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Abstract. TGF-81 controls the expression of numer-
ous genes, including early response and cellular ma-
trix genes. However, the signal-transducing mechanism
underlying this regulation of gene expression is not
fully understood. In this study, we investigated
whether redox regulation plays a role in the TGF-S1
signal transduction in the mouse osteoblastic cell line
(MC3T3-El). The overall intracellular oxidized state
of the cells, when measured using 2',7-dichlorofluores-
cin diacetate by laser-scanning confocal microscopy,
was increased transiently after the addition of TGF-81.
This increase was abolished by the addition of oxygen
radical scavengers such as catalase and N-acetyl-
cysteine. In a variant cell line lacking the TGF-81
receptor, the intracellular oxidized state was not

modulated by treatment with TGF-G1. We then exam-
ined the expression of early growth response-1 (egr-1)
gene, which is inducible by TGF-81 and H.O,. Radi-
cal scavengers inhibited the induction of egr-1 by TGF-
1, but not that by 12-O-tetradecanoylphorbol-13 ace-
tate. A nuclear run-on assay indicated that this inhibi-
tion was at the transcriptional level. From transient
expression experiments using chloramphenicol acetyl-
transferase gene linked to serially deleted egr-1 gene

"-upstream region, the CArG element in the 5’ flank-
ing region of egr-1 was identified as an essential se-
quence in the transcriptional activation for both
TGF-A1 and H;O, stimulation. These findings suggest
that H,O; acts as a mediator for the TGF-31-induced
transcription of egr-1 gene.

cytokine regulating cell proliferation, differentiation,

and other biological responses (Roberts and Sporn,
1988; Barnard et al., 1990). The diverse biological effects
exerted by TGF-31 depend on cell types, growth status of
cells including culture conditions, and the presence of other
growth factors. This factor was originally recognized as a
stimulator for the anchorage-independent growth of normal
cells. However, it is now widely accepted as a potent growth
inhibitor of epithelial cells in vitro (Massagué, 1987; Masui
et al., 1986), while it acts as a bifunctional regulator for
mesenchymal-derived cells (Robey et al., 1987; Centrella et
al., 1987; Shibanuma et al., 1991).

TGF-S1 modulates the expression of a variety of genes: it
increases the expression of extracellular matrix proteins
and protease inhibitor genes (Ignotz and Massagué, 1986,
Roberts, et al., 1988; Lund et al., 1986; Thompson et al.,
1988) and it decreases the expression of genes for proteases
that degrade matrix proteins (Edwards et al., 1987; Kerr et
al., 1988). TGF-81 also induced the expression of imme-

TRANSFORMING growth factor-81 is a multifunctional

Address correspondence to Kiyoshi Nose, Department of Microbiology,
Showa University School of Pharmaceutical Sciences, Hatanodai 1-5-8,
Shinagawa-ku, Tokyo 142, Japan.

© The Rockefeller University Press, 0021-9525/94/08/1979/10 $2.00
The Journal of Cell Biology, Volume 126, Number 4, August 1994 1079-1088

diate-early response genes such as c-jun, junB, early growth
response-1 (egr-1)!, and TSC-22 (Pertovaara et al., 1989;
Koskinen et al., 1991; Shibanuma et al., 1992). Pietenpol et
al. (1990a; 1990b) reported that the growth inhibition caused
by TGF-g1 correlated with a decrease in c-myc gene tran-
scription. The products of the retinoblastoma gene and the
P53 gene seem to be also involved in this growth inhibition
and result in cell cycle arrest (Pietenpol et al., 19905, 1991;
Lajho et al., 1990). We have recently cloned a new TGF-
Bi-inducible gene (TSC-36) whose expresion reached a peak
at 6-8 h after stimulation with TGF-1, and this gene seems
to encode an extracellular matrix protein (Shibanuma et al.,
1993).

Although the multifaceted gene control actions of TGF-31
have been explored, the exact mechanisms by which TGF-S1
exerts its effects is still only partly understood. Lin et al.
(1992) recently cloned TGF-1 type II receptor with a ser-
ine/threonine kinase domain. The receptor acts as a key
component in the transduction of TGF-g1-signaling by form-

1. Abbreviations used in this paper: CAT, chloramphenicol acetyltransfer-
ase; DCFH-DA, 2',7'-dichlorofluorescin diacetate; DCFH, nonfluorescent
polar derivative of DCFH-DA; egr-1, early growth response-1 (gene); GSH,
intracellular glutathione; NAC, N-acetyl-L-cysteine; PDTC, pyrrolidine car-
bodithioic acid ammonium; TPA, 12-O-tetradecanoylphorbol-13-acetate.
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Figure 1. Changes in intracellular redox state of MC3T3-El cells
after treatment with TGF-81. (@) Cells in preconfluent state were
transferred to 0.1% BSA medium, and were treated with TGF-81
(5 ng/mi) for the indicated times (minutes). After treatment, me-
dium was replaced with Hanks’ solution containing 5 M DCFH-
DA, and fluorescence intensity was measured 5 min later with a
confocal laser scanning microscope. (B) Relative fluorescence in-
tensity of each cell was calculated relative to untreated control cells.
(0) Untreated MC3T3 cells, (®) MC3T3 cells treated with TGF-£1,
(4) v-Ki-ras-transformed K1 cells treated with TGF-81. (C) Cells
were either treated with TGF-31 (5 ng/ml) (column 2) for 75 min
or with H,0, (columns 3-7) for 10 min. About 50 cells were used
for determination of each point. The results show the means +
standard deviation. The experiment was repeated three times with
reproducible resuits.

ing a complex with type I receptor (Wrana et al., 1992; Eb-
ner etal., 1993). The involvement of G-protein (Howe et al.,
1990) and protein phosphatases as mediators of TGF-1 ac-
tion has also been proposed (Gruppuso et al., 1991). In spite
of these findings, the question of the signaling pathways from
the receptor to nuclei and the nature of the second mes-
sengers still remains to be elucidated.

Our previous findings suggest that the actions of TGF-31
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could be mediated by hydrogen peroxide, H,O,. Both TGF-
Bl and H,0, reversibly blocked cells at the late G1 phase
(Shibanuma et al., 1991). The cell cycle arrest by TGF-1
was partly abolished by catalase. Furthermore, TGF-S1
stimulated the release of H,O, from the cells into the cul-
ture medium in MC3T3-El cells. These observations suggest
that H,O, is a mediator in the action of TGF-8l.

Active oxygens are, in general, considered to be cytotoxic,
damaging cells by inactivating and modifying the cellular
components (Cerutti, 1985). However, accumulating evi-
dence suggests that oxygen radicals at low doses may func-
tion as physiological mediators of cellular responses. For ex-
ample, H,O, was shown to mimic the activity of insulin in
glucose transport and in lipid synthesis in rat adipocytes
{(Mukhwejee et al., 1978; May and De Haen, 1979). Schreck
et al. (1991) and Schreck and Baeuerle (1991) reported that
radical scavengers blocked the increase in NF«B-binding ac-
tivity caused by tumor necrosis factor-o;, and that H,Q, in-
creased NF«B-binding activity. H;O, also stimulated the
expression of immediate early response genes (Nose et al.,
1991).

In the present study, we examined the effect of TGF-G1 on
the intracellular oxidation state in MC3T3-El cells. In addi-
tion, we explored whether alterations in oxidation states are
involved in modulating egr-1 gene expression.

Materials and Methods

Cell Culture

The mouse osteoblastic cell line, MC3T3-El (Kurihara et al., 1986), and
its v-Ki-ras-transformant, MC3T3-K1 (Nose et al., 1989), were cultured in
Dulbecco'’s modified medium supplemented with 10% fetal bovine serum
and SO pg/ml kanamycin under a humidified atmosphere of 5% CO- in air.
Cells were kept in continuous culture for €3 mo after thawing.

Chemicals

Recombinant human TGF-£1 was obtained from King Brewing Co. Ltd.
(Kakogawa, Japan), and 12-O-tetradecanoylphorbol-13-acetate, N-acetyl
L-cysteine (NAC) and catalase derived from Aspergillus niger were products
of Sigma Chemical Co. (St. Louis, MO). Pyrrolidine carbodithioic acid am-
monium (PDTC) was purchased from Nakarai Tesque, Inc. (Kyoto). Potas-
sium ferricyanide and ascorbic acid were obtained from Wako Pure Chemi-
cals (Tokyo). NAC and ascorbic acid solutions were adjusted to pH 7.4 by
the addition of NaOH. 2',7'-dichlorofiuorescin diacetate (DCFH-DA) was
obtained from Eastman Kodak Corp. (Rochester, NY). The kinase inhibi-
tors H-7, H-9, and W-7 were obtained from Seikagaku Kogyo (Tokyo).
Staurosporine was purchased from Kyowa Medix Co. Ltd. (Tokyo).

Assay of Intracellular Redox State

Intracellular redox state levels were measured using a fluorescent dye,
DCFH-DA. DCFH-DA is a nonpolar compound that is converted into a
nonfluorescent polar derivative (DCFH) by cellular esterases after incorpo-
ration into cells. DCFH is membrane-impermeable and rapidly oxidized to
the highly fluorescent 2;7'-dichlorofluorescein in the presence of intracellu-
lar hydrogen peroxide and peroxidases (Szejda et al., 1984; Bass et al.,
1983). For assays, medium was replaced with Hanks’ solution containing
5 uM DCFH-DA at appropriate times after stimulation. After 5 min of incu-
bation at room temperature, the fluorescent intensity of ~50 cells for each
point was measured by confocal laser scanning microscopy (MRC500; Bio
Rad Laboratories, Richmond, CA). The excitation wave length at 513 nm
was used. Relative fluorescence intensity was calculated using untreated
control cells as standard.

RNA Extraction and Analysis

At ~80% confluence, the cells were starved in serum-free DME containing
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0.1% BSA (fraction V; Sigma Chemical Co.) for 48-60 h. The quiescent
cells were treated with the agents for the times indicated in the figure
legends. Total RNA was extracted using the guanidium/hot phenol method
(Maniatis et al., 1982). 20 pg/lane of RNA was electrophoresed ona 1.5%
agarose gel containing 2.2 M formaldehyde, blotted onto a nylon membrane
(Hybond N; Amersham International, Amersham, UK), and hybridized
with probes labeled by nick translation, as described previously (Shiba-
numa et al., 1992). The probes used were mouse a-tubulin cDNA (Mad;
Lewis et al., 1985) and TGF-Sl-inducible TSC-36 cDNA (Shibanuma et
al., 1993). Mouse egr-1 cDNA (Tsai-Morris et al., 1988; Cao et al., 1990)
was kindly provided by Dr. Sakhatme (University of Chicago, Chicago, IL),
and a 1.1-kb fragment corresponding to nucleotide 1958-3068 was used as
a probe.

Nuclear Run-on Transcription

Nuclei were isolated from cells treated with TGF-g1 in the presence or ab-
sence of 2.5 mM NAC, and they were transcribed in vitro as described pre-
viously (Nose et al., 1991). The **P-labeled transcripts were isolated and
hybridized with plasmid DNA immobilized on nylon membranes. The
membranes were washed and autoradiographed.

Plasmid Construction

A phage clone containing the complete egr-1 gene, including the 5- and

"-flanking sequences (Tsai-Morris et al., 1988), was isolated from mouse
liver genomic EMBL3 library (Clontech Laboratories, Inc,, Palo Alto, CA)
after screening. A mouse egr-1 cDNa fragment was used as a probe for the
screening process. A 6.1-kb EcoRI fragment was subcloned into pUC118.
An EcoRl/Sacll fragment from —1394 to +123 basepairs, containing the
egr-1 transcriptional promoter and start site, was subcloned upstream of the
chloramphenicol acetyltransferase (CAT) gene in the plasmid pCAT basic
vector (Promega Corp., Madison, WI) to construct pEgri394. 5’-deletion
mutants were prepared by cuiting with exonuclease III and Sl nuclease, as
previously described (Maniatis et al., 1982). pEgr1394, 875, 417, 393, 356,
111, 94, and 72 represent the CAT constructs that contain the egr-1 gene

-upstream fragments of indicated numbers of bases counting from the cap
site down to +123 basepairs. The deletion end points were determined by
dideoxynucleotide sequencing.

Transfection and CAT Assay

Transfection of the CAT constructs (7.5 pg/100-mm dish) was performed by
the conventional calcium phosphate precipitation method (Graham and van
der Eb, 1973; Gorman et al., 1982). 4 h later, the cells were subjected to
15% glycerol shock and placed in serum-free DME containing 0.1% BSA.
38 h after the transfection, TGF-1 (5 ng/ml) or H20; (0.2 mM) was added
for additional 8 h. Cell extracts were prepared as described in Gorman et
al. (1982). CAT activity was measured by a liquid scintillation counting
method (Neumann et al., 1987) using cell lysates in 250 ul of a mixture
of 10 mM Tris-HCl (pH 7.8), 1 mM chioramphenicol, and 0.5 uCi
[®H]acety! CoA. CAT activity was evaluated by calculating increase in dpm
within a linear range of response. The plasmid pCH110 (5 ug/dish) contain-
ing the g-galactosidase gene (Pharmacia, Uppsala, Sweden) was cotrans-
fected to correct for differences in transfection efficiency. The activity of
B-galactosidase was determined as described by Herbomel et al. (1984).

Results

Increase of Intracellular Oxidized State in MC3T3-El
Cells by TGFS1

Our previous study showed that there was small increase in
the H,0; concentrations in the culture medium after treat-
ment with TGF-S1, as detected by 3-(p-hydroxyphenyl)-pro-
pionic acid and horseradish peroxidase assays (Shibanuma et
al., 1991). In the present study, intracellular oxidized states
were measured using a more sensitive fluorescent assay
method with DCFH-DA and laser-scanning confocal mi-
croscopy. The dye is incorporated into cells and is converted
to a fluorescent compound by oxidation. The intensity of flu-
orescence reflects the intracellular oxidized state (Bass et al.,
1983; Robertson et al., 1990).
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Quiescent cultures of MC3T?3 cells were treated with TGF-
B1 (5 ng/ml) for various times. As shown in Figs. 1 4 and
B, the intensity of DCFH fluorescence began to increase 60
min after treatment, reaching a maximal level of fivefold
higher than that in unstimulated cells at 75 min after treat-
ment. This was followed by a decline in fluorescence to the
basal level by 120 min. Some cells showed high fluorescence
in nuclei, possibly because of accumulation of the dye in nu-
clear fraction. The maximal level of intracellular fluores-
cence was comparable to that treated with 10-20 nM H,O,
(Fig. 1 C). In a ras-transformed variant of MC3T3 cells (K1)
that were resistant to TGF-g1 through loss of its binding sites
{Nose et al., 1989), no change in fluorescence intensity was
observed after treatment with TGF-81 (Fig. 1 B). These
results suggested that an increase in the intracellular oxidized
state was induced specifically by TGF-31 through the binding
to its receptors.

DCFH can be oxidized by any peroxidase and hydroperox-
ide, including H,O, (Bass et al., 1983; Keston and Brandt,
1965). To specify the active oxygen species that were respon-
sible for the oxidation of DCFH, we examined whether cata-
lase, an enzyme that specifically hydrolizes H;O,, pre-
vented the oxidation of DCFH. MC3T3 cells were treated
with TGF-81 in the absence (Fig. 2, top and bottom, column
B) or presence (Fig. 2, top and bottom, column C) of cata-
lase (350 U/ml). The addition of catalase completely in-
hibited the increase in DCFH oxidation as measured 75 min
after TGF-G1 treatment. Heat-inactivated catalase had no
effect on DCFH oxidation (Fig. 2, top and bottom, column
E). These findings suggest that H.Q, participated in DCFH
oxidation after the TGF-S1 treatment. Nonspecific thiol radi-
cal scavengers, NAC and PDTC, also inhibited the increase
in the intracellular oxidized state induced by TGF-81; NAC
at 2.5 mM had a 25% inhibitory effect on the increase in
DCFH oxidation, and PDTC at 0.1 mM inhibited this in-
crease by 50% (data not shown).

Inhibitory Effect of Radical Scavengers on the
Expression of egr-1 Gene by TGF-1

We then investigated whether H,O, generated by TGF-S1
plays a role in gene expression. Our previous study demon-
strated that active oxygens stimulated the expression of the
immediate early response genes such as c-fos, c-jun, c-myc,
and egr-1 (Nose et al., 1991). Of these genes, egr-1 was found
to respond to both TGF-$1 and H,O, in MC3T3 cells.

Fig. 3 shows Northern blotting of egr-1 gene at various
times after treatment with either TGF-81 (2 ng/ml) or H,O,
(0.15 mM). H,0,, at concentrations <0.2 mM, did not af-
fect cellular viability as determined by dye exclusion test
and plating efficiency assay (data not shown). As seen in Fig.
3, egr-1 gene expression increased within 30 min after stimu-
lation with TGF-81, reaching the maximal level 2 h after
treatment. H;O»-induced egr-l mRNA more rapidly and
transiently, reaching a peak within 30 min after the treat-
ment. Slower induction of egr-1 by TGF-1 compared to that
by H;O, showed the delay of ~90 min. This delay roughly
coincided with the time course of changes in the intracellular
oxidized state determined by the confocal laser scanning mi-
croscopy (Fig. 1).

We examined the effects of radical scavengers, i.e. cata-
lase, NAC, PDTC, potassium ferricyanide (Chaudhri et al.,
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Relative fluorescence intensity

Figure 2. Effects of catalase on the increase in intracellular oxidized state
induced by TGF-81. Cells were treated for 75 min with either TGF-81
(5 ng/ml) (B), TGF-81 + catalase (350 U/ml) (C), catalase (D), or
TGF-81 + catalase (heat-inactivated) (E). Fluorescence intensity was
measured and calculated as described in the legends to Fig. 1 B. The ex-
periments were repeated four times, and the results were reproducible.
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Figure 3. Time course of induction of egr-1 mRNA by TGF 81 and
H,0,. MC3T3 cells were either untreated (lane 1), treated with
TGF-81 (2 ng/ml) (lanes 2-6), or H;O; (0.15 mM) (lanes 7-11)
for indicated times. Total RNA was extracted, run on a gel, and
transferred to membrane filters. The filters were hybridized with
3P-Jabeled probes, washed, and autoradiographed. Mouse
a-tubulin probe (M « 1) was used to monitor the amount of RNA
in each lane.
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Figure 4. Effects of radical scavengers on the induction of egr-1 and
TSC-36 mRNA by TGF-£1. (4) MC3T3 cells were either untreated
(lane 1), or they were treated with TGF-31 (2 ng/ml) in the absence
(lane 2) or presence of 0.5 mM NAC (lane 3), 50 uM PDTC (lane
4), 5 mM potassium ferricyanide (K-Ferr; lane 5), 5 mM ascorbic
acid (Vit.C; lane 6), or 170 U/ml catalase (cat; lane 7) for 2 h. (B)
Cells were untreated (lane /), or they were treated with TGF-81
(2 ng/ml) in the absence (lane 2) or presence of increasing concen-
trations (lane 3-7, 0.1, 0.5, 1.0, 2.5, and 5.0 mM, respectively) of
NAC. (C) Cells were untreated (lane 1), or they were treated with
2 ng/ml TGF-81 in the absence (lane 2) or presence of 170 U/ml
catalase (lane 3), 2.5 mM NAC (lane 4), or 50 uM PDIC (lane
5) for 8 h. RNA was analyzed using 3?P-labeled probes as de-
scribed in the legend to Fig. 3.
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Figure 5. Effects of radical scavengers on the induction of egr-1 by
TPA. Cells were untreated (lanes I and 4), or they were treated for
2 h with 50 ng/ml TPA in the presence (lane 2 and 5) or presence
of 170 U/ml catalase (lane 3), 2.5 mM NAC (lane 6), 50 uM PDTC
(lane 7), 5 mM potassium ferricyanide (lane 8), or 5 mM ascorbic
acid (lane 9). RNA was analyzed as described in the legends to
Fig. 3.

1988), and vitamin C, on the induction of egr-1 by TGF-S1.
As shown in Fig. 4 A, the addition of these antioxidants
abrogated the induction of egr-1 by TGF-41, except for NAC.
The inhibitory effect of NAC on egr-1 induction was found
to be dependent on its concentrations (Fig. 4 B). Catalase
was very effective in the inhibition of egr-1 induction (Fig.
4 A, lane 7), consistent with oxidized state caused by TGF-£1
treatment (Fig. 2).

These radical scavengers did not inhibit the induction of
another TGF-Bl-inducible gene, TSC-36 (Fig. 4C). Further-
more, egr-l induction by 12-O-tetradecanoylphorbol-13-
acetate (TPA) was not affected by these scavengers (Fig. 5).
These results indicate that the inhibitory effect of scavengers
was specific for egr-1 gene expression induced by TGF-f1.
A nuclear run-on assay was carried out to test whether the
induction of egr-1 by TGF-£1, and its inhibition by NAC were
regulated at the transcriptional level. As shown in Fig. 6,
TGF-Bl-activated transcription of egr-1 gene, and NAC at
2.5 mM led to the reduction of this TGF-Sl-induced tran-
scription. Shorter exposure of the film showed that transcrip-

1 2 3
pucC
-
egr-1

Figure 6. Nuclear run-on assay. Nuclei were isolated from un-
treated cells (lane 7 ), and from cells treated with TGF-$1 (2 ng/ml)
for 90 min in the absence (lane 2) or presence of 2.5 mM NAC (lane
3), and were transcribed in the presence of [*?PJUTP. The tran-
scripts were hybridized with the probes immobilized on mem-
branes. The membranes were washed and autoradiographed.
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Figure 7. Schematic representation of egr-1/CAT constructs and
stimulation of egr-1 enhancer by TGF-81 and H,0,. MC3T?3 cells
were transfected with each plasmid by the calcium phosphate
precipitation method, and they were cultured in DME containing
1 mg/ml BSA for 38 h. The cells were either untreated, or they were
treated with TGF-81 (5 ng/ml) or 0.2 mM H;0,. Cells were har-
vested 8 h later, and CAT activity was measured. (4) a, Untreated;
b, TGF-B1-treated; c, H,0,-treated. Values indicate relative CAT
activity. (B) Relative CAT activity of serial deletion constructs in
TGF-81-treated and H.O>-treated cells. Open and closed boxes in-
dicate sites containing CArG and AP-1 elements, respectively. The
experiments were carried out three times, and the results show the
means + standard deviation.

tion of Mal stayed constant during 90 min after treatment
period (data not shown).

A Common Target Sequence for TGF-1- and H,0,
Stimulation of egr-1 Gene Transcription

To elucidate the transcriptional regulatory mechanism re-
sponsible for redox-mediated TGF-§1 signal transduction,
we attempted to identify a common cis-acting DNA element
for both TGF-81 and H,O,. For this purpose, the deletion
mutants upstream of the transcriptional start site of the egr-1
gene were fused to a CAT reporter gene. The mouse egr-1
upstream region contains five CC(A/T)¢GG (CArG) boxes
plus the incomplete CCAATATGGC sequence (position
~340 to —331 bp, Tsai-Morris et al., 1988). These CArG
elements were progressively deleted from pEgr1394, a plas-
mid containing the mouse egr-1 upstream region between
—1394 to +123 bp with five CArG elements and two AP-
1-like elements (Fig. 7).

The highest CAT activity was observed with pEgr417,
which contained all five CArG elements, in cells treated ei-
ther with TGF-81 or H;0, (Fig. 7 B). Treatment with TGF-
81 or H,0; led to a 2.3- and 3.5-fold increase in CAT activ-
ity, respectively, compared to that of unstimulated cells. A
progressive decrease in response was observed as each
CArG element was deleted. Removal of the three CArG ele-
ments from the 5-end (pEgrl11) resulted in very weak induc-
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tion by both agents, indicating that TGF-81 and H,0, re-
quire at least three CArG elements from the cap site for the
induction. The above findings identify the CArG elements as
a common target sequence for both TGF-81 and H.O,.

Effects of Protein Kinase Inhibitors on the
Expression of egr-1

Protein kinases participate in signal transductions elicited by
diverse stimuli. Possible involvement of protein kinases in
the redox-mediated signaling pathways was examined by pro-
tein kinase inhibitors. The results of Northern blots show
that 50 uM of H-7, an inhibitor of protein kinases C, A, and
G, repressed almost completely the egr-1 induction by TGF-
Bl and H,O: (Fig. 8). However, neither staurosporine, a
potent inhibitor of protein kinase C, nor H-9, an inhibitor of
cAMP-dependent kinase, affected the egr-1 induction by
TGF-81 and H,0,. Moreover, the induction of egr-1 by
TGF-81 was retained in the protein kinase C-downregulated
cells after prolonged treatment with TPA (24 h) (data not
shown). Based on these observations, we postulate that an
H-7-sensitive kinase, but not protein kinase C, might be in-
volved in the gene expression of egr-1 by TGF-81 and H,0,.

Discussion

In the present study, we demonstrated that TGF-81 increased
the intracellular oxidized state in mouse osteoblastic cells,
but not in a TGF-1 receptor-deficient variant. This increase
was almost completely abolished by the addition of catalase,
indicating that H,O, was a major cause of increased oxi-
dized state. The production of H;O, was also blocked, al-
beit to a lesser extent, by the nonspecific thiol agents, NAC
and PDTC. NAC raises the levels of intracellular glutathione
(GSH), which controls the cellular redox state as a substrate
of GSH peroxidase. In addition, NAC and PDTC both
directly quench intracellular free radical (Staal et al., 1990).
Catalase, on the other hand, cannot be incorporated into
cells, thereby acting on the outside of the cells. These results
suggest that H,O, might be first released from the cells af-
ter treatment with TGF-81, and then diffused into the cells.

In the previous study (Shibanuma et al., 1991), we mea-
sured levels of H;O, in the medium by using 3-(p-hydrox-
yphenyl)-propionic acid and horseradish peroxidase, and we
detected H,0; in the medium of cells stimulated by TGF-S1
only in cells at G, phase and not in G, phase cells. In the
present study, however, the method using DCFH-DA and
confocal laser microscopy made it possible to detect the in-
crease of the intracellular oxidative state. Consistent with the
previous work, the increase in the intracellular oxidative
state was more pronounced and sustained in cells in late Gl
phase (data not shown).

The pathways for generation of free radicals in MC3T3
cells are not fully understood. NAD(P)H oxidase, which
produces superoxide anion from O,, is known to be local-
ized in the outer cell membrane (Ramasarma, 1982). In neu-
trophils and macrophages, burst of oxygen radical occurs
within seconds after stimulation (Sagone et al., 1976; Frido-
vich, 1983). In contrast, the change in redox state in re-
sponse to TGF-81 was slow and transient. In addition, radi-
cal scavengers did not inhibit egr-1 induction by TPA, which
is known to activate NAD(P)H oxidase (Maridonneau-Parini,
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1986). Thus, the generating system of H,O, activated by
TGF-81 in MC3T3 cells seems to be distinct from the NAD-
(P)H oxidase system, probably because of a specific, still-
unknown generating system.

Changes in the redox state of cells are thought to induce
modifications of cellular signaling molecules, including pro-
tein kinases, protein phosphatases, and transcription factors.
Regulation by redox of a portion tyrosine kinase (Bauskin et
al., 1991; Devary et al., 1992) and a protein phosphatase
(Guy et al., 1993) has also been reported. In the present
study, possible biological roles of oxidized state in gene ex-
pression was studied with the egr-1 gene, which was tran-
scriptionally activated by both TGF-$1 and H,O.. The
results of Fig. 4, A and B, show that scavengers for active oxy-
gens specifically inhibited the induction of egr-1 by TGF-S1,
indicating that the action of TGF-1 is regulated by redox,
at least in term of egr-1 gene transcription.

CAT assay using the egr-1 promoter region indicated that
the CArG element is a common target for the transcriptional
activation of egr-1 by both TGF-81 and H;0O.. A recent
finding (Datta et al., 1993) demonstrated that the transcrip-
tion induction of egr-1 caused by ionizing radiation also re-
quired CArG elements. The involvement of active oxygens
in this transcriptional activation was implied from the ex-
periment with NAC. The CArG element is known to bind to
serum response factor, whose binding activity is enhanced
by its phosphorylation (Treisman, 1993).

Recent observations provide evidence that redox regula-
tion is a general mechanism for the posttranslational control
of transcription factor function. Changes in reduction-oxi-
dation potential have been shown to influence the DNA bind-
ing activity of several transcription factors, such as Oxy
R (Storz et al., 1990), FOS/JUN (Abate et al., 1990) and
NFxB {Schreck et al., 1991). Oxy R is a best example of this
redox regulation in the direct activation of a transcription
factor in bacterial systems. DNA-binding activity of mam-
malian FOS/JUN is reported to be modified by the oxidation
of their cysteine residues (Abate et al., 1990). Most of these
works are, however, limited to in vitro experiments, and our
present results indicate that redox regulation of transcription
exists in vivo as well.

Active oxygens are produced by various types of cultured
cells under the influence of numerous stimuli (Meier et al.,
1989; Robertson et al., 1990). They are generally regarded
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Figure 8. Effects of protein kinase inhibitors on egr-1 induction by
TGF-81 or H;0;. Cells were untreated (lane I), or they were
treated with 2 ng/ml TGF-81 (A4) or 0.15 mM H;0; (B) for 2 h in
the absence (lane 2) or presence of 50 uM H-7 (lane 3), H-9 (lane
4), W-7 (lane 5), or 0.5 uM staurosporine (sp, lane 6). RNA was
extracted and analyzed as described in the legend to Fig. 3.
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as harmful to cells, because they modify cellular macro-
molecules, including lipids, proteins, carbohydrates, and nu-
cleic acids. Cells have several different types of systems to
protect them against such free radical-induced damages;
systems involving intracellular glutathione, catalase, super-
oxide dismutases, and glutathione peroxidase (Fridovich,
1978; Meister, 1983). Most active oxygens can be deleteri-
ous to cells, but cytokines, especially suppressors of growth
such as tumor necrosis factor-« and interleukin-1, are known
to stimulate cells to produce active oxygens (Beutler and
Cerami, 1986; Meier et al., 1989).

We previously proposed that active oxygens can work as
a competence factor for growth in quiescent fibroblasts
(Shibanuma et al., 1990). It now seems reasonable to believe
that active oxygens at certain levels could work as biosignals
in physiological conditions. The molecular mechanisms
responsible for such signals may include direct oxidation of
protein factors by sulfenylation (Storz et al., 1990) and
S-thiolation (Gilbert, 1984). Our results with the inhibitors
of protein kinases indicate that the activation of H-7-sensi-
tive protein kinase(s) is necessary for the induction of egr-i
by either TGF-g1 or H;0,, and such kinase(s) could be a di-
rect target of redox regulation. Protein kinases that are
stimulated by interleukin-1 and tumor necrosis factor (Gues-
don et al., 1993) could be regulated by redox.

The best example of the second messenger actions of ac-
tive oxygen species is nitric oxide. Nitric oxide is one mem-
ber of active oxygen species, and is well known as a major
messenger molecule regulating immune function and blood
vessel dilatation. It also serves as a neurotransmitter in the
brain and peripheral nervous system (Lowenstein and Sny-
der, 1992). We propose that hydrogen peroxide could be an-
other member of active oxygens that operates as a second
messenger in growth factor signalings.

The authors would like to thank Dr. Tonja Kartasova and Dr. Polly Chang
for critical reading of the manuscript and for valuable suggestions, and Mit-
sue Yoshiwara for assistance with confocal laser scanning microscopy
analysis.

This study was supported in part by a Grant-in-Aid for Cancer Research
from the Ministry of Education, Science and Culture and by a grant from
Ajinomoto Co.

Received for publication 24 January 1994 and in revised form 1 May 1994.

References

Abate, C., L. Patel, F. J. Rauscher IIl., and T. Curran. 1990. Redox regulation
of fos and jur DNA binding activity in vitro. Science (Wash. DC). 249:
1157-1161.

Bamnard, J. A., R. M. Lyons, and H. L. Moses. 1990. The cell biology of trans-
forming growth factor 8. Biochim. Biophys. Acta. 1032:79-87.

Bass, D. A., J. W. Parce, L. R. Dechatelet, S. Szejda, M. S. Reed, and M.
Thomas. 1983. Flow cytometric studies of oxidative product formation by
neutrophils: a graded response to membrane stimulation. J. Immunol.
130:1910-1917.

Bauskin, A. R., 1. Alkalay, and Y. Ben-Neriah. 1991. Redox regulation of a
protein tyrosine kinase in the endoplasmic reticulum. Cell. 66:685-696.
Beutler, B., and A. Cerami. 1988. Tumor necrosis, cachexia, shock, and
inflammation: a common mediator. Annu. Rev. Biochem. 57:505-518.
Cao, X., R. Koski, A. Gashler, M. McKiernan, C. F. Morris, R, Gaffney,
R. V. Hay, and V. P. Sukhatme. 1990. Identification and characterization
of the egr-1 gene product, a DNA-binding zinc finger protein induced by

differentiation and growth signals. Mol. Cell Biol. 10:1931-1939.

Centrella, M., T. L. McCarthy, and E. Canalis. 1987. Transforming growth
factor B is bifunctional regulator of relication and collagen synthesis in
osteoblast-enriched cell cultures from fetal rat bone. J. Biol. Chem.
262:2869-2874.

Cerutti, P. S. 1985. Prooxidant state and tumor promotion. Science (Wash.

1086



DC). 227:375-381.

Chaudhri, G., N. H. Hunt, I. A. Clark, and R. Credig. 1988. Antioxidants in-
hibit proliferation and cell surface expression of receptors for interleukin-2
and transferrin in T lymphocytes stimulated with phorbol myristate acetate
and ionophore. Cell. Immunol. 115:204-213.

Datta, R., N. Taneja, V. P. Sukhatme, S. A. Qureshi, R. Weichselbaum, and
D. W. Kufe. 1993. Reactive oxygen intermediates target CC(A/T)¢GG se-
quences to mediate activation of the early growth response 1 transcription
factor gene by ionizing radiation. Proc. Natl. Acad. Sci. USA. 90:2419-
2422

Devary, Y., R. A. Gottlieb, T. Smeal, and M. Karin. 1992. The mammalian
ultraviolet response is triggered by activation of src tyrosine kinases. Cell.
71:1081-1091.

Ebner, R., R.-H. Chen, S. Lawler, T. Zioncheck, and R. Derynck. 1993. De-
termination of type 1 receptor specificity by the type II receptor for TGF-8
or activin. Science (Wash. DC). 262:900-902.

Edwards, D. R., G. Murphy, J. J. Reynolds, S. E. Whiteman, P. Docherty,
P. Angel, and J. K. Heath. 1987. Transforming growth factor beta modulates
the expression of collagenase and metalloproteinase inhibitor. EMBO (Eur.
Mol. Biol. Organ.) J. 6:1899-1904.

Fridovich, 1. 1978. The biology of oxygen radicals. Science (Wash. DC). 201:
875-880.

Fridovich, 1. 1983. Superoxide radical: an endogenous toxitant. Annu. Rev.
Pharmacol. Toxicol. 23:239-257.

Gilbert, H. F, 1984. Redox control of enzyme activities by thiol/disulfide ex-
change. Methods Enzymol. 107:330-351.

Gorman, C. M., L. F. Moffat, and B. H. Howard. 1982. Recombinant genomes
which express chloramphenicol acetyltransferase in mammalian cells. Mol.
Cell. Biol. 2:1044-1051.

Graham, F. L., and A. J. van der Eb. 1973. A new technique for the assay of
infectivity of human adenovirus 5 DNA. Virology. 52:456-458.

Gruppuso, P, A., R. Mikumo, D. L. Bautigan, and L. Braun. 1991. Growth
arrest induced by transforming growth factor-81 is accompanied by protein
phosphatase activation in human keratinocytes. J. Biol. Chem. 266:3444-
3448.

Guedson, F., N. Freshney, R. J. Waller, L. Rawlinson, and J. Saklatvala.
1993. Interleukin 1 and tumor necrosis factor stimulate two novel protein ki-
nases that phosphorylate the heat shock protein HSP27 and 8-casein. J. Biol.
Chem. 268:4236-4243.

Guy, G. R., J. Cairns, S. B. Ng, and Y. H. Tan. 1993. Inactivation of a redox-
sensitive protein phosphatase during the early events of tumor necrosis fac-
tor/interleukin-1 signal transduction. J. Biol. Chem. 268:2141-2148.

Herbomel, P., B. Bourachot, and M. Yaniv. 1984. Two distinct enhancers with
different cell specificities coexist in the regulatory region of polyoma virus.
Cell. 39:653-662.

Howe, P. H., M. R. Cunningham, and E. B. Leof. 1990. Distinct pathways
regulate transforming growth factor §1-stimulated proto-oncogene and ex-
tracellular matrix gene expression. J. Cell. Physiol. 142:39-45.

Ignotz, R. A., and J. Massagué. 1986. Transforming growth factor-g stimulates
the expression of fibronectin and collagen and their incorporation into the
extracellular matrix. J. Biol. Chem. 261:4337-4345.

Kerr, L. D., N. E. Olashaw, and L. M. Matrisian. 1988. Transforming growth
factor-81 and cAMP inhibit transcription of epidermal growth factor- and
oncogene-induced transin mRNA J. Biol. Chem. 263:16999-17005.

Keston, A. S., and R. Brandt. 1965. The fluorimetric analysis of ultramicro
quantities of hydrogen peroxide. Anal. Biochem. 11:1-5.

Koskinen, P. J., L. Sistonen, R. Bravo, and K. Alitalo. 1991. Immediate early
response genes responses to NIH fibroblasts and NMuMg epithelial cells to
TGF beta-1. Growth Factors. 5:283-293.

Kurihara, H., S. Ishizuka, M. Kiyoki, Y. Hakata, K. Ikeda, and M. Kumegawa.
1986. Effects of 1,25-dihydroxyvitamin D; on osteoblastic MC3T3-El
cells. Endocrinology. 118:940-947.

Laiho, M., J. A, DeCapiro, J. W. Ludlow, D. M. Livingston, and J. Massagué.
1990. Growth inhibition by TGF-8 linked to suppression of retinoblastoma
protein phosphorylation. Cell. 62:175-185.

Lewis, S. A., M. G.-S. Lee, and N. J. Cowan. 1985. Five mouse tubulin iso-
types and their regulated expression during development. J. Cell Biol.
101:852-861.

Lin, H. Y., X.-F. Wang, E. Ng-Eaton, W. A. Weinberg, and H. F. Lodish.
1992. Expression cloning of the TGF-§ type II receptor, a functional trans-
membrane serine/threonine kinase. Cell. 68:775-785.

Lowenstein, C. J., and S. H. Snyder. 1992. Nitric oxide, a novel biological
messenger. Cell. 70:705-707.

Lund, L. R., A, Ricci, P. A. Andreassen, L. S. Nielsen, P. Kristensen, M.
Laiho, O. Saksela, F. Blasi, and K. Dano. 1986. Transforming growth
factor-8 is a strong and fast acting positive regulator of the level of type I
plasminogen inhibitor mRNA in W1-38 human lung fibroblasts. EMBO (Eur.
Mol. Biol. Organ.) J. 6:1281-1286.

Maniatis, T., E. F. Frisch, and J. Ambrook. 1982. Molecular Cloning: A Labo-
ratory Manual. Cold Spring Harbor Laboratory, Cold Spring Harbor, NY.

Maridonneau-Parini, I., S. M. Tringale, and A. 1. Tauber. 1986. Identification
of distinct activation pathways of the Human neutrophil NADPH-oxidase.
J. Immunol. 137:2925-2929.

Massagué J. 1987. The TGF-8 family of growth and differentiation factors.
Cell. 49:437-438.

Ohba et al. H,0; as a Signal of TGF-A1

Masui, T., L. M. Wakefield, J. F. Lechner, M. A. Laveck, M. B. Sporn, and
C. C. Harris. 1986. Type B transforming growth factor is the primary
differentiation-inducing serum factor for normal human bronchial epithelial
cells. Proc. Natl. Acad. Sci. USA. 83:2438-2442.

May, J. M., and C. De Haen. 1979. The insulin-like effect of hydrogen peroxide
on pathways of lipid synthesis in rat adipocytes. J. Biol. Chem. 254:
9017-9021.

Meier, B., H. H. Radeke, S. Selle, M. Younes, H. Sie, K. Reshc, and G. G.
Habermehl. 1989. Human fibroblasts release reactive oxygen species in re-
sponse to interleukin-1 or tumor necrosis factor-o. Biochem. J. 263:
539-545.

Miester, A. 1983. Selective modification of glutathione metabolism. Science
(Wash. DC). 220:472-4717.

Mukhwejee, S. P., R. H. Land, and W. S. Lynn. 1978. Endogenous hydrogen
peroxide and peroxidative metabolism in adipocytes in response to insulin
and sulfhydryl reagents. Biochem. Pharmacol. 27:2589-2594.

Newmann, J. R., C. A. Morency, and O. R. Russian. 1987. Biotechniques.
5:444-449.

Nose, K., M. Shibanuma, K. Kikuchi, H. Kageyama, S. Sakiyama, and T.
Kuroki. 1991. Transcriptional activation of early-response genes by hydro-
gen peroxide in a mouse osteoblastic cell line. Eur. J. Biochem. 201:99-106.

Nose, K., M. Itami, M. Satake, Y. Ito, and T. Kuroki. 1989. Abolishment of
c-fos inducibility in ras-transformed mouse osteoblastic cell lines. Mol. Car-
cinog. 2:208-216.

Pertovaara, L.., L. Sistonen, T. J. Bos, P. K. Vogt, J. Keski-Oja, and K. Alitalo.
1989. Enhanced jun gene expression is an early genomic response to trans-
forming growth factor 8 stimulation. Mol Cell. Biol. 9:1255-1262.

Pietenpol, J. A., J. T. Holt, R. W. Stein, and H. L. Moses. 1990a. Transform-
ing growth factor 81 suppression of c-myc gene transcription: role in inhibi-
tion of keratinocyte proliferation. Proc. Natl. Acad. Aci. USA. 87:
3758-3762.

Pietenpol, J. A., R. W. Stein, E. Moran, P. Yaciuk, R. Schlegel, R. M. Lyons,
M. R. Pittelkow, K. Munger, P. M. Howley, and H. L. Moses. 1990b. TGF
B1 inhibition of c-myc transcription and growth in keratinocytes is abrogated
by viral transforming proteins with pRB-binding domains. Cell. 61:
777-785.

Pietenpol, J. A., K. Munger, P. M. Howley, R. W. Stein, and H. L. Moses.
1991. Factor-binding element in the human c-myc promoter involved in tran-
scriptional regulation by transforming growth factor 81 and by the retino-
blastoma gene product. Proc. Natl. Acad. Sci. USA. 88:10227-10231.

Ramasarma, T. 1982. Generation of H,O, in biomembranes. Biochim. Bio-
phys. Acta. 694:69-93.

Robey, P. G., M. F. Young, K. C. Flanders, N. S. Roche, P. Kondaiah, A.
Reddi, J. D. Termine, M. B. Sporn, and A. B. Roberts. 1987. Osteoblasts
synthesize and respond to transforming growth factor-type 8 (TGF B) in
vitro. J. Ceil Biol. 105:457-463.

Roberts, A. B., and M. B. Sporn. 1988. Transforming growth factor 8. Adv.
Cancer Res. 51:107-145.

Roberts, C. J., T. M. Birckenmeier, J. J. McQuillan, S. K. Akiyama, S. S.
Yamada, W.-T. Chen, K. M. Yamada, and J. A. McDonald. 1988. Trans-
forming growth factor 8 stimulates the expression of fibronectin and of both
subunits of the human fibronectin receptor by cultured human lung fibro-
blasts. J. Biol. Chem. 263:4586-4592.

Robertson, F. M., A. J. Beavis, T. M. Oberyszyn, S. M. O'Connell, A.
Dokidos, D. L. Laskin, J. D. Laskin, and J. J. Reiner, Jr. 1990. Production
of hydrogen peroxide by murein keratinocytes following treatment with the
tumor promoter 12-O-tetradecanoylphorbol-13-acetate. Cancer Res. 50:
6062-6067.

Sagone, A. L., Jr., G. W. King, and E. N. Metz. 1976. A comparison of the
metabolic response to phocytosis in human granulocytes and monocytes. J.
Clin. Invest. 57:1352-1358.

Schreck, R., P. Rieber, and P. A. Baeuerle. 1991. Reactive oxygen intermedi-
ates as apparently widely used messengers in the activation of NK-xB tran-
scription factor and HIV-1. EMBO (Eur. Mol. Biol. Organ.) J. 10:2247-
2258.

Schreck, R., and P. A. Baeuerie. 1991. A role of oxygen radicals as second
messengers. Trends Cell Biol. 1.39-42.

Shibanuma, M., T. Kuroki, and K. Nose. 1990. Stimulation by hydrogen
peroxide of DNA synthesis, competence family gene expression and phos-
phorylation of a specific protein in quiescent Balb/3T3. Oncogene.
5:1025-1032.

Shibanuma, M., T. Kuroki, and K. Nose. 1991. Release of H,O, and phos-
phorylation of 30 kilodalton proteins as early responses of cell cycle-
dependent inhibition of DNA synthesis by transforming growth factor 81.
Cell Growth & Differ. 2:583-591.

Shibanuma, M., T. Kuroki, and K. Nose. 1992. Isolation of a gene encoding
a putative leucine zipper structure that is induced by transforming growth
factor 81 and other growth factors. J. Biol. Chem. 267:10219-10224.

Shibanuma, M., J. Mashimo, A. Mita, T. Kuroki, and K. Nose. 1993. Cloning
from mouse osteoblastic cell line a set of transforming growth factor-8-regu-
lated genes, one of which seems to encodes a follistatin-related polypeptide.
Eur. J. Biochem. 217:13-19.

Staal, F. J., M. Roeder, L. A. Herzenberg, and L. A. Herzenberg. 1990. Intra-
cellular thiols regulate activation of nuclear factor xB and transcription of
human immunodeficiency virus. Proc. Natl. Acad. Sci. USA. 87:9943-9947.

1087



Storz, G., L. A. Tartaglia, and B. N. Ames. 1990. Transcriptional regulator
of oxidative stress-inducible genes: direct activation by oxidation. Science
(Wash. DC). 248:189-194.

Szejda, P., J. W. Parce, M. S. Seeds, and D. A. Bass. 1984. Flow cytometric
quantitation of oxidative product formation by polymorphonuclear leuko-
cytes during phagocytosis. J. Immunol. 133:3303-3307.

Thompson, K. L., R. Assoian, and M. R. Rosner. 1988. Transforming growth
factor-8 increases transcription of the genes encoding the epidermal growth
factor receptors and fibronectin in normal rat kidney fibroblasts. J. Biol.

The Journal of Cell Biology, Volume 126, 1994

Chem. 263:19519-19524.

Treisman, R. 1993. The serum response element. Trends Biochem. Sci. 17:
423-426.

Tsai-Morris, C.-H., X. Cao, and V. P. Sukhatme, 1988. 5-flanking and
genomic structure of egr-1, a murine mitogen inducible zinc finger encoding
gene. Nucleic Acids Res. 16:8835-8846.

Wrana, J. L., L. Attisano, J. Cdrcamo, A. Zentella, J. Doody, M. Laiho, X.-F.
Wong, and J. Massagué. 1992. TGF § signals through a heteromeric protein
kinase receptor complex. Cell. 71:1003~1014.

1088



