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Our previous studies have demonstrated that nuclear factor
I-C (NFI-C) null mice developed short molar roots that contain
aberrant odontoblasts and abnormal dentin formation. Based
on these findings, we performed studies to elucidate the func-
tion of NFI-C in odontoblasts. Initial studies demonstrated that
aberrant odontoblasts become dissociated and trapped in an
osteodentin-like mineralized tissue. Abnormal odontoblasts
exhibit strong bone sialoprotein expression but a decreased
level of dentin sialophosphoprotein expression when compared
withwild type odontoblasts. Loss ofNfic results in an increase in
p-Smad2/3 expression in aberrant odontoblasts and pulp cells
in the subodontoblastic layer in vivo andprimary pulp cells from
Nfic-deficient mice in vitro. Cell proliferation analysis of both
cervical loop and ectomesenchymal cells of the Nfic-deficient
mice revealed significantly decreased proliferative activity com-
pared with wild type mice. In addition, Nfic-deficient primary
pulp cells showed increased expression of p21 and p16 but
decreased expression of cyclin D1 and cyclin B1, strongly sug-
gesting cell growth arrest caused by a lack ofNfic activity. Anal-
ysis of the pulp and abnormal dentin in Nfic-deficient mice
revealed an increase in apoptotic activity. Further, Nfic-defi-
cient primary pulp cells exhibited an increase in caspase-8 and
-3 activation, whereas the cleaved form of Bid was hardly
detected. These results indicate that the loss ofNfic leads to the
suppression of odontogenic cell proliferation and differentia-
tion and induces apoptosis of aberrant odontoblasts during root
formation, thereby contributing to the formation of short roots.

Tooth development is a complex andwell coordinated devel-
opmental process that is achieved through a series of reciprocal
interactions between dental epithelium and neural crest-de-

rived ectomesenchyme (EM).2 The dental epithelium gives rise
to the outer and inner enamel epithelium from which amelo-
blasts differentiate, whereas EM cells differentiate into odonto-
blasts. The critical roles of several transcription factors and
growth factors in crown formation have been well documented
(1, 2). After completion of crown formation, the inner and outer
enamel epithelial cells proliferate and formHertwig’s epithelial
root sheath that plays a key role in root formation. It is believed,
based on information derived from crown development, that
Hertwig’s epithelial root sheath induces the differentiation of
EM cells from the radicular pulp area into odontoblasts that are
responsible for root dentin formation. However, the molecular
mechanisms responsible for root development are not well
understood (3–5).
The nuclear factor I (NFI) family of transcription/replication

factors was first discovered as a family of proteins required for
the replication of adenovirus DNA in vitro (6). The NFI gene
family encodes site-specific transcription factors essential for
the development of a number of organ systems (7). There are
four NFI gene family members in vertebrates (Nfia, Nfib, Nfic,
andNfix) and a singleNFI gene inDrosophilamelanogaster and
Caenorhabditis elegans (Nfi-1) (7, 8). The consequences of indi-
vidual gene disruptions in mice of each of the four Nfi genes
have been reported.Nfia-deficientmice exhibit defects in brain
development (9), whereas Nfib-deficient mice show defects in
lungmaturation and brain development (10, 11).Nfix-deficient
mice reveal defects in brain and skeleton development (12).
Interestingly, Nfic-deficient mice demonstrate normal molar
crown formation but aberrant odontoblast differentiation dur-
ing root formation as well as short root formation and severe
incisor defects (13). However, the exact roles of NFI-C in root
formation remain unknown.
Transforming growth factor (TGF)-�, a prominent member

of the TGF-� superfamily of ligands including TGF-�s,
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activins, and bone morphogenetic proteins, regulates a broad
spectrum of biological responses in a variety of cell types (14,
15). The exposure of cells to TGF-�1 can trigger a variety of
cellular responses including cell growth arrest, differentiation,
and apoptosis (16, 17). Upon binding of TGF-�1 to the TGF-�
receptor II, the TGF-� receptor I (TGF�-RI) is recruited and
phosphorylated. The activated TGF�-RI then phosphorylates
Smad2 and Smad3 and forms a complex with a common part-
ner, Smad4, which translocates into the nucleus to act as a tran-
scriptional regulator (18). During mouse tooth development,
TGF-�1 has been implicated as a key mediator in odontoblast
differentiation and dentin mineralization (19). Interestingly,
conditional overexpression of TGF-�1 in mouse odontoblasts
under the control of the dentin sialophosphoprotein (DSPP)
promoter revealed the same phenotypic changes as seen in
Nfic-deficient mice. These include the presence of aberrant
odontoblasts and their entrapment in abnormal dentin (20).
Further, treatment with TGF-�1 of immortalized preodonto-
blastic MDPC-23 cells derived from a mouse molar dental
papilla (21, 22) induced the expression of Smad2, Smad3,
Smad4, and apoptosis (23).
In the present study, we sought to determine whether odon-

toblasts change phenotypically into osteoblasts in Nfic-defi-
cient mice. Further, we investigated whether disruption of the
Nfic gene causes cell growth arrest and apoptosis of odonto-
blasts. Finally, we determined themolecularmechanism for cell
growth arrest of odontogenic cells and apoptosis in Nfic-defi-
cient odontoblasts.

EXPERIMENTAL PROCEDURES

Antibodies—Antisera against NFI-C, DSP, and BSP (24) were
produced by immunization of rabbit with the synthetic pep-
tides NH2-RPTRPLQTVPLWD-COOH (amino acid residues
427�439 of NFI-C), NH2-GNKSIITKESGKLSGS-COOH
(amino acid residues 372�387 of DSP), and NH2-RRIKAED-
SEENGVFKYR-COOH (amino acid residues 24�40 of BSP).
Mouse monoclonal anti-cyclin D1 (antibody 2926) and rabbit
polyclonal anti-p16 (antibody 4824) were purchased from Cell
Signaling Technology. All other antibodies, against TGF�-RI
(sc-398), p-Smad2/3 (sc-11769), p21 (sc-6246), cyclin B1 (sc-
752), caspase-8 (sc-7890), caspase-3 (sc-7148), Bid (sc-11423),
and cIAP1/2 (sc-12410) were purchased from Santa Cruz
Biotechnology.
Plasmid Constructs—RNAi NFIC plasmid (pLKO.1-NFIC

small hairpin RNA) and control plasmid (pLKO.1) were pur-
chased from Open Biosystems. pCH-NFIC expression plasmid
was provided by Dr. R. M. Gronostajski (State University of
New York at Buffalo, Buffalo, NY). Full-length Samd2 and
Smad3 expression plasmid and a BSP promoter (pGL3LUC-
2478��60) plasmid were kind gifts from Dr. H.-M. Ryoo
(Department of Cell and Developmental Biology, School of
Dentistry and Dental Research Institute, Seoul National Uni-
versity, Seoul, Korea). The DSPP promoter (pGL3LUC-
791��54) plasmid was a kind gift fromDr.W.-X. He (Depart-
ment of Operative Dentistry, Qin Du Stomatological, Xian,
China).
Tissue Preparation and Immunohistochemistry—Tissue

preparation and immunohistochemistry were performed as

described previously (25). Briefly, the mice were cardiac-per-
fused with 4% paraformaldehyde-phosphate-buffered saline
(PBS), their heads were removed, and then they were decalci-
fied in a 10% EDTA (pH 7.4) solution at 4 °C and processed for
embedding in paraffin. The deparaffinized sections were
immersed in 0.6% H2O2/methanol for 20 min to quench the
endogenous peroxidase activity. They were then preincubated
with 1% bovine serum albumin in PBS for 30min and incubated
overnight at 4 °C with rabbit polyclonal DSP, BSP (1:100), or
p-Smad2/3 (1:200; Santa Cruz Biotechnology) antibodies. Sec-
tions were incubated for 1 h at room temperature with the
secondary antibody and reacted with avidin-biotin-peroxidase
complex (Vector Laboratories) in PBS for 30 min. After color
development with 0.05% 3,3�-diaminobenzidine tetrahydro-
chloride (Vector Laboratories), the sections were counter-
stained with hematoxylin.
Primary Pulp Cell Culture—The mandibles were removed

from 17-day-old (P17) wild type and Nfic-deficient mice, and
primary cell culture was conducted as described before (26).
Briefly, after the incisors were dissected out, they were cracked
longitudinally using a 27-gauge needle on a 1-ml syringe. The
pulp tissues were removed gently with forceps, cut into several
pieces, and placed on 60-mm culture dishes (Nunc). The
explants were weighed down with a sterile cover glass and cul-
tured in Dulbecco’s modified Eagle’s medium (Invitrogen) sup-
plemented with 100 IU/ml penicillin, 100 IU/ml streptomycin
(Invitrogen), and 10% fetal bovine serum (Invitrogen). The cells
were cultured at 37 °C in a humidified atmosphere containing
5% CO2, and cells at passage 2 were used in the experiments.
BrdUrd Staining for Cell Proliferation—Proliferating cells

were detected immunohistochemically after intraperitoneal
injection of BrdUrd (50 mg/kg of body weight; Sigma-Aldrich).
Themicewere sacrificed at 4 h after BrdUrd injection, and their
heads were removed and processed for embedding in paraffin
as described above. BrdUrd-labeled cells in 5-�m-thick sec-
tions were then identified using a BrdUrd staining kit (Zymed
Laboratory) according to the manufacturer’s instructions and
counterstained with hematoxylin. The labeling indices for
BrdUrd-immunopositive cervical loop and EM cells were
obtained.
TUNELPODStaining—Apoptotic cells were detected in par-

affin sections using a terminal deoxynucleotidyl transferase-
mediated dUTP nick end labeling (TUNEL) kit (In Situ Cell
Death Detection Kit, POD) according to the manufacturer’s
instructions (Roche Applied Science). The endogenous perox-
idase within the tissue sections was inactivated by incubation
for 10min in 3%H2O2 before enzymatic labeling. TUNEL POD
staining was achieved by incubation with 3,3�-diaminobenzi-
dine tetrahydrochloride after enzymatic labeling, and sections
were counter-stained with methyl green.
Reverse Transcription (RT)-PCRandReal TimePCRAnalysis—

Total RNA was extracted from the primary pulp cells with
TRIzol� reagent according to the manufacturer’s instructions
(Invitrogen). Total RNA (2 �g) was subjected to reverse tran-
scription with 0.5 �g of oligo(dT) and 1 �l (50 IU) of Super-
script III enzyme (Invitrogen) in a 20-�l reaction mixture at
50 °C for 1 h. The resulting mixture was amplified by PCR. One
microliter of the reverse transcription product was subjected to
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PCR using the following cycling conditions: 94 °C for 0.5 min;
55 °C for 0.5min; and 72 °C for 1min for 32 cycles. The forward
and reverse primers were as follows: 5�-GAC CTG TAC CTG
GCC TAC TTT G-3� and 5�-TTT CCA CCA AAA ATG CAG
GCTGG-3� forNFI-C and 5�-ATGTGGAAATGGATACTG
AC-3� and 5�-CTATGTTTGGATCGTCATGG-3� for Fgf10.
As the quantitative control, glyceraldehyde-3-phosphate dehy-
drogenase PCR (forward 5�-ACC ACA GTC CAT GCC ATC
AC-3� and reverse 5�-TCC ACC ACC CTG TTG CTG T-3�)
was also performed for 20 or 25 cycles using the same cycle
profile as used for NFI-C. The PCR products were electro-
phoresed on a 1.2% agarose gel, stainedwith ethidiumbromide,
and visualized under UV light.
For real time PCR, specific primers for NFIC, DSPP, BSP,

DMP1, nestin, osteocalcin, collagen type I, TGF-�1, TGF-�3,
and HPRT were synthesized as listed in Table 1. Real time PCR
was performed on an ABI PRISM 7500 sequence detection sys-
tem with SYBR GREEN PCRMaster Mix (Applied Biosystems)
according to the manufacturer’s instructions. The PCR condi-
tions were 94 °C for 1 min followed by 95 °C for 15 s and 62 °C
for 34 s for 40 cycles. All of the reactions were run in triplicate
and were normalized to the housekeeping gene HPRT. The
evaluation of relative difference of PCR results was calculated
by using the comparative cycle threshold (CT) method.
MTT Assay for Cell Proliferation—The proliferation of pri-

mary pulp cells was evaluated using the MTT assay. Primary
pulp cells were seeded on 48-well plates at a density of 5 � 103
cells/well and cultured. After washing with PBS, 50 �l of MTT
(5mg/ml) was added to eachwell and incubated for 4 h at 37 °C.
After removing the MTT solution, the converted dye was dis-

solved in Me2SO and measured by reading the absorbance at a
wavelength of 540 nmwith a microplate reader (Multiskan EX;
Thermo Electron corporation). Triplicate samples were ana-
lyzed from three independent experiments.
MDPC-23 Cell Culture—MDPC-23 cells (a generous gift

fromDrs. C. T. Hanks and J. E. Nör, School of DentalMedicine,
University of Michigan, MI) were grown and maintained in
Dulbecco’s modified Eagle’s medium (Invitrogen) supple-
mented with 10% fetal bovine serum (Invitrogen) and antibiot-
ics (penicillin G, 100 units/ml; streptomycin, 100 �g/ml; and
fungizone, 2.5 �g/ml; Invitrogen) at 5% CO2 in a 37 °C
incubator.
Luciferase Assay—MDPC-23 cells were seeded in a 24-well

plate at a density of 1 � 105 cells/well. After 24 h, the cells were
transfected with the Lipofectamine PlusTM reagent (Invitro-
gen) according to the manufacturer’s instructions. For each
transfection, 0.4 �g of the luciferase reporter plasmid, and
where indicated, 0.4�g of the expression vector were used. The
vectors were pGL3basic, pLKO.1 (control), RNAi NFIC (si
NFIC), pCH-NFI-C (NFIC-over), Smad2, and Smad3 expres-
sion plasmid. The cells were also incubated for 48 h with 10
ng/ml of TGF-�1 (R & D Systems). After 48 h of transfection,
the cells were lysed for luciferase activity assessment using the
luciferase reporter gene assay system (Roche Applied Science)
according to the manufacturer’s instructions. The measure-
ments were performed with a luminometer (FLUOStar OPTI-
MA; BMC Laboratory).
Flow Cytometric Analysis for DNA Content—MDPC-23 cells

were transiently transfected with the Lipofectamine PlusTM
reagent in Opti-MEM (Invitrogen) containing 2 �g of the con-
trol vector (pLKO.1 control) or RNAi NFIC plasmid (pLKO.1-
NFIC small hairpin RNA). Transfections were performed
according to themanufacturer’s instructions. The cell cyclewas
analyzed by flow cytometric quantification of the DNA con-
tents after propidium iodide staining. After 72 h, the cells were
trypsinized, washed in PBS, and fixed in 70% ethanol. For cell
cycle analysis, the cells were suspended in PBS containing pro-
pidium iodide (10 �g/ml) and RNase A (2 �g /ml) for 30 min at
room temperature and analyzed by FACScalibur flow cytom-
etry (BD Bioscience, San Jose, CA).
Western Blot Analysis—To prepare whole cell extracts, the

cells were washed three times with PBS, scraped into 1.5-ml
tubes, and pelleted by centrifugation at 1,000 � g for 5 min at
4 °C. After removal of the supernatant, the pellet was resus-
pended in lysis buffer (100 mM Tris, pH 7.4, 350 mMNaCl, 10%
glycerol, 1%Nonidet P-40, 1mMEDTA, 1mMdithiothreitol, 10
�g/ml aprotinin, 10 �g/ml leupeptin, and 10 �g/ml pepstatin)
and incubated for 15 min on ice. Cell debris was removed by
centrifugation at 16,000� g for 15min at 4 °C. The proteins (30
�g) were separated by 10% SDS-PAGE and transferred onto a
nitrocellulose membrane (Schleicher & Schuell). The mem-
branes were blocked for 1 h with 5% nonfat dry milk in PBS
containing 0.1% Tween 20 (PBS-T), washed with the PBS-T,
and incubated overnight with primary antibody diluted in
PBS-T buffer (1:1000) at 4 °C. After washing, the membranes
were then incubated with anti-mouse, -rabbit, or -goat IgG-
conjugated horseradish peroxidase (Santa Cruz Biotechnology)
for 1 h. Labeled protein bands were detected using an enhanced

TABLE 1
Nucleotide sequences of real time PCR primer pairs

Gene Primer (5�3 3�)
NFIC
Forward GACCTGTACCTGGCCTACTTTG
Reverse CACACCTGACGTGACAAAGCTC

DSPP
Forward ATTCCGGTTCCCCAGTTAGTA
Reverse CTGTTGCTAGTGGTGCTGTT

BSP
Forward CAGGGAGGCAGTGACTCTTC
Reverse AGTGTGGAAAGTGTGGCGTT

DMP1
Forward CATTCTCCTTGTGTTCCTTTGGG
Reverse TGTGGTCACTATTTGCCTGTG

Nestin
Forward CCCTGAAGTCGAGGAGCTG
Reverse CTGCTGCACCTCTAAGCGA

OC
Forward CTGACAAAGCCTTCATGTCCAA
Reverse GCGCCGGAGTCTGTTCACTA

Collagen type I
Forward GCTCCTCTTAGGGGCCACT
Reverse CCACGTCTCACCATTGGGG

TGF-�1
Forward CTCCCGTGGCTTCTAGTGC
Reverse GCCTTAGTTTGGACAGGATCTG

TGF-�3
Forward CCTGGCCCTGCTGAACTTG
Reverse TTGATGTGGCCGAAGTCCAAC

HPRT
Forward CCTAAGATGAGCGCAAGTTGAA
Reverse CCACAGGGACTAGAACACCTGCTA
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FIGURE 1. Light micrographs showing cross-sections of P10 incisors from wild type (WT) and Nfic-deficient (Nfic KO) mice. A, a wild type incisor showing
a circular ring of dentin and odontoblasts that line the inner surface of dentin. B, an Nfic-deficient incisor showing an open area (*) caused by the lack of dentin
formation caused by abnormal odontoblasts. Note thick osteodentin-like mineralized tissue that contains numerous trapped cells (arrowheads) (hematoxylin
and eosin-stained, A and B). Immunohistochemical localization of DSP (C and D) and BSP (E and F) in wild type and Nfic-deficient incisors is shown. C, DSP is
strongly expressed in wild type odontoblasts. D, DSP is weakly detected in abnormal odontoblasts that are trapped in osteodentin-like mineralized tissue as
well as those lining the inner osteodentin-like mineralized tissue (arrowheads). E, BSP is localized primarily in the cementum (arrowheads) along the dentin
surface and alveolar bone in wild type incisors. F, BSP is observed in cementum (arrowheads) along the dentin surface, newly formed osteodentin-like
mineralized tissue (*), and areas occupied by abnormal odontoblasts (arrows) in Nfic-deficient incisors. Am, ameloblasts; E, enamel; D, dentin; O, odontoblasts;
OD, osteodentin-like mineralized tissue; P, pulp; B, bone. Scale bars, A, C, and E, 100 �m; B, 50 �m; D and F, 20 �m.
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chemiluminescence system (Amersham Biosciences), and the
bands were measured by densitometric analysis of autoradio-
graph films.
Statistical Analysis—The data were analyzed for statistical

significance using a nonparametric Mann-Whitney test.

RESULTS

Histological Analysis of Teeth from Nfic-deficient Mice—To
determine whether disruption of the Nfic gene causes the phe-
notypic change of odontoblasts into osteoblasts, we performed

lightmicroscopic analysis ofmorphological changes during EM
cell differentiation into odontoblast in wild type and Nfic-defi-
cientmice incisors. A cross-section of an incisor fromwild type
mice showed the presence of circular dentin and odontoblasts
that form a layer lining the periphery of the pulp (Fig. 1A).
However, an incisor fromNfic-deficient mice revealed an open
area of the dentin caused by the lack of dentin formation. EM
cells of Nfic-deficient mice incisors failed to differentiate into
normal odontoblasts. These abnormal odontoblasts were
round in shape, andmany of the cells were trapped in osteoden-

FIGURE 2. Real time PCR and promoter activity analysis. Expression of dentin and bone matrix genes (A), TGF-�1, and TGF-�3 (B) was analyzed by real time
PCR in primary pulp cells. DSPP (C) and BSP (D) promoter activity measured in MDPC-23 cells. The cells were co-transfected with 0.4 �g of pGL3LUC-791��54
(DSPP promoter) or pGL3LUC-2744��60 (BSP promoter) and pGL3basic, RNAi NFIC (si NFIC), pCH-NFIC (NFIC over), Smad 2, Smad 3 expression vector, or empty
expression vector (pLKO.1, control). The cells were also incubated for 48 h with 10 ng/ml of TGF-�1. After 48 h of the transfection, promoter activity determined
as luciferase light units/protein as expressed as fold activation compared with control activity (co-transfection of empty expression vector) means � S.D. of
three separated experiments. NFIC protein level (lower panel) was detected by Western blot 72 h post-transfection as in the upper panel. An asterisk denotes
values significantly different from control by a nonparametric Mann-Whitney test (p � 0.01). COL, collagen type I. WT, wild type.
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tin-like mineralized tissue and therefore resembled osteocytes
(Fig. 1B). Osteodentin contains abnormal odontoblasts with a
round shape, no odontoblastic processes, and no polarity.With
continuous deposition of matrix, they become trapped and
form atubular abnormal dentin because it resembles bone in
overall morphology (27).
If a phenotypic change from odontoblasts into osteoblasts

occurs as a result of the loss ofNfic, the abnormal odontoblast-
like cells are expected to be looser or have a decreased ability to
express the odontoblast-specific gene, DSPP. To test this
hypothesis, we performed immunohistochemical analysis of
DSP expression in Nfic-deficient mice incisors. DSP is a prod-
uct of DSPP gene (28). Wild type odontoblasts demonstrate
strong DSP protein expression (Fig. 1C), whereas abnormal
odontoblasts exhibited a decreased level of DSP protein expres-

sion (Fig. 1D). This loss of the odon-
toblast-specific DSP protein sug-
gests an aberrant differentiation
state of the embedded cell.
If the aberrant embedded cells

resemble osteoblasts, they would be
expected to express the osteoblast-
specific gene BSP (29). To deter-
mine whether the mineralized
tissue formed by abnormal odon-
toblasts in Nfic-deficient mice con-
tains BSP, cross-sections of the
incisors fromwild type andNfic-de-
ficient mice were prepared to
compare the immunohistochemical
localization of BSP. In wild type
incisors, BSP expression was
restricted to a thin layer of cemen-
tum that covers the dentin but is
absent within the dentin (Fig. 1E),
which is in agreement with a recent
finding that cementoblasts in the
normal developing roots express
BSP mRNA, whereas odontoblasts
do not (25). In contrast, strong BSP
expression was observed not only in
the newly formedmineralized tissue
formed by aberrant odontoblasts
within Nfic-deficient mice incisors
but also in the areas where abnor-
mal odontoblasts were located
(Fig. 1F).
Effect of Loss of Nfic onDentin and

Bone Matrix Gene Expression in
Vitro—Dentin and bone matrix
gene expression was analyzed by real
time PCR in primary pulp cells from
wild type and Nfic-deficient incisors.
DSPP, DMP1, nestin, osteocalcin,
and collagen type I expression was
decreased in the Nfic-deficient pri-
mary pulp cells compared with wild
type cells (Fig. 2A). However, BSP

expression was increased inNfic-deficient primary pulp cells
(Fig. 2A). Additionally, TGF-�1 and TGF-�3 were also up-
regulated in the Nfic-deficient primary pulp cells (Fig. 2B). A
previous study has demonstrated that TGF-�1 down-regu-
lates DMP-1 and DSPP genes in odontoblasts (30). Interest-
ingly, a Runx2 transgenic mice study has demonstrated that
Runx2 inhibits the terminal differentiation of odontoblasts
and that Runx2 induces transdifferentiation of odontoblasts
into osteoblasts forming a bone-like structure (31). Collagen
type I and DSPP expression was down-regulated, and nestin
and osteocalcin expression was severely decreased in the
odontoblasts of Runx2 transgenic mice as seen in Nfic-defi-
cient mice. These findings suggest that odontoblasts in
Runx2 transgenic andNfic-deficient mice lost the phenotype
of odontoblasts and acquired those of osteoblasts.

FIGURE 3. Expression of p-Smad2/3 and TGF�-RI. Expression of p-Smad2/3 in P17 incisors from the wild type
and Nfic-deficient mice was analyzed by immunohistochemistry. p-Smad2/3 was expressed strongly in the
incisors of Nfic-deficient mice (B and D) compared with wild type mice (A and C). E, evaluation of TGF�-RI,
p-Smad2/3, and Nfic protein expression. Whole cell lysates were purified from primary pulp cells and separated
by SDS-PAGE. Western blot analysis was carried out using anti-NFI-C, anti-TGF�-RI, and anti-p-Smad2/3 anti-
bodies and normalized to glyceraldehyde-3-phosphate dehydrogenase as an internal control. F, bands were
measured by densitometric analysis of autoradiograph films. An asterisk denotes values significantly different
between two groups (p � 0.05). C and D are higher magnifications of A and B, respectively. A sagittal section is
shown. Am, ameloblasts; E, enamel; D, dentin; O, odontoblasts; OD, osteodentin-like mineralized tissue; P, pulp.
Scale bars, A and B, 50 �m; C and D, 20 �m.
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DSPP and BSP Promoter Activity—TGF-�1 is known to
down-regulate DSPP expression (32), whereas it up-regulates
BSP expression (33). Therefore, to determine whether disrup-

tion of Nfic gene down-regulates
DSPP and up-regulates BSP expres-
sion because of the up-regulation of
TGF-�1, we measured DSPP and
BSP promoter activity in MDPC-23
cells. As expected, DSPP promoter
activity decreased upon TGF-�1
treatment, as well as when Smad2
and Smad3 were overexpressed
compared with untreated cells.
Overexpression of Nfic also led to a
decrease in DSPP promoter activity
(Fig. 2C). Furthermore, BSP pro-
moter activity increased following
small interfering RNA inactivation
of Nfic, TGF-�1 treatment, or over-
expression of Smad2 compared
with untreated cells, whereas over-
expression ofNfic and Smad3 led to
a decrease in BSP promoter activity
(Fig. 2D).
Expression of TGF�-RI and p-

Smad2/3—To understand the
mechanism by which the loss of
Nfic causes short root formation,
the expression of p-Smad2/3 was
investigated using immunohisto-
chemistry. Although p-Smad2/3
was barely detected in cells
extracted from the incisors of wild
type mice (Fig. 3, A and C), it was
strongly detected in incisors from
Nfic-deficient mice (Fig. 3, B and
D). Similar results were also found
in the molars from wild type and
Nfic-deficient mice (data not
shown).
To confirm these findings, the

expression of the TGF�-RI and
p-Smad2/3 was examined in pri-
mary pulp cell cultures from wild
type as well as Nfic-deficient mice.
Western blot analysis revealed a
dramatic increase in the expression
of TGF�-RI and p-Smad2/3 in the
Nfic-deficient primary pulp cells
compared with that of wild type
(Fig. 3, E and F).
Cell Proliferation Activity—To

determine whether the formation of
short roots in Nfic-deficient mice is
the result of decreased cell prolifer-
ation of cervical loop and EM cells,
cell proliferation was assessed and
compared between wild type and

Nfic-deficient mice using BrdUrd labeling. The number of
BrdUrd-labeled cervical loop and EM cells in the incisors of
wild type mice (Fig. 4, A and C) was much higher than that in

FIGURE 4. Proliferation activity was lower in Nfic-deficient mice. Proliferation activity was analyzed by
measuring BrdUrd incorporation in the P10 incisors of wild type (A and C) and Nfic-deficient mice (B and D).
E, quantification of BrdUrd-labeled cells in the cervical loop and EM cells in the incisors of wild type and
Nfic-deficient mice. The total number of BrdUrd-positive cells was lower in the cervical loop and EM cells
of Nfic-deficient mice. F, Fgf10 mRNA expression in primary pulp cells was analyzed by RT-PCR. G, bands
were measured by densitometric analysis. The data are presented as the means � S.D. *, p � 0.05. C and
D are higher magnifications of boxed A and B, respectively. A sagittal section is shown. Am, ameloblasts; O,
odontoblasts; P, pulp; EM, ectomesenchyme. Scale bars, A and B, 50 �m; C and D, 20 �m.
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Nfic-deficient mice (Fig. 4, B andD) and was reduced by 2.5–5-
fold in the Nfic-deficient mice (Fig. 4E).
Previously, it was reported that mouse incisor mesenchymal

cells express fibroblast growth factor 10 (FGF10). FGF10 is impor-
tant for the maintenance of the stem cell niche of the dental epi-
thelium and for the continuous growth of the mouse incisor
(34).We therefore examined expression of Fgf10 by RT-PCR in
primary pulp cells. Our data show that Fgf10 was significantly
decreased in Nfic-deficient primary pulp cells compared with
wild type (Fig. 4, F and G).

The influence of Nfic on cell proliferation was further inves-
tigated in vitro using the MTT assay. The proliferation rates of
Nfic-deficient primary pulp cells were found to be decreased by
13% compared with their wild type counterparts when cells
were cultured for up to 7 days (Fig. 5A).

The influence of Nfic on cell cycle control was analyzed by
examining the cellular DNA content using a flow cytometer

following propidium iodide staining of MDPC-23 cells. The
population of S phase cells in Nfic small interfering RNA-inac-
tivatedMDPC-23 cells was increased by 13.41% comparedwith
control cells, whereas the populations in the G1 and G2/M
phases decreased, indicating S phase arrest (Fig. 5B).
p21-induced Cell Growth Arrest in Nfic-deficient Primary

Pulp Cells—Cell cycle-related proteins and cyclin-dependent
kinase inhibitors are known to regulate cell proliferation (35).
To investigate whether any of these proteins are involved in the
cell growth arrest caused by the loss of Nfic, the expression of
p21, p16, cyclin D1, and cyclin B1 were examined in Nfic-defi-
cient primary pulp cells byWestern blot analysis.Nfic-deficient
primary pulp cells exhibited an increase in p21 as well as p16
expression and a decrease in cyclin D1 as well as cyclin B1
expression compared with wild type cells (Fig. 5, C and D).
Apoptosis of Pulp Cells in Nfic-deficient Mice—To examine

whether short root formation inNfic-deficientmice is due to an

FIGURE 5. Loss of Nfic prevented cell cycle progression caused by p21 overexpression in primary pulp cells. A, cell proliferation assay. Primary pulp cells
were seeded on 48-well plates at a density of 5 � 103 cells/well and cultured. Cell proliferation was evaluated by the MTT assay at 1, 3, 5, and 7 days. The data
were presented as the means � S.D. of three independent experiments (*, p � 0.05). B, flow cytometric analysis of cell growth arrest in MDPC-23 cells. MDPC-23
cells were transiently transfected with 2 �g of the control vector (pLKO.1 control) and RNAi NFIC plasmid (pLKO.1-NFIC small hairpin RNA) as described under
“Experimental Procedures.” After 72 h, the cells were harvested, fixed with 70% ethanol, and stained with propidium iodide. DNA content was determined by
flow cytometry. C, evaluation of p21, p16, cyclin D1, and cyclin B1 protein expression. Whole cell lysates were obtained from primary pulp cells and separated
by SDS-PAGE. Western blot analysis was carried out using anti-p21, anti-p16, anti-cyclin D1, and anti-cyclin B1 antibodies and normalized to glyceraldehyde-
3-phosphate dehydrogenase as an internal control. D, bands were measured by densitometric analysis of autoradiograph films (*, p � 0.05). WT, wild type.
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increase in apoptosis of pulp cells and odontoblasts during root
development, TUNEL POD staining in incisor histological sec-
tions from P17 wild type and Nfic-deficient mice was per-
formed. Compared with wild type mice (Fig. 6, A and C), Nfic-
deficientmice demonstrated an increase in apoptotic pulp cells,
preodontoblastic cells in the subodontoblastic layer, and aber-
rant odontoblasts trapped in abnormal dentin (Figs. 6,B andD).
Apoptosis was Induced by Caspase Activation in Primary

Pulp Cells of Nfic-deficient Mice—The expression of caspase-8
and -3, the central players of apoptosis, in Nfic-deficient pri-
mary pulp cells was examined by Western blot analysis. Both
the expression and level of cleavage of caspase-8, known as the
general initiator caspase, were higher in Nfic-deficient primary
pulp cells comparedwith that of wild type cells (Fig. 7,A andB).
Active caspase-8 can cleave and activate procaspase-3, which
leads to apoptosis. The level of caspase-3 expression was also
higher in Nfic-deficient primary pulp cells, and cleaved
caspase-3was detected inNfic-deficient primary pulp cells (Fig.
7, C and D).
We next examined the expression of Bid, a mitochondria-

related apoptosis effector that is cleaved by caspase-8 (36). The
level of Bid expression was equivalent between wild type and
Nfic-deficient primary pulp cells, and no Bid cleavage was
detected (Fig. 7, E and F). The anti-apoptotic Bcl-2 family,
including Bcl-2 and Bcl-XL, was also examined by RT-PCR and
Western blot analysis. The level ofBcl-XL remained unchanged,
but the level of Bcl-2 was higher in Nfic-deficient primary pulp

cells than wild type primary pulp
cells (data not shown). xIAP and
cIAP1/2 are direct caspase inhibi-
tors and are known to bind to and
inhibit activated caspase-3 and -7
and procaspase-9 (36).Western blot
analysis showed that the expression
level of cIAP1/2 was lower in Nfic-
deficient primary pulp cells than
controls (Fig. 7, E and F).

DISCUSSION

Wepreviously reported thatNfic-
deficient mice develop short roots
with aberrant odontoblasts that
exhibit unique morphological fea-
tures (29). Unlike wild type odonto-
blasts, they display a rounded shape
and lack the cellular polarization
and organization normally seen in
the odontoblast layer. Further,
aberrant odontoblasts become disso-
ciated and trapped in an osteodentin-
like mineralized tissue. Interestingly,
TGF-�1-overexpressing transgenic
mice develop distinct dentin defects
similar to those seen inNfic-deficient
mice (20). These transgenic animal
studies strongly suggest a functional
relationship betweenNfic and Smads
in odontoblast development. In the

present study,Nfic-deficient mice demonstrated a higher expres-
sion level of TGF�-RI and p-Smad2/3 than wild type mice. Fur-
thermore, Nfic-deficient mice showed a decrease in DSP expres-
sion but an increase in BSP expression. This increase in BSP
expression could indicate an altered differentiation state of the
odontoblasts, where they have begun to take on some attributes of
osteoblasts includingBSPexpression. Small interferingRNA inac-
tivation ofNfic also increased BSP promoter activity. In addition,
overexpression of Smad2 led to an up-regulation of BSP, whereas
overexpression of Smad3 led to the down-regulation of BSP in
MDPC-23 cells. It has previously been reported that Smad2 and
Smad3 may play distinct roles in mediating TGF-� signaling in
MDPC-23 cells (23). This led us to speculate that the increased
TGF-� signa1ing observed in Nfic-deficient mice may be a direct
result of the inactivationof theNfic and is responsible for the aber-
rant odontoblasts and short root formation inNfic-deficientmice.
This hypothesis is supported by a recent study that compared the
DNA-binding domains of Smads and NFI transcriptional fac-
tors (37). According to a sensitive PSI-Blast data base search,
these transcriptional factors share significant similarities in
their DNA-binding domains and may belong to a new super-
family of genes (38). The possible functional relationship
between these two transcriptional factors in odontoblasts
differentiation and functions during root formation is cur-
rently under investigation.
In the apical region of developing roots, both cervical loop

and EM cells actively proliferate, and thus their well coordi-

FIGURE 6. Loss of the Nfic increased apoptotic activity in primary pulp cells. TUNEL POD staining of P17
incisors from the wild type (WT, A and C) and Nfic-deficient mice (B and D). More TUNEL-positive cells were
detected in the aberrant odontoblasts of Nfic-deficient mice compared with wild type mice. Apoptotic cells
were detected in subodontoblastic cells (arrows) and were more numerous in the aberrant odontoblasts
(arrowheads) trapped in abnormal dentin of Nfic-deficient mice. C and D show higher magnifications of boxed
A and B, respectively. A cross-section is shown. Am, ameloblasts; E, enamel; D, dentin; O, odontoblasts; OD,
osteodentin-like mineralized tissue; P, pulp. Scale bars, 100 �m; B, 50 �m; C and D, 20 �m.
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nated cell proliferation plays a crucial role in normal root for-
mation (4). In particular, the EM cells adjacent to the cervical
loop differentiate into odontoblasts that are responsible for
root dentin formation. We found that Nfic-deficient mice had
less BrdUrd-positive cervical loop and EM cells in the apical
end of mandibular incisors than wild type mice. Previous stud-
ies showed that FGF10 plays a key role in the developing tooth
by stimulating proliferation and differentiation of cervical loop
stem cells (34, 39). It was reported that mouse incisors EM cells
express FGF10, whereas its receptor, FGFR2b, is expressed
throughout the cervical loop epithelium (34). In addition, the
cervical loop of Fgf-deficient mice showed a decreased in cell
proliferation. In the present study, Nfic-deficient primary pulp
cells were shown to express a decreased level of Fgf10 compared
with wild type cells. Recently, it has been reported that TGF-�1
down-regulates Fgf10 in the lung (40) and the prostate (41).
Likewise,Nfic-deficient primary pulp cells showed a decrease in
proliferation activity in vitrowhen comparedwith control cells.

p21 has been shown to plays a key
role in cell growth arrest at the G1/S
checkpoint by inhibiting the activity
of cyclin E/Cdk2, cyclin D1/Cdk4/6,
cyclin A/Cdk2, and, to a lesser
extent, cyclin B/Cdc2 (35). Further-
more, p16 inhibits cyclin D/Cdk4/6
thereby preventing the inactivation
of pRB (42). Interestingly, Nfic gene
inactivation led to an increase in the
expression of cell cycle inhibitors
such as p21 and p16, which is in
agreementwith a recent finding that
NFI is a key repressor of p21 tran-
scription (43). Further, TGF-� has
been shown to inhibit cell cycle pro-
gression partially through the up-reg-
ulation of expression of p21, p15, and
p27 cell cycle inhibitors (44). Smads
also play an important role in the reg-
ulation of p21 in HaCaT cells (45).
These findings suggest that the loss of
theNfic genemay decrease the prolif-
eration of cervical loop and EM cells
throughan increase inp21expression
and decrease in FGF10 expression in
EM cells and may contribute in part
to short root formation.
Apoptosis is an essential physio-

logical process that plays a critical
role in development and tissue
homeostasis (46). During tooth
development, apoptosis occurs at all
stages: early tooth morphogenesis
(47), amelogenesis (48), dentino-
genesis (49), and tooth eruption
(50). The specific temporospatial
appearance of apoptotic cells during
tooth development suggests its
important role in odontogenesis

(51). In the present study, the appearance of apoptotic cells was
evident in the subodontoblastic region of developing roots from
Nfic-deficient mice and more prominent in the area where
aberrant odontoblasts trapped in abnormal dentin are located.
However, little is known about the causes and signaling pathways
responsible for odontoblast apoptosis. Previous studies showed
that TGF-�1 induces apoptosis inMDPC-23 cells via a Smad-de-
pendent pathway (23). Our findings suggest that inactivation of
the Nfic leads to the up-regulation of TGF-�1 expression, which
thereby induces the expression of Smad 2/3 in odontogenic cells.
We therefore speculate that odontogenic cells in Nfic-deficient
mice may undergo apoptosis via Smad-dependent pathways,
resulting in short root formation.
Inhibitors of apoptosis (IAPs; cIAP1/2 and xIAP) are direct

caspase inhibitors that bind to and inhibit active caspase-3 and
-7, the key effectors of apoptosis (36). Recently, activated
caspase-3 was detected in the primary enamel knot of the field
vole (52), but little is known about the activation of other

FIGURE 7. Loss of Nfic induced apoptosis through the activation of caspases in primary pulp cells. Evalu-
ation of caspase-8 (A and B) and caspase-3 proteins (C and D) is shown. Evaluation of Bid and cIAP1/2 proteins
(E and F) is shown. Whole cell lysates were obtained from primary pulp cells and separated by SDS-PAGE.
Western blot analysis was carried out using anti-caspase-8, anti-caspase-3, anti-Bid, and anti-cIAP1/2 antibod-
ies. The bands were measured by densitometric analysis of autoradiograph films (B, D, and F) (*, p � 0.05).
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caspases such as caspase-8 and -9. In the present study, the
expression of caspase-8 and -3 was found to be increased,
whereas c-IAP1/2 was decreased in Nfic-deficient primary pulp
cells. It is known that the mitochondrial apoptotic pathway is ini-
tiated throughcaspase-8-mediatedBid cleavage (53), butwe could
not detect any cleaved form of Bid. However, even though the
expression of Bcl-XL, an anti-apoptotic member of the Bcl-2 fam-
ily, remained unchanged, the expression of Bcl-2 was increased in
Nfic-deficient primary pulp cells (data not shown). These findings
suggest that procaspase-3, which is cleaved directly by activated
caspase-8, but not by the mitochondrial apoptotic pathway, may
also be involved in apoptosis ofNfic-deficient primary pulp cells.
In the present study, wild type mice exhibited normal circular

dentin, butNfic-deficientmice contained abnormal dentin, osteo-
dentin. InNfic-deficientmice, the labial sideof an incisor exhibited
osteodentin, whereas the lingual side showed an open area of the
dentin because of the lack of dentin formation. Dentin is covered
by enamel andameloblast in the labial sideof an incisor,whereas it
is not covered in the lingual side. Interestingly, ameloblast-lineage
cell-conditionedmedia facilitated the differentiation andmineral-
ization of MDPC-23 cells compared with their control counter-
parts (data not shown). Ameloblast-lineage cell-conditioned
media also affected the expression of NFI-C during odontoblast
differentiation (data not shown). Therefore, these results suggest a
link between ameloblasts and odontoblasts during tooth develop-
ment, throughNFI-C. This speculation requires further investiga-
tion. In conclusion,NFI-C appears to play an important role in the
proliferation of odontogenic cells, their differentiation into odon-
toblasts, and odontoblasts survival during root formation. There-
fore, inactivation of the Nfic gene may result in short root
formation.
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