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Transforming growth factor-� (Tgf-�) signaling is crucial for
regulating craniofacial development. Loss of Tgf-� signaling
results in defects in cranial neural crest cells (CNCC), but the
mechanism by which Tgf-� signaling regulates bone formation
in CNCC-derived osteogenic cells remains largely unknown. In
this study, we discovered that Tgf-� regulates the basal tran-
scriptional regulatory machinery to control intramembranous
bonedevelopment. Specifically, basal transcription factorTaf4b
is down-regulated in theCNCC-derived intramembranousbone
in Tgfbr2fl/fl;Wnt1-Cre mice. Tgf-� specifically induces Taf4b
expression. Moreover, small interfering RNA knockdown of
Taf4b results in decreased cell proliferation and altered osteo-
genic differentiation in primary mouse embryonic maxillary
mesenchymal cells, as seen in Tgfbr2 mutant cells. In addition,
we show that Taf1 is decreased at the osteogenic initiation stage
in the maxilla of Tgfbr2mutant mice. Furthermore, small inter-
fering RNA knockdown of Taf4b and Taf1 together in primary
mouse embryonic maxillary mesenchymal cells results in up-
regulated osteogenic initiatorRunx2 expression,with decreased
cell proliferation and altered osteogenic differentiation. Our
results indicate a critical function of Tgf-�-mediated basal tran-
scriptional factors in regulating osteogenic cell proliferation
and differentiation in CNCC-derived osteoprogenitor cells dur-
ing intramembranous bone formation.

Craniofacial skeletal elements are mainly formed by in-
tramembranous ossification through a mechanism that re-
mains relatively uncharacterized. The majority of osteoblasts
and chondrocytes in the craniofacial region are derived from
cranial neural crest cells (CNCC),2 which produce the facial

skeleton (1, 2). Tgf-� signaling plays a crucial role in craniofa-
cial development, and loss of Tgf-� signaling in CNCC results
in craniofacial skeletal malformations (3, 4).
Tgf-� transmits signals through a membrane receptor ser-

ine/threonine kinase complex that phosphorylates Smad2 and
Smad3, and activated Smads form transcriptional complexes
with Smad4 and translocate into the nucleus (5). These Tgf-�
signaling complexes contain other transcription factors and
target a variety of genes in an embryonic stage-dependent and
cell type-specific manner, but the factors involved in this tran-
scriptional regulatorymachinery have yet to be identified. Dur-
ing development, the expression of many genes is associated
with changes accompanied by dynamic restructuring of chro-
matin (6, 7). Recent studies demonstrate that basal transcrip-
tional factors have cell- and promoter-specific functions during
embryogenesis (8–12).
RNA polymerase II requires the assembly of a multiprotein

complex around the transcriptional start site (13). The general
transcriptional factor IID (TFIID) is a large multiprotein tran-
scriptional factor, consisting of the TATA-binding protein and
a set of 13–14 TATA-binding protein-associated factors
(TAFs), that is responsible for specific binding to the TATA
element found inmany polymerase II promoters and also dem-
onstrates a coactivator function during transcriptional initia-
tion (14). TAFs are able to regulate gene transcription at mul-
tiple steps, with functions in promoter recognition, selective
binding to core promoter elements, as well as direct interac-
tionswith transcriptional activators (15–17).Mutation and loss
of TAFs in yeast and mammalian cells lead to cell cycle arrest
and gene-specific transcriptional effects (16). The function of
TAFs in gene regulation during embryogenesis has yet to be
determined. Here, we show that the interaction between Tgf-�
signaling and TAFs has a crucial role in regulating CNCC-de-
rived osteogenesis during craniofacial morphogenesis.

EXPERIMENTAL PROCEDURES

Animals—Mating Tgfbr2fl/�;Wnt1-Cre with Tgfbr2fl/fl mice
generatedTgfbr2fl/fl;Wnt1-Cre conditional null alleles thatwere
genotyped using PCR primers as described previously (4).
Whole-mount Skeletal Staining—The three-dimensional

architecture of the skeleton was examined using a modified
whole-mount Alcian blue-Alizarin Red S staining protocol as
described previously (3).
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Histological Examination—Hematoxylin and eosin staining
and bromodeoxyuridine staining were performed as described
previously (4, 18–20). Immunohistochemical staining was per-
formed as described previously (18). Antibody used for immu-
nohistochemistry was anti-Taf1 rabbit polyclonal antibodies
(Abcam).
Immunological Analysis—Western blots were performed as

described previously (21–23). Antibodies used for Western
blotting were as follows: rabbit polyclonal antibodies against
cyclin D1, cyclin D2, cyclin D3, cyclin A, cyclin E, JNK, and
phospho-JNK (Cell Signaling Technology); FoxO4, FoxO3a,
and Taf1 (Abcam); osteopontin, osteocalcin, and osteonectin
(Santa Cruz Biotechnology); and mouse monoclonal antibody
against GAPDH (Chemicon).
RNA Preparation and Quantitative RT-PCR—Total RNA

was isolated from mouse embryonic maxilla dissected at the
indicated developmental stage or from primaryMEMM cells
as described previously (24). First-strand cDNA was synthe-
sized from 1 �g of total RNA using an oligo(dT)20 primer and
SuperScript III reverse transcriptase (Invitrogen), and quan-
titative PCR was performed in triplicate by SYBR Green
(Bio-Rad) in an iCycler (Bio-Rad). A melting curve was ob-
tained for each PCR product after each run to confirm that the
SYBR Green signal corresponded to a unique and specific
amplicon. The relative abundance of each transcript was calcu-
lated based on PCR efficiency and cycle number at which the
fluorescence crosses a threshold for the GAPDH internal refer-
ence and the gene tested using iCycler iQ optical system soft-
ware (Bio-Rad). PCR primers are available upon request.
In Situ Hybridization—To generate the probe for in situ

hybridization of mouse Taf4b, DNA encoding Taf4b was
amplified from E13.5 mouse maxilla cDNA by PCR. The PCR
fragments were cloned into the pDrive cloning vector (Qiagen).
All recombinant plasmids were verified by sequencing. In situ
hybridization was performed as described previously (18). Sev-
eral negative controls (e.g. sense probe and no probe) were run
in parallel with the experimental reaction. Details of the exper-
imental procedures are available upon request.
Organ Culture of Maxilla and Tgf-� Bead Implantation—

Affi-Gel blue beads (Bio-Rad) were used for delivery of Tgf-�2.
The beads were washed in phosphate-buffered saline and then
incubated for 1 h at room temperature in 10�g/ml Tgf-�2 (R&
D Systems). Control beads were incubated with 0.1% bovine
serum albumin. Tgf-�2- or bovine serum albumin-containing
beads were placed adjacent to the maxilla.
PrimaryCulturedCellsDerived fromMouse EmbryonicMax-

illaryMesenchyme—PrimaryMEMMcells were obtained from
13.5-day-old embryos (E13.5). Briefly, maxilla was dissected at
E13.5 and trypsinized for 30 min at 37 °C in a CO2 incubator.
After pipetting thoroughly, cells were cultured in Dulbecco’s
modified Eagle’s medium containing 10% fetal bovine serum
supplemented with penicillin, streptomycin, L-glutamate, so-
dium pyruvate, and nonessential amino acids. Proliferation of
primary MEMM cells was measured using a cell counting kit 8
(Dojindo Molecular Technologies, Gaithersburg, MD). Pri-
mary MEMM cells (5 � 103 cells per well) were seeded into
96-well plates and incubated at 37 °C in a CO2 incubator for up
to 72 h. Following this incubation period, sodium 2-(4-

iodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-
tetrazolium was added to the culture medium to label the pro-
liferating cells, and incubation was continued for an additional
1 h at 37 °C. The amount of reduced tetrazolium was deter-
mined by measuring the absorbance at 450 nm in a microplate
reader. Osteogenic differentiation was promoted by culture in
monolayers after initial seeding of cells at 1.5� 104 cells/cm2 in
complete medium supplemented with 10 mM �-glycerophos-
phate, 0.1 �M dexamethasone, and 0.05 mM ascorbic acid
(Sigma) for 2 weeks. Alkaline phosphatase activity was mea-
sured as described previously (25).
Small Interfering RNA Transfection (siRNA)—MEMM cells

(2� 106 cells) were plated in a 6-well cell culture plate until the
cells reached 60–80% confluence. siRNA duplex and reagents
were purchased from Invitrogen and Santa Cruz Biotechnol-
ogy, respectively. siRNA mixture in transfection medium was
incubated with cells for 6 h at 37 °C in a CO2 incubator, and
then 5� 103 cells were cultured for 2 weeks in regular or osteo-
genic differentiation medium, including siRNA transfection
mixture. Specifically, siRNAwas added every 3 days into the cell
culture medium throughout the 2 weeks of culture.
Statistical Analysis—Two-tailed Student’s t test was applied

for statistical analysis. For all graphs, data are represented as
mean � S.D. A p value of less than 0.05 was considered statis-
tically significant.

RESULTS

Loss of Tgfbr2 in Cranial Neural Crest Cells Results in
Decreased Maxilla Size in Vivo—CNCC-derived osteogenic
cells contribute to craniofacial bone formation that is devel-
oped through intramembranous bone ossification (1, 2). How-
ever, most facial skeletal bones are not ideal models for the
analysis of intramembranous ossification. For instance, man-
dibular bone includes regions of both endochondral and
intramembranous ossifications, and analysis of the skull region
is complicated by its proximity to the dura mater. In this study,
we analyzed the role of Tgf-� receptor type II in the maxilla to
investigate intramembranous ossification derived from CNCC
in the absence of other ossification processes or inductive
tissues. The maxillary region is composed of six primordia as
follows: pairs of premaxilla, maxilla, and palatine bones,
which are all derived fromCNCC. The size of themaxilla and
palatine bones in newborn Tgfbr2fl/fl;Wnt1-Cre mice was
smaller than those of Tgfbr2fl/fl control mice (Fig. 1, A–R, W,
and X). Palatal and frontal processes of maxillary bone were
defective in Tgfbr2fl/fl;Wnt1-Cre mice at E14.5 (Fig. 1, S–V).
Thus, loss of Tgf-� signaling appears to affect intramembra-
nous ossification.
Decreased Cell Proliferation and Altered Osteogenic Differen-

tiation in theMaxilla of Tgfbr2fl/fl;Wnt1-CreMice—To investi-
gate the cellular mechanism of decreased maxilla size in
Tgfbr2fl/fl;Wnt1-Cremice, we analyzed the rate of cellular pro-
liferation and apoptosis relative to littermate wild type maxilla.
In comparison with wild type control maxilla, we detected a
decreased rate of cell proliferation in Tgfbr2fl/fl;Wnt1-Cremax-
illa at E14.5, but apoptosis was unaffected (Fig. 2A; supplemen-
tal Fig. S1,A–D and F–K). Next, we analyzed the distribution of
cells throughout the cell cycle using Tgfbr2fl/fl (control) and
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Tgfbr2fl/fl;Wnt1-Cremaxilla by fluorescence-activated cell sort-
ing analyses after propidium iodide staining. We detected no
significant changes in the proportion of cells at each stage of the
cell cycle in Tgfbr2fl/fl and Tgfbr2fl/fl;Wnt1-Cre maxilla from
E12.5 to E14.5 (supplemental Fig. 1E). D-type cyclins (cyclins
D1, D2, and D3) are encoded by distinct genes that are induced
in a cell lineage-specific manner (26). We found that cyclin D1
expression was reduced at E13.5 and E14.5, and cyclin D3
expression was reduced at E14.5 inTgfbr2fl/fl;Wnt1-Cremaxilla
relative to Tgfbr2fl/fl mice (Fig. 2, B and C). In contrast, there
were no significant changes in the expression levels of other
cyclins (Fig. 2, B and C). Gene expression of D-type cyclins is
regulated by a wide array of transcriptional factors, including
transactivators such as STAT proteins, NF-�B, Egr-1, Ets-2,

cAMP-response element-binding pro-
tein, and c-Jun and suppressors such
as peroxisome proliferator-activated
receptor-�, caveolin-1, E2F-1, Jun-B,
INI1/hSNF5, and the FoxO family
(26, 27). We examined the gene
expression of cyclin D regulators
using quantitative RT-PCR in con-
trol and Tgfbr2fl/fl;Wnt1-Cre max-
illa at E13.5 (Fig. 2, D and E). FoxO4
and Jun-B were up-regulated 2-fold
in Tgfbr2fl/fl;Wnt1-Cre maxilla at
E13.5, but there were no significant
changes in other regulators of type
D cyclins. FoxO4 protein was up-
regulated at E13.5 and E14.5, a time
course that correlates with the
reduction of cyclin D1 protein (Fig.
2, B, F, and G).

To determine the activity of the
JNK, we analyzed the phosphoryla-
tion of JNK by immunoblotting.
JNK activity was up-regulated at
E13.5 and E14.5 in Tgfbr2fl/fl;Wnt1-
Cremaxilla compared with Tgfbr2fl/fl
(Fig. 2F). These data indicate that
loss of Tgf-� signaling results in up-
regulated FoxO4 expression and
JNK activity, followed by decreased
cyclin D expression.
Previous studies indicated that

Tgf-� signaling regulates osteo-
genic differentiation during bone
formation (28, 29). To investigate
the effect of decreased prolifera-
tion activity on cell fate determi-
nation, we compared the expres-
sion of genes involved in osteogenic
differentiation in Tgfbr2fl/fl (con-
trol) and Tgfbr2fl/fl;Wnt1-Cre max-
illa at E13.5 by quantitative RT-PCR.
Osteopontin/Spp1 and Runx2 were
up-regulated 3-fold in Tgfbr2fl/fl;
Wnt1-Cremaxilla at E13.5 (Fig. 3A).

Gene expression of osteocalcin, osteonectin, and type I col-
lagen were also up-regulated 1.5-fold in Tgfbr2fl/fl;Wnt1-Cre
maxilla at E13.5 (Fig. 3A). To confirm the altered osteogenic
differentiation in Tgfbr2fl/fl;Wnt1-Cre maxilla, we analyzed
the expression of proteins involved in osteogenic differentia-
tion in Tgfbr2fl/fl and Tgfbr2fl/fl;Wnt1-Cremaxilla by immuno-
blotting. Expression of osteocalcin, osteopontin, and osteonec-
tin was up-regulated in Tgfbr2fl/fl;Wnt1-Cre maxilla at E13.5
and E14.5 (Fig. 3, B and C). Furthermore, osteogenic differen-
tiation was up-regulated following osteogenic induction of pri-
mary MEMM cells from Tgfbr2fl/fl;Wnt1-Cre mice compared
with Tgfbr2fl/flmice (Fig. 3D). Gene expression of osteopontin/
Spp1, osteocalcin, and osteonectin was induced in Tgfbr2fl/fl
MEMMcells after osteogenic induction, and these gene expres-

FIGURE 1. Development of the maxilla in Tgfbr2fl/fl;Wnt1-Cre mice. A–H, whole-mount skeletal staining with
Alcian blue-Alizarin Red S. Maxilla structures of Tgfbr2fl/fl (E and G) and Tgfbr2fl/fl;Wnt1-Cre (F and H) mice are
shown. The maxillary region is composed of six primordia; pairs of premaxilla, maxilla, and palatine bones,
which are all derived from CNCC. The size of the maxilla and palatine bones in newborn Tgfbr2fl/fl;Wnt1-Cre mice
were smaller than those of Tgfbr2fl/fl control mice. F, frontal bone; PM, premaxilla bone; M, maxilla bone;
P, palatine bone; PR, parietal bone; MN, mandible; VM, vomer. I and J, schematic drawings in I and J are derived
from images G and H, respectively. Note that the size of the maxilla bone is decreased in Tgfbr2fl/fl;Wnt1-Cre
mice at E14.5. Premaxilla are highlighted in yellow, maxilla in green, and palatine bone in red. K–M, morphology
of Tgfbr2fl/fl (K right, L) and Tgfbr2fl/fl;Wnt1-Cre (K left, M) mice. L and M are higher magnifications of K. O and P,
whole-mount skeletal staining with Alcian blue-Alizarin Red S of Tgfbr2fl/fl (O) and Tgfbr2fl/fl;Wnt1-Cre (P) new-
born mice. Q and R, schematic drawings in Q and R are derived from images O and P, respectively. fmx, frontal
process of maxilla bone. S–V, hematoxylin and eosin staining of sections from the maxilla of Tgfbr2fl/fl (S and U)
and Tgfbr2fl/fl;Wnt1-Cre (T and V) mice. Arrowhead indicates the palatal process of the maxilla bone. Arrow
indicates the frontal process of maxilla bone. Scale bar, 200 �m. W and X, LacZ staining of Wnt1-Cre mice
carrying the R26R reporter gene. Scale bar, 300 �m.
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sions were elevated inTgfbr2fl/fl;Wnt1-CreMEMMcells (Fig. 3,
E and F). Thus, the reduced proliferation activity in CNCC-
derived osteoprogenitor cells is followed by altered osteogenic
differentiation in Tgfbr2fl/fl;Wnt1-Cre maxilla, resulting in the
ossification of a reduced maxilla bone primordium at E14.5
(supplemental Fig. S4A).

Tgf-� Signaling Regulates Gene
Expression of Basal Transcriptional
Factors—Previous studies revealed
that some basal transcriptional fac-
tors are expressed in a tissue- and
cell-specific manner (14, 30). Muta-
tions of these basal transcriptional
factors resulted in decreased cell
proliferation (15). To explore po-
tential osteoprogenitor cell-specific
regulation of basal transcriptional
factors by Tgf-� signaling, we ana-
lyzed the gene expression of basal
transcriptional factors in the max-
illaofTgfbr2fl/flandTgfbr2fl/fl;Wnt1-
Cremice using quantitative RT-PCR.
Interestingly, Taf4b was down-reg-
ulated in Tgfbr2fl/fl;Wnt1-Cre max-
illa at E11.5 and E12.5 (Fig. 4, A and
B). Gene expression of Taf1 was
down-regulated at E12.5 but not
E11.5 (Fig. 4B). Loss of Taf4 results
in increased gene expression of
Tgfb1, Tgfb3, and Ctgf (9), and over-
expression of Taf4b results in the
altered gene expression of Ctgf and
Tgfb ligands (9), suggesting that
the transcriptional regulation of
Taf4b and its paralogue Taf4 is
closely related to Tgf-� signaling.
Taken together, these data suggest
that the stoichiometry of basal
transcriptional factors incorpo-
rated into TFIID regulates the fate
of osteoprogenitor cells.
Taf4b Is Specifically Expressed

in Maxillary Bone Primordium—
Taf4b is specifically expressed in
gonad tissues in adult mice (12, 30,
31); however, the expression pat-
tern and function of Taf4b are still
unknown during embryogenesis.
To examine the expression pattern
of Taf4b during embryonic devel-
opment, we performed whole-
mount in situ hybridization (Fig. 4,
C–H). Taf4b expression was pro-
minent in the maxilla and limbs
from E10.5 to E12.5, and weaker
staining was detectable in the man-
dible and frontal bone primordia.
Taf4b expression was detectable in

the osteogenic primordia of wild type mice at E14.5 (Fig. 4, I–K
and P), but it was significantly reduced in the bone primordia of
Tgfbr2fl/fl;Wnt1-Cre mice (Fig. 4, L–N and Q). In contrast, we
detected Taf1 expression throughout the craniofacial region in
wild type mice and reduced expression in Tgfbr2fl/fl;Wnt1-Cre
mice at E13.5 and E14.0 (Fig. 4, U–X). To investigate Tgf-�

FIGURE 2. Loss of Tgfbr2 in CNCC results in decreased type D cyclin-dependent cell proliferation during
intramembranous ossification. A, ratio of bromodeoxyuridine (BrdU)-labeled nuclei in the maxilla of
Tgfbr2fl/fl (white bars) and Tgfbr2fl/fl;Wnt1-Cre (black bars) mice at E13.5 and E14.5. Data are mean � S.D. values
of five mice in each group. ***, p � 0.001. B, immunoblotting analysis of Tgfbr2fl/fl and Tgfbr2fl/fl;Wnt1-Cre
maxilla at E12.5, E13.5, and E14.5. Data shown are representative of three separate experiments. C, plot shows
the ratios between cyclin D1, cyclin D2, cyclin D3, cyclin E, and cyclin A versus GAPDH based on quantitative
densitometry of immunoblotting data in B; *, p � 0.05. Tgfbr2fl/fl, white bars; Tgfbr2fl/fl;Wnt1-Cre, black bars.
D and E, quantitative RT-PCR analyses of cyclin D regulators from E13.5 maxilla of Tgfbr2fl/fl (open columns) and
Tgfbr2fl/fl;Wnt1-Cre (closed columns) mice. *, p � 0.05. F, immunoblotting analysis of FoxO family members and
activated JNK in the maxilla of Tgfbr2fl/fl and Tgfbr2fl/fl;Wnt1-Cre maxilla at E12.5, E13.5, and E14.5. Data shown
are representative of three separate experiments. G, plot shows the ratios between FoxO3a, FoxO4, JNK, and
phosphorylated JNK versus GAPDH after quantitative densitometry of immunoblotting data in F; *, p � 0.05.
Tgfbr2fl/fl, white bars; Tgfbr2fl/fl;Wnt1-Cre, black bars.

Tgf-� Regulates Basal Transcription Factors in Bone Formation

4978 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 285 • NUMBER 7 • FEBRUARY 12, 2010

http://www.jbc.org/cgi/content/full/M109.035105/DC1


regulation of Taf4b in vivo, we
implanted beads containing Tgf-�2
protein into organ cultures of
maxilla derived from Tgfbr2fl/fl and
Tgfbr2fl/fl;Wnt1-Cre mice (Fig. 4,
R–T). At 24 h after the administra-
tion of Tgf-�2, Taf4b gene expres-
sion was up-regulated around the
beads in controls but not in
Tgfbr2fl/fl;Wnt1-Cre maxilla (Fig. 4,
S andT). Furthermore, gene expres-
sion of Taf4b was up-regulated fol-
lowing osteogenic induction of pri-
mary MEMM cells from wild type
mice but not in that of Tgfbr2fl/fl;
Wnt1-Cre mice (supplemental Fig.
S3). We conclude that Tgf-� signal-
ing regulates the gene expression of
Taf4b.
Double Knockdown of Taf4b and

Taf1 Affects Gene Expression Related
to Cellular Proliferation, Initiation of
Bone Formation, and Osteogenic
Differentiation—To test the func-
tional significance ofTaf4b andTaf1
in regulating the fate of osteogenic
progenitor cells, we reduced the
gene expression of Taf4b and Taf1
in primary MEMM cells derived
from E13.5 maxilla using an siRNA
knockdown approach (Fig. 5A).
Gene expression of Taf4b and Taf1
was successfully suppressed by the
siRNA treatment (Fig. 5A). We
found that the simultaneous down-
regulation of Taf4b and Taf1 re-
sulted in reduced cell proliferation
(Fig. 5B). Gene expression of FoxO3
and FoxO4, which are cyclin D sup-
pressors, was significantly increased
by 1.4- and 1.5-fold after siRNA
treatment of Taf4b alone and a 1.8-
and 1.4-fold change after siRNA
treatment of Taf1 and Taf4b
together, respectively (Fig. 5C). To
analyze osteogenic differentiation,
we cultured primary MEMM cells
treated with Taf4b, Taf1, and
Taf4b/Taf1 double siRNA for 2
weeks with osteogenic induction
medium and then analyzed alkaline
phosphatase activity. Specifically,
siRNA mixture was added every 3
days into the cell culture medium
throughout the 2 weeks of culture.
The success of our siRNA knock-
down experiments was demon-
strated by quantitative gene expres-

FIGURE 3. Loss of Tgfbr2 in CNCC results in altered osteogenic differentiation during intramembra-
nous ossification. A, quantitative RT-PCR analyses of indicated genes in Tgfbr2fl/fl (open columns) and
Tgfbr2fl/fl;Wnt1-Cre (closed columns) mice at E13.5. Ocn, osteocalcin; On, osteonectin; Spp1, osteopontin;
Osx, Osterix; Alp, alkaline phosphatase; ColI, type I collagen. *, p � 0.05. B, immunological analysis of
osteocalcin (Ocn), osteonectin (On), and osteopontin (Opn) in Tgfbr2fl/fl and Wnt1-Cre;Tgfbr2fl/fl maxilla at
E12.5, E13.5, and E14.5. Data shown are representative of three separate experiments. C, plot shows the
ratios between osteocalcin (Ocn), osteonectin (On), and osteopontin (Opn) versus GAPDH based on quan-
titative densitometry of immunoblotting data in B; *, p � 0.05. Tgfbr2fl/fl, white bars; Tgfbr2fl/fl;Wnt1-Cre,
black bars. D, osteogenic differentiation of Tgfbr2fl/fl and Tgfbr2fl/fl;Wnt1-Cre primary MEMM cells cultured
for 14 days in osteogenic induction medium. Alkaline phosphatase (ALP) staining of Tgfbr2fl/fl and
Tgfbr2fl/fl;Wnt1-Cre MEMM cells cultured without (Dif. �) or with (Dif. �) osteogenic inducer for 2 weeks.
E, mRNA expression of indicated genes after no osteogenic induction (�) or induction (�) in Tgfbr2fl/fl and
Tgfbr2fl/fl;Wnt1-Cre MEMM cells. Data shown are representative of three separate experiments. F, graph
shows quantitative densitometry analysis of gel electrophoresis data in E. Data shown are representative
of three separate experiments. Lane 1, Tgfbr2fl/fl MEMM cells without osteogenic induction; lane 2, Wnt1-
Cre;Tgfbr2fl/fl MEMM cells without osteogenic induction; lane 3, Tgfbr2fl/fl MEMM cells with osteogenic
induction; lane 4, Wnt1-Cre;Tgfbr2fl/fl MEMM cells with osteogenic induction.
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sion analyses (Fig. 5A). We detected
increased osteogenic differentiation
in samples with combined down-
regulation of Taf4b and Taf4b/Taf1
(Fig. 5D). To investigate osteogenic
differentiation following Taf4b and
Taf1 siRNA treatment, we analyzed
the expression of genes related to
bone formation.We found that Spp1
was specifically up-regulated after
Taf4b siRNA treatment but not
Taf1 siRNA treatment (Fig. 5E).
These data confirm that Taf4b has
unique functions in CNCC-derived
osteoprogenitor cells. Interestingly,
Runx2 expression was specifically
up-regulated after siRNA knock-
down of Taf4b/Taf1 together, al-
though synergistic changes were
not seen in other osteogenic fac-
tors, suggesting that a combina-
tion of Taf4b and Taf1 regulates
the initiation of bone formation
(Fig. 5F). Runx2 is required for mes-
enchymal cell differentiation into
osteoblasts (32). Runx2 activates ex-
pressionof several genes expressedby
mature osteoblasts and chondro-
cytes (33, 34). Basal transcriptional
factors may regulate Runx2 gene
expression via Tgf-� signaling to
promote the initiation of osteogenic
differentiation. Thus, basal tran-
scriptional factors have multifunc-
tional physiological roles in CNCC-
mediated osteoprogenitor cells that
include regulation of cell prolifera-
tion, osteogenic fate determination,
and differentiation, and Taf1 and
Taf4b work synergistically during
intramembranous bone develop-
ment following regulation by Tgf-�
signaling (supplemental Fig. S4B).

DISCUSSION

We investigated CNCC-derived
intramembranous bone formation
and the downstream targets of the
Tgf-� signaling using Tgfbr2fl/fl;
Wnt1-Cre mice. The proliferation
period of osteoprogenitor cells de-
rived from Tgfbr2fl/fl;Wnt1-Cre
mice is shorter than that ofwild type
mice. The consequence of the de-
creased proliferation term is the
early onset of osteogenic differenti-
ation. Thus, the decreased size of
the maxilla in Tgfbr2fl/fl;Wnt1-Cre

FIGURE 4. Osteoprogenitor cell-specific expression of Taf4b in mouse embryos and reduced Taf4b
expression in the maxillary process of Tgfbr2fl/fl;Wnt1-Cre mice. A and B, quantitative RT-PCR analyses
of indicated genes in the maxilla of Tgfbr2fl/fl (open columns) and Tgfbr2fl/fl;Wnt1-Cre (closed columns) mice
at E11.5 (A) and E12.5 (B). Wt, wild type. C–H, whole-mount in situ hybridization of Taf4b in Tgfbr2fl/fl and
Tgfbr2fl/fl;Wnt1-Cre mice at E10.5, E11.5, and E12.5. Taf4b mRNA was strongly expressed in the maxilla and
limb and weakly expressed in the mandible and frontal primordia. mx, maxillary process; md, mandibular
process. I–P, in situ hybridization of Taf4b mRNA in sections of Tgfbr2fl/fl and Tgfbr2fl/fl;Wnt1-Cre mice at
E14.5. Taf4b was strongly expressed by osteoprogenitor cells in the skull, frontal bone, mandible, and
maxilla of wild-type mice, whereas the gene expression of Taf4b was significantly reduced in Tgfbr2fl/fl;
Wnt1-Cre mice. Boxed areas in I and L are magnified in J and M, respectively. Wild-type maxilla of each
developmental stage is shown in O and P. Arrowheads point to expression of Taf4b mRNA. Open arrow-
heads indicate areas negative for Taf4b expression. Tg is tongue. Q, quantitative RT-PCR analyses of Taf4b
from E14.5 skull, mandible (Mand), and maxilla (Max) of Tgfbr2fl/fl (open columns) and Tgfbr2fl/fl;Wnt1-Cre
(closed columns) mice. *, p � 0.05. R–T, Tgf-�2 or bovine serum albumin (BSA) bead implantation experi-
ment in maxillas from Tgfbr2fl/fl (S) and Tgfbr2fl/fl;Wnt1-Cre (T) mice at E13.5. R is a schematic diagram of
the experiment design. Arrowheads indicate the expression of Taf4b mRNA detected by whole-mount in
situ hybridization. Dotted line outlines the edge of palates. U, immunoblotting analysis of Taf1 in Tgfbr2fl/fl

and Tgfbr2fl/fl;Wnt1-Cre maxilla at E12.5, E13.5, and E14.5. Data shown are representative of three separate
experiments. V, plot shows the ratios between Taf1 and GAPDH after quantitative densitometry of immu-
noblotting data in U. *, p � 0.05. Tgfbr2fl/fl (white bars) and Tgfbr2fl/fl;Wnt1-Cre (black bars). W and X,
immunohistochemical staining of Taf1 in sections of Tgfbr2fl/fl (W) and Tgfbr2fl/fl;Wnt1-Cre (X) mice at E14.0.
Taf1 expression was significantly reduced in Tgfbr2fl/fl;Wnt1-Cre mice. Arrows point to expression of Taf1.
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mice results from a decreased number of osteoprogenitor cells
(supplemental Fig. S4A). The expression of FoxO4 and Runx2
was increased inTgfbr2fl/fl;Wnt1-Cremaxilla at E13.5 but not at
E11.5 and E12.5 (supplemental Fig. S2). Moreover, after we
reduced expression ofTaf4b andTaf1 in primaryMEMMcells,
we found similar changes in the expression of FoxO4 and Runx2,
consistentwith a role for these basal transcriptional factors in reg-

ulating osteogenic gene expression.
Our results suggest that Tgf-� sig-
naling regulates the expression of
basal transcriptional factors in a
time- and tissue-dependentmanner
(supplemental Fig. S4B).

A previous study indicated that
Taf4b mediates Tgf-� signaling
more efficiently than Taf4 (9). Taf4
is ubiquitously expressed, whereas
Taf4b is expressed in a tissue- and
cell type-specific manner (30, 31).
Taf4 knock-out mice have prema-
ture mortality at E9.5 (9); however
Taf4b knock-out mice show no
visible phenotype except defects
in gonad tissue (31). Taf4b-TFIID
and Taf4-TFIID may utilize simi-
lar mechanisms to activate gene
expression in the Tgf-� signaling
cascade, but Taf4 can apparently
compensate for the loss of Taf4b
function and not vice versa. In this
study, we found that Taf1 was
down-regulated in Tgfbr2fl/fl;Wnt1-
Cre maxilla at E12.5. Mutations in
Taf1 result in decreased cell prolif-
eration in vitro (35, 36). Future stud-
ies of Taf1/Taf4b double heterozy-
gousmutantmicemay demonstrate
that they recapitulate the phenotype
of Tgfbr2fl/fl;Wnt1-Cre mice. This
finding underlines the importance
of the stoichiometry of the Taf1/
Taf4b subunits in regulating in-
tramembranous ossification.
CNCC-derived mesenchymal cells

progress through osteogenic prolif-
eration and then commit to the
transition from preosteoblastic pro-
genitors to osteoblasts.Osteopontin
and osteocalcin were up-regulated
in Tgfbr2fl/fl;Wnt1-Cremice at E13.5.
The promoter region of Taf4b has a
putative Tgf-�-response element
from �293 to �284 bp, osteocalcin
motif from �521 to �513 bp, and
osteopontin-response element from
�149 to �135 bp, consistent with
our hypothesis that gene expression
of Taf4b is regulated by Tgf-� sig-

naling directly and/or indirectly. Furthermore, osteogenic
inducers may also provide feedback to Taf4b transcriptional
regulation. Our study demonstrates that Tgf-�-regulated
Taf4b gene expression is a tightly controlled process during
intramembranous maxillary bone formation.
Bone formation requires a cascade of transcriptional events

to control the spatial and temporal expression of osteoblast-

FIGURE 5. Osteogenic progenitor cell proliferation and differentiation in primary MEMM cells after
siRNA knockdown of Taf1 and Taf4b. A, Taf4b and Taf1 mRNA expression in primary MEMM cells isolated
from wild-type maxilla after a 24-h treatment with Taf4b, Taf1, or Taf4b and Taf1 (double) siRNA. *, p � 0.05.
Antisense siRNA treatment was used as control. Graph shows quantitative densitometry analysis of gel elec-
trophoresis data. Data shown are representative of three separate experiments. Quantitative RT-PCR of Taf4b
and Taf1 was performed at 3 and 14 days during siRNA treatment. B, cell proliferation was assayed by cell
number after siRNA treatment of MEMM cells at 24, 48, and 72 h. Cell culture was started at 5 � 103 cells (0 h).
Data are the mean values from three independent experiments. *, p � 0.05; **, p � 0.01. C, quantitative RT-PCR
of indicated genes after siRNA treatment. *, p � 0.05. D, alkaline phosphatase enzyme activities measured by
�-galactosidase assay following siRNA treatments and 2 weeks culture in osteogenic induction medium. Data
are expressed as ratio of absorbance at 405 nm after alkaline phosphatase staining compared with control
siRNA. Alkaline phosphatase enzyme activity indicates osteogenic cell differentiation. Data are the mean val-
ues from three independent experiments. *, p � 0.05. E, mRNA expression of indicated genes after siRNA
treatments. Data shown are representative of three separate experiments. Graph shows quantitative densi-
tometry analysis of gel electrophoresis data. F, quantitation of Runx2 mRNA level by real time RT-PCR after
siRNA treatment. *, p � 0.05.
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specific genes. Our findings show that Tgf-� signaling regulates
cell proliferation and osteogenic initiation via basal transcrip-
tional factors in osteoprogenitor cells. Tgf-�-mediated basal
transcriptional factors appear to exert their functional specific-
ity by controlling downstream target genes. Variations of the
Taf(s) complex may contribute to the multifunctional role of
Tgf-� signaling during embryogenesis. Thus, the interactions
between Tgf-� signaling and basal transcriptional factors have
a crucial function in regulating osteogenic cell proliferation and
differentiation during intramembranous bone formation.
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