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A B S T R A C T   

The dental pulp has irreplaceable roles in maintaining healthy teeth and its regeneration is a primary aim of 
regenerative endodontics. This study aimed to replicate the characteristics of dental pulp tissue by using cranial 
neural crest (CNC)-like cells (CNCLCs); these cells were generated by modifying several steps of a previously 
established method for deriving NC-like cells from induced pluripotent stem cells (iPSCs). CNC is the anterior 
region of the neural crest in vertebrate embryos, which contains the primordium of dental pulp cells or odon-
toblasts. The produced CNCLCs showed approximately 2.5–12,000-fold upregulations of major CNC marker 
genes. Furthermore, the CNCLCs exhibited remarkable odontoblastic differentiation ability, especially when 
treated with a combination of the fibroblast growth factors (FGFs) FGF4 and FGF9. The FGFs induced odonto-
blast marker genes by 1.7–5.0-fold, as compared to bone morphogenetic protein 4 (BMP4) treatment. In a mouse 
subcutaneous implant model, the CNCLCs briefly fated with FGF4 + FGF9 replicated dental pulp tissue char-
acteristics, such as harboring odontoblast-like cells, a dentin-like layer, and vast neovascularization, induced by 
the angiogenic self-assembling peptide hydrogel (SAPH), SLan. SLan acts as a versatile biocompatible scaffold in 
the canal space. This study demonstrated a successful collaboration between regenerative medicine and SAPH 
technology.   

1. Introduction 

The dental pulp plays significant roles in sustaining healthy teeth. It 
nourishes dentin, senses external stimuli, accommodates resident im-
mune cells, and harbors the precursors of odontoblast-like cells. These 
pulp activities can be easily abolished with inflammation or necrosis 
caused by dental caries or trauma. Regenerative endodontics aims to 
replace damaged dentin-pulp complexes with endogenous or exogenous 
cells to restore intact pulp functions. This new endodontic approach 
intends to embrace the concept of tissue engineering based on the triad, 
that is, stem cells to regenerate pulp tissue, biomimetic scaffolds, and 
bioactive growth factors [1]. Currently, two methodologies for 
cell-recovery in the debrided pulp space are being studied [2,3]—one 
utilizes stem-cells homing to the cleared pulp space from the patient’s 
peri-apical region [4,5], while the other employs engrafting exogenous 
cell (also known as the ‘cell-based’ method) [6]. Both the methodologies 

have merits and demerits. Aged patients have difficulties with 
cell-homing approaches due to the insufficient regenerative capacity of 
their endogenous stem cells. In contrast, a variety of stem cell sources, 
such as dental pulp stem cells (DPSCs), stem cells from the apical papilla 
(SCAP), periodontal ligament stem cells (PDLSCs), and stem cells from 
human exfoliated deciduous teeth (SHED), have been studied in ‘cell--
based’ methodology for the regeneration of pulp-dentin complex, 
(reviewed in Ref. [7]). These stem cells from patients can be cultured 
and propagated ex vivo to obtain sufficient number of cells required for 
transplantation. 

Besides these autologous stem cells from the patient body, induced 
pluripotent stem cell (iPSC) is another attractive stem cell source for 
dentin-pulp regeneration [7,8]. iPSCs have the following important 
features: i) theoretically, iPSCs can be generated from any somatic cells 
of patients of any age [9], allowing treatment of elderly patients who 
lack enough stem cells mentioned above. ii) the tissue that originates 
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from iPSCs potentially has the ability to bypass immunorejection in the 
recipient, enabling allografts of tissues produced from 
MHC-incompatible donors. Recently, three groups [10–12] demon-
strated that iPSCs can differentiate into odontoblast-like cells via neural 
crest-like cells (NCLCs) as the precursor form. Neural crest is a multi-
potent cell population at the interface of the neuroepithelium and 
epidermis of a developing embryo, which can differentiate into 
numerous cell types, including dental mesenchymal cells [13,14]. 

Cranial neural crest (CNC) is one of the four distinct regions of the 
neural crest, which develops into craniofacial connective tissue, cranial 
neurons, and pharyngeal mesenchyme, including dental pulp and 
odontoblasts [15–18]. In this study, we established a more facile method 
to induce cranial neural crest-like cells (CNCLCs) from iPSCs, compared 
to previous reports [19–21]. Furthermore, we showed that a combina-
tion of the fibroblast growth factors (FGFs) FGF4 and FGF9 can induce 
odontoblastic differentiation of CNCLCs with the highest efficiency. 
Lastly, it was demonstrated that our CNCLCs can replicate the charac-
teristics of dental pulp tissue, by harnessing the angiogenic 
self-assembling peptide hydrogel (SAPH), SLan [22]. 

SLan is a SAPH containing the backbone sequence KSLSLSLSLSLSLK, 
which allows self-assembly into β-sheet-based nanofibrous ECM- 
mimetic structures [23–26]. These synthetic peptide assemblies can be 
loaded with water-soluble drugs, biologics, and cells [25], enabling a 
suitable carrier for transplanted cells and required growth factors. When 
SLan is formulated in 1 × PBS and similar physiological/isotonic buffers, 
it forms a thixotropic gel—gel that becomes thin by shearing and regels 
instantaneously [23,27–30]. The resultant in situ bolus demonstrates 
stable biocompatibility with animal models and degrades over 
week-long periods in vivo [25,27,31]. Notably, SLan has a key modifi-
cation of the base peptide N-terminus with a vascular endothelial 
growth factor (VEGF) signaling domain, KLTWQELYQLKYKGI, derived 
from VEGF-165 [32], which allows mimicking the function of the 
original growth factor [33], inducing neovascularization into engrafted 
cell-SLan complexes. These key features of SLan make critical contri-
butions to replicate the characteristics of dental pulp tissue in the pre-
sent study, paving the way for material cell-based strategies in 
regenerative endodontics. 

2. Materials and methods 

2.1. Peptide synthesis and preparation 

The angiogenic peptide SLan, K-(SL)6-K-G-KLTWQELYQLKYKGI, was 
synthesized following previously described standard synthetic proced-
ures [27]. Briefly, peptides, resins, and coupling reagents were pur-
chased from CEM corporation. Standard solid-phase peptide synthesis 
was performed using a CEM Liberty Blue microwave peptide synthesizer 
using standard Fmoc chemistry. All peptides were amidated at C-ter-
minal and acetylated at N-terminal. The crude peptides were cleaved 
using 2.5% each of H2O, triisopropylsilane (TIS), and 3,6-dioxa-1, 
8-octanedithiol (DoDT), and 92.5% trifluoroacetic acid (TFA) (total 
volume of 10 mL for 0.1 mM scale synthesis) for 30 min at 37 ◦C. The 
cleaved peptides were crushed in cold (− 20 ◦C) ether, centrifuged, ether 
decanted, and left to dry overnight. The resulting crude peptide pellets 
were dissolved in Milli-Q water at a concentration of ~1 mg/mL, pH 
adjusted to 7.0, and dialyzed for 3 days using Spectra/Por S/P 7 RC 
dialysis tubing with a 2000 Da cut-off tubing against DI water. The 
peptides were subsequently lyophilized and >85% purity was confirmed 
using an Agilent 1100 series HPLC instrument with an Agilent (Santa 
Clara, CA) C3 reverse phase column. The molecular weights of the 
peptides were verified using an Orbitrap Q Exactive LC/MS instrument 
(Thermo Fisher Scientific, Waltham, MA, USA). 

2.2. Cells and culture conditions 

Human gingival fibroblasts were obtained by explanting gingival 

connective tissue attached to extracted third molars from healthy do-
nors, according to the method described by Somerman et al. [34]. They 
were cultured in DMEM/F12 medium (Thermo Fisher Scientific) sup-
plemented with 10% FBS and 1× Antibiotic-Antimycotic (Thermo Fisher 
Scientific). These protocols were approved by the Rutgers Institutional 
Review Board. Human dental pulp cells (DPCs) (PT-5025, Lonza, 
Switzerland), iPSCs, and CNCLCs were cultured in αMEM medium 
(Thermo Fisher Scientific) supplemented with 20% FBS (Thermo Fisher 
Scientific) and 1× Antibiotic-Antimycotic, Essential 8 medium (Thermo 
Fisher Scientific) supplemented with 10 μM Y-27632 (Tocris Bioscience, 
MN, USA), and DMEM/F12 medium supplemented with 10% FBS and 
1× Antibiotic-Antimycotic, respectively. The osteo/odontogenic differ-
entiation medium consisted of the above normal growth media, 50 
μg/ml ascorbic acid, and 10 nM dexamethasone, and chased with 10 mM 
β-glycerophosphate for the last 5 days. For the odontoblastic differen-
tiation assay, 1 × 105 CNCLCs were treated with osteo/odontogenic 
media in a 24-well plate for 3 weeks. Indicated FGFs were added to the 
medium at the concentration of 10 ng/ml. DSP expression was checked 
using anti-DSP (Santa Cruz Biotechnology, sc-73632) primary antibody 
and secondary antibody conjugated with Alexa Fluor 488 (Thermo 
Fisher Scientific). Unless otherwise noted, all the cells were cultured in a 
humidified 5% CO2 incubator at 37 ◦C. 

2.3. RNA isolation and qPCR 

Total RNA was isolated from approximately 2 × 105 cells using 
Direct-zol RNA Miniprep Plus (Zymo Research). cDNA was synthesized 
from at least 500 ng of isolated RNA using a High-Capacity cDNA 
Reverse Transcription Kit (Thermo Fisher Scientific), following the 
manufacturer’s instructions. qPCR was performed using PowerUp™ 
SYBR® Green Master Mix (Thermo Fisher Scientific) and 200 pM gene- 
specific primers (Supplementary Table S1). Thermal cycler condition: 40 
cycles of (95 ◦C for 15′′, 60 ◦C for 30′′ and 72 ◦C for 30′′). All qPCR data 
shown in this study were obtained from the average of at least three 
independent samples. The error bars indicate the standard deviation. All 
statistical analyses in this study were performed using the Student’s t- 
test assuming unpaired two-tailed data distribution. 

2.4. Human iPSC production and validation 

Human iPSCs were produced from human dermal fibroblasts or 
gingival fibroblasts using a CytoTune-iPS 2.0 Sendai Reprogramming kit 
(Thermo Fisher Scientific) with slight modifications to the protocol. 
Briefly, human fibroblasts cultured in DMDM/F12 medium (Thermo 
Fisher) on a 6-well plate at 2 × 105 cells/well were infected with Sendai 
virus with MOIs of 5, 5, and 3 for KOS, c-Myc, and Klf4, respectively. 
Following incubation for 7 days with daily media change, cells were 
lifted with TrypLE (Thermo Fisher Scientific) and transferred onto 
Matrigel (Corning) -coated 100 mm culture dish. The medium was 
changed to Essential 8 (Thermo Fisher Scientific) on the next day and 
was changed daily. Three weeks later, iPSC colonies were identified 
using the TRA-1-60 Alexa Fluor™ 488 Conjugate Kit (Thermo Fisher 
Scientific), picked up under a microscope using a 1 ml pipette and kept 
in a new plate containing Essential 8 medium and 10 μM Y-27632 
dihydrochloride ROCK inhibitor (Tocris Bioscience). 

The ability of iPSCs to differentiate into the three germ layer cells 
was validated using STEMdiff Trilineage Differentiation Kit (Stemcell 
Technologies, MA), following their protocol. Briefly, iPSCs pre-cultured 
with Essential 8 medium were plated in Matrigel-coated 24-well plates 
at a density of 4 × 105 cells/well (for ectoderm or endoderm differen-
tiation), or 1 × 105 cells/well (for mesoderm differentiation). The next 
day, Essential 8 medium was changed to Trilineage Ectoderm, Meso-
derm, or Endoderm Medium, inducing the differentiation of iPSCs into 
the three germ layer cells. After five days (mesoderm or endoderm dif-
ferentiation) or seven days (ectoderm differentiation) with daily me-
dium change, the differentiated cells were immuno-stained using FITC- 
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or Alexa Fluor 488- conjugated antibodies for major markers of the three 
germ layer cells, followed by flow cytometry and fluorescence micro-
scopy analyses. All other antibodies used in this section are listed in 
Supplementary Table S2. 

Karyotyping of iPSCs with G-banding were performed by Institute of 
Genomic Medicine in Rutgers, The State University of New Jersey. 

2.5. Human CNCLCs production 

The protocol below is a modification of Lee’s method [35]. Confluent 
iPSC cells cultured in Essential 8 (Thermo Fisher Scientific) media were 
lifted using TrypLE (Thermo Fisher Scientific) and thoroughly triturated 
to single cells using Pasteur pipette in fresh Essential 8 media. The cell 
suspension was filtered using a 40 μm pore size cell strainer to remove 
debris and cell clumps, followed by centrifugation for 5 min at 160×g 
and washing twice with Essential 8 medium. Resuspended cells in 
Essential 8 supplemented with 10 μM Y-27632 dihydrochloride ROCK 
inhibitor were spread on a Matrigel-coated 6-well plate at a density of 2 
× 105 cells/well. After 15 min incubation at 37 ◦C, non-adherent cells 
were collected, centrifuged, washed as described above, resuspended in 
Essential 8 + 10 μM ROCK inhibitor, and spread onto Matrigel-coated 
6-well plates at the density of 1 × 105 cells/well. When the cells 
reached 50%~70% confluency with daily media changes, 10 μM 
SB431542 and 3 μM CHIR99021 were added to the media. This mixture 
of Essential 8, 10 μM SB431542, and 3 μM CHIR99021 was replaced 
daily for additional 2 days, followed by analysis with Anti-ETS1 (# 
MA5-15609, Thermo Fisher Scientific) and Alexa Fluor 488 donkey 
anti-mouse IgG (A21202, Thermo Fisher Scientific). All other antibodies 
used in this section are listed in Supplementary Table S2. Hereafter, 
CNCLCs were cultured in DMEM/F12 medium. 

2.6. Preparation of root fragment from human third molar 

All third molars used in this project were extracted from healthy 
donors. Approximately, 1 cm root fragments were cut out from the 
extracted third molar using a diamond disc (Brasseler USA). The root 
fragments were processed using endodontic rotary files to widen the 
apical foramen to approximately 1 mm, followed by removal of pulp 
tissue from the root canal using K-files. The hollow root fragments were 
antisepticized using 5.25% sodium hypochlorite and soaked in 17% 
EDTA to remove smear debris. After rinsing with PBS, the root fragments 
were subjected to a pulp regeneration assay. These protocols were 
approved by the Rutgers Institutional Review Board. 

2.7. In vivo pulp regeneration assay 

CNCLCs or DPCs cultured in a 24-well plate to 50% confluency were 
inoculated with lenti-tdTomato-puro vector (LV-CMV-tdTOMATO-Puro, 
Signagen) in serum-free DMEM/F12 + 10 μg/ml polybrene for 5 h. 
Following incubation of 48 h and media change to DMEM/F12 con-
taining 10% serum, 0.5 μg/ml puromycin was added to select trans-
duced cells. After 2 weeks of selection and passage, red fluorescence 
from the surviving cells was assessed microscopically. 

The odontoblastic differentiation of the 5 × 105 labeled CNCLCs or 
DPCs was induced with osteo/odontogenic differentiation medium 
supplemented with 10 ng/ml each of FGF4 and FGF9 for 5 days. The 
10–15 μl mixture of approximately 1 × 106 induced CNCLCs and 1% 
SLan were injected into the canal space of processed human root frag-
ment, which was then capped on the crown side using glass ionomer and 
subcutaneously engrafted into the dorsa of 6-weeks-old NOD scid 
gamma mouse (NSG) mice (The Jackson Laboratory). These mice were 
housed in a single animal per cage in a facility with 12-h light—dark 
cycles and ad libitum food and water. The animal protocols were 
approved by the Rutgers University IACUC. The roots and surrounding 
tissues were collected 8 weeks later and subjected to histological 
analysis. 

2.8. Histological analysis 

The collected root fragments from the mice were fixed using 10% 
neutral buffered formalin and kept overnight at 4 ◦C. Following 
demineralization in 10% EDTA solution for 5–6 weeks at 4 ◦C, the 
samples were immersed in 10%, 20%, and 30% sucrose solutions. After 
embedding in Super Cryoembedding Medium (SCEM) (SECTION-LAB 
Co. Ltd. Hiroshima, Japan), the samples were frozen and sagittally 
sectioned, following the Kawamoto method (SECTION-LAB Co. Ltd. 
Hiroshima, Japan). The sections were stained with hematoxylin and 
eosin (H&E; Sigma-Aldrich, St. Louis, MO, USA). Immunohistochemical 
staining was performed using the EnVision system (Agilent), according 
to the manufacturer’s instructions. The sections were incubated with 
anti-DSP (Santa Cruz Biotechnology, sc-73632) antibody at 4 ◦C, fol-
lowed by labeling with HRP-conjugated anti-IgG antibody. Staining was 
completed after a 5 min incubation with 3,3-diaminobenzidine (DAB). 

3. Results 

3.1. CNCLC production and evaluation 

The overall strategy implemented in this study is illustrated in Fig. 1. 
First, CNCLCs were produced from iPSCs. To ensure the production of 
CNCLCs, iPSCs derived from two sources, human dermal fibroblasts 
(iPSC-DF) and human gingival fibroblasts (iPSC-GF), were used to pro-
duce two sets of CNCLCs (CNC-DF and CNC-GF). iPSC-DF was produced 
previously [36,37] and iPSC-GF was newly generated and isolated by 
colony-picking using TRA-1-60 live staining (Fig. 2A). The iPSCs ob-
tained were validated by immunostaining for iPSC markers (Fig. 2B), by 
karyotyping with G-banding (Fig. 2C), and by assessing their ability to 
differentiate into the three germ layer cells using STEMdiff Trilineage 
Differentiation Kit, followed by immunostaining of ectoderm, endo-
derm, or mesoderm markers (Fig. 2D, Supplementary Fig. S1A–C). Both 
iPSC-DF and iPSC-GF showed the characteristics of authentic iPSCs and 
did not reveal any abnormalities in these analyses. 

Presently, the most established strategy to generate neural crest 
(NC)-like cells from iPSCs is based on the activation of the canonical Wnt 
pathway by inhibiting GSK3 and the simultaneous inhibition of SMAD 
signaling [35,38–41]. Meanwhile, Huang et al. reported that, in the 
absence of caudalization factors, such as retinoic acid, the NCs generated 
with this strategy show CNC-like features, such as high ETS 
proto-oncogene 1 transcription factor (ETS1) expression and low HOX 
genes expression [39]. Additionally, one of the established protocols 
using this WNT-SMAD strategy, published by Menendez et al., indicates 
that NCs are differentiated to peripheral neurons by N2-media (Thermo 
Fisher Scientific) treatment and to mesenchymal stem-like cells by 
FBS-containing media [38]. Considering these information and our final 
goal of generating dental pulp-like cells (belonging to mesenchymal 
lineage) from CNCLCs, we chose to eliminate the N2-media incubation 
steps from a facile but established protocol using the WNT-SMAD 
strategy, published by Lee et al. [35] and maintained the resulting 
CNCLCs in DMEM/F12 media supplemented with 10% FBS. With this 
modified method, both sets of CNCLCs (CNC-DF and CNC-GF) were 
generated and characterized by ETS1 expression via immunostaining. 
ETS1 is a transcription factor known to be specifically expressed in 
CNCs, but not in other portions of the neural crest [42,43]. ETS1 
expression was clearly observed in the CNCLCs produced using our 
procedure (Fig. 2E), whereas it was absent in the undifferentiated iPSCs 
(Fig. 2E). 

Next, the characteristics of the CNCLCs were evaluated by quanti-
fying the expression levels of 19 published CNC marker genes using 
qPCR [21,44] (Fig. 3A and B). Interestingly, the expression of major CNC 
marker genes, such as ETS1, transcription factor AP-2 alpha (TFAP2A), 
3-beta-glucuronosyltransferase 1 (B3GAT1 (HNK1)), low-affinity nerve 
growth factor receptor (NGFR (p75)), SRY-box transcription factor 9 
(SOX9), 10 (SOX10), inhibitor of DNA binding 4 (ID4), Meis homeobox 2 
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(MEIS2), Msh homeobox 2 (MSX2), MYB Proto-Oncogene Like 1 
(MYBL1), paired box gene 3 (PAX3), and snail family transcriptional 
repressor 2 (SNAI2), was upregulated in both CNC-DF and CNC-GF by 
approximately 2.5–12,000 fold compared to their parental cells 
(Fig. 3A). Furthermore, the expression of four pluripotent stem cell 
markers, c-Myc, octamer-binding transcription factor 3/4 (Oct3/4), ho-
meobox protein NANOG, and SRY-box transcription factor 2 (SOX2), was 
significantly lower in the CNCLCs compared to their parental cells 
(Fig. 3B). These qPCR data were confirmed by immunostaining of the 
CNCLCs and the iPSCs with antibodies for the markers mentioned above 
(Fig. 3C, Supplementary Fig. S2) These data corroborated the validity of 
use of CNCLCs, including pulp-dentin complex regeneration, in further 
research. Subsequently, we decided to use CNC-GF for our model system 
since it has clearer CNC-like characteristics compared to CNC-DF 
(Fig. 3A and B). Especially, CNC-GF showed 5.1-fold higher MSX2 and 
11.4-fold higher TFAP2A expression (Fig. 3A), while it expressed only 
0.01-fold NANOG, an iPSC marker (Fig. 3B), compared to CNC-DF. 
Meanwhile, forkhead box D3 (FOXD3) expression in the CNCLCs was 
lower than that in the iPSC controls (Fig. 3A) (discussed later). 

3.2. With FGF4+9 stimulation, the CNCLCs effectively differentiate to 
odontoblast-like cells 

One critical characteristic of dental pulp is the presence of 
odontoblast-like cell progenitors, which maturate in response to trau-
matic stimuli and produce reparative dentin [45–47]. Here, by investi-
gating the ability of CNCLCs to differentiate into odontoblastic cells, we 
evaluated their potential to mimic dental pulp cells. 

Odontoblast differentiation during tooth development is coordi-
nately controlled by a multitude of signaling proteins, including fibro-
blast growth factors (FGFs), bone morphogenetic proteins (BMPs), Wnts, 
and sonic hedgehogs (SHHs) [48,49]. Recently, it was shown that BMP4 
directly stimulates odontoblast differentiation of iPSCs derived from 
DPSCs [50]. However, when iPSCs are considered as a personalized 
regenerative medicine source, using the reported dose of BMP4 protein 
for differentiating each patient’s iPSCs would be quite costly [51]. In 

addition, it is debatable to isolate DPSCs from a patient’s healthy tooth 
as an iPSC source. These problems led us to test whether FGFs alone can 
induce odontoblastic differentiation of CNCLCs, since FGF proteins are 
commercially inexpensive and are known to contribute to odontoblast 
differentiation [48]. An additional rationale is that FGFs have previously 
induced a strong morphological change in CNCLCs in our laboratory 
(data not shown). 

CNC-GFs were treated with odontogenic differentiation media sup-
plemented with FGF2, 3, 4, 8, 9, 19, 20, or BMP4 for 14 days, and the 
expression of dentin sialophosphoprotein (DSPP) and dentin matrix 
acidic phosphoprotein 1 (DMP1) were compared (Fig. 4A). We chose 
these FGFs since they represent well other FGFs in the same subtypes to 
which they belong [52] and are involved in the odontogenesis process 
[48]. Interestingly, FGF4 and FGF9 induced both DSPP and DMP1 with 
the highest efficiency (Fig. 4A), whereas BMP4 showed a moderate ef-
fect. This suggested that BMP4 application for odontoblastic differenti-
ation can be replaced with the combined use of FGF4 and 9. 

To evaluate the odontoblastic differentiation induced by FGF4 and 9, 
CNC-GFs were treated with FGF4, 9, 4 + 9, or BMP4 for 14 days, and the 
expression of nine genes known to characterize odontoblastic differen-
tiation, which are osterix (OSX), runt-related transcription factor 2 
(RUNX2), Kruppel-like factor 4 (KLF4), DSPP, DMP1, alkaline phos-
phatase, tissue-nonspecific isozyme (ALPL), nuclear factor 1 C-type 
(NFIC), osteocalcin (OC), and osteonectin (ON), was analyzed by qPCR 
(Fig. 4B). Interestingly, all the quantified genes were significantly 
upregulated in treated CNC-GFs. FGF4+9 combination showed the 
highest induction potency with 1.7–5.0 fold efficacy as compared to 
BMP4 (Fig. 4B). Similar results were obtained on immunostaining of 
CNC-GFs (treated as above) for major odontoblast markers using Alexa 
488-conjugated antibodies (Fig. 4D, the second to fifth row). DSP, 
DMP1, osteocalcin, and KLF4 expression was highly augmented in cells 
treated with FGF4+9 (Fig. 4D). 

To further evaluate the odontoblastic differentiation induced by 
FGF4+9, genome-wide gene expression of FGF4+9-treated CNC-GFs 
was analyzed using RNA-seq technology. From the RNA-seq data, we 
subsequently assessed expression levels of those genes that have been 

Fig. 1. Illustrated flowchart of procedures taken in this study. (1) iPSCs differentiate into CNCLCs by the inhibition of TGFβ-SMAD pathway and the activation of 
WNT pathway by inhibiting GSK3, following the modified Lee’s protocol [35]. (2) The CNCLCs were labeled with lenti-tdTomato vector and fated with FGFs and 
odontogenic differentiation media for 5 days. Mixing of cells with the angiogenic hydrogel immediately before injection to the scaffold. (3) Isolation of root parts of 
wisdom teeth (third molars) extracted from patients. The pulp cells were removed from them and antisepticized with sodium hypochlorite, followed by activation of 
the growth factors in the dentin with EDTA washing. (4) Injection of the cell-gel complex into the opened pulp space of the dentin scaffold. The apical foramen of the 
root was kept opened for nutrient supply to the internal CNCLCs from mouse body. The cell-gel complex does not leak from the apical foramen with the help of 
viscosity of the hydrogel. (5) After capping the crown side of the root with glass-ionomer cement, the dentin-scaffolds were engrafted into the dorsa of immuno-
deficient NSG mice subcutaneously. (6) Following eight-weeks in-vivo culture, the dentin-scaffolds were extracted and analyzed histologically. 
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Fig. 2. Validation of the iPSCs produced in this study. (A) An iPSC-GF colony stained with anti-TRA1-Alexa Fluor 488 (green). Bright field (top) and TRA-1 (bottom). 
Scale bar = 200 μm. (B) iPSC markers detected with Immunostaining using PE-conjugated antibodies. Scale bar = 100 μm. (C) G-banding karyotype of iPSC-DF and 
iPSC-DF. (D) Validation of the iPSCs’ ability to differentiate into the three germ layer cells. The differentiated cells and the progenitor iPSCs are immuno-stained with 
the FITC-conjugated antibodies for major markers of the three germ layer cells, followed by flowcytometry. Gray peaks and colored peaks correspond to untreated 
cells and cells treated with differentiation media, respectively. Y-axes correspond to cell number. AU stands for arbitrary unit. Scale bar = 100 μm. (E) The CNCLCs 
(CNC-DF and CNC-GF) and their progenitor cells (iPSC-DF and iPSC-GF) immuno-stained with anti-ETS1-Alexa 488 (green) and DAPI (blue). Scale bar = 100 μm. 
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reported to be upregulated (UG) or downregulated (DG) more than five- 
fold in the odontoblastic differentiation of dental pulp cells [53] 
(Fig. 4C). Thirteen out of 16 UGs were upregulated, whereas protein 
sprouty homolog 1 (SPRY1) and monoamine oxidase A (MAOA) were 
downregulated and metallothionein-1G (MT1G) level was under the 
RNA-seq threshold (Fig. 4C, left). Out of 24 DGs, 21 were down-
regulated, whereas T-cadherin (CDH13), Keratin 34 (KRT34), and 
pregnancy-specific beta-1-glycoprotein 5 (PSG5) were upregulated 
(Fig. 4C, right). Additionally, to confirm the functionality of CNC-GF 
treated with FGF4+9, calcium deposition was assayed using alizarin 
red staining (Fig. 4D, top). After 14 days of the treatment, FGF4+9 
induced the highest calcium deposition, whereas BMP4 showed mod-
erate accumulation. These data indicated that CNC-GFs stimulated with 
FGF4+9 can differentiate into odontoblast-like cells, suggesting that 
CNC-GF is phenotypically potent to replicate the characteristics of 
dental pulp tissue. 

3.3. The neovascularization induced by angiogenic hydrogel, SLan, aids 
CNC-GF replicate the characteristics of dental pulp tissue in vivo 

To promote CNC-GF to replicate the characteristics of dental pulp 
tissue containing blood vessels, which is a key factor for regenerated 
tissue to survive in vivo, we introduced the cytocompatible pro- 
angiogenic hydrogel, SLan. SLan is a self-assembling peptide hydrogel 
(SAPH) that contains the functional mimetic of the VEGF-165 signaling 
domain, “QK” (seq. KLTWQELYQLKYKGI), at the peptide N-terminus 
[27,28,31]. Importantly, SLan has already shown its ability to induce 
angiogenesis in a dog model [22]. 

Prior to the in vivo assay, CNC-GFs were labeled with the lenti- 
tdTomato vector to be distinguished from the host cells. The odonto-
blastic differentiation of labeled cells was induced with FGF4+9 for a 
short period (five days), resuspended in SLan, and then injected into 
processed human tooth root fragments to mimic the real root canal 
environment [54–57]. The roots were subcutaneously implanted into 
the dorsa of the NSG mice. Eight weeks later, the harvested cell-SLan 

Fig. 3. Relative expression levels of (A) indicated CNC marker genes and (B) pluri-potent stem cell marker genes (MYC, NANOG, OCT3/4, and SOX2) in iPSC-DF, 
iPSC-GF, CNC-DF, or CNC-GF. qPCR Ct-values were normalized with β-actin level and iPSC-DF values. Each column shows averaged value obtained from at least three 
independent samples. Error bars indicate standard deviations. *p < 0.05, **p < 0.01, ***p < 0.001 versus the parental iPSC group. (C) Immunostaining of major CNC 
markers on CNC-DF, CNC-GF, and their progenitor iPSCs with antibodies conjugated with FITC or non-conjugated antibodies detected by Alexa Fluor 488-conjugated 
secondary antibody (Supplementary Table S2). Scale bar = 100 μm. 
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complexes were analyzed histologically (Fig. 5). 
Interestingly, vast neovascularization was observed in the injected 

cell-SLan complex, which intruded into 82.7% of the cell-SLan complex 
length in an average of three independent tests (Fig. 5A and B). Neo-
vascularization was present even in the control roots with DPC-SLan or 
SLan alone (Fig. 5G and H), but was absent in the control root fragment 
with PBS only (Fig. 5I). This suggests that SLan alone can effectively 
induce neovascularization in the root canal space. Moreover, aligned 
odontoblast-like cells (Fig. 5C) and dentin-like layers were detected by 
HE staining (Fig. 5E) and DSP immunostaining (Fig. 5F). These cells 
were confirmed to originate from CNC-GF due to their red fluorescence 
from tdTomato RFP (Fig. 5D). These data suggested that SLan induces 
intensive neovascularization, and CNC-GFs can differentiate into dental 
pulp-like tissue. 

4. Discussion 

In the present study, we replicated the characteristics of dental pulp 
tissues using CNCLCs derived from human iPSCs. Since theoretically 
iPSCs can be generated from somatic cells of any age group, it can be 
suitable for pulp regeneration in elderly patients, who lack a sufficient 
number of stem cells, such as DPSC, SHED, SCAP, or PDLSC. However, 
iPSC technology is reported to have practical obstacles to be forwarded 
to clinical trials, of which tumorigenicity is the most important concern 
[58]. iPSCs are at a risk of tumorigenesis when undifferentiated or 
immature iPSCs are contaminated in their target cell products, reprog-
raming factors (especially cMyc) remain active even after their differ-
entiation into the target cell type, or oncogenic mutations occur during 
the culture in vitro [58]. To circumvent these situations, not a few 
technologies have been developed or studied to date. Sawa and col-
leagues focused on CD30 epitope expressed by iPSCs and utilized 
brentuximab vedotin, an FDA-approved drug for CD30-positive lym-
phoma [59]. Brentuximab vedotin is an anti-CD30 antibody conjugated 
with the antimitotic agent, monomethyl auristatin E, which selectively 
bound to and eliminated undifferentiated iPSCs in their target cell 
product, cardiac myocytes, prior to engrafting. Hayashi et al. used a 
similar strategy to remove undifferentiated iPSCs from corneal epithelial 
cells utilizing an antibody for CD200, which is expressed by undiffer-
entiated iPSCs but not by mature corneal epithelial cells [60]. The sui-
cide gene strategy proposed by Kojima et al. could be effective in 

eliminating both undifferentiated iPSCs and tumor cells originating 
from them [61]. They introduced the herpes simplex virus type 1 
thymidine kinase (HSVtk) gene into iPSCs. On treating iPSCs harboring 
HSVtk with ganciclovir (GCV), HSVtk converts the GCV to 
GCV-triphosphate, a DNA synthesis inhibitor that promotes apoptosis of 
dividing cells selectively due to cell cycle arrest [62]. These new tech-
nologies are based on the facile methods to distinguish iPSCs and their 
cancerous forms from the differentiated target cell type and on the 
existing FDA-approved drugs to eliminate them in vitro. Likewise, a 
facile method to distinguish iPSCs from dental pulp cells may be a key to 
forward iPSC technology for use in regenerative endodontics. 

In the phenotypic evaluation of the CNCLCs, we found that CNC-DF 
and CNC-GF express 18 major CNC marker genes with high magnitude, 
while their expression levels of iPSC marker genes were considerably 
lower than those of iPSC-DF and iPSC-GF (Fig. 3A and B). This suggests 
that the CNCLCs we produced mimicked actual CNCs well. Meanwhile, 
the expression levels of FOXD3 in CNC-DF and CNC-GF were lower than 
those in their parental iPSCs. A similar phenomenon was reported pre-
viously [21], in which the mouse CNCLCs showed lower Foxd3 expres-
sion compared to the parental iPSCs. This phenomenon can be explained 
by the function of FOXD3 in pluripotent stem cells. FOXD3 is active in 
pluripotent stem cells to maintain their pluripotency [63] and also to 
promotes pluripotent stem cells to exit from their naïve state [64]. 
However, mesenchymal progenitors of NC do not express FOXD3 [65]. 
These observations suggest that iPSCs may express a high level of FOXD3 
to maintain their pluripotency and that CNCLCs, which have undergone 
some level of differentiation, may not require FOXD3 expression at the 
level of iPSCs. In fact, the FOXD3 expression levels in CNC-DF and 
CNC-GF were not negligibly low in this study, reaching approximately 
1/2–1/6 of TFAP2A, the most-upregulated CNC marker gene in this 
study relative to β-actin by qPCR, although these values are dependent 
on their PCR primer sensitivity. 

One unexpected finding in this study is that FGF4 and FGF9 showed 
the highest inducibility for odontoblastic differentiation of CNCLCs. 
Both FGFs belong to the secreted FGF group, which signals to receptor 
tyrosine kinases (FGFRs) [52]. In humans, 18 secreted FGFs have been 
identified so far and classified into six subfamilies, that is, FGF1, FGF4, 
FGF7, FGF8, FGF9, and FGF15/19-subfamily. Each subfamily has a 
certain level of specificity for the partner FGFR [52]. Secreted FGFs play 
essential roles in the early stages of embryonic development and 

Fig. 3. (continued). 
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organogenesis, such as odontogenesis, including odontoblast differen-
tiation. More specifically, during odontoblast development, the dental 
mesenchyme expresses FGFR1c, 2c, and 1b. Concurrently, 
pre-ameloblasts and ameloblasts secrete FGF3 (FGF7-subfamily, prefers 
FGFR2b), 4 (4-subfamily, 1c and 2c), 9 (9-subfamily, 3c), 15/19 
(15/19-subfamily, weakly 1c, 2c. 3c and 4Δ), and 20 (9-subfamily, 3c) 
to stimulate odontoblast differentiation [48]. Considering the expres-
sion patterns of FGFs and FGFRs in odontoblast differentiation, FGF4 
stimulating FGFR1c and 2c may be most effective for odontoblast dif-
ferentiation. Meanwhile, in our assay assessing FGFs effect on CNC-GF’s 
odontoblastic differentiation, FGF4 and, interestingly, FGF9 showed the 
highest efficacy (Fig. 4A). FGF9 has the highest affinity for FGFR3c, 
which has not been reported to be expressed in the dental mesenchyme, 
while FGF9 is secreted from enamel knot/ameloblasts during odonto-
genesis [48]. This discrepancy may not be due to the difference between 
CNC and dental mesenchyme, since FGF9 has been reported to induce 
odontoblastic differentiation in DPCs [66]. The weak affinity of FGF9 
with FGFR2c [52] could be significant for the induction of odontoblastic 
differentiation of CNCLCs. 

In the evaluation of phenotypic similarity to DPCs, CNC-GF differ-
entiated into odontoblast-like cells with FGF4+9 stimulation. These 
odontoblast-like cells expressed the genes characteristic to the odonto-
blastic differentiation of DPCs (Fig. 4B and C), which proved that 
CNCLCs have DPC characteristics and that FGF4+9 can induce their 
odontoblastic differentiation. However, among the checked genes, 
SPRY1, MAOA, CDH13, KRT34, and PSG5 were not regulated, as pre-
viously reported [53] (Fig. 4C). This discrepancy could be explained by 
the following relationships between these genes and FGFs or NC/neural 
tissues: SPRY1 prevents excessive FGF signaling in multiple cell types 
throughout cerebellar development [67]. KRT34 and FGF9 are markedly 
upregulated in fibroblasts from patients with Dupuytren’s disease, 
which is characterized by excessive local proliferation of fibroblasts and 
over-production of collagen and other components of the extracellular 
matrix (ECM) in the palmar fascia [68]. PSG5 expression is down-
regulated in human mesenchymal stem cells treated with FGF2 [69]. 
MAOA catalyzes the deamination of neurotransmitters, such as dopa-
mine, norepinephrine, and serotonin. CDH13 expression alternates with 
migrating neural crest cells [70]. These findings indicate a relationship 
between the above five genes and FGFs or NC/neural tissues and suggest 
that the discrepancy in the regulation of the five genes could be due to 
the unique circumstances of this study using FGFs and CNCLC. 

In this study, a self-assembling peptide hydrogel, SLan, significantly 
assisted CNC-GFs to replicate the characteristics of dental pulp tissue by 
inducing neovascularization. SLan recovers approximately 80% of the 
mechanical strength 1 min after shear-thinning, owing to its non- 
covalent self-assembling peptide backbone, K(SL)6K [23]. This charac-
teristic enables SLan to be easily dispensed through a narrow bore sy-
ringe and near-instantaneously re-gel in situ. Furthermore, since SLan 
has a VEGF signaling domain in its own peptide, it can be tuned to un-
dergo gradual degradation over 3–6 weeks in vivo [24], thereby 
extending the angiogenic induction period, as compared to classic 

hydrogels incorporated with rhVEGF (4–8 h) [32,33]. These two char-
acteristics make SLan quite a suitable scaffold gel for pulp regeneration 
in situ. 

The importance of angiogenesis in the survival of transplanted stem 
cells regenerating into dental pulp-like tissue has been well reported 
(reviewed in Ref. [71]). Since oxygen, which is required for cell survival, 
can diffuse only 150–200 μm deep from the surface of a cell clump [72, 
73], the long-term survival and function of transplanted 3-dimensional 
tissues depend on rapid angiogenesis, not only on the surface but also 
in the center of the tissue grafts. In fact, the induction of neo-
vascularization is one of the major limitations in successful trans-
plantation of tissue engineering products in clinical practice [74]. To 
achieve rapid angiogenesis, strategies involving incorporation of VEGF 
into hydrogels with controlled diffusion have been exploited [75]; 
however, many of them are challenged by the cost of rhVEGF and its 
rapid diffusion. Including the VEGF-motif in the hydrogel monomer 
sequence is a promising strategy [26–28]. Further work from our group 
has shown the facile modifiability of this platform to promote DPSC 
proliferation, neurogenesis, inflammation modulation, and others 
[76–79]. Recently, stromal cell-derived factor 1 alpha (SDF-1α) was 
shown to enhance angiogenesis remarkably when overexpressed 
together with VEGF in DPSCs [80]. This finding could enhance our 
system utilizing CNCLCs and VEGF mimetics. SDF-1α can be incorpo-
rated into SLan hydrogel, which could augment the efficacy of pulp 
regeneration from CNCLCs. Furthermore, another group showed that 
VEGF- and BDNF-mimetic peptides have synergistic effects on periph-
eral nerve regeneration [81]. These synergistic effects from material 
combinations may be exploited to advance in-situ pulp regeneration 
toward practical treatment in the future. 

5. Conclusions 

We have shown that CNCLCs can be generated by simplifying the 
established method for deriving NCs from iPSCs. The produced CNCLCs 
showed upregulation of major CNC marker genes by several orders of 
magnitude. Furthermore, the combination of FGF4 and FGF9 induced 
the CNCLCs toward odontoblastic differentiation more effectively than 
BMP4. Moreover, by engrafting into mice dorsa, the CNCLCs briefly 
fated with FGF4 + FGF9 replicated the characteristics of dental pulp 
tissue harboring odontoblast-like cells, dentin-like layer, and vast neo-
vascularization induced by the angiogenic SAPH, SLan. Thus, this study 
demonstrated a successful collaboration between regenerative medicine 
and SAPH technology. 
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All data needed to evaluate the conclusions in the paper are pre-
sented in the paper and/or the Supplementary Materials. Additional 
data related to this study may be requested from the authors. 

Fig. 4. (A) Relative expression levels of odontoblast marker genes, DSPP and DMP1, in CNC-GF treated with 10 ng/ml of FGF2, FGF4, FGF8, FGF9, FGF19, FGF20, or 
50 ng/ml BMP4, for 14 days. qPCR Ct-values were normalized with β-actin level and non-treated negative control values. Each column shows averaged value ob-
tained from at least three independent samples. Error bars indicate standard deviations. *p < 0.05, **p < 0.01, ***p < 0.001 versus the control group. Cont: non- 
treated control. (B) Relative expression levels of genes upregulated through odontoblast differentiation (OSX, RUNX2, KLF4, DSPP, DMP1, ALPL, NFIC, OC, ON) in 
CNC-GF treated with FGF4, FGF9, BMP4, or FGF4+9 for 14 days. qPCR Ct-values were normalized with β-actin level and negative control values. Each column shows 
averaged value obtained from at least three independent samples. Error bars indicate standard deviations. *p < 0.05, **p < 0.01, ***p < 0.001 versus the control 
group. Cont: non-treated control. (C) Gene-expression-level heatmaps depicting odontogenic differentiation of CNC-GF treated with FGF4+9. Expression levels of the 
genes reported to be upregulated more than five folds (left column) and downregulated more than five folds (right column) in odontogenic differentiation process 
were assessed from the RNA-seq data of FGF4+9-treated CNC-GF or the non-treated negative control. RNA-seq data were taken from three independent samples for 
each condition. Z-score scale bar is shown in the left-bottom. Genes indicated in red behaved as published previously, while genes indicated in black did not. Cont: 
non-treated control. (D) CNC-GF treated with odontogenic media supplemented with indicated growth factor(s) for 14 days. NC stands for non-treated negative 
control. (First row) Alizarin Red staining. Calcium deposition forms red pigment with Alizarin Red S, visualizing odontoblast differentiation. Scale bar = 200 μm. 
(The second to fifth row) Immuno-staining using anti-DSP, anti-DMP1, anti-osteocalcin, or anti-KLF4 primary antibody and secondary antibody conjugated with 
Alexa fluor 488 (green). Scale bar = 100 μm.) 
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Fig. 5. Histological analysis of the root containing the complex of SLan-hydrogel and CNC-GF pretreated with odontogenic medium including FGF4+9. Following in 
vivo culture for eight weeks, the engrafted scaffolds were extracted from mice dorsa, sliced with cryostat, and stained with H & E. (A) Full view of one of the scaffolds. 
The left side and right side correspond to apical- and crown-side of scaffold, respectively. Spindle-shaped red regions correspond to cross-sectioned neovascularized 
blood vessels (white arrows). Purple dots correspond to nuclei of CNC-GFs. Boxed areas are magnified and shown in indicated figures (B–E). Scale bar = 200 μm. (B) 
An example of neovascularization into the cell-SLan complex. Erythrocytes in the blood vessel are strongly red-stained with eosin. Scale bar = 50 μm. (C) The 
boundary between the cell-SLan complex (top) and dentin scaffold (bottom). CNC-GFs aligned on the surface of dentin scaffold (white arrows). Scale bar = 100 μm. 
(D) Another slice from region (C) showing red fluorescence. Red cells correspond to CNC-GFs. (E) Dentin-like layer formed in the space between CNC-GFs and dentin 
scaffold (white arrows). Scale bar = 100 μm. (F) Immunostaining of DSP in the cell-SLan complex with DAB, showing boxed area of image-(E). Regions with dense 
DSP are brown-stained. Scale bar = 50 μm. G, H, I denote the apical region of control root fragments, respectively; (G) DPCs and SLan, (H) SLan only, and (I) PBS 
only. Scale bar = 200 μm. Erythrocytes in blood vessels are red-stained (white arrows). 
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