
Smad7-deficient mice show growth retardation
with reduced viability
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Smad7 is an inhibitory molecule induced by members of
the transforming growth factor-b (TGF-b) family, includ-
ing TGF-b, activin, nodal and bone morphogenetic pro-
teins (BMPs). To elucidate the in vivo functions of
Smad7, we generated conditional Smad7-knockout mice
in which theMad homology 2 (MH2) domain and the poly
(A) signal sequence were flanked with loxP sites (floxed).
The Smad7-floxed mice exhibited no obvious phenotype.
Smad7 total-null mice on a C57BL/6 background died
within a few days of birth, whereas mice with an ICR
background developed to adulthood but were significantly
smaller than wild-type mice. Unexpectedly, phospho-
Smad2 and phospho-Smad3 were decreased in Smad7-
deficient mouse embryonic fibroblast (MEF) cells,
whereas phospho-Smad1/5/8 was similarly expressed in
wild-type and Smad7-deficient MEF cells. Moreover,
expression levels of TGF-b type I receptor (ALK5) were
higher in Smad7-deficient MEF cells than in wild-type
MEF cells. Plasminogen activator inhibitor-1 (PAI-1)
and inhibitor of differentiation-1 (Id-1) mRNAwere simi-
larly expressed in wild-type and Smad7-deficient MEF
cells. Some differences were observed in mitogen-
activated protein kinase (MAPK)-signalling between
wild-type and Smad7-deficient MEF cells. We demon-
strated that Smad7 plays an important role in normal
mouse growth and provide a useful tool for analysing
Smad7 functions in vivo.
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Abbreviations: ALK5, Activin receptor-like kinase-5;
BMP, bone morphogenetic protein; BrdU,
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Members of the transforming growth factor-b
(TGF-b) family, including TGF-b, activin, nodal and
bone morphogenetic proteins (BMPs), are multifunc-
tional proteins with a broad spectrum of cellular
activities, including cell proliferation, differentiation,
adhesion, migration and apoptosis (1,2). Members of
the TGF-b family transduce signals through two dis-
tinct serine/threonine kinase receptors, types I and II
(3�5). After ligand binding to the receptors, Smad
family proteins mediate intracellular signalling.

Smad proteins in mammals consist of eight subtypes
and are classified into three groups: receptor-regulated
Smads (R-Smads), common-partner Smad (Co-Smad)
and inhibitory Smads (I-Smads). Smad2 and 3 are
R-Smads, which are activated by TGF-b, activin and
nodal, whereas Smad1, 5 and 8 are BMP-specific
R-Smads (6). The C-terminus of R-Smads contains a
Ser-Ser-X-Ser motif phosphorylated by type I recep-
tors. Phosphorylated R-Smads form complexes with
Co-Smad (Smad4) and translocate into the nucleus,
where they bind to the regulatory regions of target
genes. Smad6 and 7 are I-Smads, and they inhibit
TGF-b family signalling through multiple mechan-
isms, including preventing the activation of R-Smads
by competing for binding to activated type I receptors
(7�10). I-Smads contain a conserved C-terminal region
termed the Mad homology 2 (MH2) domain, which is
essential for inhibiting TGF-b family signalling (11).
Smad6 preferentially suppresses BMP signalling
activated by certain BMP type I receptors, including
ALK3 and ALK6, while Smad7 inhibits both BMP
and TGF-b signalling (11�14). Since the expression
of I-Smads is induced by TGF-b family proteins,
they form an inhibitory feedback loop to control the
amplitude or duration of TGF-b-Smad signalling
(15�17). Smad7 also acts as an adaptor protein that
recruits Smurf1/2 to the TGF-b receptor complex to
promote its degradation (18, 19).

There are many reports on close interactions
between Smad and mitogen-activated protein kinase
(MAPK) signalling (20). Smad7 is reported to function
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as a crosstalk factor. In pre-chondrogenic cells, Smad7
suppresses chondrocytic differentiation by decreasing
phosphorylation of p38 (21). TGF-b induces apoptosis
by activating p38 MAPK in prostate cancer cells, in
which Smad7 acts as a scaffold protein (22, 23). Smad7
also activates JNK signalling and induces apoptosis in
certain cell types (24). Thus, Smad7 plays a complex
role in a context-dependent manner.

Smad7 plays a critical role in various physiological
processes, and abnormal expression of Smad7 has been
reported in patients with scleroderma and inflamma-
tory bowel disease (25, 26). Some groups have reported
in vivo functions of Smad7 by using knockout mice
(27�29). However, deleting exon 1 of the Smad7 gene
resulted in the expression of a truncated Smad7 protein
that included the MH2 domain (27). Although other
investigators flanked only the MH2 domain of Smad7
with loxP sites, they did not target the entire sequence
of exon 4, which contained the MH2 domain and the
poly (A) signal sequence (28). This targeting strategy
may lead to the expression of a truncated Smad7 pro-
tein, owing to the presence of the mRNA-stabilizing
poly (A) signal sequence.

In the present study, we generated mice carrying
a conditional Smad7 allele in which the entire exon
4 sequences were flanked with loxP sites (floxed).
Moreover, we introduced sequences containing a
splice acceptor site of exon 4 as well as three stop
codons behind the second loxP site. We expected that
after Cre recombinase excised the Smad7-floxed allele,
any transcripts from exons 1 to 3 could bind to three
stop codons and degrade these transcripts. To analyse
the phenotype of Smad7-deficient mice, we crossed
these mice with Ayu-1-Cre transgenic mice, which ubi-
quitously expressed Cre recombinase (30). Smad7-
deficient mice on a C57BL/6 background showed a
perinatal lethal phenotype, while mice on an ICR
background survived to adulthood but showed signifi-
cantly reduced body weight. Smad7-floxed mice were
viable, fertile and indistinguishable from wild-type
mice. We also analysed the phenotypes of mouse
embryonic fibroblast (MEF) cells.

Materials and Methods

Generation of Smad7-floxed and Smad7-knockout mice
We used a mouse bacterial artificial chromosome (BAC) clone
RP23-24N20 (Interbiotechno; Tokyo, Japan) to prepare Smad7
gene fragments. To disrupt both the MH2 domain and the poly
(A) signal sequence of the Smad7 gene, we designed a targeting
vector in which the entire sequence of exon 4 was flanked by two
loxP sites. The first loxP site was introduced �1.2-kb upstream of
exon 4 and the second loxP site was introduced �150-bp down-
stream of exon 4. The second loxP site was followed by a 1.2-kb
intron sequence, a splice acceptor site of exon 4, 17 bp of exon 4
lacking the MH2 domain and three stop codons. Neomycin-resistant
gene cassettes [mc1-neo-poly (A)] flanked by flippase recognition
target (FRT) sites were ligated next to the three stop codons
for use in positive selection. The diphtheria toxin (DT-A) gene was
attached to 30-end of the targeting vector for use in negative
selection (Fig. 1A). We electroporated the linearized targeting
vector into mouse E14 embryonic stem (ES) cells and selected
G418-resistant clones. Homologous recombinants were screened
using polymerase chain reaction (PCR) and Southern blot analyses.
The PCR primers used were as follows: 50-CATACCACCCCGAGG
ACACTGTCA-30 and 50-GATGCAATGCGGCGGCTGCATACG

CTTG-30. Southern blot analysis was performed by the digestion of
genomic DNA using ApaI, hybridization to specific probes, and
detection using the digoxigenin luminescent detection kit (Roche;
Basel, Switzerland) according to the manufacturer’s instructions.
The probes were amplified using the following primers: 50-AGCG
AATGGATTGTGGGGGATG-30 and 50-ACCTCAGAGATTCCA
AAGTGGACCCAG-30. Chimeric mice were generated by injecting
targeted ES cells into C57BL/6 blastocysts. To obtain mice hetero-
zygous for the Smad7-floxed allele (Smad7 F/þ mice), chimeric males
were mated with C57BL/6 females. Genotyping of mice was per-
formed using PCR with the following three primers: 50-TTCAGA
GGCAGACCGAACCTCCAA-30, 50-AGGATTGGGTCAGGGA
CAGAAGAGCA-30 and 50-TCTCACCTTGCTCCTGCCGAGAA
AGTA-30. Sizes of the wild-type and mutant fragments were 897 and
639 bp, respectively. To obtain mice heterozygous for the Smad7-
deficient allele (Smad7þ/� mice), Smad7F/þ mice were crossed with
Ayu-1-Cre transgenic mice, which broadly express Cre recombinase,
including expression in germ cells (30). Ayu-1-Cre transgenic mice
on a C57BL/6 and ICR background were used, and the resultant
B6-Smad7þ/� and ICR-Smad7þ/� mice were intercrossed to produce
Smad7-knockout mice (Smad7�/� mice) in both genetic back-
grounds. B6-Smad7þ/� and B6- Smad7F/þ mice have been back-
crossed onto a C57BL/6 background for more than six
generations. All mice were housed in specific pathogen-free facilities
and treated under the experimental protocol approved by the Ethics
Review Committee for Animal Experimentation of Tsukuba
University.

Cell culture and stimulation of MEF cells
Primary MEF cells were isolated from embryonic Day 14.5 (E14.5)
embryos with a C57BL/6 background. MEF cells were maintained in
Dulbecco’s modified Eagle’s medium supplemented with 10% foetal
bovine serum, 100U/ml penicillin G, 2mM L-glutamine, 100mM
non-essential amino acids, 100 mg/ml streptomycin, 100mM
2-mercaptoethanol and 1mM sodium pyruvate. To detect endogen-
ous phosphorylated R-Smads or Smad7, MEF cells were serum-
starved overnight and then treated using 1.5 ng/ml of TGF-b1 or
20 ng/ml of BMP4 for the indicated periods of time. For the expres-
sion of phospho-p38 (p-p38) and phospho-JNK (p-JNK), serum-
starved MEF cells were treated using 10 ng/ml TGF-b1, 500mM
H2O2, or 500mM NaCl for the indicated periods of time. TGF-b1
and BMP-4 were purchased from PeproTech (Rocky Hill, NJ, USA)
and R&D Systems (Minneapolis, MN, USA), respectively.

Immunoblotting
Cell extracts were prepared using Nonidet P-40 lysis buffer contain-
ing 20mM Tris�HCl pH 7.5, 100mM NaCl, 0.5% NP-40 and 1mM
phenylmethylsulphonyl fluoride, or a lysis buffer containing 25mM
NaF and 1mM Na3VO4. Protein concentrations of supernatants
were measured, and equal amounts of total proteins were separated
using 8.5% sodium dodecyl sulphate�polyacrylamide gel electro-
phoresis (SDS�PAGE), followed by wet transfer of proteins to a
Pall Fluorotrans membrane (Pall Life Sciences; Port Washington,
NY, USA). The following antibodies were used: anti-Smad7
(N19), anti-ALK5 (V-22) (Santa Cruz Biotechnology; Santa Cruz,
CA, USA), anti-Smad2/3 (BD Transduction Laboratories;
Lexington, KY, USA), anti-phospho-Smad2, anti-phospho-Smad3,
anti-phospho-Smad1/5/8, anti-phospho-p38, anti-phospho-JNK
(Cell signalling; Danvers, MA, USA) and anti-tubulin (DM 1A)
(Sigma; St Louis, MO, USA). Intensities of immunoblot bands
were quantified using ImageJ software (National Institutes of
Health; Bethesda, MD, USA), and the values were normalized to
the loading control for each lane.

Quantitative real-time reverse transcription�PCR
Total RNAs were extracted using Isogen reagent (Nippon Gene;
Tokyo, Japan). First-strand cDNAs were synthesized using oligo
(dT) primers and the SuperScript First-Strand Synthesis System
(Invitrogen; Carlsbad, CA, USA). Quantitative real-time reverse
transcription�PCR (RT�PCR) was performed as described previ-
ously (31). Primer sequenceswere as follows: Smad7, 50-TTCGGA
CAACAAGAGTCAGCTGGT-30 and 50-AGCCTTGATGGAGA
AACCAGGGAA-30; hypoxanthine phosphoribosyltransferase 1
(HPRT1): 50-CTGGTTAAGCAGTACAGCCCCA-30 and 50-GGT
CCTTTTCACCAGCAAGCT-30; plasminogen activator inhibitor-1
(PAI-1): 50-CCACAAAGGTCTCATGGACCAT-30 and 50-TGAA
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Fig. 1 Generation of Smad7-floxed and Smad7-knockout mice. (A) Schematic representation of the exon-intron structure of the Smad7 gene and
the outcome of homologous recombination. White and black boxes indicate coding exons and non-coding exons, respectively. Gray boxes
indicate genomic sequences �1.2-kb upstream of exon 4. Diagonal-striped boxes represent the first 17 bp in the exon 4. The probe used for
Southern blot analysis is shown as a black oval. Open triangles denote the loxP sequence. MH2, MH2 domain; stopx3, three stop codons;
neo, FRT-flanked neomycin-resistant gene cassette; DT-A, diphtheria toxin gene. (B) Southern blot analysis of genomic DNA from each
genotype on an ICR background. Genomic DNA was extracted from mice tails, digested with ApaI and hybridized to the probe as shown in
(A). Wild-type, floxed and mutant alleles are detected as 6.5-, 8- and 4.5-kb bands, respectively. (C) Immunoblotting of Smad7 and tubulin in
MEF cells from mice of each genotype on a C57BL/6 background. MEF cells were serum-starved overnight and then treated with 1.5 ng/ml
TGF-b1 for 3 h. Tubulin was used as a loading control. (D) Quantitative real time RT�PCR analyses of Smad7 and HPRT1 in MEF cells
from each genotype mice on a C57BL/6 background. MEF cells were serum-starved overnight and then treated with or without 1.5 ng/ml
TGF-b1 for 60min. Each value of Smad7 expression was normalized to HPRT1 expression. Columns, mean; bars, SD.
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AGTGTTGTGCCCTCCAC-30; inhibitor of differentiation-1 (Id-1):
50-AGGTGAACGTCCTGCTCTACGA-30 and 50-CAGGATCTCC
ACCTTGCTCACT-30. All samples were run in duplicate for each
experiment. Expression values were normalized to the levels of
HPRT1.

Statistics
Statistical significance of mouse weight was evaluated using
non-repeated analysis of variance (ANOVA). #P50.05; *P50.01.

Results

Generation of Smad7-floxed and
Smad7-knockout mice
The Smad7 gene contains 4 exons; exon 4 includes the
MH2 domain and poly (A) signal sequence. To delete
the entire exon 4 using the Cre/loxP system, a targeting
strategy was designed to flank the entire sequence of
exon 4 by two loxP sites (Fig. 1A). Smad7F/þ or
Smad7F/F mice, which were expected to express intact
Smad7, were viable, healthy and fertile. To generate
Smad7-null mice, we crossed Smad7F/þ mice with
Ayu-1-Cre transgenic mice that broadly express Cre
recombinase, including expression in germ cells (30).
Smad7F/þ mice were mated with transgenic mice lines
on an ICR and C57BL/6 background. ICR-Smad7þ/�

and B6-Smad7þ/� mice were obtained and then inter-
crossed to produce ICR-Smad7�/� and B6-Smad7�/�

mice, respectively. Southern blot analyses of genomic
DNA confirmed that the Smad7 gene was correctly
targeted and excised by Cre recombinase (Fig. 1B).
Immunoblots of Smad7 showed that Smad7 protein
was expressed at wild-type levels in Smad7F/þ and
Smad7F/F MEF cells, whereas expression was reduced
by approximately half in Smad7þ/� and absent in
Smad7�/� MEF cells (Fig. 1C). We also examined
mRNA levels of Smad7 by using quantitative real-time
RT�PCR for MEF cells. TGF-b treatment of
wild-type MEF cells led to induction of Smad7
mRNA to �4-fold. However, neither basal expression
nor up-regulation of Smad7 transcripts was detected in
Smad7�/� MEF cells (Fig. 1D). These data demon-
strate that Smad7-floxed allele functions normally
and that its excision by Cre recombinase leads to null
expression.

Survival and growth rate of Smad7-knockout mice
B6-Smad7þ/� mice were intercrossed to produce
B6-Smad7�/� mice. Table I shows the results obtained
from mice backcrossed for more than six generations.
B6-Smad7�/� mice were born at the expected
Mendelian ratio, but many of them died before wean-
ing (Table I).

In contrast to the severe phenotype of B6-Smad7�/�

mice, approximately half of the ICR-Smad7�/� mice
survived to adulthood (Table II). Body size and
weight of ICR-Smad7�/� mice were smaller than that
of their control litter for both sexes (Fig. 2A and B).
These differences were not observed between
Smad7þ/þ, Smad7F/þ and Smad7F/F mice (Fig. 2C),
suggesting that the dwarfism phenotype is due to a
loss of Smad7 expression.

Effects of Smad7 deletion on TGF-b or BMP signalling
Because Smad7 is a major negative regulator of TGF-b
and BMP signalling, loss of Smad7 is expected to result
in enhancement of these signalling activities.
Therefore, we analysed the phosphorylation status of
Smad2 and Smad3, which are downstream signalling
molecules of TGF-b, and that of Smad1/5/8, which are
downstream signalling molecules of BMP. We stimu-
lated MEF cells using TGF-b1 or BMP4 and com-
pared the profiles of phosphorylated Smads
(p-Smads) on both short- and long-term scales.
Unexpectedly, p-Smad2 and p-Smad3 were decreased
in Smad7-deficient MEF cells at some time points in
short-term scale (Fig. 3), whereas p-Smad1/5/8 was
similarly expressed in wild-type and Smad7-deficient
MEF cells (Fig. 4A�C). These findings suggest that
the downstream signals of TGF-b but not BMP is
down-regulated in Smad7�/� MEF cells. We also
observed that the expression of TGF-b type I receptor
(ALK5) was elevated in Smad7�/� MEF cells regard-
less of TGF-b treatment (Fig. 4D). These findings sug-
gest that although ALK5 expression is up-regulated,
the downstream signals of ALK5 are down-regulated
by Smad7-deficiency.

We further analysed the expression levels of PAI-1
and Id-1, which were target genes of TGF-b and BMP
respectively. We performed quantitative real-time
RT�PCR using Smad7þ/þ and Smad7�/� MEF cells
and found that there were no remarkable differences
in the expression of PAI-1 and Id-1 between these
MEF cells (Fig. 5). These results suggest that the
intensity of TGF-b or BMP signalling is similar be-
tween Smad7þ/þ and Smad7�/� MEF cells.

Effects of Smad7 deletion on MAPK activation
Many reports have shown that Smad7 acts as a cross-
talk factor between Smad and MAPK signalling
(20�24, 32). Thus, we investigated the expression of
p-p38 and p-JNK in Smad7þ/þ and Smad7�/� MEF
cells stimulated by TGF-b. We found that the expres-
sion levels of p-p38 were decreased and those of

Table I. Viability of offspring from Smad7 heterozygous intercrosses

on a C57BL/6 background.

Age þ/þ þ/� �/� Total

E14.5 9 15 5 29
P0 15 32 17 (6) 64 (6)
P1 14 26 15 (7) 55 (7)
P2-7 17 39 0 (5) 61 (5)

Genotype analysis of embryos at E14.5 and pups at post natal Day
0 (P0), P1 and P2-7. Numbers in parentheses refer to the number of
dead embryos that could be genotyped.

Table II. Viability of offspring from Smad7 heterozygous inter-

crosses on an ICR background.

Age þ/þ þ/� �/� Total

4 3 weeks 29 69 12 110

Genotype analysis of mice43 weeks old.
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p-JNK1 were slightly elevated in Smad7-deficient MEF
cells, whereas those of p-JNK2/3 were not significantly
different between Smad7þ/þ and Smad7�/� MEF cells
(Fig. 6A). We also examined levels of p-p38 in re-
sponse to oxidative or osmotic stresses; however, the
results were nearly identical (Fig. 6B). These results
indicate that Smad7 influences the MAPK activation
pathway in response to TGF-b, but not other stresses.

Discussion

Although Smad6 and Smad7 are both I-Smads, the
functions of Smad7 are more extensive than those of
Smad6 (11, 12, 33). Since Smad6-null mice showed
severe defects in cardiovascular system development
and homeostasis, Smad7-knockout mice were also
expected to show a severe phenotype (34). To analyse
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Fig. 2 Smad7-deficient mice on an ICR background were smaller than wild-type mice. (A) Male body size in Smad7þ/þ, Smad7þ/� and Smad7�/�

mice at the age of 12 weeks. (B) Body weight of Smad7þ/þ, Smad7þ/� and Smad7 �/�mice. Male and female body weight in 3- to 7-week-old mice
was measured. The number of mice is shown in parentheses. Data were analysed using non-repeated analysis of variance (ANOVA). Statistically
significant reductions were observed among the indicated groups. Error bars represent standard deviation. #P50.05; *P50.01. (C) Body weight
of Smad7þ/þ, Smad7F/þ and Smad7F/F mice. There were no statistically significant differences among any groups.

Growth retardation by Smad7 deficiency

625

 at C
hanghua C

hristian H
ospital on Septem

ber 26, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/


A

Smad2/3

P-Smad2

P-Smad3

-/-+/+epytoneg

TGF-β1
(min)

- 5 15 30 60 - 5 15 30 60

Smad2/3

P-Smad2

P-Smad3

-/-+/+epytoneg
TGF-β1

(h)
- 2 4 6 8 - 2 4 6 8

B

TGF-β1
(min)

- 5 15 30 60

P
-S

m
ad

2/
S

m
ad

2/
3

0
0.1
0.2
0.3
0.4
0.5
0.6

+/+
-/-

TGF-β1
(h)

- 2 4 6 8

TGF-β1
(min)

- 5 15 30 60

TGF-β1
(h)

- 2 4 6 8

P
-S

m
ad

3/
S

m
ad

2/
3

P
-S

m
ad

2/
S

m
ad

2/
3

P
-S

m
ad

3/
S

m
ad

2/
3

0
0.2
0.4
0.6
0.8

1
1.2

+/+
-/-

0

0.3

0.6

0.9

1.2

1.5

+/+
-/-

0

0.2

0.4

0.6

0.8

+/+
-/-
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Fig. 4 Phospho-Smad1/5/8 and ALK5 expression in Smad7-deficient MEF cells. (A and B) Immunoblotting of phospho-Smad1/5/8
(p-Smad1/5/8) in Smad7þ/þ and Smad7�/� MEF cells. MEF cells were serum-starved overnight and then treated with 20 ng/ml BMP4 on
both short- (A) and long- (B) term scales. Tubulin was used as a loading control. (C) Phospho-Smad1/5/8 levels of short- (left) and long-
(right) term scales were normalized using ImageJ software. (D) Immunoblotting of ALK5 and tubulin in Smad7þ/þ and Smad7�/� MEF
cells. MEF cells were serum-starved overnight and then treated with or without 1.5 ng/ml TGF-b1 for 30min. ALK5 levels were measured
and normalized by tubulin using ImageJ software.

Growth retardation by Smad7 deficiency

627

 at C
hanghua C

hristian H
ospital on Septem

ber 26, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/


the in vivo functions of Smad7 under various condi-
tions, we generated conditional knockout mice of
Smad7. Exon 4 of the Smad7 gene includes the MH2
domain and the poly (A) signal sequence. The former
is important for the inhibitory function of Smad7 and
the latter for Smad7 mRNA stability. Thus, we
designed a construct to disrupt the MH2 domain and
poly (A) signal sequence by inserting two loxP sites
flanking exon 4. We also inserted sequences containing
a splice acceptor site of exon 4 followed by three stop
codons behind the second loxP site to prevent the
production of an unpredictable aberrant fusion protein
of the Smad7 N-terminus. Smad7F/þ or Smad7F/F mice
did not display an obvious phenotype and they
expressed normal levels of Smad7. However,
Smad7�/� MEF cells did not produce the Smad7
transcript or express the Smad7 protein, suggesting
that the Smad7-floxed allele functions normally and
its excision by Cre recombinase successfully disrupted
its function.

To explore the null phenotype of Smad7 in mice,
we crossed Smad7F/þ mice with Ayu-1-Cre transgenic
mice on ICR and C57BL/6 backgrounds. Approxi-
mately half of the ICR-Smad7�/� mice survived to
adulthood and exhibited a dwarf phenotype, whereas
most B6-Smad7�/� mice died before weaning. These
results suggest that Smad7 is indispensable for
normal growth of mice, and the severity of Smad7
deficiency significantly differed according to genetic
background. Phenotypes of TGF-b1 deficiency differ
according to mouse strain (35). Thus, modifier genes
that enhance or suppress the severity of the

Smad7-deficient phenotype may exist. Future identifi-
cation of such modifier genes may reveal novel regula-
tory mechanisms in TGF-b signalling. We also found
that some B6-Smad7�/� mice died at post-natal Day 0.
Since TGF-b family members have been reported to be
expressed in the endometrium and placenta, these
results suggest that Smad7 deletion may lead to pla-
cental dysfunction (36).

We observed that ALK5 was increased in Smad7-
deficient MEF cells. The up-regulation of ALK5 in
Smad7-deficient cells may be due to impaired down-
regulation of the TGF-b receptor complex by Smurf1/
2. Nevertheless, the level of p-Smad2 and p-Smad3
were decreased and there were no marked differences
between Smad7þ/þ and Smad7�/� MEF in the expres-
sion of PAI-1, which is a target gene of TGF-b. These
results suggest that deletion of Smad7 affects the
expression levels of signal molecules of TGF-b, but
does not influence the signal intensity of TGF-b
under our experimental conditions. To limit the effects
of Smad7 deletion and keep the intensity levels of
TGF-b, other factor(s) may have down-regulated
p-Smads and compensated for the up-regulation of
ALK5. Previous studies reported enhanced TGF-b sig-
nalling in T cells and the hearts of Smad7�/� mice
(27�29). Therefore, we cannot exclude the possibility
that deletion of Smad7 influences TGF-b signalling in
some organs.

MAPK interacts with TGF-b-signalling pathway in
various situations (20), and Smad7 plays a complex
role in a context-dependent manner (20�24, 32).
We found that the expression levels of p-p38 were
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decreased and those of p-JNK1 were slightly elevated
in Smad7-deficient MEF cells. The decrease of p-p38
level may be due to a direct effect of Smad7 deficiency
or by indirect effects such as the alterations in the
expressions of p-Smads and ALK5. Further studies
are required to elucidate the mechanism.

In conclusion, we report a mouse model for analys-
ing Smad7 functions in vivo. By crossing Smad7F/þ

mice with various Cre transgenic mice, the in vivo func-
tions of Smad7 can be elucidated in diverse situations,
leading to the development of new therapies for
Smad7-related diseases.
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(p-JNK) in Smad7þ/þ and Smad7�/� MEF cells. MEF cells were serum-starved overnight and then treated with 10 ng/ml TGF-b1 for the
indicated periods of time. Tubulin was used as a loading control. Phospho-p38 and phospho-JNK levels were normalized using ImageJ software.
(B) Expression of phospho-p38 under oxidative or osmotic stress conditions in Smad7þ/þ and Smad7�/� MEF cells. MEF cells were
serum-starved overnight and then treated with 500mMH2O2 or 500mMNaCl, respectively, for the indicated periods of time. Phospho-p38 levels
under oxidative or osmotic stress conditions were normalized by tubulin using ImageJ software.

Growth retardation by Smad7 deficiency

629

 at C
hanghua C

hristian H
ospital on Septem

ber 26, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/


Acknowledgements

The authors thank Takeumi Kaneko, Yoko Katsuno, Shogo Ehata,
Daizo Koinuma and Shingo Maeda for their valuable advice and
discussion. The authors also thank Yoshikazu Hasegawa and
Takako Fukaya for technical assistance.

Funding
Ministry of Education, Culture, Sports, Science and Technology of
Japan, KAKENHI Grants-in-Aid for Scientific Research on Prioriy
Areas (to T.C.) and Innovative Areas (to K.M.); University of
Tsukuba, University project (A) (to T.C.); Cell Science Research
Foundation (to M.T.).

Conflict of interest
None declared.

References

1. Derynck, R., Akhurst, R., and Balmain, A. (2001)
TGF-beta signaling in tumor suppression and cancer
progression. Nat. Genet. 29, 117�129

2. Massague, J. (2008) TGFbeta in cancer. Cell 134,
215�230

3. Heldin, C.H., Miyazono, K., and ten Dijke, P. (1997)
TGF-beta signalling from cell membrane to nucleus
through SMAD proteins. Nature 390, 465�471

4. Shi, Y. and Massague, J. (2003) Mechanisms of
TGF-beta signaling from cell membrane to the nucleus.
Cell 113, 685�700

5. Miyazono, K., Kamiya, Y., and Morikawa, M. (2010)
Bone morphogenetic protein receptors and signal trans-
duction. J. Biochem. 147, 35�51

6. Miyazawa, K., Shinozaki, M., Hara, T., Furuya, T., and
Miyazono, K. (2002) Two major Smad pathways in
TGF-beta superfamily signalling. Genes Cells 7,
1191�1204

7. Hayashi, H., Abdollah, S., Qiu, Y., Cai, J., Xu, Y.Y.,
Grinnell, B.W., Richardson, M.A., Topper, J.N.,
Gimbrone, M.A. Jr, Wrana, J.L., and Falb, D. (1997)
The MAD-related protein Smad7 associates with the
TGFbeta receptor and functions as an antagonist of
TGFbeta signaling. Cell 89, 1165�1173

8. Imamura, T., Takase, M., Nishihara, A., Oeda, E.,
Hanai, J., Kawabata, M., and Miyazono, K. (1997)
Smad6 inhibits signalling by the TGF-beta superfamily.
Nature 389, 622�626

9. Nakao, A., Afrakhte, M., Moren, A., Nakayama, T.,
Christian, J.L., Heuchel, R., Itoh, S., Kawabata, M.,
Heldin, N.E., Heldin, C.H., and ten Dijke, P. (1997)
Identification of Smad7, a TGFbeta-inducible antagonist
of TGF-beta signalling. Nature 389, 631�635

10. Miyazono, K. (2008) Regulation of TGF-beta Family
Signaling by Inhibitory Smads The TGF-beta family
(Derynck, R. and Miyazono, K., eds.), pp. 363�387,
Cold Spring Harbor Laboratory Press, New York

11. Hanyu, A., Ishidou, Y., Ebisawa, T., Shimanuki, T.,
Imamura, T., and Miyazono, K. (2001) The N domain
of Smad7 is essential for specific inhibition of transform-
ing growth factor-beta signaling. J. Cell Biol. 155,
1017�1027

12. Hata, A., Lagna, G., Massague, J., and Hemmati-
Brivanlou, A. (1998) Smad6 inhibits BMP/Smad1 signal-
ing by specifically competing with the Smad4 tumor sup-
pressor. Genes Dev. 12, 186�197

13. Goto, K., Kamiya, Y., Imamura, T., Miyazono, K., and
Miyazawa, K. (2007) Selective inhibitory effects of

Smad6 on bone morphogenetic protein type I receptors.
J. Biol. Chem. 282, 20603�20611

14. Kamiya, Y., Miyazono, K., and Miyazawa, K. (2010)
Smad7 inhibits transforming growth factor-beta family
type I receptors through two distinct modes of inter-
action. J. Biol. Chem. 285, 30804�30813

15. Denissova, N.G., Pouponnot, C., Long, J., He, D., and
Liu, F. (2000) Transforming growth factor beta-indu-
cible independent binding of SMAD to the Smad7 pro-
moter. Proc. Natl. Acad. Sci. USA 97, 6397�6402

16. Ishida, W., Hamamoto, T., Kusanagi, K., Yagi, K.,
Kawabata, M., Takehara, K., Sampath, T.K., Kato,
M., and Miyazono, K. (2000) Smad6 is a Smad1/
5-induced Smad inhibitor. Characterization of bone mor-
phogenetic protein-responsive element in the mouse
Smad6 promoter. J. Biol. Chem. 275, 6075�6079

17. Nagarajan, R.P., Zhang, J., Li, W., and Chen, Y. (1999)
Regulation of Smad7 promoter by direct association
with Smad3 and Smad4. J. Biol. Chem. 274,
33412�33418

18. Kavsak, P., Rasmussen, R.K., Causing, C.G., Bonni, S.,
Zhu, H., Thomsen, G.H., and Wrana, J.L. (2000) Smad7
binds to Smurf2 to form an E3 ubiquitin ligase that tar-
gets the TGF beta receptor for degradation. Mol. Cell 6,
1365�1375

19. Ebisawa, T., Fukuchi, M., Murakami, G., Chiba, T.,
Tanaka, K., Imamura, T., and Miyazono, K. (2001)
Smurf1 interacts with transforming growth factor-beta
type I receptor through Smad7 and induces receptor deg-
radation. J. Biol. Chem. 276, 12477�12480

20. Javelaud, D. and Mauviel, A. (2005) Crosstalk mechan-
isms between the mitogen-activated protein kinase path-
ways and Smad signaling downstream of TGF-beta:
implications for carcinogenesis. Oncogene 24, 5742�5750

21. Iwai, T., Murai, J., Yoshikawa, H., and Tsumaki, N.
(2008) Smad7 Inhibits chondrocyte differentiation at
multiple steps during endochondral bone formation
and down-regulates p38 MAPK pathways. J. Biol.
Chem. 283, 27154�27164

22. Edlund, S., Bu, S., Schuster, N., Aspenstrom, P.,
Heuchel, R., Heldin, N.E., ten Dijke, P., Heldin, C.H.,
and Landstrom, M. (2003) Transforming growth
factor-beta1 (TGF-beta)-induced apoptosis of prostate
cancer cells involves Smad7-dependent activation of
p38 by TGF-beta-activated kinase 1 and mitogen-
activated protein kinase kinase 3. Mol. Biol. Cell 14,
529�544

23. Sorrentino, A., Thakur, N., Grimsby, S., Marcusson, A.,
von Bulow, V., Schuster, N., Zhang, S., Heldin, C.H.,
and Landstrom, M. (2008) The type I TGF-beta receptor
engages TRAF6 to activate TAK1 in a receptor
kinase-independent manner. Nat. Cell Biol. 10,
1199�1207

24. Mazars, A., Lallemand, F., Prunier, C., Marais, J.,
Ferrand, N., Pessah, M., Cherqui, G., and Atfi, A.
(2001) Evidence for a role of the JNK cascade in
Smad7-mediated apoptosis. J. Biol. Chem. 276,
36797�36803

25. Dong, C., Zhu, S., Wang, T., Yoon, W., Li, Z., Alvarez,
R.J., ten Dijke, P., White, B., Wigley, F.M., and
Goldschmidt-Clermont, P.J. (2002) Deficient Smad7 ex-
pression: a putative molecular defect in scleroderma.
Proc. Natl. Acad. Sci. USA 99, 3908�3913

26. Monteleone, G., Kumberova, A., Croft, N.M.,
McKenzie, C., Steer, H.W., and MacDonald, T.T.
(2001) Blocking Smad7 restores TGF-beta1 signaling in

M. Tojo et al.

630

 at C
hanghua C

hristian H
ospital on Septem

ber 26, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/


chronic inflammatory bowel disease. J. Clin. Invest. 108,
601�609

27. Li, R., Rosendahl, A., Brodin, G., Cheng, A.M., Ahgren,
A., Sundquist, C., Kulkarni, S., Pawson, T., Heldin,
C.H., and Heuchel, R.L. (2006) Deletion of exon I of
SMAD7 in mice results in altered B cell responses. J.
Immunol. 176, 6777�6784

28. Chen, Q., Chen, H., Zheng, D., Kuang, C., Fang, H.,
Zou, B., Zhu, W., Bu, G., Jin, T., Wang, Z., Zhang, X.,
Chen, J., Field, L.J., Rubart, M., Shou, W., and Chen,
Y. (2009) Smad7 is required for the development and
function of the heart. J. Biol. Chem. 284, 292�300

29. Kleiter, I., Song, J., Lukas, D., Hasan, M., Neumann, B.,
Croxford, A.L., Pedre, X., Hovelmeyer, N., Yogev, N.,
Mildner, A., Prinz, M., Wiese, E., Reifenberg, K.,
Bittner, S., Wiendl, H., Steinman, L., Becker, C.,
Bogdahn, U., Neurath, M.F., Steinbrecher, A., and
Waisman, A. (2010) Smad7 in T cells drives T helper 1
responses in multiple sclerosis and experimental autoim-
mune encephalomyelitis. Brain 133, 1067�1081

30. Niwa, H., Araki, K., Kimura, S., Taniguchi, S.,
Wakasugi, S., and Yamamura, K. (1993) An efficient
gene-trap method using poly A trap vectors and charac-
terization of gene-trap events. J. Biochem. 113, 343�349

31. Ehata, S., Hanyu, A., Fujime, M., Katsuno, Y.,
Fukunaga, E., Goto, K., Ishikawa, Y., Nomura, K.,
Yokoo, H., Shimizu, T., Ogata, E., Miyazono, K.,
Shimizu, K., and Imamura, T. (2007) Ki26894, a novel

transforming growth factor-beta type I receptor kinase
inhibitor, inhibits in vitro invasion and in vivo bone me-
tastasis of a human breast cancer cell line. Cancer Sci. 98,
127�133

32. Yan, X., Liu, Z., and Chen, Y. (2009) Regulation of
TGF-beta signaling by Smad7. Acta Biochim. Biophys.
Sin. 41, 263�272

33. Itoh, S., Landstrom, M., Hermansson, A., Itoh, F.,
Heldin, C.H., Heldin, N.E., and ten Dijke, P. (1998)
Transforming growth factor beta1 induces nuclear
export of inhibitory Smad7. J. Biol. Chem. 273,
29195�29201

34. Galvin, K.M., Donovan, M.J., Lynch, C.A., Meyer, R.I.,
Paul, R.J., Lorenz, J.N., Fairchild-Huntress, V., Dixon,
K.L., Dunmore, J.H., Gimbrone, M.A. Jr, Falb, D., and
Huszar, D. (2000) A role for smad6 in development and
homeostasis of the cardiovascular system. Nat. Genet. 24,
171�174

35. Dickson, M.C., Martin, J.S., Cousins, F.M., Kulkarni,
A.B., Karlsson, S., and Akhurst, R.J. (1995) Defective
haematopoiesis and vasculogenesis in transforming
growth factor-beta 1 knock out mice. Development 121,
1845�1854

36. Jones, R.L., Stoikos, C., Findlay, J.K., and Salamonsen,
L.A. (2006) TGF-beta superfamily expression and
actions in the endometrium and placenta. Reproduction
132, 217�232

Growth retardation by Smad7 deficiency

631

 at C
hanghua C

hristian H
ospital on Septem

ber 26, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/



