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Members of the transforming growth factor-g (TGF-
B) superfamily transduce signals via Smad proteins.
Smad2 and Smad3 mediate TGF-B signaling, whereas
Smad1 and Smad5 transduce bone morphogenetic pro-
tein (BMP) signals. Smad4 is a common mediator re-
quired for both pathways. Smad6 and Smad7 are re-
cently identified members in the Smad family; they in-
hibit the signaling activity of the other Smad proteins.
Here we show that expression of the Smad6 mRNA is
dramatically induced by BMP-2 or osteogenic protein-
1 (OP-1)/BMP-7 in various cells. BMP-2 induced expres-
sion of Smad7 in one cell type, although much less po-
tently than that of Smad6. Smad6 message was in-
duced by TGF-B1 in TGF-B1-responsive MvlLu cells,
but the induction was transient in contrast to the in-
duction by BMPs. These results indicate that Smad6
may form a feedback loop to regulate the signaling
activity of BMPs. © 1998 Academic Press

Members of the transforming growth factor-g (TGF-
B) superfamily transduce signals through two different
types of serine/threonine kinase receptors, type | and
type 11 (). After ligand binding, type Il receptor trans-
phosphorylates the type | receptor mainly at the GS
domain located upstream of the serine/threonine ki-
nase region, which results in the activation of type |
receptor serine/threonine kinase. Thus, the type I re-
ceptors act as downstream components in the signaling
pathway, and determine the specificity of intracellular
signals.

Smad proteins are 50-70 kDa intracellular proteins,
which transduce signals from the serine/threonine ki-
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nase receptors for the TGF-g superfamily proteins (2—
5). Drosophila Mothers against dpp (Mad) was first
identified in the Smad family, which transduces intra-
cellular signals of Drosophila decapentaplegic (dpp)
gene product (6). Certain Smads act in a lineage-spe-
cific manner in the signal transduction pathway.
Smad?2 and Smad3 are activated by TGF-3 type | recep-
tor (TSR-1) or activin type IB receptor (ActR-1B; also
termed activin receptor-like kinase 4 or ALK-4),
whereas Smadl and Smad5 are activated by type |
receptors for bone morphogenetic proteins (BMPR-1A
and BMPR-IB, also termed ALK-3 and ALK-6, respec-
tively). These pathway-restricted Smads are phosphor-
ylated by serine/threonine kinase receptors, and form
heteromeric complexes with Smad4 (also termed DPC-
4). The heteromeric complexes translocate into the nu-
cleus and regulate the transcription of various genes,
and thus, the TGF-8 superfamily proteins regulate
growth, differentiation, metabolism and apoptosis of
various cell types.

Smad6 and Smad7 have recently been identified in
mammals, which are distantly related to other Smads
(7-9). Interestingly, Smad6/Smad7 act as inhibitors
in the TGF-g superfamily signals. Although pathway-
restricted Smads interact with type | receptors only
transiently and they are released from the receptors
after phosphorylation (10-12), Smad6/Smad7 stably
bind to the serine/threonine kinase receptors, and they
may interfere with the phosphorylation of lineage-spe-
cific Smads by the receptors. Drosophila Daughters
against dpp (Dad) is structurally similar to Smad6/
Smad7, and also acts as an inhibitory Smad in the Mad
signal transduction pathway (13).

It is intriguing how these inhibitory Smads are regu-
lated in the signal transduction pathway. Topper et al.
(14) reported that expression of Smad6 and Smad?7 is
induced by laminar shear stress in vascular endothelial
cells, but not by turbulent shear stress. More impor-
tantly, the inhibitory Smads are regulated by ligand
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stimulation; Dad has been shown to be induced by Dpp
stimulation (13), and Smad?7 is induced by the addition
of TGF-81 (8). Here we have studied the regulation
of Smad6 mMRNA expession by ligand stimulation in
various cell types.

MATERIALS AND METHODS

Reagents. Human recombinant bone morphogenetic protein-2
(BMP-2) and osteogenic protein-1 (OP-1) were purified from Chinese
hamster ovary cells transfected with the respective cDNAs (15). TGF-
B1 was obtained from Dr. H. Ohashi at Kirin Brewery Co., Ltd.
(Maebashi, Japan). Smad7 cDNA is a gift from Drs. A. Nakao and
P. ten Dijke (Uppsala, Sweden).

Cell cultures. C2C12 cells, C3H10T1/2 cells (clone 8), and mink
lung epithelial cells (Mv1Lu) were from American Type Culture Col-
lection (Bethesda, MD, USA). F9 cells and ST2 cells were obtained
from Riken Cell Bank (Tsukuba, Japan). Mv1Lu cells were cultured
in Dulbecco’'s modified Eagle’s medium (DMEM) with 10% fetal bo-
vine serum (FBS), 100 units of penicillin and 50 pg of streptomycin
per ml. C2C12 cells and F9 cells were cultured in DMEM with 15%
FBS and the antibiotics. C3H10T1/2 cells and ST2 cells were cultured
in Basal Medium Eagle with Earle’s salts and RPMI 1640, respec-
tively, containing 10% FBS and the antibiotics. When C2C12 cells
were treated with BMP-2, OP-1 or TGF-g81, medium was replaced
by DMEM containing 5% FBS and antibiotics. The cells were kept
in 5% CO, humid atmosphere at 37°C.

Poly(A)" RNA isolation and Northern blotting. Total RNA was
isolated from the cells by using Isogen (Wako), and poly(A)" RNA
was obtained using Oligotex dT-30 Super latex beads (Takara Bio-
chemicals) according to the manufacturer’'s method. Poly(A)* RNA
(2 pg) from cells treated with BMP-2 (300 ng/ml), OP-1 (300 ng/ml),
or TGF-£1 (25 ng/ml) for various time periods were electrophoresed
in 1.2% agarose gels in the presence of 2.2 M formaldehyde, and
blotted to Hybond N membranes (Amersham). The complete coding
regions of mouse Smad6 and human Smad7 cDNAs were labelled by
[a-**P]dCTP using Random Primer Labelling Kit (Takara Biochemi-
cals). Hybridization was performed in a solution containing 5 X SSC,
1% SDS, 5 X Denhardt’s solution and 10 pg/ml salmon sperm DNA
at 65°C overnight, and the filter was washed at 65°C with 2 X SSC,
1% SDS for 20 min twice, 0.5 X SSC, 1% SDS for 30 min, and 0.2 X
SSC, 1% SDS for 10 min. The filters were stripped by boiled distilled
water containing 0.1% SDS and rehybridized. The amounts of
mRNAs were verified by rehybridizing the filters with glyceraldehyde
3-phosphate dehydrogenase (GAPDH) probe (not shown). The signals
were detected either by autoradiography or by Fuji BAS 2000 Bio-
Imaging Analyzer (Fuji Photo Film).

RESULTS

Smad6 mRNA Is Induced by BMP-2 in Various
BMP-Responsive Cells

Various BMP-responsive cells (16-19) were treated
with BMP-2 (300 ng/ml) for 6 h, and expression of
Smad6 mRNA was analyzed by Northern blotting. In
all the cells investigated in the present study, mRNA
for Smad6 of 3.0 kb was dramatically induced by the
treatment with BMP-2 (Fig. 1A, left panel). The Smad6
message in F9 cells was relatively low and a result by
a phosphoimager is also shown (Fig. 1A, right panel).
In mouse muscle myoblast C2C12 cells, Smadé mRNA
was only very weakly detected in the untreated cells,
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but we could see strong induction of the Smadé mRNA
after 6 h with BMP-2. In contrast to the increase of the
Smad6 mRNA, increase of the Smad7 mRNA was much
less remarkable in these cells; in the C2C12 cells,
Smad7 mRNA was slightly induced compared to the
untreated cells, but not in the other cell types tested
in the present study (Fig. 1B).

Induction of Smadé mMRNA was studied at various
time intervals in C2C12 cells. Induction of Smad6
MRNA was observed at 3-24 h after the addition of
BMP-2 or OP-1 (Fig. 2). In contrast, the expression of
Smad7 mRNA was not significantly induced compared
to Smad6 (data not shown). These data indicate that
Smad6 expression is positively regulated by the mem-
bers in BMP family, whereas Smad7 may not be di-
rectly regulated by BMPs.

Expression of Smad6 mRNA in MvlLu Cells Treated
with TGF-g1

TGF-51 was shown to induce expression of Smad7
in a TGF-g-responsive cell line, Mv1Lu (8). Regulation
of the Smad6 mRNA expression by TGF-£1 was tested
in the same cell line. Smad6é mMRNA was moderately
induced by TGF-£1 at 1 h. However, after 4-8 h with
TGF-£1 stimulation, the expression level of Smad6 be-
came less than that in the untreated cells (Fig. 3). Simi-
lar data regarding the transcriptional regulation of
Smad6 by TGF-£1 could be observed in the C2C12 cells
(data not shown), indicating that Smad6 is transiently
induced after the TGF-4 stimulation, but it is repressed
afterwards.

DISCUSSION

Smad6, Smad7 and Drosophila Dad comprise a novel
class in the Smad family. They share the MH2 (Mad
homology 2) region conserved among the Smad pro-
teins, but lack the MH1 region. Dad inhibits Dpp sig-
naling (13) and Smad6 and Smad7 inhibit TGF-£ and/
or BMP signals (7-9). Dad was initially cloned as a
molecule whose transcription was induced by Dpp, and
was subsequently demonstrated to block Dpp activity.
It was thus proposed that Dad plays a role of negative
feedback in Dpp signaling. Likewise, the expression of
Smad?7 was shown to be induced by TGF-£ and thus
Smad7 may participate in an autoregulatory feedback
circuit in TGF-g signaling. Here we have shown that
the expression of Smad6 is induced by BMPs.

Smad6 mRNA was remarkably induced by BMPs in
all the cells tested in this study, whereas that of Smad7
remained uninduced in most of the cells. The induction
of Smad6 by BMPs increased at least until 24 hours
after ligand stimulation. Thus, BMPs seem to consis-
tently induce Smad6 but not Smad7. TGF-81 greatly
upregulated the expression of Smad7 (8). The expres-
sion of Smad6 was also induced by TGF-41 in MvlLu
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FIG. 1.

Induction of Smad6 and Smad7 mRNA in various cell lines. Mouse muscle myoblast C2C12 cells, ST2 mouse bone marrow

stromal cells, mouse embryo fibroblast C3H10T1/2 cells, and F9 mouse embryonal carcinoma cells were treated for 6 h with 300 ng/ml of
BMP-2. mRNAs were isolated, electrophoresed in an agarose-formaldehyde gel, hybridized with Smad6é (A) or Smad7 (B) probes, and
subjected to autoradiography. The right panel of (A) is the detection of Smad6 message in F9 cells by a phosphoimager.

cells, but the induction was transient and less than
that by BMPs in various BMP-responsive cells. Taken
together, Smad6 may form a feedback circuit that regu-
late BMP signals, whereas Smad7 seems to play a simi-
lar role in TGF- signaling.

Autoregulatory signals have been demonstrated in

(A)
BMP-2

other signaling systems. Recently, a family of SH2 pro-
teins, SOCS/JAB/SSI, have been shown to act as antag-
onists of the JAK-STAT signaling pathways (20—22).
Moreover, they are induced by cytokine signals, indi-
cating that similar to inhibitory Smads, SOCS/JAB/
SSI proteins act as autoregulatory switch-off signals.
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Induction of the Smadé mRNA by BMP-2 or BMP-7/OP-1 in C2C12 cells. C2C12 cells were treated with BMP-2 (300 ng/ml) (A)

or OP-1/BMP-7 (300 ng/ml) (B) for various time periods. mRNAs were separated in agarose-formaldehyde gels and hybridized with Smad6é

probe.
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FIG. 3. Expression of Smadé mRNA after treatment with TGF-
A1 in MvlLu cells. Mv1Lu cells were treated with 25 ng/ml of TGF-
(1 for various time periods. mMRNAs were separated in an agarose-
formaldehyde gel and hybridized with Smad6 probe.

Smad6 and Smad7 were shown to be induced by steady
laminar shear stress in vascular endothelial cells (14).
Our future question would be how these inhibitory
Smads are regulated in physiological and pathological
conditions in vivo.

ACKNOWLEDGMENTS

We thank Drs. A. Nakao and P. ten Dijke for the Smad7 cDNA.
We also thank Y. Inada and A. Hanyu for valuable technical assis-
tance. This work was supported by Grants-in Aid for Scientific Re-
search from the Ministry of Education, Science, Sports and Culture
of Japan, and Special Coordination Funds for Promoting Science and
Technology from the Science and Technology Agency.

REFERENCES

Wrana, J. L., Attisano, L., Wieser, R., Ventura, F., and Mas-
sagueé, J. (1994) Nature 370, 341—-347.

Massagué, J. (1996) Cell 85, 947-950.
Derynck, R., and Zhang, Y. (1996) Curr. Biol. 6, 1226—1229.

4. Wrana, J. L., and Attisano, L. (1996) Trends Genet. 12, 493—
496.

29

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

. Heldin, C.-H., Miyazono, K., and ten Dijke, P. (1997) Nature 390,

465-471.

. Sekelsky, J. J., Newfeld, S. J., Raftery, L. A., Chartoff, E. H., and

Gelbart, W. M. (1995) Genetics 139, 1347-1358.

. Imamura, T., Takase, M., Nishihara, A., Hanai, J.-i., Oeda, E.,

Kawabata, M., and Miyazono, K. (1997) Nature 389, 622—-626.

. Nakao, A., Afrakhte, M., Morén, A., Nakayama, T., Christian,

J. L., Heuchel, R., Itoh, S., Kawabata, M., Heldin, N.-E., Heldin,
C.-H., and ten Dijke, P. (1997) Nature 389, 631-635.

. Hayashi, H., Abdollah, S., Qiu, Y., Cai, J., Xu, Y.Y., Grinnell,

B. W., Richardson, M. A., Topper, J. N., Gimbrone, M. A., Wrana,
J. L., and Falb, D. (1997) Cell 89, 1165-1173.

Macias-Silva, M., Abdollah, S., Hoodless, P. A., Pirone, R., Atti-
sano, L., and Wrana, J. L. (1996) Cell 87, 1215-1224.

Nakao, A., Imamura, T., Souchelnytskyi, S., Kawabata, M., Ishi-
saki, A., Oeda, E., Tamaki, K., Hanai, J.-i., Heldin, C.-H., Miya-
zono, K., and ten Dijke, P. (1997) EMBO J. 16, 5353-5362.
Liu, X., Sun, Y., Constantinescu, S. N., Karam, E., Weinberg,
R. A., and Lodish, H. F. (1997) Proc. Natl. Acad. Sci. USA 94,
10669—-10674.

Tsuneizumi, K., Nakayama, T., Christian, J. L., Kornberg, T. B.,
and Tabata, T. (1997) Nature 389, 627-631.

Topper, J. N., Cai, J., Qiu, Y., Anderson, K. R., Xu, Y. Y., Deeds,
J. D., Feeley, R., Gimeno, C. J., Woolf, E. A, Tayber, O., Mays,
G. G., Sampson, B. A, Schoen, F. J., Gimbrone, M. A,, and Falb,
D. (1997) Proc. Natl. Acad. Sci. USA 94, 9314-9319.
Sampath, T. K., Maliakal, J. C., Hauschka, P. V., Jones, W. K.,
Sasak, H., Tucker, R. F., White, K. H., Coughlin, J. E., Tucker,
M. M., Pang, R. H. L., Corbett, C., Ozkaynak, E., Oppermann,
H., and Rueger, D. C. (1992) J. Biol. Chem. 267, 20352—-20362.
Katagiri, T., Yamaguchi, A., Komaki, M., Abe, E., Takahashi,
N., Ikeda, T., Rosen, V., Wozney, J. M., Fujisawa-Sehara, A., and
Suda, T. (1994) J. Cell Biol. 127, 1755-1766.

Yamaguchi, A., Ishizuya, T., Kintou, N., Wada, Y., Katagiri, T.,
Wozney, J. M., Rosen, V., and Suda, T. (1996) Biochem. Biophys.
Res. Commun. 220, 366—-371.

Katagiri, T., Yamaguchi, A., Ikeda, T., Yoshiki, S., Wozney, J. M.,
Rosen, V., Wang, E. A,, Tanaka, H., Omura, S., and Suda, T.
(1990) Biochem. Biophys. Res. Commun. 172, 295-299.
Rogers, M. B., Rosen, V., Wozney, J. M., and Gudas, L. J. (1992)
Mol. Biol. Cell 3, 189-196.

Starr, R., Willson, T. A., Viney, E. M., Murray, L. J., Rayner,
J. R., Jenkins, B. J., Gonda, T. J., Alexander, W. S., Metcalf, D.,
Nicola, N. A., and Hilton, D. J. (1997) Nature 387, 917-921.
Endo, T. A,, Masuhara, M., Yokouchi, M., Suzuki, R., Sakamoto,
H., Mitsui, K., Matsumoto, A., Tanimura, S., Ohtsubo, M., Mis-
awa, H., Miyazaki, T., Leonor, N., Taniguchi, T., Fujita, T., Kana-
kura, Y., Komiya, S., and Yoshimura, A. (1997) Nature 387, 921—
924.

Naka, T., Narazaki, M., Hirata, M., Matsumoto, T., Minamoto,
S., Aono, A., Nishimoto, N., Kajita, T., Taga, T., Yoshizaki, K.,
Akira, S., and Kishimoto, T. (1997) Nature 387, 924—-929.



