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Tooth development includes numerous cell divisions and cell-cell interactions generating the stem cell niche. After an indefinite
number of divisions, pluripotent cells differentiate into various types of cells. Nuclear factor I (NFI) transcription factors are
known as crucial regulators in various organ development and stem cell biology. Among its members, nuclear factor I-C (NFI-
C) has been reported to play an essential role in odontogenesis. Nfic knockout mice show malformation in all mineralized
tissues, but it remains unclear which stage of development Nfic is involved in. We previously reported that Nfic induces the
differentiation of ameloblast, odontoblast, and osteoblast. However, the question remains whether Nfic participates in the late
stage of development, perpetuating the proliferation of stem cells. This study aimed to elucidate the underlying mechanism of
NFI-C function in stem cells capable of forming hard tissues. Here, we demonstrate that Nfic regulates Sox2 and cell
proliferation in diverse mineralized tissue stem cells such as dental epithelial stem cells (DESCs), dental pulp stem cells, and
bone marrow stem cells, but not in fibroblasts. It was also involved in the expression of pluripotency genes Lin28 and
NANOG. Especially in DESCs, Nfic regulates the proliferation of epithelial cells via epithelial-mesenchymal interactions, which
are the Fgf8-Nfic-Sox2 pathway in epithelium and Nfic-Fgf10 in the mesenchyme. Moreover, Nfic slightly increased
reprogramming efficiency in induced pluripotent stem cells of mineralized tissues, but not in soft tissues. In conclusion, these
results suggest that Nfic is a crucial factor for maintaining the stem cell niche of mineralized tissues and provides a possibility
for Nfic as an additional factor in improving reprogramming efficiency.

1. Introduction

The lifelong-growing feature of rodent incisors comes from
the active stem cell population. Stem cell niche is maintained
through reciprocal interaction between neural crest-
originated ectomesenchyme and ectodermal epithelial stem
cells [1, 2]. The specific epithelial structure called the cervical
loop is in the very apex of the incisor. The cervical loop con-
sists of stellate reticulum (SR) surrounded by inner enamel
epithelium (IEE) and outer enamel epithelium (OEE). In the
labial side of the rodent incisor, dental epithelial stem cells

(DESCs) migrate from SR to IEE and generate the rapid-
dividing transit-amplifying (TA) cells. After dividing a finite
number of times, TA cells differentiate into pre-ameloblasts
that move to the incisor’s distal tip during maturation and
eventually become ameloblasts to secrete enamel matrix pro-
teins. The stem cell niche of DESCs is maintained through
epithelial-mesenchymal interactions [3–5].

The nuclear factor I (NFI) is a family of proteins that
bind to specific DNA sequences to regulate gene expression,
which acts as transcription factors essential for developing
various organ systems [6]. Among the four members of the
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NFI family (NFI-A, NFI-B, NFI-C, and NFI-X), NFI-C is
known to play an essential role in odontogenesis. Nfic-/- mice
show defects in several mineralized tissues such as short,
defective incisors, absence of roots in molars, and low bone
density [7]. Such defects in enamel, dentin, and bone imply
the significance of Nfic in mineralized tissue development
and maintenance. Furthermore, the mRNA expression levels
of tooth-specific genes, including amelogenin, ameloblastin,
and dentin sialophosphoprotein (DSPP), decreased signifi-
cantly in Nfic-/- mice mandible [8].

The development begins with numerous cell divisions,
generating the stem cell niche. After an indefinite number
of divisions, pluripotent cells differentiate into tissue-
specific types. We previously reported that Nfic induces the
proliferation and differentiation of ameloblast, odontoblast,
and osteoblast [7, 9, 10]. Nfic was also reported to promote
the proliferation of apical papilla-derived stem cells (SCAP)
[11]. However, the question remains whether Nfic is
involved in the former stage, such as maintaining the prolif-
eration of stem cells. Our previous experiments demon-
strated that Nfic is involved in the self-renewal of stem
cells in cartilage [12]. However, there had been no report
on other mineralized tissues, such as enamel, dentin, and
bone, which warrants further research to understand the
effect of Nfic on self-renewal in these stem cells.

Sox2 belongs to a family of SRY-related homology box
transcription factors, which are essential during develop-
ment and cellular differentiation [13]. Sox2 has been identi-
fied as an epithelial stem cell marker in mouse incisors that
play a crucial role in maintaining stem cell pluripotency
[14–17]. While Sox2 deficient embryos lack a pluripotent
ICM and fail early in development, deletion of Sox2 in
embryonic stem cells (ESCs) results in their improper differ-
entiation into trophectoderm-like cells [18]. Recent studies
have shown that conditional deletion of Sox2 using Pitx2-
cre caused incisor arrest at embryonic day (E) 16.5 and
regression at E18.5, as well as incisor growth defects after
its conditional deletion in the embryonic incisor epithelium
using ShhGFP− cre/+ [19, 20]. Sox2 is also required to main-
tain the self-renewal and multilineage in the osteoblasts pro-
genitor cells [21, 22]. Liu et al. (2015) have shown that Sox2
overexpression in hDPSCs improved cell proliferation,
migration, and adhesion [23]. Furthermore, forced expres-
sion of Sox2, in tandem with Oct4, Klf4, and c-Myc, endows
somatic cells with pluripotency, giving rise to induced plu-
ripotent stem cells (iPSCs) [24]. Although such findings
indicate the importance of Sox2 in establishing and main-
taining pluripotent stem cells, its relationship with intercel-
lular proteins and their gene regulatory network during
stem cell proliferation and differentiation are not clearly
understood.

Fibroblast growth factors (Fgf) signaling has a crucial
role in inducing the proliferation and differentiation of mul-
tiple cell types during embryonic stages. It has also regulated
mouse tooth development [25, 26]. Several members of the
Fgf family are expressed in early developing tooth germ.
From tooth initiation to cusp formation, they play an essen-
tial role in distinct stages of odontogenesis [27]. Fgf8 is
expressed in the dental epithelium before tooth initiation

and persists until the early bud stage, restricting tooth form-
ing sites by inducing the expression Pax9, Pitx1, and Pix2
[28]. Fgf8 is also speculated to be responsible for the induc-
tion of Fgf3 expression in dental mesenchyme. Both Fgf3
and Fgf10 expressions are detected in the dental papilla
mesenchyme adjacent to the epithelial of the cervical loop,
which acts as mesenchymal signals regulating epithelial
morphogenesis [29]. Studies have shown defective enamel
in Fgf3-/- mice and very thin or absent enamel in Fgf3-/-;
Fgf10+/- mice alongside data examining incisors developing
in vitro have suggested that Fgf10 regulates epithelial stem
cell survival [30–32]. However, a comprehensive mechanism
underlying the FGFs that regulate incisor renewal in adult-
hood is still poorly understood.

This study aims to elucidate the role of Nfic in stem cell
proliferation in enamel, dentin, and bone. Especially in den-
tal epithelial cells, the relationship between Nfic, Sox2, and
associated signaling molecules was studied from the perspec-
tive of epithelial-mesenchymal interactions. Moreover, the
capacity of Nfic was evaluated as an additional reprogram-
ming factor that escalates the efficiency of iPSCs.

2. Materials and Methods

2.1. Reagents and Antibodies. Recombinant human FGF-8
(423-F8) and Shh (1845-SH) were purchased from R&D Sys-
tems (R&D Systems, Minneapolis, MN). Antisera against
NFI-C were produced as described previously [9]. Rabbit
cyclin D1 (#2922) was purchased from Cell Signaling Tech-
nology (Cell Signaling Technology, Danvers, MA). Antibodies
against PCNA (SC-7907), p21 (sc-6246), Cytokeratin 14 (sc-
53253), and Sox2 (sc-365964) were purchased from Santa
Cruz Biotechnology (Santa Cruz Biotechnology, Dallas, TX).

2.2. Animals. All mice experiments were performed accord-
ing to the Dental Research Institute guidelines and the Insti-
tutional Animal Care and Use Committees of Seoul National
University (SNU-181127-13-2). Nfic-/- mice that were gener-
ated by removal of the second exon from Nfic gene were
kindly provided by Dr. Richard M. Gronostajski [6], and
homozygous Nfic-/- mice were obtained by crossing male
and female heterozygous Nfic+/- mice. As Nfic-/- mice have
brittle teeth, a ground standard rodent chow was provided
to all animals three times a week beginning 3 days before
weaning and continued for up to 6 weeks [7].

2.3. Micro-CT Analysis, Histology, and Immunohistochemistry
(IHC). The mandible and tongue from 6-weeks wild type
(WT) and Nfic-/- mice were removed and fixed in 4% parafor-
maldehyde at 4 °C overnight. The mandibles were analyzed by
micro-CT with a SkyScan scanner and the associated software
(Skyscan 1172, Kontich, Belgium). Decalcified mandibles and
tongues were sectioned and subjected to hematoxylin-eosin
(H&E) staining and IHC. IHC was performed as previously
described [7].

2.4. Cell Culture and Transfection. Apical bud cells (ABCs)
were isolated and cultured from the cervical loop of lower
incisors of WT and Nfic-/- mice. The lower incisors were sep-
arated from WT and Nfic-/- mice at postnatal day 7. ABCs
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were enzymatically isolated from cervical loop tissues and cul-
tured in a keratinocyte serum-free medium (K-SFM, Invitro-
gen, Carlsbad, CA) until reaching confluence. Primary pulp
cells were isolated and cultured from lower incisors of WT
and Nfic-/- mice as previously described [9]. 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 cultured in
Dulbecco’s modified Eagle’s medium (Invitrogen) supple-
mented with 100 IU/ml penicillin, 100 IU/ml streptomycin
(Invitrogen), and 10% fetal bovine serum (Invitrogen).

The ameloblast-lineage cell line (ALCs), provided by Dr.
T. Sugiyama (Akita University School of Medicine, Akita,
Japan), was cultured in MEM containing 5% FBS and sup-
plemented with 10ng/ml recombinant human epidermal
growth factor (EGF; 20 ng/ml, R&D Systems, Minneapolis,
MN). The expression plasmids for Nfic and siNfic were pre-
pared as described previously [7]. The expression plasmid
for Sox2 was purchased from OriGene (MR204615) (Ori-
Gene, Rockville, MD), and each of those expression plasmids
(2μg) was transiently transfected into ALCs using the Lipo-
fectamine Plus™ reagent (Invitrogen, Carlsbad, CA) accord-
ing to the manufacturer’s instructions.

Tongue epithelial cells were isolated from 6-weeks WT
and Nfic-/- tongues. Dissected tongues were placed in Dis-
pase II (1.6mg/ml) (Invitrogen, Carlsbad, CA) at 37 °C for
30min and separated into tongue epithelium and mesen-
chyme. The tongue epithelial tissues were incubated in 1%
collagenase/Dispase II solution (Invitrogen, Carlsbad, CA)
at 37 °C for 1 hr, and the tissues were dissociated by gently
pipetting up and down. The cells were cultured in a kerati-
nocyte serum-free medium (K-SFM, Invitrogen, Carlsbad,
CA). Tail fibroblasts and dermal fibroblasts were isolated
from 6-weeks WT and Nfic-/- tails and skins. Dissected tis-
sues were placed in 1% collagenase/Dispase II solution (Invi-
trogen, Carlsbad, CA) at 37 °C for 1 hr, and the tissues were
dissociated by gently pipetting up and down. The cells were
cultured in DMEM supplemented with 100 IU/ml penicillin,
100μg/ml streptomycin, and 10% FBS.

Human dental pulp stem cells (hDPSCs) were estab-
lished as previously described [33]. Impacted human third
molars from patients between the ages of 18 and 22 were
provided by the Seoul National University Dental Hospital.
The experimental protocol was approved by the Institutional
Review Board (IRB No: S-D20140007). Informed consent
was obtained from every patient. Isolation of whole pulp
cells was performed as previously described, and cells were
cultured in minimum essential media α (MEM-α; Gibco
BRL) for use in in vitro and ex vivo experiments.

Human bone marrow stem cells (hBMSCs) were pur-
chased from Cambrex (Cambrex Corporation, East Ruther-
ford, NJ) and cultured in low DMEM supplemented with
100 IU/ml penicillin, 100μg/ml streptomycin, and 10% FBS.

2.5. MTT Assays. The proliferation of the cells was evalu-
ated using MTT assays. Cells were seeded and cultured
on 96-well plates at a density of 3 × 103 cells/well. After

washing with PBS, 50μl of MTT (5mg/ml) was added to
each well and incubated for 4 hrs at 37 °C. After removing
the MTT solution, the converted dye was dissolved in
DMSO and measured by reading the absorbance at a
wavelength of 540 nm with a microplate reader (Multiskan
EX, Thermo Fisher Scientific Inc., Waltham, MA). Tripli-
cate samples were analyzed from two independent
experiments.

2.6. Luciferase Assays. A 0.766-kb genomic fragment was
amplified from mouse genomic DNA to obtain the Sox2
promoter (−528 to+238). Mouse genomic DNA (1μl) was
subjected to PCR using the following cycling conditions:
94 °C, 1min; 60 °C, 1min; and 72 °C, 1min for 35 cycles.
The forward and reverse primers were as follows: Sox2 Fw
5′- GCT AAG CTT GTG CTG GCG ACA AGG TTG
GAA GAG GGG C-3′, Sox2 RV 5′- GCG CTC GAG CAA
TTG GGA TGA AAA AAC AGG C-3′, Sox2 Mut_Fw 5′-
AGC CGG CGC TCG CTG CAG CTG TAT CGG AAA
CCC ATT TAT TC-3′, and Sox2 Mut_Rv 5′- GAA TAA
ATG GGT TTC CGA TAC AGC TGC AGC GAG CGC
CG-3′. The amplified fragment was subcloned into the
PCR®2.1T vector (Invitrogen, Carlsbad, CA) and ligated
into the XhoI and Hind III sites of the pGL3 luciferase
(LUC) basic expression vector (Promega, Madison, WI).
Luciferase assays were performed as described previously
[9]. Briefly, for each transfection, 0.4μg of the luciferase
reporter plasmid was used along with 0.4μg of the expres-
sion vector, as indicated. The vectors used were pGL3basic
and pGL3 Sox2 promoter (−528 to+238). Cells were also
incubated for 48hrs with FGF-8 (10 ng/ml). After incuba-
tion for 48 hrs, cells were assessed for luciferase activity
using the luciferase reporter gene assay system (Roche
Applied Science, Indianapolis, IN) according to the manu-
facturer’s instructions. Measurements were performed using
a luminometer (FLUOStar OPTIMA, BMC Laboratory,
Offenburg, Germany).

2.7. ChIP Assays. ChIP assays were performed as previously
described [7]. Briefly, ALCs were transiently transfected
with NFI-C expression plasmid for 48hrs. The samples
were sonicated, followed by chromatin immunoprecipita-
tion with anti-NFIC (30μl) and anti-IgG (10μl) (Santa
Cruz Biotechnology, Dallas, TX) antibodies. The final
DNA pellets were recovered and analyzed by PCR using
specific primers. PCR primers were synthesized as listed
in Table 1. The following PCR conditions were used:
94 °C for 30 s; 60 °C for 30 s; and 72 °C for 30 s for a total
of 35 cycles. The PCR products were electrophoresed in a
2% agarose gel, stained with ethidium bromide, and visu-
alized under ultraviolet light.

2.8. Reverse Transcription-Polymerase Chain Reaction (RT-
PCR) and Real-Time PCR Analyses. Total RNA (2μg) was
reverse transcribed using 0.5μg of Oligo (dT) [9] and 1μl
(50 IU) of Superscript III enzyme (Invitrogen, Carlsbad,
CA) in a 20μl reaction mixture at 50 °C for 1 hr. The result-
ing mixture was amplified by PCR. For real-time PCR, spe-
cific primers for Nfic, Sox2, FGF-10, Lin28, Nanog, and
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Gapdh were synthesized as listed in Table 2. Real-time PCR
was performed on an ABI PRISM 7500 sequence detection
system using the SYBR GREEN PCR Master Mix (Applied
Biosystems, Foster City, CA) according to the manufactur-
er’s instructions. The PCR conditions were 94 °C for 1min,
followed by 95 °C for 15 s and 60 °C for 34 s for 40 cycles.
All reactions were run in triplicate and normalized to the
housekeeping gene, Gapdh. Relative differences in PCR
results were calculated using the comparative cycle threshold
(CT) method.

2.9. Western Blot Analyses. Western blot analyses were
performed as previously described [9]. Briefly, proteins
(30μg) were separated by 10% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis, transferred onto a nitro-
cellulose membrane (Schleicher & Schuell BioScience, Inc.,
Keene, NH), and labeled with specific antibodies. Labeled
protein bands were detected using an enhanced chemilumi-
nescence system (GE Healthcare, Chicago, IL).

2.10. Generation of hiPSCs. Generation of hiPSCs was per-
formed as previously described [34]. Briefly, pMX-
retroviral vectors coding for human Oct4, Sox2, Klf4,
and c-Myc (Addgene, Watertown, MA), Nfic, and packag-
ing vectors pCMV-VSVG were co-transfected into GP2-
293 cells using calcium-phosphate mammalian transfection
kit (Takara Bio USA, Inc., San Jose, CA). 48 and 72 hrs
after transfection, the virus-containing supernatants were
collected, filtered (0.45-mm filter, MilliporeSigma, Burling-
ton, MA), and concentrated through ultracentrifugation
(Beckman Coulter, Brea, CA). For the hiPSC generation,
hDPSCs were seeded at a density of 1 × 105 cell per well
in a six-well plate. 24 hours later, the cells were infected
with the virus and maintained with the respective primary
cell culture medium in the presence of 8mg/ml of poly-
brene (Sigma-Aldrich, St. Louis, Missouri, MO). Five days
post-transduction, the cells were reseeded and further cul-
tured in a modified hESC medium after adding 1mM nic-
otinamide. The medium was changed every other day until

Table 1: Nucleotide sequences of ChIP assay PCR primers.

Gene Primer (5′-3′)

Sox2 promoter P1
Forward ( −122) CCTTTCATGCAAAACCCTCT

Reverse (+90) CCTAGTCTTAAAGAGGCAGC

Sox2 promoter P2
Forward (−1736) TGGGGAAGAGGCGTTGGTGG

Reverse (−1524) AATAAAGAGCTTAAACCATC

Table 2: Nucleotide sequences of real-time PCR primers.

Gene Primer (5′-3′)

mNfic
Forward GACCTGTACCTGGCCTACTTTG

Reverse CACACCTGACGTGACAAAGCTC

mSox2
Forward TAGAGCTAGACTCCGGGCGATGA

Reverse TTGCCTTAAACAAGACCACGAAA

mFgf10
Forward CTGGAAAGCACTTGGGTCAT

Reverse GGAGACAGAATGCACAAGCA

mCK14
Forward TACTTCAAGACCATTGAGGAC

Reverse TCATGCGCAGGTTCAACTCT

mGapdh
Forward AGGTCGGTGTGAACGGATTTG

Forward TGTAGACCATGTAGTTGAGGTCA

hSOX2
Forward GACTTCACATGTCCCAGCAC

Forward GGGTTTTCTCCATGCTGTTT

hLIN28
Forward CGGGCATCTGTAAGTGGTTC

Reverse CAGACCCTTGGCTGACTTCT

hNANOG
Forward CCTATGCCTGTGATTTGTGG

Reverse TTCTCTGCAGAAGTGGGTTG

hNFIC
Forward CGACTTCCAGGAGAGCTTTG

Reverse GTTCAGGTCGTATGCCAGGT

hGAPDH
Forward CCATGGAGAAGGCTGGGG

Reverse CAAAGTTCTCATGGATGACC
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hESC-like colonies emerged. Reprogramming efficiency
was quantified with the number of ALP-positive colonies.

2.11. Statistical Analysis. All quantitative data are presented
as themean ± S:D. Statistical differences were analyzed using
the Student’s t tests (∗p < 0:05).

3. Results

3.1. Nfic Level is Reduced as the DESCs Differentiate into
Ameloblasts. Nfic-deficient mice show malformation in bone
and teeth. We again confirmed that Nfic-/- mice had osteopo-
rotic bone (Supp. Figures 1 (a) and 1(b)) and underdeveloped
cervical loop (Supp. Figures 1(c)–1(h)) at 6 weeks using μCT
and H&E staining. The IEE, SR, and OEE layers in the
cervical loop were highly disrupted, barely discernible in the
Nfic-/- mice. The DESCs in peripheral SR, particularly those
close to the vicinity of basal epithelial cells, become IEE.
Interestingly, the expression of Nfic was the strongest in the
labial cervical loop, which is the reservoir of epithelial stem
cells (Figure 1(a: A,B)). The Nfic level gradually decreased as
the differentiation proceeded through SR, TA cells to
secretory ameloblasts, and then its level gradually increased

in the transition stage to the maturation stage ameloblast
(Figures 1(a: B–F) and 1(b)–1(g)). Given that differentiation
requires stemness genes to be turned off, these results
suggest that Nfic may correlate with the stemness of dental
epithelial cells.

3.2. Nfic Regulates Sox2 Expression in Dental Epithelium.
Sox2 has been suggested as a stem cell marker of the dental
epithelium [4, 17, 35, 36]. Ameloblast lineage cells (ALCs)
were transfected with Sox2, Nfic-overexpressing, and siNfic
plasmids to determine whether Sox2 level depended on Nfic.
Sox2 mRNA and protein levels depended on Nfic
(Figures 2(a) and 2(b)). In addition, the promoter activity
of Sox2 was significantly higher in Nfic-overexpressing ALCs
(Figure 2(c)).

ABCs are the pluripotent cells harvested from the labial
cervical loop of the rodent incisor. To determine whether
ABC was isolated from the cervical loop, we checked the cell
morphology of the isolated ABCs by light microscopy. In addi-
tion, the expression of CK14, an epithelial cell marker gene,
was analyzed by RT-PCR and western blot. Isolated ABCs
from WT and Nfic-/- mice showed epithelial morphology,
and expression of ck14 was also detected (Figure 2(d)). These
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Figure 1: Nfic expression level decreases as DESC differentiate into ameloblasts. (a) Immunohistochemistry (IHC) analysis of the sagittal
section of a WT mandibular incisor is examined to observe the expression pattern of Nfic in the labial cervical loop. The histological
analysis of the labial cervical loop shows the organized structure with DESCs differentiating into ameloblasts towards the cervical loop of
the incisor. (B)–(F) are higher magnifications of boxed (A), from right to left, respectively. (A)–(F) 6 weeks. Scale bars = (B)–(E) = 50μm.
(b–g) Illustrated diagram of the Nfic expression pattern and differentiation level in the cervical loop of the mandibular incisor.
Abbreviations: Am: ameloblast; D: dentin; DM: dental mesenchyme; E: enamel; IEE: inner enamel epithelium; IHC:
immunohistochemistry; Od: odontoblast; OEE: outer enamel epithelium; SR: stellate reticulum; TA: transit-amplifying cells; WT: wild type.
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Figure 2: Continued.

6 Stem Cells International



primary pluripotent cells fromNficKOmice showed downreg-
ulated Sox2 gene and protein expressions (Figure 2(e)). In the
cervical loop of Nfic KO mice form postnatal 6-weeks, the
organization of dental mesenchyme, SR, IEE, and OEE was
disrupted with decreased Sox2 expression, mainly in the SR
and IEE. However, the expression of Sox2 in the incisor of 6-
week-old wild-type mice was strongly expressed OEE on the
cervical loop and weakly detected in the dental mesenchyme
and dental follicle (Figure 2(f: a–d)).NficmRNA level in ALCs
where Sox2 was overexpressed remained unchanged (data not
shown). These results support the hierarchical relationship
between Nfic and Sox2.

3.3. Loss of Nfic Decreases the Proliferation of Dental
Epithelial Cells. Self-renewal is another key feature of stem-
ness that sustains a level of cell population with constant
proliferation. Conditional inactivation of Sox2 in oral and
dental epithelium has shown that Sox2 is crucial in the
proliferation and maintenance of DESCs [20]. Since Nfic
regulates Sox2 expression, Nfic was expected to be involved
in the proliferation and maintenance of DESCs. As pre-
dicted, cell cycle marker cyclin D1 diminished and p21
incremented when Nfic was silenced, indicating that cell pro-
liferation had shifted to a quiescent state in the absence of
Nfic (Figure 3(a)). The proliferation rate of Nfic-silenced
ALCs was significantly lower than the control group, espe-
cially between days 1 and 3 (Figure 3(b)). The number of
PCNA-positive cells in the cervical loop of Nfic KO mice

was nearly one-fifth of the WT (Figure 3(c)). Altogether,
these results support that Nfic modulates the maintenance
of DESCs and the proliferation of dental epithelium.

3.4. Not Shh, but FGF8 is the Upstream Signaling Molecule
for the Nfic-Sox2 Pathway in Dental Epithelial Cells. FGF8
and Shh are the representative upstream molecules of Sox2
in dental epithelial cells [17, 37, 38]. When treated with
FGF8, both Sox2 mRNA and protein levels were elevated
in ALCs (Figures 4(a) and 4(b)). However, when Nfic was
silenced, there was no change in the Sox2 expression even
with the FGF8 treatment. By contrast, Shh treatment did
not change the Sox2 expression (Figures 4(a) and 4(b)).
Moreover, adding FGF8 increased Nfic binding to the cog-
nate DNA binding site in the Sox2 promoter (Figure 4(c)).
When the Nfic binding motif in the Sox2 promoter was
deleted, FGF8 could not upregulate the activity of the Sox2
promoter (Figure 4(d)). These molecular data confirm
FGF8 to be located upstream of the Nfic-Sox2 signaling
pathway.

3.5. Nfic Induces FGF10 in Dental Mesenchymal Stem Cells,
which Modulates the Proliferation of DESCs by Epithelial-
Mesenchymal Interactions. Maintaining the DESC niche in
the cervical loop requires complex reciprocal interactions
between epithelial and mesenchymal cells [4, 29]. In the cer-
vical loop of the rodent incisor, Fgf10 from dental mesen-
chyme regulates the proliferation of the stem cell niche

WT Nfic-/-

LiCL
LaCL

LaCL

DM

DM

ODE
IDE

Am
Od

SR

(f)

Figure 2: Nfic regulates Sox2 expression in the dental epithelium. (a) Expression of Sox2 mRNA and (b) protein levels were analyzed in the
transfected ALCs. n = 5, ∗p < :05. (c) Sox2 promoter activity was analyzed in the Nfic-overexpressing ALCs in comparison to the control.
n = 5, ∗p < :05. (d) Sox2 gene and (e) protein expression levels in ABC from the cervical loop of WT and Nfic KO mice were analyzed. (f
) The histological structure of WT and Nfic KO cervical loop and their Sox2 expression pattern were examined through
immunohistochemistry (IHC) staining. (b) and (d) are higher magnifications of boxed (a) and (c), respectively. Postnatal 7 days. Scale
bars = ðaÞ and ðcÞ = 200μm; ðbÞ and ðdÞ = 50μm. Data are presented as the mean ± SD. Abbreviations: ALC: ameloblast lineage cell; CL:
cervical loop; DM: dental mesenchyme; IEE: inner enamel epithelium; IHC: immunohistochemistry; KO: knockout; OEE: outer enamel
epithelium; SR: stellate reticulum; WT: wild type.
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[29, 32]. The mRNA and protein levels of Fgf10 were associ-
ated with Nfic expression in mouse dental pulp cells
(MDPCs) (Figures 4(e) and 4(f)). Also, primary cultured
dental pulp cells from Nfic KO mice showed lower Fgf10
expression levels than WT (Figure 4(g)).

These results support the hypothesis that Nfic modulates
the epithelial-mesenchymal interactions known to maintain
the DESCs. Within the dental epithelium, it mediates Fgf8–
Nfic–Sox2 signaling pathway, and in the dental mesenchymal
stem cells, Nfic induces Fgf10 which is known to regulate the
proliferation of dental epithelial stem cells (Figure 4(h)).

3.6. Nfic Also Regulates Sox2 Expression and Cell
Proliferation in Stem Cells from Other Mineralized Tissue,
DPSCs and BMSCs. As previously mentioned, Nfic KO mice
show defects in every mineralized tissue. Enamel, dentin,
bone, and cartilage are the hard tissues in vertebrates, each
formed by ameloblasts, odontoblasts, osteoblasts, and chon-
droblasts, respectively. Our previous experiments showed
that Nfic regulates cell proliferation and differentiation in
chondroblasts (data not shown). Therefore, we speculated
whether Nfic plays a crucial role in the proliferation of stem
cells from dentin and bone, specifically DPSCs and BMSCs.
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Figure 3: Loss of Nfic decreases the proliferation of dental epithelial cells. (a) Western blot analyses to evaluate the expression levels of cyclin
D1 and p21 in control and Nfic-silenced cells. (b) The proliferation rate of control and Nfic-silenced cells from day 0 to 5. n = 5, ∗p < :05. (c)
Immunohistochemistry (IHC) staining analysis of PCNA-positive cells in the cervical loop of the (a, b) control and (c, d) Nfic-silenced mice.
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of (a) and (c), respectively. Scale bars = ðaÞ and ðcÞ = 200μm; ðbÞ and ðdÞ = 50μm. Data are presented as the mean ± SD. Abbreviations: DM:
dental mesenchyme; IEE: inner enamel epithelium; OEE: outer enamel epithelium; SR: stellate reticulum; TA: transit-amplifying cells; WT:
wild type.
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Overexpression of Nfic increased Sox2 mRNA and pro-
tein expression in DPSCs and BMSCs (Figures 5(a), 5(b),
5(f), and 5(g)). The intensity of Sox2 staining in Nfic-overex-
pressing DPSCs and BMSCs was stronger compared to the
control group (Figures 5(c) and 5(h)). The cell cycle markers
cyclin D1 and p21 also shifted to a proliferative state
(Figures 5(d) and 5(i)). DPSCs and BMSCs showed a signif-
icantly higher cell population with increased Nfic expression
(Figures 5(e) and 5(j)). Moreover, Nfic ablation decreased
Sox2 expression in mouse femur in vivo (Figure 5(k)). In
summary, our data corroborate that Nfic regulates Sox2
expression and stem cell proliferation in various mineralized
tissues.

3.7. Nfic Modulates Pluripotency Gene Expression in
Mesenchymal Stem Cells of Mineralized Tissue. A recent
study has reported that NANOG and LIN28 improved
OSKM-mediated reprogramming efficiency and reduced
latency period [39]. Both Nanog and Lin28 were higher in
Nfic- and Sox2-overexpressing group compared to the con-
trol group (Figures 6(a)–6(d)).

Since Nfic modulates one of the reprogramming factors
for iPSCs, we speculated whether Nfic could enhance repro-
gramming efficiency. The addition of Nfic to OSKM showed
a slight increment in the number of ALP-positive colonies
(Figures 6(e) and 6(f)). Moreover, the addition of Nfic to
OKM resulted in a colony number with no significant differ-
ence compared to OSKM without the addition of Nfic
(Figure 6(f)). Collectively, Nfic-treatment to OKM showed

comparably improved efficiency, which provides evidence
for Nfic to be a supporting factor for iPSCs.

3.8. Nfic Affects Sox2 Expression Only in Mineralized Tissues,
Not Soft Tissues. Reprogramming iPSCs was established
with the fibroblasts [24]. Fibroblasts were harvested from the
tongues of Nfic KO mice (Supplementary Figure 2). Sox2
mRNA and protein expression levels in primary cultured
fibroblasts were indistinguishable from that of WT
(Figures 7(a) and 7(b)). Moreover, Nfic disruption did not
affect Sox2 expression in the squamous epithelium where
stem cells reside (Figure 7(c)). Moreover, fibroblasts from
various soft tissues of Nfic KO mice showed an
undistinguishable proliferation rate compared to WT
(Figures 7(d)–7(f)). Surprisingly, Nfic suppressed the number
of ALP-positive colonies in a dose-dependent manner
(Figures 7(g) and 7(h)). In summary, Nfic is involved in Sox2
expression and cell proliferation in the mineralized tissues but
not in the soft tissues.

4. Discussion

As development ends, the significance of stem cells is shifted
onto regeneration. Self-renewal is the constant division of
stem cells perpetuating the regenerative capacity throughout
life. This distinct feature of stem cells permits them to recon-
stitute the stem cell pools after acute injuries and attenuated
self-renewal can lead to degenerative diseases [40–42].
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Figure 4: FGF8 is the upstream signaling molecule for Nfic-Sox2 in dental epithelial cells, and Nfic induces FGF10 in the dental
mesenchymal stem cells to modulate the proliferation of DESC through epithelial-mesenchymal interactions. (a) Sox2 protein and (b)
mRNA expression levels were analyzed when treated with FGF8 and Shh in the control and Nfic-silenced dental epithelial cells. (c)
Schematic representation of Sox2 promoters and (d) the deletion of the Nfic binding motif. The effect of FGF8 on the Sox2 promoter
activity in the absence of the Nfic binding motif is shown. n = 5, ∗p < :05. (e) Fgf10 mRNA and (f) protein expression levels were
examined when Nfic was overexpressed or silenced. (g) FGF10 expression levels were analyzed in the primary cultured dental pulp cells
from Nfic KO mice. n = 5, ∗p < :05. (h) Schematic diagram of hypothesized intercellular interactions involved in stem cell homeostasis in
dental epithelial cells. Data are presented as the mean ± SD. Abbreviations: FGF: fibroblast growth factor; LUC: luciferase; Over:
overexpression; Shh: sonic hedgehog; WT: wild type.
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Figure 5: Nfic regulates Sox2 expression in DPSC (a–e) and BMSC (f–j). (a) Sox2 mRNA and (b) protein expression levels were analyzed in
control and Nfic-overexpressing DPSC. n = 5, ∗p < :05. (c) Sox2 expression in vitro examined in cultured DPSC under fluorescence
microscopy. (d) Western blot analyses to evaluate the expression levels of cyclin D1 and p21 in DPSC. (e) Cell population of DPSC from
day 0 to 5 with increased Nfic expression. n = 5, ∗p < :05. (f) Sox2 mRNA and (g) protein expression levels were analyzed in control and
Nfic-overexpressing BMSC. n = 5, ∗p < :05. (h) Sox2 expression in vitro was examined in cultured BMSC under fluorescence microscopy.
(i) Western blot analyses to evaluate the expression levels of cyclin D1 and p21 in BMSC. (j) Cell population of BMSC from days 0 to 5
with increased Nfic expression. n = 5, ∗p < :05. (k) Immunohistochemistry (IHC) analysis of Sox2 expression in mouse femur in vivo. 6
weeks. Scale bars = 20μm. Data are presented as the mean ± SD. Abbreviations: BMSC: bone marrow stem cell; DPSC: dental pulp stem
cell; IHC: immunohistochemistry; Over: overexpression; WT: wild type.
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Therefore, identification of the factors involved in self-
renewal is invaluable.

In the present study, we demonstrated that Nfic regulates
Sox2 in the rest of mineralized tissue forming cells such as

ameloblasts, odontoblasts, and osteoblasts. We have found
that Nfic is involved in cell proliferation, stem cell niche
maintenance, and cell fate determination through regulating
Sox2 not only in DESCs but also in DPSCs and BMSCs.
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Figure 6: Nfic modulates pluripotency gene expression in mesenchymal stem cells of mineralized tissues. (a) Lin28 and Nanog gene
expression levels were analyzed in control, Nfic-overexpressing, and (b) Sox2-overexpressing DPSC. (c) Lin28 and Nanog gene
expression levels were analyzed in control, Nfic-overexpressing, and (d) Sox2-overexpressing BMSC. (e) (A–D) The number of ALP-
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iPSC cultured in OKM medium compared to the addition of Nfic. Scale bars = ðAÞ, ðCÞ, ðEÞ, ðGÞ = 200μm. (f) Quantitative analysis of
the number of ALP-positive colonies in various conditioned media. Data are presented as the mean ± SD. Abbreviations: ALP: alkaline
phosphatase; BMSC: bone marrow stem cell; Ctrl: control; DPSC: dental pulp stem cell; iPSC: induced pluripotent stem cell; OSKM,
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Furthermore, Nfic slightly accelerated the iPSC efficiency in
DESCs but not in fibroblasts. Our results have again verified
the Nfic as the critical factor for the proliferation of stem
cells in mineralized tissues.

Our in vivo data have shown the ablation of Nfic reduced
the Sox2 expression in mouse ABCs. Previously, genetic
inducible fate mapping demonstrated Sox2 positive cells
as adult stem cells and the source of every dental epithelial

cell lineage in the mouse incisor. However, since the mouse
cervical loop has various cells, there could be other Nfic-pos-
itive cells other than the Sox2-positive ones. It is known that
the expression of Sox2 in the mouse incisor is mainly
expressed in the outer dental epithelium (OEE) and stratum
intermedium (SI). However, Li Zhang et al. reported that
sox2 mRNA expression was strongly expressed in OEE
and SI but weakly expressed in dental mesenchyme and
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Figure 7: Nfic does not affect Sox2 expression in soft tissues. (a) Sox2 mRNA and (b) protein expression levels were analyzed in primary
cultured fibroblasts harvested from the tongues of Nfic-/- mice. (c) Immunohistochemistry (IHC) analysis of Sox2 expression in the
tongues. (B) and (D) are higher magnifications of boxed (A) and (C). 6 weeks. Scale bars = ðAÞ, ðCÞ = 50μm; ðBÞ, ðDÞ = 20 μm. (d)
Proliferation rate of tail, (e) gingival, and (f) dermal fibroblasts from Nfic-/- mice from day 0 to 5 compared to the WT. n = 5, ∗p < :05.
(g) The number of ALP-positive colonies of iPSC from fibroblasts cultured in OSKM medium compared to the addition of Nfic in a
dose-dependent manner. (A), (C), and (E) are higher magnifications of (B), (D), and (F), respectively. (h) Quantitative analysis of the
number of ALP-positive colonies in various conditioned media. Data are presented as the mean ± SD. Abbreviations: ALP: alkaline
phosphatase; Epi: epithelium; IHC: immunohistochemistry; iPSC: induced pluripotent stem cell; LaPr: lamina propria; OSKM, Oct4,
Sox2, Klf4, c-Myc; OKM, Oct4, Klf4, c-Myc; SkMu, skeletal muscle; SqEp: squamous epithelium; WT: wild type.
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dental follicle [43, 44]. In addition, Peng et al. reported
that Sox2 was expressed in the dental papilla and dental
follicle in a time-dependent manner [45, 46]. We con-
firmed that level of Sox2 protein in P14-old wild-type
mice was strongly expressed in OEE and SI but not in
the dental mesenchyme and dental follicle (data not
shown). However, Sox2 in the incisor of 6-week-old
wild-type mice was strongly expressed in OEE and SI
but was weakly detected in the dental mesenchyme and
dental follicle. Therefore, our results suggest that similar
to previous reports, Sox2 may be expressed differently in
a time-dependent manner. Therefore, further specification
of cell types is necessary to confirm their relationship.

Earlier investigations have reported Nfic as essential for
odontogenic and osteogenic cell proliferation, but the exact
signaling was unknown [9, 47]. Here, we demonstrated that
Nfic controls the self-renewal of DESCs through epithelial-
mesenchymal interactions, specifically via signaling path-
ways Fgf8-Nfic-Sox2 in DESCs and Nfic-Fgf10 in dental
mesenchymal stem cells (Figure 8). The tooth initiation
marker Fgf8 has been reported to control Sox2 with specific
miRNAs to fine-tune dental epithelium [17]. In the cervical
loop of the rodent incisor, Fgf3 and Fgf10 from dental mes-
enchyme are associated with proliferation of dental epithe-
lium and homeostasis of stem cell niche. The Fgf10 KO
mice show a severely reduced cervical loop that is similar
to that of Nfic KO mice. In addition, FGF8, not FGF10, is
crucial for Sox2 expression in the incisor cervical loop [17],
and Fgf8 and its receptor Fgfr1c were co-localized with
Sox2 in the cervical loop [38]. Remarkably, a single tran-
scription factor Nfic modulates both epithelial and mesen-
chymal signals.

Besides its critical role in epithelial-mesenchymal inter-
actions, Nfic is also involved in expressing pluripotency
genes Lin28 and Nanog. Wang et al. (2019) showed the
synergistic effect of NANOG and LIN28 to improve and
reduce the latency of reprogramming [39]. This explains
the improvement in reprogramming efficiency in the
OSKM+Nfic group (Figures 6(e) and 6(f)). The results
strengthen the notion that Nfic is an integrating factor of
epithelial and mesenchymal regulation on the maintenance
of the stem cell niche in the cervical loop of the dental
epithelium.

Shu et al. (2013) have suggested a “seesaw model”
wherein the balanced equilibrium between the pluripo-
tency factors and/or lineage specifiers facilitates the induc-
tion of pluripotency, which emphasizes the significance of
interactions between various factors [48]. In addition, Oct4
was revealed to interact with the downstream markers
such as Sox2, Nanog, Klf4, and c-Myc to initiate repro-
gramming [49]. It has been shown that Oct4 and Nanog
maintained the self-renewal ability and inhibited differenti-
ation in mesenchymal stem cells [50]. As far as we know,
no report has demonstrated the correlation between Nfic
and Oct4. Since Nfic controls the expression of Sox2,
and Oct4 is another crucial factor for the pluripotency or
the lineage specification, it would be worth investigating
the correlation between Nfic and Oct4.

Nfic accelerated the proliferation ALP positive colonies
even without the presence of Sox2. The reprogramming effi-
ciency of OKM+Nfic was similar compared to that of
OSKM. As Nfic regulates Sox2 expression, the absence of
Sox2 being rescued by adding Nfic is consistent with our
understanding. As of recently, almost all of the pluripotency
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Figure 8: Schematic diagram demonstrating the signaling pathway in the context of ectomesenchymal interaction for maintenance and
proliferation of DESCs in mouse incisor cervical loop. Nfic is involved the cell proliferation and maintenance of DESCs in two different
pathways. Within the dental epithelium, it mediates FGF8-NFIC-SOX2 signaling pathway. In the dental mesenchymal stem cell, Nfic
induces FGF10 which controls the proliferation of dental epithelial stem cells.
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genes, including the Yamanaka factors (OSKM), Nanog,
and Lin28, can be replaced by other molecules [51].
Therefore, the possibility of Nfic being an additional factor
in augmenting reprogramming efficiency should still be
considered. As Nfic regulates skeletal cell proliferation
and is involved in inducing multipotency, we speculate
that Nfic may be utilized in making pluripotent stem cells
from primary skeletal cells. However, further evaluations
on the quality of Nfic-induced iPSCs, such as their multi-
potency and chimera formation, is necessary to support
the hypothesis better.

In contrast to its major involvement in cell proliferation
and differentiation in mineralized tissues, Nfic did not affect
either the Sox2 expression or cell proliferation in soft tissues,
including tail, dermal, and gingival fibroblasts. It is likely
that Nfic interacts differently in soft tissues and does not reg-
ulate Sox2 at all or in the same manner. Furthermore, we ini-
tially predicted that Nfic introduction would have no effect
on the colony formation cultured in OSKM factors as Nfic
did not affect the Sox2 expression levels (Figures 7(a) and
7(b)). Surprisingly, the number of ALP-positive colonies cul-
tured in OSKM factors decreased with the addition of Nfic,
and the decline was more evident with a higher dosage of
Nfic (Figures 7(g) and 7(h)). One explanation is the
Krüppel-like factor 4 (Klf4), which is regulated by Nfic,
and known to promote dentinogenesis through Dmp1 and
DSPP expression. Overexpression of Nfic upregulated Klf4
in odontoblast and promoted mineralized nodule formation
[52]. A recent study has reported that KLF4 is an antifibrotic
factor in fibroblasts and fibrotic genes were highly expressed
in KLF4-KO dermal fibroblasts [53]. These two pieces of evi-
dence provide a possible justification of the phenomenon as
higher dosage of Nfic upregulated Klf4 in the ALP positive
colonies and Klf4 with an antifibrotic property decreased
the number of colonies in a dose-dependent manner in var-
ious fibroblasts. However, the exact relationship between
Nfic and Klf4 in soft tissues and other confounding factors
contributing to decreasing differentiation in fibroblasts war-
rants further investigation.

5. Conclusion

We have demonstrated that Nfic plays a crucial role in
maintaining the stem cell population in DESCs, DPSCs,
and BMSCs by regulating Sox2 expression. Contrarily, Nfic
showed no effect on either the Sox2 expression or cell pro-
liferation in various fibroblasts. Nfic participated in pre-
serving the epithelial stem cell population via epithelial-
mesenchymal interactions in the cervical loop of the
rodent incisor. We also verified the possibility of Nfic as
an additional factor to augment the reprogramming effi-
ciency of iPSCs from DPSCs.
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Supplementary Materials

Supplementary 1. Supplementary Figure 1. The mandibles of
WT and Nfic-/- mice were examined using micro-CT, and
the sagittal sections were stained with hematoxylin and
eosin. (a) Representative micro-CT images of WT and (B)
Nfic-/- mandibles. The mutant mandible shows lower bone
density than the WT. (c–e) Histological analyses of the
WT and Nfic-/- cervical loop using hematoxylin and eosin
(H&E) staining. The cervical loop of the WT shows typical
development on the labial side with an organized struc-
ture, whereas (f–h) the cervical loop of the Nfic mutant
shows a disorganized structure. (d–e) and (g–h) are higher
magnifications of boxed C and F, respectively. (a–h) 6
weeks. Scale bars = ðcÞ and ðfÞ = 500 μm; ðdÞ = 200 μm; ðgÞ
= 100 μm; ðeÞ and ðhÞ = 50 μm. Abbreviations: DM: dental
mesenchyme; IEE: inner enamel epithelium; LaCL: labial
cervical loop; LiCL: lingual cervical loop; OEE: outer
enamel epithelium; SR: stellate reticulum; TA: transit-
amplifying cells; WT: wild type.

Supplementary 2. Supplementary Figure 2. Observations of
fibroblast cells harvested from the tongues of WT and Nfic-/-

mice under a light microscope. Abbreviations: WT: wild
type.
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