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Background: BMP signaling regulates expression of the odontogenic gene Msx1 in dental mesenchyme.
Results: Canonical BMP signaling is not operating in early developing tooth, and Smad1/5 but not Smad4 are required for
BMP-induced Msx1 expression in dental mesenchymal cells.
Conclusion: BMP/Smads regulation of Msx1 expression is Smad4-independent.
Significance: A novel atypical canonical BMP signaling is identified to regulate tooth development.

Bone morphogenetic protein (BMP) signaling plays an essen-
tial role in early tooth development, evidenced by disruption of
BMP signaling leading to an early arrested tooth development.
Despite being a central mediator of BMP canonical signaling
pathway, inactivation of Smad4 in dental mesenchyme does not
result in early developmental defects. In the current study, we
investigated the mechanism of receptor-activated Smads
(R-Smads) and Smad4 in the regulation of the odontogenic gene
Msx1 expression in the dental mesenchyme. We showed that the
canonical BMP signaling is not operating in the early developing
tooth, as assessed by failed activation of the BRE-Gal transgenic
allele and the absence of phospho-(p)Smad1/5/8-Smad4 com-
plexes. The absence of pSmad1/5/8-Smad4 complex appeared
to be the consequence of saturation of Smad4 by pSmad2/3 in
the dental mesenchyme as knockdown of Smad2/3 or overex-
pression of Smad4 led to the formation of pSmad1/5/8-Smad4
complexes and activation of canonical BMP signaling in dental
mesenchymal cells. We showed that Smad1/5 but not Smad4 are
required for BMP-induced expression of Msx1 in dental mesen-
chymal cells. We further presented evidence that in the absence
of Smad4, BMPs are still able to induce pSmad1/5/8 nuclear
translocation and their binding to the Msx1 promoter directly in
dental mesenchymal cells. Our results demonstrate the func-
tional operation of an atypical canonical BMP signaling
(Smad4-independent and Smad1/5/8-dependent) pathway in
the dental mesenchyme during early odontogenesis, which may
have general implication in the development of other organs.

It is well known that bone morphogenetic protein (BMP,3
belonging to the TGF-� superfamily) signaling is a fundamental
regulator that controls organogenesis including tooth morpho-
genesis (1). Several Bmp genes, including Bmp2, Bmp3, Bmp4,
and Bmp7, are expressed in either the epithelial or the mesen-
chymal component of the developing tooth (2). Among these
Bmp genes, Bmp4 is the first identified signal mediating the
inductive interaction between the epithelium and mesenchyme
(3), and it has been suggested to play a central role as a morpho-
gen during early tooth development (4, 5). Bmp4 expression is
found initially in the dental epithelium and induces the expres-
sion of the odontogenic gene Msx1 in the dental mesenchyme
at the initiation stage (E11.5) (3). At the subsequent bud stage,
Msx1 further activates Bmp4 expression in the dental mesen-
chyme where Msx1 and Bmp4 form a positive regulatory loop
that is required for the transition of the bud to the cap stage.
This is evidenced by the arrested tooth development at the bud
stage and loss of Bmp4 expression in the dental mesenchyme of
Msx1 mutant and by the fact that ectopic transgenic Bmp4
expression partially rescued the tooth phenotype in the Msx1
mutant background (5–7).

The canonical TGF-�/BMP signaling pathway involves bind-
ing of ligands to the type I and type II transmembrane serine/
threonine kinase receptor complex. With binding of ligand, the
type II receptor activates the type I receptor by phosphoryla-
tion. The activated type I receptor phosphorylates receptor-
activated Smads (R-Smads, including Smad1, Smad2, Smad3,
Smad5, and Smad8) in cytoplasm. The BMP and anti-Müllerian
hormone (AMH) type I receptors (ALK1, ALK2, ALK3/BM-
PRIA, ALK6/BMPRIB) phosphorylate Smad1, Smad5, and
Smad8, whereas the type I receptors for TGF-�, activin, nodal,
and myostatin (ALK4, ALK5, ALK7) phosphorylate Smad2 and
Smad3 (8). These phosphorylated R-Smads bind to common
Smad (Co-Smad, Smad4), forming transfer complexes to bring
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them into the nucleus and regulate target gene expression. In
addition to the canonical signaling pathway, BMP can also acti-
vate Smad-independent mitogen-activated protein kinase
(MAPK) signaling pathway, known as noncanonical signaling,
including p38, ERK, and JNK pathways.

Although Smad4 is regarded the central mediator of the
canonical BMP signaling pathway, it has been reported that
phospho-(p)Smad1/5 are able to accumulate in the nucleus and
transduce BMP signaling independently of Smad4 to the down-
stream target genes (9, 10). In addition, in the development of
several organs, including the nervous system, lens, and bone,
inactivation of Smad1/5 causes severe defects, but Smad4 inac-
tivation gives rise to no or mild defects (10 –13). These obser-
vations appear to challenge the current model of the canonical
BMP signaling, which considers Smad4 a requisite mediator of
this pathway by forming a complex with R-Smad to enter the
nucleus and bind to target genes.

The mechanism by which BMP/Smad signaling controls
early tooth germ development remains elusive. Although inac-
tivation of BmprIa in the dental mesenchyme resulted in a
severe developmental defect associated with dramatically
down-regulated Msx1 expression (14), surprisingly, condi-
tional inactivation of Smad4 in the dental mesenchyme by
Osr2-Cre resulted in neither altered Msx1 expression nor
observable early tooth developmental abnormality (15). These
discrepancies prompted us to investigate the role of BMP-re-
lated R-Smads and Smad4 during early tooth development.

Here we provide evidence that during early tooth develop-
ment, the canonical BMP signaling pathway is not operating in
the dental mesenchyme. We also provide evidence that BMP-
induced pSmad1/5 can enter the nucleus and regulate Msx1
expression directly in the dental mesenchyme in a Smad4-in-
dependent manner. We identified an atypical canonical BMP
signaling pathway that is functionally operating in the dental
mesenchyme during early odontogenesis.

EXPERIMENTAL PROCEDURES

Animals and Embryo Collection—The use of animals in this
study was approved by the Institutional Animal Care and Use
Committee (IACUC) of Tulane University. The generation of
BRE-Gal and Smad4f/f mice has been described previously (16,
17). This Smad4f/f allele, upon Cre recombination, would lack
exon 8 and resemble the Smad4-null allele (17, 18). All wild-
type mice were on CD-1 background and purchased from
Charles River Laboratories. Embryos were collected from
timed-mated pregnant mice in ice-cold PBS, and tail sample
from each embryo was subjected to PCR-based genotyping.

X-Gal Staining, Immunofluorescence, and in Situ Hybridiza-
tion—For X-gal staining, samples were fixed in 4% paraformal-
dehyde, washed in ice-cold PBS, subsequently washed with 30%
sucrose/PBS, embedded in O.C.T. (Tissue-Tek), and cryo-sec-
tioned. Standard X-gal staining was conducted as described
previously (19). For immunofluorescence and in situ hybridiza-
tion on tissue section, samples were fixed with 4% paraformal-
dehyde at 4 °C overnight, dehydrated through graded ethanol
series, and then processed for paraffin sectioning. Sections
were subjected to standard immunofluorescence staining as
described previously (20). For immunofluorescence on cell cul-

ture, cells grown on glass coverslips were fixed with 4% para-
formaldehyde for 10 min and then permeabilized with 0.5%
Triton-X for 15 min. The following primary antibodies were
used: anti-Smad4 (Abcam), anti-pSmad1/5/8 (Cells Signaling),
anti-pSmad2/3 (Santa Cruz Biotechnology), anti-pp38 (R&D
Systems), anti-pERK (R&D Systems), anti-pJNK (R&D Sys-
tems), and anti-�-galactosidase (Abcam). Alexa Fluor 568
(Invitrogen) was used as secondary antibody. DAPI (Invitro-
gen) was used as nuclear counterstain. Section or whole-mount
in situ hybridization using nonradioactive probes was per-
formed as described previously (21).

Co-immunoprecipitation—Cultured cells were lysed in radio-
immunoprecipitation assay buffer (Cell Signaling Technology)
with protease inhibitor (Roche Diagnostics) for 15 min at 4 °C.
For molar germs, tissue was digested with 0.25% trypsin (Life
Technologies) at 37 °C for 10 min prior to lysis. Lysates were
centrifuged at 12,000 rpm at 4 °C for 20 min to remove cellular
debris. The supernatant was precleared with 40 �l of Dyna-
beads protein A/G (Life Technologies) at 4 °C for 30 min. Anti-
Smad4 antibody or negative control IgG (Santa Cruz Biotech-
nology, 3 �g of each) was added to the precleared lysates
following incubation at 4 °C overnight and then with 50 �l of
Dynabeads protein A/G for 2 h to precipitate immunocom-
plexes. Beads were washed three times with wash buffer (10 mM

Tris-HCl, pH 8.0, 150 mM NaCl, 10% glycerol, 1% Nonidet P-40,
and 2 mM EDTA). 50 �l of sample buffer were added to the
beads, and samples were heated to 95 °C for 10 min. pSmad1/
5/8 and pSmad2/3 were detected in the protein complex by
Western blot.

Western Blot—Proteins were separated with SDS-PAGE gel
and transferred to nitrocellulose membrane. The membrane
was blocked in 5% nonfat milk for 30 min at room temperature
with constant rocking and then incubated with anti-pSmad1/
5/8, anti-pSmad2/3, anti-Smad4, anti-Smad1 (GeneTex), anti-
Smad5 (GeneTex), anti-Smad8 (Santa Cruz Biotechnology),
anti-Msx1 (R&D Systems), or anti-GAPDH (Santa Cruz Bio-
technology) antibodies overnight at 4 °C with constant rocking.
The membrane was then washed three times and incubated
with IRDye� 800 secondary antibody (LI-COR) for 1 h. Immu-
noreactive bands were visualized with Odyssey� imaging sys-
tem (LI-COR).

In Situ Proximity Ligation Assay (PLA)—The presence of
endogenous pSmad1/5/8-Smad4 and pSmad2/3-Smad4 com-
plexes were detected in situ using the in situ proximity ligation
assay kit (Duolink kit, Sigma-Aldrich). Tissue sections or fixed
and permeabilized cells cultured on glass chamber slides were
blocked with Duolink blocking reagent. Samples were incu-
bated with anti-Smad4 (mouse monoclonal) and anti-pSmad1/
5/8 (rabbit monoclonal) or anti-pSmad2/3 (goat polyclonal)
antibodies overnight at 4 °C. Samples were washed and incu-
bated with secondary antibodies conjugated with oligonucleo-
tides (anti-mouse PLA probe Minus and anti-rabbit PLA probe
Plus or anti-goat PLA Plus) in a humidity chamber for 1 h at
37 °C. Samples were then incubated with a ligation solution at
37 °C for 30 min. Ligation of the oligonucleotides probes was
followed by amplification reaction at 37 °C for 100 min. Slides
were mounted with mounting medium containing DAPI
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nuclear stain (Sigma-Aldrich). PLA signals were detected using
a fluorescence microscope.

Organ Culture—Mandibular molar germs were carefully iso-
lated from staged embryos and placed in semisolid culture
medium as described previously (22). For small molecule inhi-
bition experiments, dorsomorphin (Sigma) or SB203580 (Cell
Signaling) and U0126 (Cell Signaling) were added into the
medium, respectively, at a final concentration of 20 �M. DMSO
was used in control group.

Primary Dental Mesenchymal Cell Culture and Lentivirus
Infection—Embryonic mandibular molar germs were dissected
out and incubated with 2 units/ml Dispase (Life Technologies)
in PBS for 30 min at room temperature. Dental epithelium was
removed from mesenchyme with the aid of fine forceps. The
isolated mesenchyme was then digested with 0.25% trypsin at
37 °C for 10 min and dissociated into a single-cell suspension by
gentle pipetting. Cells were plated onto a 6-well plate and cul-
tured in DMEM (Life Technologies), supplemented with 20%
FBS (Life Technologies), at 37 °C and 5% CO2. The dental mes-
enchymal cells isolated from Smad4f/f (referred as Smad4f/f
cells) and wild-type mice were infected with Cre-lentivirus par-
ticles (GenTarget Inc.) and mSmad4-lentivirus (Abm Inc.),
respectively, according to the manufacturer’s instructions.
Smad4f/f cells infected with Cre-lentivirus (referred as Cre-
Smad4f/f cells) were blasticidin-resistant. Seventy-two hours
after infection, Cre-Smad4f/f cells were subjected to selection
with blasticidin (Life Technologies). For stimulating experi-
ments, cell were starved overnight in FBS-free medium and
then were treated with recombinant mouse BMP-4 protein
(R&D Systems) at a final concentration of 100 ng/ml and/or
recombinant mouse TGF�1 (R&D Systems) at a final concen-
tration of 1 ng/ml.

RNA Interference—siRNA against mouse Smad1, Smad2,
Smad3, Smad4, Smad5, Smad8, or negative control siRNA (all
from Invitrogen) were transfected into cells at a final concen-
tration of 30 nM using Lipofectamine� RNAiMAX (Invitrogen).
Forty-eight hours after transfection, Western blot or immuno-
fluorescence staining was performed to confirm interference
efficiency, and infected cells were subjected to further
experiments.

RT-PCR and Quantitative RT-PCR—Molar germs isolated
from E12.5 or E13.5 embryos were subjected to RNA extraction
with the RNase mini kit (Qiagen) and reversely transcribed
using the SuperScript III first strand synthesis system (Invitro-
gen). RT-PCR was performed to examine the expression of
Smad1 (forward: 5�-TCAGCAGAGGAGATGTTCAGGCA-
GTT-3�, and reverse: 5�-CCAAGGCAGAAGCGGTTCTTAT-
TGTT-3�), Smad5 (forward: 5�-GTCCAGTCTTACCTCCAG-
TATTAGTGCC-3�, and reverse: 5�-CTCCTCATAGGCGAC-
AGGCTGAACAT-3�), and Smad8 (forward: 5�-CGGCTTCA-
CCGACCCTTCCAATAACA-3�, and reverse: 5�-TCGCTCA-
CGCACTCCGCATACACCTC-3�). Quantitative RT-PCR was
used to quantify the expression of Tgf�1 (forward: 5�-CCTGA-
GTGGCTGTCTTTTGA-3�, and reverse: 5�-CGTGGAGTTT-
GTTATCTTTGCTG-3�), Tgf�2 (forward: 5�-TGCTAACTT-
CTGTGCTGGG-3�, and reverse: 5�-GCTTCGGGATTTATG-
GTGTTG-3�), and Bmp4 (forward: 5�-ATTGCAGCTTTCTA-
GAGGTCC-3�, and reverse: 5�-GGGAGCCAATCTTGAAC-

AAAC-3�) using SYBR Green (Applied Biosystems). GAPDH
(forward: 5�-CGCCTGGAGAAACCTGCCAAGTATGA-3�,
and reverse: 5�-TGGAAGAGTGGGAGTTGCTG-3�) was
included as internal control.

Chromatin Immunoprecipitation Assay—The chromatin
immunoprecipitation assay was carried out according to the
manufacturer’s instructions using the ChIP assay kit (Millipore,
Billerica, MA). Cells were cross-linked with 1% formaldehyde
for 10 min, washed with cold PBS, and lysed in lysis buffer.
Lysates were sonicated to shear DNA using an ultrasonic pro-
cessor (Fisher Scientific). Supernatant was diluted 10-fold in
ChIP dilution buffer. 10% of the diluted supernatant was kept as
input DNA. After preclearing for 30 min with Dynabeads pro-
tein A/G/Salmon Sperm DNA, samples were incubated over-
night at 4 °C with 3 �g of anti-pSmad1/5/8 antibody or negative
control IgG. Dynabeads protein A/G/salmon sperm DNA was
then added for 1 h at 4 °C to collect the immune complexes,
which were then sequentially washed with low salt, high salt,
and LiCl washing buffers and Tris-EDTA buffer for 5 min each
with rotation at 4 °C. Immune complexes were eluted by the
addition of elution buffer for 30 min with rotation at room
temperature, and cross-links were reversed by the addition of 5
M NaCl and heating at 65 °C for 4 h. Samples were then incu-
bated with 0.5 M EDTA, 1 M Tris-HCl, pH 6.5, and proteinase K
for 1 h at 45 °C. DNA was recovered by phenol/chloroform
extraction, precipitated with ethanol, and resuspended in 25 �l
of water. The recovered DNA was analyzed by PCR using the
following primers: forward, 5�-TTGGTAGAATCCACATCC-
AGGAGTGT-3�; reverse, 5�-GAGACAGCCCTGGATCATG-
GGTTTCG-3�, which covered the Msx1 promoter region from
�537 to �8.

RESULTS

Canonical BMP Signaling Is Not Operating in the Early
Developing Tooth—A previous study utilizing a canonical BMP
pathway reporter transgenic allele, which harbors the BMP-
response element (BRE) from the Id1 promoter and Gfp
reporter, reported a lack of canonical BMP signaling activity in
the early developing tooth germ (23). We revisited this obser-
vation by using another reporter mouse line harboring seven
copies of BRE and the Id3 minimal promoter with LacZ
reporter (BRE-Gal) that has been shown to serve as a faithful
indicator of BMP canonical signaling activity in developing
mouse embryo (16). However, this BRE-Gal reporter also failed
to show canonical BMP activity in the early developing tooth
(Fig. 1, A and B), but exhibited a high level of canonical BMP
activity in the eye (Fig. 1B�), which was shown as a positive
control, despite equally abundant levels of Smad4 and pSmad1/
5/8 in both developing tooth germ and developing eye (Fig. 1,
C–F�). These results further confirmed the lack of functional
canonical BMP signaling in the early developing tooth.

Because activation of BRE needs the formation of pSmad1/
5/8-Smad4 complex (16), we set out to determine whether the
failed BRE-Gal activation in the tooth germ can be attributed to
a lack of pSmad1/5/8-Smad4 complex by conducting a co-im-
munoprecipitation assay using E12.5 tooth germ and eye.
Because TGF� signaling is active in the developing tooth germ
(24, 25) at comparable expression level with Bmp4 (Fig. 1, I and
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J), and pSmad2/3 are present abundantly in the tooth germ as
well as in the developing eye, although at a relatively lower level
(Fig. 1, G, H, and H�), we included pSmad2/3-Smad4 complexes
as positive controls in the co-immunoprecipitation assay.
Indeed, using Smad4 antibody, we were able to pull down abun-
dant pSmad1/5/8 from the eye tissue, but the amounts of
pSmad1/5/8 pulled down from the tooth germ were barely
detectable on Western blot (Fig. 2A). However, abundant
pSmad2/3-Smad4 complexes were detected in the tooth germ
as compared with those in the eye (Fig. 2A). To further confirm
these results, formation of pSmad1/5/8-Smad4 and pSmad2/3-
Smad4 complexes was determined on tissue section using in

situ PLA, a technology capable of detecting protein-protein
interaction with high specificity and sensitivity in vivo (26, 27).
PLA signals are detectable when two interacting proteins are in
close proximity (�40 nm separation) (28). Although a small
amount of pSmad1/5/8-Smad4 complexes was detected in the
dental epithelium, no signals at all were seen in the mesen-
chyme (Fig. 2B, panel a). However, abundant pSmad2/3-Smad4
complexes were found in both dental epithelium and dental
mesenchyme (Fig. 2B, panel b). Consistent with the expression
of BRE-Gal and the presence of pSmad1/5/8-Smad4 and
pSmad2/3-Smad4 complexes in the developing eye, PLA sig-
nals were constantly detected there (Fig. 2B, panels a� and b�).
These results suggest that Smad4 has a higher binding affinity
with pSmad2/3 than pSmad1/5/8.

It was reported previously that pSmad2/3 were able to com-
pete with pSmad1/5/8 for Smad4 (29 –31). The absence of
pSmad1/5/8-Smad4 complex in the early developing tooth
germ could likely be the consequence of saturated Smad4 by
pSmad2/3. To test this possibility, we knocked down Smad2
and Smad3 simultaneously using Smad2/3 siRNAs in primary
dental mesenchymal cells from E12.5 molar germs. The knock-
down efficiency of these siRNAs was confirmed by immunofluo-
rescence (Fig. 3A). As shown in Fig. 3B, abundant pSmad1/5/8
proteins were immunoprecipitated by antibodies against
Smad4 in cells transfected with Smad2/3 siRNAs, as compared
with that in cells transfected with control siRNA. This result
was further confirmed by in situ PLA (Fig. 3C). Because
pSmad2/3 mainly mediates TGF� signaling, Smad4 was over-
expressed using lentivirus to confirm whether TGF� was able
to inhibit canonical BMP signaling by consuming Smad4 in
dental mesenchymal cells. As shown in Fig. 3D, treatment with
BMP4 alone was not able to lead to formation of pSmad1/5/8-

FIGURE 1. Canonical BMP signaling is not activated in early tooth devel-
opment. A and B, x-gal staining of molar germs from BRE-Gal reporter
embryos at E12.5 (A) and E13.5 (B). C–H, immunofluorescence shows expres-
sions of Smad4 (C and D), pSmad1/5/8 (E and F), and pSmad2/3 (G and H) in
wild-type tooth germs at E12.5 (C, E, and G) and E13.5 (D, F, and H). B�, D�, F�,
and H�, eye tissue at E13.5. Bar � 50 �m. I and J, quantitative RT-PCR shows
the relative expression levels of Tgf�1, Tgf�2, and Bmp4 at E12.5 (I) and E13.5
(J) tooth germ. Error bars indicate mean � S.D.

FIGURE 2. Lack of pSmad1/5/8-Smad4 complex but abundant pSmad2/3-
Smad4 complexes are present in early dental mesenchyme. A, Western
blot assay shows barely detectable pSmad1/5/8-Smad4 complexes but abun-
dant pSmad2/3-Smad4 complexes in the precipitated immunocomplexes
from E12.5 tooth germs. E12.5 eye samples were included as positive controls.
IP Ab, immunoprecipitation antibody; Neg. IgG, negative control IgG; WB,
Western blot. B, in situ PLA shows the presence of a small amount of pSmad1/
5/8-Smad4 complexes in the dental epithelium (panel a) and abundant
pSmad2/3-Smad4 (panel b) complexes in E12.5 tooth germ. Eyes were used as
positive controls (panels a� and b�). White arrows point to PLA signals (red
fluorescence). Bar � 50 �m.
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Smad4 complexes, but overexpression of Smad4 did lead to
formation of pSmad1/5/8-Smad4 complexes, which was
reduced significantly by the addition of TGF�1.

To further elucidate whether these pSmad1/5/8-Smad4
complexes are able to activate canonical BMP signaling in den-
tal mesenchymal cells, dental mesenchymal cells from E12.5
BRE-Gal mice were transfected with Smad2/3 siRNAs or con-
trol siRNAs followed by BMP4 induction. As determined by
immunofluorescence shown in Fig. 3E, the expression of �-ga-
lactosidase driven by BRE, an indication of activated canonical
BMP signaling, was constantly detected in cells with Smad2/3
knockdown, but not in cells only transfected with control
siRNAs. All these results indicate that the canonical BMP sig-
naling is inhibited by Smad2/3 in the dental mesenchyme dur-
ing early tooth development.

Expression of Dental Mesenchymal Marker Msx1 Is Regulated
by BMP/Smad1/5/8 Signaling Pathway—BMP signal trans-
duces through Smads and MAPK signaling pathways. During
early tooth development, both pp38 and pERK were highly
expressed in the dental epithelium and mesenchyme, whereas
pJNK was only expressed in the dental epithelium (Fig. 4A).
Msx1 is a well characterized BMP signaling target gene and is
required in the dental mesenchyme for early tooth develop-
ment (5, 6, 32). However, the specific pathway that mediates the
regulation of Msx1 by BMP signaling remains unknown. Dor-
somorphin inhibits BMP-induced phosphorylation of Smad1/
5/8 (33) and has been used to block BMP-Smad1/5/8 signaling
during tooth development spatially and temporally (34). As
shown in Fig. 4B, dorsomorphin-treated tooth germs exhibited
dramatically down-regulated expression of Msx1 (Fig. 4B, pan-
els b and e), whereas SB203580 (a specific p38 inhibitor)- and
U0126 (a specific ERK inhibitor)-treated tooth germs (Fig. 4B,

panels c and f) showed an Msx1 expression level comparable
with that treated with DMSO (Fig. 4B, panels a and d). This
inhibition of Msx1 expression by dorsomorphin but not
SB203580 and U0126 was further confirmed in cultured pri-
mary dental mesenchymal cells induced by exogenous BMP4
(Fig. 4C). These results indicate that BMP-induced Msx1
expression is mediated by Smad1/5/8 pathway but not by
MAPK.

BMP-induced pSmad1/5/8 Nuclear Translocation Is Smad4-
independent in Dental Mesenchymal Cells—We showed that
Smad1/5/8-mediated BMP signaling induces Msx1 expression
in the dental mesenchyme and functional canonical BMP sig-
naling and that pSmad1/5/8-Smad4 complexes are absent in
the early developing tooth. These results prompted us to test
the possibility that pSmad1/5/8 function to transduce BMP sig-
naling in a Smad4-independent manner in the dental mesen-
chyme. As the BMP signaling effectors, activated Smad1/5/8
must be shuttled into the nucleus where they bind to the pro-
moter of target genes and regulate gene expression. We first
examined whether pSmad1/5/8 are able to enter the nucleus
without Smad4 under BMP induction. To delete Smad4, sus-
pended molar mesenchymal cells from E13.5 Smad4f/f embryos
were cultured in tissue culture plates and infected with Cre-
lentivirus particles. Knock-out efficiency was confirmed by
immunofluorescence and Western blot, respectively (Fig. 5, A
and B). In cells lacking Smad4 (Cre-Smad4f/f), pSmad1/5/8
proteins appeared primarily in the cytoplasm and faintly in the
nucleus without exogenous BMP induction, whereas BMP
treatment increased not only the expression level of pSmad1/
5/8, but also their nuclear localization, similar to that in
Smad4f/f cells (Fig. 5C). These results demonstrate that BMP-
induced pSmad1/5/8 nuclear translocation is Smad4-inde-

FIGURE 3. Inhibition of Smad2/3 or overexpression of Smad4 leads to formation of pSmad1/5/8-Smad4 complexes and activation of BRE-Gal reporter
in dental mesenchymal cells. Primary dental mesenchymal cells from E12.5 mouse embryos were transfected with control siRNA or Smad2/3 siRNA. A,
immunofluorescence shows the expression of pSmad2/3 in cells transfected with control siRNA (panels a and b) and Smad2/3 siRNA (panels c and d). B, Western
blot shows dramatically increased level of pSmad1/5/8-Smad4 complexes after silencing of Smad2/3 in dental mesenchymal cells. IP, immunoprecipitation;
Neg. Ctr, negative control; Neg. IgG, negative control IgG; WB, Western blot. C, in situ PLA fails to detect pSmad1/5/8-smad4 complex in cells transfected with
control siRNA (panel a) but shows the presence of pSmad1/5/8-Smad4 complexes in cells transfected with Smad2/3 siRNA (panel b). White arrows point to PLA
signals (red fluorescence). D, Western blot shows dramatically increased level of pSmad1/5/8-Smad4 complexes after overexpression of Smad4 and significantly
reduced level of these complexes after the addition of TGF�1. S4-LV, Smad4 lentivirus. E, immunofluorescence using antibody against �-galactosidase shows
absent BRE-Gal reporter activity in primary dental mesenchymal cells from E12.5 BRE-Gal in the presence of exogenous BMP4 (panel a), but indeed detects
BRE-Gal expression in cells with Smad2/3knockdown (panel b). Insets (panels a� and b�) are nuclear staining of these cells with DAPI. Bar � 50 �m.
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pendent in the dental mesenchymal cells, indicating operation
of a functional atypical canonical BMP signaling pathway in the
dental mesenchymal cells.

Smad4 Is Not Required but pSmad1/5 Are Required for BMP-
induced Msx1 Expression in Dental Mesenchymal Cells—The
application of pSmad1/5/8 inhibitor dorsomorphin dramati-
cally down-regulated Msx1 expression in the dental mesen-
chyme in organ culture, indicating that Msx1 expression is reg-
ulated by Smad-dependent BMP signaling. We further tested
whether pSmad1/5/8-mediated BMP signaling indeed regu-
lates Msx1 expression independent of Smad4 in the dental mes-

enchyme. Although abundant pSmad1/5/8 were detected in the
early developing tooth germ (Fig. 1, E and F), the antibody we
used did not distinguish pSmad1, pSmad5, and pSmad8. To
determine which R-Smad is involved in mediating BMP signal-
ing in the developing dental mesenchyme, we conducted an
RT-PCR assay and confirmed the expression of Smad1, Smad5,
and Smad8 in the early tooth germ (Fig. 6A). We then con-
ducted siRNA knockdown experiments in E13.5 molar mesen-
chymal cells using siRNAs for Smad1, Smad5, Smad8, and
Smad4, respectively. The knockdown efficiencies of these
siRNAs to their respective target genes are presented in Fig. 6B.

FIGURE 4. BMP/Smad1/5/8 signaling pathway regulates Msx1 expression. A, immunofluorescence shows expressions of pp38 (panel a), pERK (panel b), and
pJNK (panel c) in E13.5 molar tooth germ. B, in situ hybridization shows Msx1 expression in E12.5 molar germs after 12 h or 1 day in organ culture in the presence
of DMSO (panels a and d), dorsomorphin (panels b and e), or SB203580 and U0126 (panels c and f). Panels a–c, whole mount in situ hybridization; panels d–f, tissue
section in situ hybridization. C, a Western blot assay shows attenuation of Msx1 expression by dorsomorphin but not SB203580 and U0126 in BMP-induced
primary dental mesenchymal cells from E13.5 embryos. GAPDH was used as internal control. Quantitative analysis is shown in the lower part. **, p � 0.01; ***,
p � 0.001. Bar � 50 �m. Error bars indicate mean � S.D.
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As shown in Fig. 6C, Smad4 knockdown did not affect BMP4-
induced Msx1 expression, but Smad1 or Smad5 silencing,
respectively, did lead to down-regulation of Msx1 expression.
However, Smad8 knockdown had little effect on Msx1 expres-
sion, suggesting that Smad1/5 are the major players in regulat-
ing Msx1 expression. Furthermore, simultaneously silencing of
both Smad1 and Smad5 exhibited synergistic repressive effect
on Msx1 expression. To further confirm that Smad4 was not
required for BMP-induced Msx1 expression, Cre-Smad4f/f
cells were used. As shown in Fig. 6D, BMP4-induced Msx1
expression was not affected by Smad4 deficiency in cells, but
was dramatically reduced by Smad1/5 knockdown with
siRNAs.

The mouse Msx1 promoter contains three potential Smad
binding motifs (35). One of the binding motifs (from �234 to
�240) locates very near to the transcription start site, a region
designated as the basal promoter, and was confirmed to allow
Smad1/5 binding directly (36). To determine whether
pSmad1/5 binding to the Msx1 promoter is Smad4-indepen-
dent in dental mesenchymal cells, we performed a ChIP assay.

As expected, using primers covering the Msx1 promoter region
from �537 to �8 that covers the proximal Smad binding motif,
we were able to amplify the 520-bp PCR products from the
DNA fragments immunoprecipitated by anti-pSmad1/5 anti-
body both in wild-type cells and in Cre-Smad4f/f cells (Fig. 6E),
indicating that pSmad1/5 bind to the Msx1 promoter directly in
a Smad4-independent manner.

DISCUSSION

In the present investigation, we provide compelling evidence
that the canonical BMP signaling pathway is not operating dur-
ing early tooth development due to the absence of Smad1/5/8-
Smad4 complex. Most importantly, we demonstrate that
Smad1/5/8 are able to transduce BMP signal independently
of Smad4 to regulate the expression of downstream target
genes, such as Msx1, in the dental mesenchyme during early
tooth development.

The Msx1 homeobox gene is expressed in several developing
organs in vertebrates, particularly at the site where epithelial-
mesenchymal interactions occur during organogenesis (37).

FIGURE 5. BMP4-induced pSmad1/5/8 nuclear translocation is Smad4-independent in dental mesenchymal cells. Primary dental mesenchymal cells
from R13.5 Smad4f/f mouse embryo were infected with Cre-lentivirus. A and B, knock-out efficiency of Smad4 was confirmed by immunofluorescence (A) and
Western blot (B). C, immunofluorescence shows nuclear translocation of pSmad1/5/8 in cells lacking Smad4 after BMP4 stimulation for 30 min.
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FIGURE 6. Smad1/5 but not Smad4 are required for BMP-induced Msx1 expression in dental mesenchymal cells. A, RT-PCR shows the mRNA expressions
of Smad1, Smad5, and Smad8 in E13.5 molar germs. B, Western blot shows knockdown efficiency of each siRNAs on their respective target genes in primary
dental mesenchymal cells from E13.5 embryos. Quantitative analyses are shown in the lower part of each panel. C, a representative Western blot assay shows
Msx1 expression in primary dental mesenchymal cells from E13.5 embryos. These cells were transfected with Smad1, Smad5, Smad8, or Smad4 siRNAs or
control siRNA for 48 h followed by BMP4 treatment for additional 6 h. GAPDH was used as internal control. Quantitative analysis is shown in the lower part, in
which the average value of Msx1/GAPDH from each individual group was compared with that from BMP4-induced control siRNA group. D, Western blot shows
Msx1 protein levels in E13.5 Smad4f/f or Cre-Smad4f/f dental mesenchymal cells with or without transfection of Smad1/5 siRNAs after BMP4 induction for 6 h.
Quantitative analysis is shown in the lower part, in which the average value of Msx1/GAPDH from Smad4f/f cells after BMP stimulation is set as the reference.
E, a ChIP assay shows binding of pSmad1/5/8 to the Msx1 promoter in E13.5 dental mesenchymal cells in either the presence or the absence of Smad4. Neg. IgG,
negative control IgG. **, p � 0.01; ***, p � 0.001. Error bars indicate mean � S.D.

A Novel BMP Signaling Pathway in Dental Mesenchyme

NOVEMBER 7, 2014 • VOLUME 289 • NUMBER 45 JOURNAL OF BIOLOGICAL CHEMISTRY 31499



The expression of Msx1 is restricted in the dental mesenchyme
from the tooth initiation stage and is believed to be induced by
the dental epithelial signal BMP4 and subsequently to be main-
tained by the mesenchymally expressed BMP4 (6, 38). How-
ever, it remained elusive as to which signaling pathway BMP4
regulates Msx1 in the developing tooth germ. In the present
investigation, we showed that inhibition of BMP/Smad1/5/8
signaling pathway by dorsomorphin dramatically reduces Msx1
expression in the dental mesenchyme, and knockdown of either
Smad1 or Smad5 or both attenuates the induction of Msx1 by
BMP4, indicating the regulation of Msx1 by Smad-mediated
BMP signaling. However, knockdown by siRNA or knock-out
by gene inactivation of the common Smad Smad4 had no effect
on BMP-induced Msx1 expression in dental mesenchymal
cells. Taken together, our results reveal a novel Smad-mediated
BMP signaling pathway in the regulation of Msx1 expression in
the dental mesenchyme, which is Smad1/5-dependent but
Smad4-independent. This conclusion is further strengthened
by the fact that BMP-induced nuclear translocation of pSmad1/
5/8 in dental mesenchymal cells is Smad4-independent and
that pSmad1/5/8 can bind to the Msx1 promoter directly in the
absence of Smad4.

The presence of BMP ligand or BMP signaling components is
not an unequivocal indicator of BMP activity (16). Previous
studies have identified BRE as a regulatory sequence activated
by BMP signal in various BMP target genes, including the Xeno-
pus id3 and ventx2 genes and the Drosophila brk gene (39, 40).
BRE is recognized by the complex of Smad1/5/8 and Smad4 in
response to the activation of the BMP type I receptor (41),
which makes BRE a faithful indicator for the transcriptional
response of cells to the canonical BMP signaling. In this study,
we confirmed that no BRE is activated in early tooth germ and
attributed this failure of BRE activation to the absence of
pSmad1/5-Smad4 complexes. However, Smad1/5 are indeed
activated by BMP signaling and play critical functions (such as
activation of Msx1) in the absence of Smad4 in the dental mes-
enchyme. We therefore name this novel BMP signaling the
atypical canonical BMP signaling pathway.

The presence of this atypical canonical BMP signaling path-
way has been implied in several other developing organs. Dur-
ing nervous system development, conditional inactivation of
Smad1 and Smad5 resulted in cerebellar hypoplasia, reduced
granule cell numbers, and disorganized Purkinje neuron migra-
tion during embryonic development, whereas conditional inac-
tivation of Smad4 produced only very mild cerebellar defects
(10). Furthermore, during lens development, cell death
occurred associated with inactivation of Smad1/5, but not with
inactivation of Smad4 (12). In addition, Smad1 and Smad5 have
been proven essential for bone development, but inactivation of
Smad4 led to only minor bone defects (42). The expression of
Nkx2.5 requires R-Smad during initial heart development, but
inactivation of Smad4 does not abolish Nkx2.5 expression (43).
These findings, together with our present results, challenge the
current perception that Smad4 is essential for BMP/Smad sig-
naling pathway. In some cellular processes that depend on low
levels of BMP signaling, Smad4 is essential for R-Smads to max-
imize their full functions, probably by forming an obligate het-
erotrimer with R-Smads. However, in other cellular processes

that have high levels of BMP signaling, abundant phosphory-
lated R-Smads can be formed. Under these conditions,
R-Smads can still activate their downstream targets, and Smad4
appears to be less important (10). This might explain why
pSmad1/5/8 is able to function without Smad4 during early
tooth development, in which high expression level of BMP4 is
evident in the dental mesenchyme (44).

In fact, Smad4-independent signaling pathway was found not
only in BMP/Smad1/5/8 but also in TGF�/Smad2/3 signaling
pathways. Using quantitative ChIP analysis, Smad2 and Smad3
were found to directly target the Snail promoter, but no signif-
icant enrichment of Smad4 was detected (45). It has also been
reported that, during keratinocyte proliferation and differenti-
ation, the nuclear accumulation of activated Smad2/3 is
Smad4-independent, and I�B kinase � (IKK�) but not Smad4
serves as a nuclear cofactor for Smad2/3 recruitment to Mad1
chromatin in epidermis (46). C-terminal phosphorylation of
R-Smad proteins by TGF� receptor kinases is a critical event in
signal transduction because it creates a docking site for Smad4,
allowing the assembly of signaling complexes (47). Previously,
Smad4 was known as the only factor to occupy this key position
in the pathway. However, new partners of activated Smads have
been identified. For example, TIF1� was found as an alternative
effector of TGF�-activated Smad2/3 (48). TIF1� competitively
shares the pool of TGF�-activated Smad2/3 with Smad4 and
mediates erythroid differentiation of CD34� hematopoietic
stem/progenitor cells in response to TGF� (48).

In this investigation, we demonstrate that the absence of
pSmad1/5/8-Smad4 complexes in the dental mesenchyme is
the consequence of Smad4 saturation by forming pSmad2/3-
Smad4 complexes, evidenced by the formation of pSmad1/5/8-
Smad4 complexes and activation of BRE-Gal reporter in dental
mesenchymal cells with Smad2/3 knockdown or Smad4 over-
expression. In line with these observations are several previous
studies on the competitive binding of Smad4 between pSmad1/
5/8 and pSmad2/3. It was shown that pSmad1 inhibited TGF�-
ALK5/pSmad2 pathway, and overexpression of Smad4
reversed the inhibition completely, indicating a competition
between pSmad2 and pSmad1 for limited amounts of their
common transcriptional cofactor Smad4 (29). TGF� stimula-
tion could result in a decrease in pSmad1/5-Smad4 complexes
formed in response to BMP and an increase in pSmad2/3-
Smad4 complexes (30). This notion is consistent with our pres-
ent finding that TGF�1 was able to reverse the formation of
pSmad1/5-Smad4 complexes in Smad4-overexpressed cells,
indicating that TGF� inhibits canonical BMP signaling path-
way by competing limited Smad4 in the dental mesenchymal
cells. Activin/nodal ligands induce activation of Smad2 and
Smad3. It was also reported that BMP and activin/nodal signal-
ing pathways antagonize each other through competition
between Smad1 and Smad2 for their binding to the common
component Smad4 (29, 49, 50).

Taken together, the present studies provide compelling evi-
dence for the existence of a functional atypical canonical BMP
signaling pathway that regulates the expression of the odonto-
genic gene Msx1 and determines the fate of dental mesenchyme
during early tooth development.
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