficking. Smads
act not only as nuclear TGF-b effectors but also
as signal integrators within the extensive intra-
cellular milleu.
Other protein factors are required for Smad

signaling by TGF-b. SARA (Smad anchor for
receptor activation) acts to recruit Smad 2 to
the TGF-b receptor [Tsukazaki et al., 1998].
Maximal transcription activation and specificity
require functional cross-talk between Smads
and transcription factors at the responsiveDNA
elements [Hill, 1999]. For example, the trans-
criptional regulation by TGF-b of the Ig alpha
constant gene requires cooperation between
Smad 3, the cAMP-response element-binding
protein, and the acute myeloid leukemia tran-
scription factors [Zhang and Derynck, 2000]. In
addition, P/CAF potentiates the TGF-b/Smad 3-
induced transcriptional responses which are
enhanced by the co-activators p300 and Smad 4
[Itohetal., 2000b].Furthermore, thephosphory-
lation of Smad 3 mediated by TGF-b regulates
its interaction with the coactivator p300/cAMP
response element binding protein [Shen et al.,
1998].Therealsoexists cross-talkbetweenTGF-

b and other cytokines through Smads [Ulloa
et al., 1999; Taylor and Khachigian, 2000].

The TGF-b family of cytokines mediates
multiple biological responses by regulating the
expression of specific genes in various cell types.
A Smad binding element motif (CAGA) has
been identified as the targeted TGF-b respon-
sive element in the human plasminogen acti-
vator inhibitor-1 promoter [Dennler et al., 1998;
Stroschein et al., 1999] and in the Jun B pro-
moter that acts as a TGF-b inducible enhancer
[Jonk et al., 1998]. We have found a closely
related homolog of this Smad 3 consensus
sequence in the distal 50 flanking region of the
human TGF-b1 gene (CAGGACA). In the pre-
sent study, we compared potential binding of
Smad3 inducedbyTGF-b1 treatment of IMR-90
normal human embryonic lung fibroblasts to
this homologousSmad3element as compared to
binding to the Smad 3 element (GTCTAGAC)
found in the proximal promoter of the Smad 7
gene [von Gersdorff et al., 2000]. In this latter
study using NIH3T3 mouse embryonic fibro-
blasts, these investigators demonstrated that
TGF-b induces transcription of the human
Smad 7 gene through activation of Smads 3
and 4 transcription binding to its proximal
promoter. We then determined the functional
significance of any Smad 3 binding on the se-
cretion of TGF-b1 by TGF-b1 using transfected
double-stranded phosphorothioate oligodeoxy-
nucleotides.

MATERIALS AND METHODS

Materials

The following were obtained from the desig-
nated vendors: AIM V synthetic serum-free
media, polynucleotide T4 kinase, penicillin,
streptomycin, L-glutamine phosphate buffered
saline (PBS) (GIBCO-BRL, Grand Island, NY);
fetal bovine serum (FBS), Dulbecco’s modified
Eaglemedia (DMEM)withhighglucose (4.5mg/L)
(Hyclone Laboratories, Logan, UT); bovine
serum albumin, plasmin isolated from human
plasma, poly dI-dC (Sigma, St. Louis, MO);
Smad 3 peptide, Smad 3 antibody (Santa Cruz,
CA);g32P-ATP(3,000Ci/mmol) (NewLifeSciences,
Boston, MA); G-25 spin columns (Boehringer
Mannheim, Indianapolis, IN); phosphorothio-
ate oligodeoxynucleotides (Research Genetics,
Huntsville, AL); wild-type andmutated oligode-
oxynucleotides/Geneka Biotechnology, Montreal,
Quebec, Canada); TGF-b1 Elisa assay kits
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(DB100), human platelet TGF-b1 (R&DSystems,
Minneapolis, MN); bleomycin was a generous
gift from Bristol-Myers (Evansville, IN). All
other reagents used were analytical grade.

Cell Culture

IMR-90 human embryonic fibroblasts were
obtained from the ATCC (Rockville, MD). The
cells were maintained in GIBCO’s Eagle’s mini-
mum essential media in Earle’s balanced salt
solution with 0.1mMnon-essential amino acids
with 10% (v/v) fetal bovine serum at 378C in a
5% CO2 in an air atmosphere. The cells were
then grown to late log phase in 10% fetal bovine
serum and DMEM containing high glucose,
100 U of penicillin per milliliter, 100 mg of strep-
tomycin per ml, and 292 mg of glutamine per ml
in100-mmPetridishes.Theadherentfibroblasts
were washed twice with both PBS followed
by AIM V media. The cells were treated with
vehicle, bleomycin, or TGF-b1. Bleomycin was
solubilized in PBS. TGF-b1 was reconstituted
in 4-mM HCl containing 1 mg bovine serum
albumin perml. The cells were treated inAIMV
media. This same vehicle was added to controls
without TGF-b1. The cells were harvested by
scraping using a rubber policeman.

Preparation of Nuclear Extracts

Lung fibroblastswere treatedwith 12.5 ng/ml
TGF-b1 inAIMVsynthetic-freemedium.Nuclear
extracts of treated cells are prepared by a modi-
fication of the method of Dignam et al. [1983].
The protein concentrations of the nuclear ex-
tracts were determined by the Bradford assay
using Bio-Rad’s (Hercultes, CA) protein assay.
Bovine serum albumin was used to prepare
standard curves. Aliquots of the supernatant
fraction were stored at �808C.

Annealing Single-Stranded
Oligodeoxynucleotides to Form

Double-Stranded Oligodeoxynucleotides

Equivalent proportions of both single-stranded
oligodeoxynucleotides were diluted in 10�
annealing buffer (1 M NaCl; 50 mM Tris-HCl
pH 7.5; 100 mM MgCl2; 0.2 mM EDTA; 10 mM
DTT). The sample was placed in a boiling water
bath for 30 min. The sample was then brought
to annealing temperature (608C for the wild-
type and 588C for themutated). The sample was
allowed to stand for 1 h at this temperature,
slowly brought to room temperature, and stored
at �208C.

Radioactive Labeling of
Double-Stranded Probes

In a microfuge tube were combined 50 mg
unlabeled wild-type oligo probe, 2 ml of 10�
kinase buffer, 40 mCi g32 P-ATP, and 10 U of T4
polynucleotide kinase. Ultra pure H2O was ad-
ded to a final volume of 20 ml. The sample was
incubated at 378C for 30 min. Five microliter
of 1% (w/v) SDS/100 mM EDTA solution was
added to stop the reaction. The sample was
vortexed and spun down in a microfuge. The
labeled oligonucleotide probes were purified
by the spin column technique per instructions
of the supplier. The final radioactivity of 1 ml of
purified probe was determined using a scintilla-
tion counter. Successful labeling resulted in
greater than 1� 105 cpm/ml.

Preparation of Smad 3 Antibody and
Cold Wild-Type Oligo Premixes

The components of the antibody premix were
H2O,bindingbuffer (12%glycerol, 20mMHEPES,
pH7.9, 50mMKCl, 4mMMgCl2, 62.5 ng/ml poly
dI-dC, 1 mMEDTA, 1 mMDTT), 8 mg of Smad 3
antibody plus or minus 400 ng Smad 3 peptide,
and 10 mg nuclear extract. All additions were
made on ice in the order given above. The probe
premix was added to the preincubated extract/
antibody premix, the sample was mixed gently
by pipetting and incubated for 20 min at 48C.
The probe premix with cold wild-type oligo was
as follows: water, binding buffer, 50 ng Smad 7/
Smad 3 cold oligo, and 0.5 ng of labeled Smad 7/
Smad 3 oligo probe. The entire contents of each
reaction mixture was loaded onto a 5% poly-
acrylamide gel and the gel was run at 210 V for
1 h and 45 min at 48C. The gels were air-dried
and autoradiographed.

Transient Transfection of Double-Stranded
Phosphorothioate Oligodeoxynucleotides

IMR-90 human lung embryonic fibroblast
were treated by the calciumphosphate transfec-
tionmethod as described byChen andOkayama
[1987] for 18 h in the absence or presence of
double-stranded phosphorothioate oligodeoxy-
nucleotides containing the the Smad 7/Smad 3
binding element. The cells were then washed
with PBS and AIM V, and were incubated in
AIM V in the absence or presence of plasmin.
The media from each of three cultures per
treatment group were collected after a 24 h
incubationperiodandanalyzed for totalTGF-b1
content by the ELISA assay as described later.
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For the TGF-b1 autoinduction studies, lung
fibroblasts were washed with PBS and AIM V.
The fibroblasts were then treated with 12.5 ng
of TGF-b1/ml of AIM V media for 4 h. The cells
were washed twice with both PBS and AIM V
media to remove residual TGF-b1. The cells
were then incubated for 24 h in AIM V media.
After incubation the media was analyzed for
TGF-b1 by the ELISA assay.

TGF-b1 ELISA Assay

TGF-b1 in conditionedmediawas determined
by using a modified ELISA kit purchased from
R&D Systems and used per instructions of the
supplier. Briefly, the samples of conditioned
media were activated by brief acidification and
then neutralized to pH 7.4. Various dilutions
of the samples were added to individual wells
containing precoated soluble TGF-b receptor II
to immobilize TGF-b1 in the samples. Purified
human TGF-b1 standards were used for con-
struction of a standard curve. After 3 h of in-
cubation at room temperature, the wells were
washed three times to remove unbound mate-
rial and then the samples were incubated with
horse-radish peroxidase-conjugated anti-TGF-
b1antibody.Theunboundantibodywasremoved
bywashing and substratewas added for quanti-
fication using an ELISA reader. The lower limit
of detectionusing thisELISAassaywas 7pg/ml.

Statistical Analysis

Statistical significance between control and
experimental groups was determined by using
the Student’s t-test. Significance was set at
P� 0.05.

RESULTS

Non-specificbinding to thehomologousSmad3
element of proteins in the nuclear extracts
isolated from TGF-b1-treated IMR90 human
embryonic lung fibroblasts. Embryonic lung
fibroblasts were treated for 15min and 24 h and
nuclear extracts were prepared as described
under Materials and Methods. Non-specific
binding resulting in reproducible formation of
protein/DNA complexeswas determined by cold
wild-type oligo competition (Fig. 1; lanes 5, 7,
and 9). As can be seen, no reproducible band
shiftingwas observed for either 15-min- or 24-h-
treated nuclear extracts.
Increased binding to the Smad 7/Smad 3

element of a protein found in nuclear extracts
isolated from TGF-b1-treated IMR90 human

embryonic lung fibroblasts. Either lung fibro-
blasts were treated for either 15min or 24 h and
nuclear extracts were prepared. The nuclear
extracts of cells treated for either 15min. (Fig. 1;
lane 11) or 24 h (Fig. 1; lane 12) had a protein/
DNA complex which was enhanced by TGF-b1
treatment of normal embryonic human lung
fibroblasts. Greater enhancement of binding to
the Smad7/Smad 3 element was observed in the
nuclear extract isolated from 15-min treated
cells as compared to binding of the nuclear ex-
tract from fibroblasts treated for 24 h.

Specificity of Smad 3 binding to the Smad 7/
Smad 3 element in the nuclear extract isolated
from 15-min TGF-b1-treated human embryonic
lung fibroblasts; specificity of binding to the
Smad 3 element containing oligodeoxynucleo-
tide was first determined using Smad 7/Smad 3
non-radioactive wild-type oligo (Fig. 2; lane 2).
The major band in the nuclear extract of fibro-
blasts treated with TGF-b1 (Fig. 2; lane 2) is
totally diminished by adding excess cold oligo
to the reaction mixture prior to the electro-
phoretic mobility shift assay. Themajor band in
the nuclear extract of TGF-b1-treated cells was
supershifted by using a specific goat polyclonal
antibody to Smad 3 (Fig. 2; lane 3). This super-
shift was competed by incubating the Smad 3
antibody with a Smad 3 peptide prior to gel
mobility shift analysis (Fig. 2; lane 4). Negligible
supershifting was observed with purified goat
IgG (Fig. 2; lane 5)

Bleomycin Increase of TGF-b1 Secretion
and TGF-b1 Autoinduction

Bleomycin causes its fibrogenic effect in part
by increasing the secretion specifically of TGF-
b1 by human lung fibroblasts (Table I). In vivo
this increase secretion of latent TGF-b1 is
converted to active TGF-b1 by plasmin or other
proteolytic enzymes. This active TGF-b1 would
result in the increased secretion ofmoreTGF-b1
by the process of autoinduction of the TGF-b1
gene (Table II).

Transfection Studies

As a strategy to determine the functionality
of TGF-b1-induced Smad 3 binding to the
Smad 3 element in the proximal promoter of
the Smad 7 gene in potentially increasing TGF-
b1secretion inhumanfibroblasts,weusedsense
oligodeoxynucleotide ‘‘decoy’’ treatment. In this
experiment fibroblasts were transfected with
double-strandedphosphorothioateoligo ‘‘decoys’’
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containing the Smad 7/Smad 3 element to
possibly increaseTGF-b1 secretion. An increase
of TGF-b1 secretion was observed when the
fibroblasts were incubated for an additional
24 h after 18 h of transfection in the presence of
plasmin (Table III).

In still another experiment, we pretrans-
fected human embryonic lung fibroblasts with
double-stranded phosphorothioate oligodeoxy-
nucleotide ‘‘decoys’’ containing the Smad 7/
Smad 3 consensus element (Table IV). We then
challenged the cells after washing with active
TGF-b1 for 4 h. After extensive washing with
PBS and AIM V media, we added AIM V media
and incubated the fibroblasts for an additional
24 h. As can be seen, oligo ‘‘decoy’’ and TGF-b1
treatment greatly increased TGF-b1 secretion.
Therefore, binding of Smad 3 and preventing its

binding to the consensus Smad 3 element in the
proximal promoter of the Smad 7 gene had a
remarkableeffect onTGF-b1 secretion, a 4.8-fold
increase as compared to TGF-b1 alone and an
8.5-fold increase of fibroblasts treated with the
HCl-BSA vehicle (Table II) when human em-
bryonic lung fibroblasts were treated with
double-stranded oligo decoys in the presence of
TGF-b1.

DISCUSSION

The basis of fibroblast expression of the bleo-
mycin-induced increase of collagen synthesis is
a response of fibroblasts to TGF-b. The TGF-bs
are a family of potent cytokines with diverse
effects on proliferation, differentiation, extra-
cellular matrix proteins, gene expression, and
other aspects of cellular phenotype. Evidence

Fig. 1. Gel mobility shift assay was performed with the
homologous Smad 3 (HSE) and the Smad 7/Smad 3 (SSE)
elements with IMR-90 fibroblast nuclear extract and Smad
binding element (SBE) oligos. IMR-90 cells were grown in 10%
fetal bovine serum (FBS) DMEM high glucose media before
treatment. Cells were washed two times with PBS and two times
with AIM V medium. Cells were then treated with either the
vehicle (4 mM HCl, BSA 1 mg/ml in AIM V media) or TGF-b1
(12.5 ng/ml in AIM V mediaþ4 mM HCl, BSA 1 mg/ml).
A nuclear extraction was performed. The gel mobility shift was
performed using 10 mg of nuclear extract in each reaction. The
proteinwas incubated in the presence of SBE oligos (HSEWT: 50-
TGGTCCCAGGACAGCTTT G-30; SSE WT: 50-CAGGGTGTC-
TAGACGGCCAC-30). The underlined portions represent the

binding elements of interest. DNA-protein complexes were
separated on a 5% polyacrylamide gel in 0.25� TBE buffer.
The gel was dried and exposed on film for 72 h at�808C. Lane 1:
15-min BSA-treated plus HSE probe; (lane 2) 15-min TGF-b1-
treated plus HSE probe; (lane 3) 24-h TGF-b1-treated plus HSE
probe; (lane 4) 15-min BSA-treated plus HSE probe; (lane 5)
15-min BSA-treated plus HSE probe plus cold oligo; (lane 6)
15-min TGF-b1-treated plusHSE probe; (lane 7) 15-min TGF-b1-
treated plus HSE probe plus cold oligo; (lane 8) 24-h TGF-b1-
treated plus HSE probe; (lane 9) 24-h TGF-b1-treated plus HSE
probe plus cold oligo; (lane 10) 15-min BSA-treated plus SSE
probe; (lane11) 15-minTGF-b1-treatedplus SSEprobe; and (lane
12) 24-h TGF-b1-treated plus SSE probe.
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in the literature indicates that TGF-b plays an
essential role on the production of fibrosis in
various tissues by the induction of extracellular
matrix proteins. The increased production of
TGF-b has an important role in the pathology of
bleomycin-induced lung fibrosis. Although in
cell culture, TGF-b1, 2, and 3 stimulate collagen

expression, in bleomycin-induced pulmonary
fibrosis these TGF-bs are differentially expres-
sed [Coker et al., 1997]. The administration
of TGF-b1 and 2 antibodies after bleomy-
cin installation causes a significant reduction
in collagen accumulation in bleomycin-treated
mice [Giri et al., 1993]. In bleomycin-induced

Fig. 2. Electrophoretic mobility shift assays performed with
IMR-90 human embryonic lung fibroblasts; (lane 1) 15-min TGF-
b1 treated IMR-90 nuclear extract and Smad 7/Smad 3 oligo
probe. Cell culture and gel shifts were performed as described
under Figure 1. A competition assay was performed with an
excess of Smad 7/Smad 3 cold oligo to show the induced

bandshift specificity (lane 2). The addition of a Smad 3 specific
antibody produces a supershift (lane 3) that competes with the
Smad3peptide (lane 4). An IgGgoat purified antibodywas run as
a supershift control (lane 5). The Smad 7/Smad 3 oligo sequence
is 50-CAGGGTGTCTAGACGGCCAC-30. NBP, non-specific
binding protein.
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pulmonaryfibrosis, there isan increaseofmRNA
and protein expression of all three isoforms in
the injured areas. In situ hybridization, im-
munochemical, and histochemical analysis of
TGF-b mRNA and protein expression demon-
strated that the major cell types expressing
TGF-b mRNA and protein were eosinophils,
myofibroblasts, and fibroblasts located in the
areas of active fibrosis [Zhang et al., 1995]. The
above-cited studies indicate that, at least in
part, bleomycin-induced pulmonary fibrosis is a
result of direct and indirect mechanisms, which
cause lung fibroblasts to synthesize and deposit
increased amounts of collagen in lung tissue.

TGF-b is secreted bymost cultured cells in the
inactive form and exists as multiple isoforms,
TGF-b1, 2, and 3, which are structurally closely

related to one another. Following either secre-
tion from cells or release from platelets during
wound healing, the inactive polypeptide is con-
verted into the active polypeptide by plasmin
[Sato and Rifkin, 1989]. The active TGF-b then
binds to 6-manose phosphate receptors located
on the cellular membrane and through signal
transduction involving the Smad signaling
pathway as previously discussed ultimately
causes biological responses. Among the effects
of TGF-b on extracellular matrix are increased
synthesis and secretion of matrix proteins,
increased transcription, translation and proces-
sing of receptors for the extracellular matrix-
cell adhesion proteins, decreased synthesis of

TABLE II. Autoinduction of TGF-b1 by
Human TGF-b1 in IMR-90 Human

Embryonic Lung Fibroblasts

Treatment
pg TGF-b1/ml
media/106 cells

PBS 105�3.1
HCl-BSA 112�5.3
TGF-b1 179�9.1*

IMR-90 lung fibroblasts were grown to late log phase in serum.
The cells were washed extensively with PBS and AIM V
synthetic serum-free media. AIM V media containing PBS,
HCl-BSA solution used to suspend the TGF-b1 or TGF-b1
(12.5 ng/ml) was added and the cells were incubated for 4 h.
Following incubation, the cells were extensively washed
with PBS and then AIM V media to remove residual TGF-b1.
AIM V media was added and the cells were incubated for 24 h.
The media was collected and assayed for TGF-b1 content by
the ELISA assay described in the text. The values represent
the mean�SEM of three cultures.
*Statistically significantly different from both controls at
P� 0.05 by the Student’s t-test.

TABLE I. Effect of Bleomycin on the
Secretion of TGF-b1 Into the Media of

IMR-90HumanEmbryonic Lung Fibroblasts

Treatment pg TGF-b1/ml media/106 cells

PBS 96� 10.7
Bleomycin (mg/ml)

0.1 115�9.9
0.25 126� 18.6
0.5 152�7.9*
0.75 123�6.7
1.0 129�3.3*

IMR-90 fibroblasts were grown to late log phase in fetal calf
serum. The cells were then washed extensively with PBS and
AIM V synthetic serum-fee media. AIM V media was added to
the cultures which were treated with PBS or bleomycin at the
indicated concentrations for 24 h. The media was collected and
TGF-b1was determined using theELISA assay described in the
text. The data represents the mean�SEM of three cultures.
*Statistically significant from PBS control at P� 0.05 by the
Student’s t-test.

TABLE III. Effect of Double-Stranded
Phosphorothioate Oligo Decoys Containing

the Smad 7/Smad 3 Element on TGF-b1
Secretion by IMR-90 Human Embryonic

Lung Fibroblasts

Treatment
pg TGF-b1/ml
media/106 cells

30 mg dsPT 253�21.6
30 mg dsPT plus plasmin 553�35.4*

IMR-90 fibroblasts were grown to late log phase in the presence
of serum and then washed extensively with PBS and AIM V.
The cells were transfected by the Calcium Phosphate precipi-
tation method in the absence or presence of dsPTs for 18 h.
Following transfection, the fibroblasts were washed extensively
with PBS and AIM V media. AIM V media was added and the
cells were incubated for 24 h in the presence or absence of
plasmin. The media was collected and assayed for total active
TGF-b1 by the ELISA assay as described in the text. The values
represent the mean�SEM of three cultures.
dsPT, double-stranded phosphorothioate oligodeoxynucleotide.
*Statistically significantly different at P�0.05 by the Student’s
t-test.

TABLE IV. Transfection of Human
Embryonic Lung Fibroblasts With

Phosphorothioate Oligodeoxynucleotide
Oligo ‘‘Decoys’’ Containing the Concensus
Smad 7/Smad 3 Element Followed by TGF-b1

Treatment on TGF-b1 Secretion

Treatment
pg TGF-b1/ml
media/106 cells

TGF-b1 197� 24.5
30 mgds PT plus TGF-b1 948� 99.1*

IMR-90 human embryonic lung fibroblasts were grown to late
log phase in serum. The cells were washed with PBS and AIMV
media. The cells were transfected using the Calcium Phosphate
precipitationmethodwith30mgof double-stranded oligo ‘‘decoy’’
for 18 h. The cells were washed and then treated in the presence
of 12.5 ng/ml TGF-b1 for 4 h in AIM V media and then exten-
sively washed. The cells were incubated for 24 h inAIMVmedia
and total active TGF-b1 was determined by the ELISA assay as
described in the text. The values represent the mean�SEM of
three cultures.
*Statistically significantly different at P�0.05 by the Student’s
t-test.
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specific inhibitors of matrix degrading pro-
teases, and the rapid induction of fibrosis and
angiogenesis in vivo [Roberts et al., 1986;
Rizzino, 1988]. TGF-b stimulates fibroblasts
and other reparative cells to synthesize collagen
[Ignotz and Massague, 1986; Appling et al.,
1989]. In fibroblasts, TGF-b stimulates the pro-
duction and processing of total cellular col-
lagen in a dose-dependent manner [Varga and
Jimenez, 1986]. The elevation of collagen syn-
thesis in these fibroblasts is associated with
increased cellular steady state levels of Types I,
III, and XVI collagen mRNAs [Peltonen et al.,
1991; Gurujeyalakshmi and Giri, 1995; Grassel
et al., 1998].
Studies have demonstrated that the nuclear

factor-1bindingsite orNF-1 like sitewasneeded
for TGF-b-induced collagen promoter stimula-
tion [Rossi et al., 1988]. Studies in which plas-
mids containing a reporter gene and a segment
of the50-flanking region of theprocollagengenes
[Ritzenthaler et al., 1991, 1993; Inagaki et al.,
1994; Jimenez et al., 1994; Greenwel et al.,
1997] were transfected into fibroblasts, showed
a TGF-b-mediated increase in reporter gene
expression. Concomitant with the increase in
reporter gene expression, TGF-b also caused an
increase in protein bound to the cis-element
found in the proa1(I) [Ritzenthaler et al., 1991,
1993; Jimenez et al., 1994] and the proa2(I)
collagen genes [Inagaki et al., 1994; Greenwel
et al., 1997]. A synergistic cooperation between
Sp1 and Smad 3/4 is responsible for TGF-b
stimulation of the proa2(I) collagen gene [Zhang
et al., 2000]. TGF-b Smad dependency has also
been reported for the activation of the collagen
typeVIIgenepromoter[Vindevogheletal.,1998].
King et al. [1994] demonstrated that both

bleomycin and TGF-b1 act through the same
cis-element (i.e., the TGF-b element) in the
distal 50-flanking region of the proa1(I) collagen
gene. Deletion CAT chimeric plasmids greatly
reduced the inductive capacity by both bleomy-
cin and TGF-b1. Previous studies in our labora-
tories have implicated the fibrogenic growth
factor TGF-b1 as causing bleomycin-induced
pulmonary fibrosis. Lung fibroblasts treated
with bleomycin have increased TGF-b1 mRNA
transcription and increased steady-state levels
of TGF-b1 mRNA [Breen et al., 1992].
We now propose that bleomycin regulates

TGF-b production in fibroblasts through the
Smad signaling pathway. TGF-b has been
shown to regulate the expression of specific

genes by the Smad signaling pathway. It is also
noteworthy that Smad 7, which is an antagonist
of signaling mediated by Smads prevents bleo-
mycin-inducedpulmonaryfibrosis [Nakao et al.,
1999]. In addition, mice deficient in Smad 3
demonstrated suppressed Type I procollagen
mRNA expression and reduced lung hydroxy-
proline contentascomparedwithwild-typemice
treatedwith bleomycin [Zhao et al., 2002]. Since
wehavepresentlydemonstrated that bleomycin
acts throughTGF-b1,which subsequently turns
on the Smad3 signaling pathway, the studies of
Zhao and colleagues are in concert with ours.
We have tested the hypothesis that the Smad 7
signaling pathway is involved in decreasing
TGF-b1 protein, which is involved in the
progression of bleomycin-induced pulmonary
fibrosis. The homologous sequence in the distal
50-flanking region of the human TGF-b1 gene
does not bind to Smad 3 by using gel mobility
shift assays.We have also determined the effect
of bleomycin on TGF-b1 protein secretion by
fibroblasts and autoinduction of the TGF-b1
gene by TGF-b1. We compared the binding
of Smad 3 to the Smad 7/Smad 3 element and
the effect of double-stranded phosphorothioate
oligos containing theSmad7/Smad3element on
TGF-b1 secretion. Smad 3 in nuclear extracts of
TGF-b1-treated fibroblasts binds to the consen-
sus Smad 7/Smad 3 element in the proximal
promoter of the Smad 7 gene and the double-
stranded oligo ‘‘decoys’’ containing this element
were able to affect TGF-b1 secretion in fibro-
blasts treated either in the absence or the pre-
sence of TGF-b1.

Treatment of chronic wounds in humanswith
TGF-b1 has resulted in no successful healing of
such wounds. One possible explanation for this
lack of success is that the inhibitory Smad 7 is
binding to the Type I TGF-b receptor, thereby
preventing the fibrogenic effect of TGF-b1. Our
results indicate that human fibroblasts trans-
fected with the double-stranded phosphorothio-
ate oligo ‘‘decoys’’ containing the Smad 7/Smad
3 element and then treated with TGF-b1 pro-
duce a superinduction of TGF-b1 secretion. The
rational basis for this effect is that these sense
oligo ‘‘decoys’’ bind Smad 3, thereby preventing
this initiation factor from binding to the con-
sensus Smad 3 element in the proximal promo-
ter of the inhibitory Smad 7 gene. This would
result in a decrease of transcription of theSmad
7 gene and a decrease of the Smad 7 inhibitory
protein.We propose that this would result in an
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enhancement of the fibrogenic effect through
autoinduction of the TGF-b1 gene and an in-
duction of the extracellular matrix proteins and
therefore be beneficial for the healing of chronic
wounds in humans.
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