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Abstract
Objectives The aim of this study was the isolation and characterization of dental follicle–derived Hertwig’s epithelial root sheath
cells (DF-HERSCs).
Materials and methods DF-HERSCs were isolated from dental follicle (DF)–derived single-cell suspensions. Their epithelial
phenotypes were analyzed by Western blotting, polymerase chain reaction (PCR), and quantitative polymerase chain reaction
(qPCR). Epithelial-mesenchymal transition (EMT) was induced in DF-HERSCs by treatment with transforming growth factor-β
(TGF-β) or fetal bovine serum (FBS)–added medium. Characteristics of DF-HERSCs were compared with normal human oral
keratinocytes (NHOKs) and normal human epidermal keratinocytes (NHEKs). Osteogenic differentiation and mineralization of
DF-HERSCs were analyzed by alkaline phosphatase (ALP) and Alizarin red staining. All experiments were conducted in
triplicate.
Results Primary DF-HERSCs were isolated from DF. Epithelial phenotypes of DF-HERSCs were confirmed by morphological
and Western blot analysis. PCR results demonstrated that the origin of DF-HERSCs was neither endothelial nor hematopoietic.
Enamel matrix derivative (EMD)–associated genes were not expressed in DF-HERSCs. Treatment with TGF-β and FBS-added
medium triggered the progression of EMT in DF-HERSCs. The acquired potency of differentiation and mineralization was
shown in EMT-progressed DF-HERSCs.
Conclusions DF contains putative populations of HERSC, named DF-HERSC. DF-HERSCs shared common characteristics
with NHOKs and NHEKs.

Keywords Dental follicle–derived HERS cells . Cementogenesis . Regenerative endodontic procedures . HERSC-dMSC
interactions

Introduction

The development of the tooth is based on the interactions be-
tween oral epithelium and ectomesenchyme [1]. Odontogenesis
begins with the invagination of the oral epithelium, followed by
subsequent events such as mesenchymal condensation at the
border of the developing tooth bud [2], cell proliferation, dif-
ferentiation. The inner and outer enamel epithelium, cervical
loop, and Hertwig’s epithelial root sheath (HERS) belong to
the odontogenic epithelium. The inner and outer enamel epithe-
lia proliferate at the cervical loop and can fuse. HERS is formed
by the fusion of the inner and outer enamel epithelia. After the
secretion of pre-dentin matrix, HERSCs migrate away from the
root surface, undergo apoptosis, or remain in the DF [3].
Understanding the bioactive effects of odontogenic epithelium
on mesenchymal cells might unveil the underlying mechanism
of tissue regeneration [4].

Clinical relevance Scientific evidence of the roles of DF-HERSCs,
especially during cementogenesis, might be utilized for the
development of strategies aimed the endodontic regeneration and
periodontal re-attachment. Procuring human DF-HERSCs can facilitate
HERS-associated studies.
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Regenerative endodontic procedures (REPs) induce con-
tinuous development of the root in necrotic immature teeth.
The growth of immature necrotic tooth is caused by the depo-
sition of cementum-like tissue [5, 6]. Those data suggest the
relevance of cementogenesis during REPs. Cementogenesis is
also a critical process for periodontal tissue regeneration. The
periapical region of immature teeth is known to comprise the
DF, dental papilla, and periodontal ligament (PDL), with these
tissues containing the precursors of dental mesenchymal stem
cells (dMSCs) [7, 8]. Dental follicle cells (DFCs) contain po-
tent precursors of cementoblasts and HERSCs regulate the
cementoblastic differentiation of the DFCs [9]. HERSCs also
could undergo cementoblastic differentiation through EMT
and form cementum-like tissue [10, 11]. Collectively, it can
be hypothesized that cementum-forming dMSCs and
HERSCs are responsible for the continuous development of
the root during REPs. Interactions between HERSCs and
DFCs during REPs or periodontal tissue regeneration are be-
ing highlighted [12].

Most studies on HERS have used rodent-derived HERSCs,
as ethical issues restrict access to developing human teeth.
Human HERSCs have been isolated from PDL [9, 13]. A
small number of HERSCs are found in PDL, and their isola-
tion has not always been successful or efficient. Procuring of
human HERSCs remains a challenge in the study of HERSCs.

Dental follicle (DF) is a loose connective tissue surround-
ing the enamel organ and dental papilla in the developing
tooth germ and is composed of precursors of cementoblasts,
PDL cells (PDLCs), and osteoblasts. Notably, DF disappears
as the tooth erupts; however, DF can often be found in the
impacted tooth [14]. DF resides between an impacted tooth
and the alveolar socket. The shape and size of DF are irregular
and are not present in all impacted teeth. Morsczek et al. re-
ported the isolation of mesenchymal precursors from human
DF in 2005. [15]

In this study, we hypothesized that DF contains an epithe-
lial population that can be regarded as HERSCs. The aim of
this study was the isolation and characterization of the epithe-
lial population from DF, named DF-HERSCs. As such, DF
might substitute PDL tissues with respect to isolation of
HERSCs. Procuring DF-HERSCs can facilitate the study of
HERS aiming endodontic and periodontal regeneration. To
the best of our knowledge, this is the first study reporting
the isolation of HERSCs from human DF.

Materials and methods

Cells and cell culture

Primary DF-HERSCs and DFCs were prepared from DF.
NHEKs and normal human epidermal fibroblasts (NHEFs)
were isolated from the foreskin. NHOKs and PDLCs were

isolated from gingival and PDL tissues, respectively. This
study was approved by the Institutional Review Board
Kyung Hee University Hospital at Gang-dong (IRB
Approval No. KHNMC 2017-06-009). Informed consent
was obtained from the subjects or the parents of subjects under
19 years of age. For isolation of DF-HERSCs, DFs were col-
lected from impacted third molars obtained after surgical ex-
traction at the Department of Oral and Maxillofacial Surgery,
Kyung Hee University Dental Hospital, at Gang-Dong, Seoul,
Korea. Isolation of single cells from DF was performed as
described previously [16]. Briefly, DFwas minced and treated
with 1 mg/mL collagenase type I (Gibco, Grand Island, NY,
USA) and 2.4 mg/mL Dispase (Gibco) for 1 h at 37 °C. The
single-cell suspension was collected after treatment with
0.05% trypsin-EDTA (Gibco) for 15 min at 37 °C and filtered
using a 40-μm strainer (Falcon, NC, USA). The enzymes
were inactivated using keratinocyte serum-free medium
(SFM; Gibco) with 10% FBS (Gibco), and then the single-
cell suspension was plated. The medium was changed every
day until the emergence of epithelial colonies. Epithelial pop-
ulations were selected with keratinocyte SFM. Mesenchymal
populations did not survive, and only epithelial populations
survived in the presence of keratinocyte SFM.

Primary NHOKs and NHEKs were prepared according to
the methods described elsewhere [17]. DF-HERSCs, NHOKs,
and NHEKs were maintained in keratinocyte SFM (Gibco)
with the following supplements: 2.5 μg human recombinant
epidermal growth factor (EGF; Gibco), 25mg bovine pituitary
extract (Gibco), and 1% penicillin/streptomycin (P/S;
ScienCell, Carlsbad, CA, USA). DFCs and PDLCs were cul-
tured in αMEM (Gibco) supplemented with 10% FBS
(Gibco) and 1% P/S (ScienCell). Differentiation and mineral-
ization of cells were induced with αMEM-based osteogenic
medium (αMEM-M) that contains the following: αMEMme-
dium supplemented with 10% FBS, 5 mg/mL gentamicin,
100 μM L-ascorbic acid 2-phosphate, 1.8 mM KH2PO4,
and 10 mM β-glycerol phosphate (Sigma-Aldrich). NHEFs
were maintained in Dulbecco’s modified Eagle medium
(WELGEN, Seoul, Korea) with 10% FBS (Gibco) and 1%
P/S (ScienCell).

Western blotting

Total protein concentration was determined using Quick Start
Bradford reagent (Bio-Rad, Hercules, CA, USA). Western
blot analysis was performed using the following antibodies:
rabbit monoclonal anti-p16INK4A (1:2000, Cell Signaling
Technology, Danvers, MA, USA); mouse monoclonal anti-
N-Cadherin (1:500, Santa Cruz Biotechnology, Santa Cruz,
CA, USA); mouse monoclonal anti-E-Cadherin (1:1000,
Santa Cruz Biotechnology); mouse monoclonal anti-p63
(1:1000, Abcam, Cambridge, UK); mouse monoclonal anti-
Involucrin (1:2000, Sigma-Aldrich, St. Louis, MO, USA);
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and mouse monoclonal anti-GAPDH (1:2000, Santa Cruz
Biotechnology). Chemiluminescence signals were detected
using the HyGLO chemiluminescent HRP antibody detection
reagent (Denville Scientific Inc., Metuchen, NJ, USA).

Polymerase chain reaction

Total RNAwas extracted using the RNeasyMini Kit (Qiagen,
Hilden, Germany). Reverse transcription of RNA was per-
formed with 2.5 μg total RNA using the AccuPower RT
PreMix (Bioneer, Daejeon, Korea). Subsequently, polymerase
chain reaction (PCR) was performed with AccuPower
GoldHotstart Taq PCR Premix (Bioneer) using a PCR
thermocycler (Applied Biosystems, Mannheim, Germany)
with the following conditions: initial denaturation at 94 °C
for 2 min; 35-cycledenaturation at 94 °C for 30 s, annealing
at 60 °C for 1 min, and extension at 72 °C for 1 min; and a
final extension at 72 °C for 10 min. PCR products were re-
solved on a 1.5% agarose gel and stained with Dyne
LoadingStar ethidium bromide (DYNEBIO, Seongnam,
Korea). Primer sequences are detailed in Table 1.

Quantitative reverse transcriptase polymerase chain
reaction

Isolated messenger RNA (mRNA) was reverse-transcribed to
cDNA using RNA to cDNA EocDry™ Premix (Oligo dT)
System (Takara Bio, Kusatsu, Japan). Accordingly, cDNA
was converted using oligo dT primers with the SMART®
MMLV reverse transcriptase (Takara Bio). Subsequently,
quantitative reverse-transcriptase PCR (qPCR) was performed

using a StepOnePlus™ system (Bio-Rad) with the SYBR™
Green Master Mix (Applied Biosystems) in the following
conditions: initial denaturation at 94 °C for 30 s; 40 cycles
of denaturation at 94 °C for 5 s and annealing at 58 °C for 30 s;
and a final extension at 60 °C for 5 min. Primer sequences are
detailed in Table 1.

Preparation of DFC-conditioned medium

DFCs were cultured to 70~80% confluency in 100-mm cul-
ture dishes. Cells were washed twice with PBS and incubated
keratinocyte SFM without supplements for 48 h. The super-
natant was collected and centrifuged at 288×g for 3 min. The
DFC-conditioned medium (DFC-CM) was filtered using a
0.2-μm pore filter (Nalgene, Rochester, NY, USA) and stored
at either 4 °C or − 20 °C for long-term storage.

Induction of epithelial-mesenchymal transition in DF-
HERSCs

DF-HERSCs, NHOKs, and NHEKs were treated with 5 ng/
mL of TGF-β (PeproTech, Rocky Hill, NJ, USA) for 10 days.
Morphologic changes were observed under a light micro-
scope. Cells were harvested for Western blotting and qPCR
analysis at day 10.

Alkaline Phosphatase Staining

The acquisition of osteogenic potency after the progression of
EMT was evaluated with APL staining. Cells were treated
according to two distinct methods: TGF-β treatment or

Table 1 Primers used in PCR and
RT-PCR Gene Sequence, F: Forward (5′–3′), R: Reverse (3′-5′) Size (bp) Annealing temp (°C)

CD14 F: 5′-CCTGCTCTCTTGTAATGATATAGCC-3′ 25 63.7
R: 3′-GCCCAGTCCAGGATTGTCAG-5′ 20

CD31 F: 5′-CCACATACACTCCTTCCACCAA-3′ 22 64.5
R: 3′-TTGCCCTGGATCTCCTCTTG-5′ 20

CD29 F: 5′-CTGAAGACTATCCCATTGACCTCTA-3′ 25 64.1
R: 3′-GCTAATGTAAGGCATCACAGTCTTT-5′ 25

CD73 F: 5′-AACCACGTATCCATGTGCAT-3′ 20 62.1
R: 3′-CACTTGGTGCAAAGAACATCT-5′ 21

CD90 F: 5′-ACCCCAGTCCAGATCCA-3′ 17 62.4
R: 3′-GTTAGGCTGGTCACCTTCTG-5′ 20

AMBN F: 5′-ACTGTCTCATTGTCTCAAGGC-3′ 21 62.6
R: 3′-GGACCTGATACTGATCCTATGC-5′ 22

AMELX F: 5′-TGATAGCCTGAGAATGTGAGTTC-3′ 23 62.9
R: 3′-GATTTTATTTGCCTGCCTCCTG-5′ 22

ENAM F: 5′-GGTGGTAACCTCTGTGGAAT-3′ 20 62.3
R: 3′-GAAGCAGCCATCACATAATCAAC-5′ 23

GAPDH F: 5′-TGTAGTTGAGGTCAATGAAGGG-3′ 22 62.8
R: 3′-ACATCGCTCAGACACCATG-5′ 19
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culturingwithαMEM. First, EMTwas induced for 10 days by
treatment of 5 ng/mL of TGF-β in DF-HERSCs, NHOKs, and
NHEKs under keratinocyte SFM. Keratinocyte SFM was
changed at 10 days with αMEM and αMEM-OM and main-
tained for 7 days until performing the ALP staining. Second,
DF-HERSCs, NHOKs, and NHEKs were maintained under
various media; keratinocyte SFM, αMEM, and αMEM-OM
for 7 days and performed ALP staining. For ALP staining,
cells were washed three times with PBS-T. ALP staining
was performed according to the manufacturer’s protocol of
StemTAGTM Alkaline Phosphatase Staining Kit (CELL
BIOLABS, INC., CA, USA).

Alizarin red staining

DF-HERSCs, NHOKs, and NHEKs were maintained under
various media: keratinocyte SFM, αMEM, and αMEM-OM
for 19 days. Cells were washed with PBS and fixed with 4%
paraformaldehyde for 15 min at room temperature. 2% ARS
solutions were added to the fixed cells and maintained in
slow-shaking motion for 30 min at room temperature. The
cells were then washed with distilled water 3 times. The stain-
ing images were visualized using a Zeiss Axiovert 200 (Carl
Zeiss Microscopy, Jena, Germany).

Statistical analysis

All data from the in vitro experiments are expressed as means
(standard deviation) and were analyzed using Student’s t test
and one-way analysis of variance (ANOVA) followed by
Bonferroni’s multiple comparison test or repeated measures
ANOVA t test. p value <0.05 was considered to indicate sta-
tistically significant differences.

Results

Dental follicle contains epithelial populations

Dental follicle, gingival tissue, and foreskin were harvested
from patients for isolation of single cells (Fig. 1a). DF-
HERSCs appeared at 7–10 days after plating of single-cell sus-
pensions (Fig. 1b). DF-HERSCs, NHOKs, and NHEKs were
observed as homogenous monolayers of polygonal cells with a
cobblestone-shaped appearance (Fig. 1c). DFCs had a spindle-
shaped fibroblast-like morphology, indicating a mesenchymal
phenotype. The epithelial phenotype of DF-HERSCs was fur-
ther verified at the molecular level by Western blotting of
epithelial-mesenchymal markers. Specifically, E-cadherin and

Fig. 1 The DF contains populations of epithelial cells. a DF, gingival
tissue, and foreskins were harvested for isolation of primary cells. b
Epithelial-like colonies appeared at 7–10 days after plating the DF-
derived single-cell suspensions. c DF-HERSCs, NHOKs, and NHEKs
demonstrated polygonal and cobblestone-shaped morphologies. DFCs
showed a spindle-shaped appearance. d Western blot analysis was per-
formed against epithelial and mesenchymal markers. Both E-cadherin

and p63 were expressed, whereas N-cadherin was not in DF-HERSCs,
NHOKs, and NHEKs. e NHEKs showed a prolonged capacity for cell
proliferation compared with that of DF-HERSCs and NHOKs. DFCs had
the longest life span compared with other epithelial groups. f The expres-
sion of p16 emerged at day 5 in DF-HERSCs and at day 15 in NHOKs
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p63 were shown to be expressed, whereas N-cadherin was not
expressed in DF-HERSCs (Fig. 1d).

Characteristics of DF-HERS cells

The number of colonies of DF-HERSC and NHOKwas much
lower than that of NHEKs. Concomitantly, the population
doubling curves revealed a restricted proliferation capacity
in DF-HERSCs and NHOKs compared with that in NHEKs
(Fig. 1e). Of note, DFCs showed the highest ex vivo expan-
sion capacity. The expression of p16, a senescence marker,
appeared at 5 days in DF-HERSCs and at 15 days in NHOKs
(Fig. 1f). In contrast, NHEKs did not exhibit any expression of
p16.

PCR data showed the cellular profiles of DF-HERSCs
(Fig. 2a). DF-HERSCs were shown to be negative for
CD31, an endothelial marker. Human umbilical vein endothe-
lial cells (HUVECs) which are positive for CD31were used as
a control group. DF-HERSCs also exhibit negative expression
of hematopoietic markers such as CD14 and CD34. In con-
trast, human leukemic monocytes (THP-1) strongly expressed
CD14. The expression of mesenchymal markers was con-
firmed based on the detection of CD29, CD73, and CD90.

DF-HERSCs, NHOKs, and NHEKs showed weak expression
of CD29 and CD73 and were negative for CD90, whereas
DFCs showed high expression of CD29, CD73, and CD90.

DF-HERSCs were treated with DFC-derived conditioned
medium (DFC-CM) for 48 h to evaluate the effect of DFCs on
the expression of enamel matrix derivative (EMD)–associated
genes, including ameloblastin (AMBN), amelogenin
(AMELX), and enamelin (ENAM). EMD-associated genes
were not expressed in all groups regardless of treatment with
DFC-CM (Fig. 2b). Likewise, qPCR data also showed insig-
nificant mRNA expression of EMD-associated genes (Fig.
2c).

TGF-β triggers the progression of EMT and acquisition
of osteogenic potency in DF-HERSCs

Morphological changes appeared at 10 days after treatment
with TGF-β (Fig. 3a). In the TGF-β-treated group, polygonal
cells were shown to attain a rounded shape. Moreover, the
cytoplasm and nuclei were enlarged in both the control and
TGF-β-treated groups. Some cells showed morphologic con-
versions resembling a fibroblast-like appearance. However,
the observed morphological change was incomplete. The

Fig. 2 Characterization of DF-HERSCs. a DF-HERSCs were negative
for CD31, an endothelial marker. HUVECs and THP-1 showed weak
expression of CD31. DF-HERSCs were also negative for CD14 and
CD34, which are hematopoietic markers. In contrast, THP-1 cells showed
a significant expression of CD14. NHOKs and NHEKs were also nega-
tive for CD31, CD14, and CD34, as observed with DF-HERSCs.
Mesenchymal markers analyzed included CD29, CD73, and CD90.
DF-HERS, NHOKs, and NHEKs were weakly positive for CD29 and

CD73 compared with DFCs. DF-HERSCs, NHOKs, and NHEKs were
negative for CD90. DFCs were positive to CD29, CD73, and CD90. b
Treatment with DFC-CM did not alter the expression of EMD-associated
genes, including ameloblastin (AMBN), amelogenin (AMELX), and
enamelin (ENAM) in DF-HERSCs, NHOKs, and NHEKs. c Results of
qPCR analysis demonstrated that treatment with DFC-CM did not pro-
mote the mRNA expression of AMBN, AMELX, and ENAM in DF-
HERSCs, NHOKs, and NHEKs
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progression of EMT was also evaluated at the molecular level
by Western blot analysis (Fig. 3b). Treatment with TGF-β
was found to induce loss of the expression of E-cadherin, an
epithelial marker, resulting in activation of the N-cadherin
expression in DF-HERS, NHOK, and NHEK cells.
Furthermore, the expression of p63, a hallmark of the epithe-
lial phenotype, was shown to be decreased in the TGF-β1-
treated group. Quantitative PCR analysis also demonstrated
that treatment with TGF-β could result in increased expres-
sion of EMT-regulating transcription factors (Fig. 3c). The
mRNA expression of Runx2 was enhanced by TGF-β treat-
ment for 10 days (Fig. 4a). DF-HERSCs, NHOKs, and
NHEKs that were cultured with αMEM or αMEM-
osteogenic medium (αMEM-OM) after progression of EMT
were positive to ALP staining (Fig. 4b).

αMEM supplemented with FBS triggers the
progression of EMT and acquisition of osteogenic
potency in DF-HERSCs

DF-HERSCs that were maintained under αMEM showed sig-
nificant morphologic changes (Fig. 4c). DF-HERSCs lost
cobblestone shape and became elongated, resembling the
shape of a mesenchymal cell. DF-HERSCs that were main-
tained under αMEM and αMEM-OM demonstrated the pro-
gression of EMT and osteogenic differentiation. The expres-
sion of EMT-regulating genes, including Snail, Twist, and

Zeb1, increased in αMEM and αMEM-OM groups (Fig.
4d). The expression of osteogenic markers, such as Runx2,
ALP, DSPP, and CEMP-1, also increased in αMEM and
αMEM-OM groups (Fig. 5a). HERSCs, NHOKs, and
NHEKs were positive to ALP staining in αMEM and
αMEM-OM groups (Fig. 5b). Differentiation and calcifica-
tion of DF-HERSs, NHOKs, and NHEKs were confirmed
by Alizarin red staining. Calcified nodules were deposited in
αMEM and αMEM-OM group (Fig. 5c).

Discussion

Odontogenic epithelium originates from invaginated oral ep-
ithelium. Its name differs depending on the developmental
stages, for example, the inner and outer enamel epithelium,
cervical loop, HERS, and epithelial rests of Malassez.
Previous studies have highlighted the regulatory roles of
odontogenic epithelium on the function of ectomesenchyme
during crown and root formation [18, 19]. Regarding the de-
velopment of the root, HERS and dMSCs are responsible for
the formation of the cementum and PDL [20–22]. HERS has
been shown to regulate the formation of cementum either
directly or indirectly [20, 23]. Similarly, studies have revealed
the possible involvement of HERS during REPs of the imma-
ture necrotic tooth [24], with the survival of HERS being
regarded as a critical factor for favorable clinical outcomes.

Fig. 3 Treatment with TGF-β promotes the progression of EMT in DF-
HERSCs. a Polygonal cells became round and some cells showed bipolar
process-like appearance resembling the morphology of the mesenchymal
cells. However, the morphological transition was incomplete. b
Expression of E-cadherin disappeared, whereas N-cadherin was

expressed after treatment with TGF-β in DF-HERSCs, NHOKs, and
NHEKs. The expression of N-cadherin was more pronounced in DF-
HERSCs than in NHOKs and NHEKs. c The relative mRNA expression
of EMT-associated transcription factors, including Snail, Twist, and
ZEB1 increased upon treatment with TGF-β
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The periradicular tissue is reportedly influenced by pathologic
environment, with the period of exposure to inflammatory
conditions affecting the existence of vital tissue, including
HERS [25]. Investigating the interactions between HERSCs
and dMSCs might unveil the underlying mechanisms of end-
odontic regeneration. Accordingly, HERS-derived bioactive
molecules could be utilized for controlling of REP, aiming
at predictable clinical outcomes regardless of the survival of
HERS.

Procuring human-derived HERSCs is a prerequisite for the
study of HERSC-dMSC interactions. Harvesting HERSCs
from PDL was inefficient for gaining enough cell stocks.
The DF is a connective tissue surrounding the developing
tooth, with its subpopulations expressing cellular markers of
the embryonic stem, mesenchymal stem, neural crest stem,
and glial cells [14]. Initially, we hypothesized that DF might
also contain populations of epithelial cells that could be de-
fined as HERSCs. However, to date, definite markers for
HERSCs are not available. Nevertheless, DF-derived epithe-
lial cells could be regarded as DF-HERSCs based on the fol-
lowing backgrounds. First, populations of epithelial cells in
the periodontium were shown to originate from the oral epi-
thelium. Second, epithelial compartments during
odontogenesis are named according to the developmental

stage of the tooth. Third, we harvested DF from teeth with
an almost fully grown root. Fourth, EMD-associated genes
were not expressed in DF-derived epithelial cells.

Epithelial cells were isolated from human DF (Fig. 1a, b),
named DF-HERSCs. The epithelial phenotype of DF-
HERSCs was confirmed by both morphological and
Western blot analyses (Fig. 1c, d). DF-HERS cells were
shown to be neither endothelial nor hematopoietic (Fig. 2a),
coinciding with the results of other studies on HERS [13, 16,
26]. DF-HERSCs were also shown to express low levels of
mesenchymal markers such as CD29 and CD73. Similarly,
other studies have demonstrated that human HERSCs express
low levels of mesenchymal markers such as CD29, CD44,
CD73, CD90, and CD105 [13, 16, 26]. Compared with
NHEKs, oral epithelial cells were reported to have limited
proliferative capacity (Fig. 1e). Moreover, DF-HERSCs and
NHOKs showed early emergence of p16 compared with
NHEKs (Fig. 1f), in agreement with other studies that report
the limited ex vivo life span of HERSCs [27]. According to
the population doubling curve, the period of culture of DF-
HERSCs (Fig. 1e) was similar to that of PDL-HERSCs de-
scribed by Nam et al. in 2011 [16]. The expression of EMD-
associated genes was absent in DF-HERSCs and was shown
to be unaffected by DFC-CM (Fig. 2b, c). Accordingly, the

Fig. 4 Acquisition of osteogenic potency after treatment with TGF-β and
progression of αMEM-induced EMT. a The relative mRNA Expression
of Runx2 increased after treatment with TGF-β in DF-HERCs, NHOKs,
and NHEKs. bDF-HERSCs, NHOKs, and NHEKs that were treatedwith
TGF-β were positive to ALP staining in αMEM-OM groups. c DF-

HERSCs showed morphologic changes resembling EMT under αMEM
conditions. DF-HERSCs lost polygonal shape and gained process-having
appearance. d The mRNA expression of EMT-associated transcription
factors such as Snail, Twist, and Zeb1 increased in DF-HERSCs under
αMEM and αMEM-OM conditions
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lack of amelogenin expression was reported in a previous
HERS study [13]. Considering the developmental stage of
the tooth, the emergence of the cervical loop implies the com-
pletion of the crown portion, whereas the presence of HERS
indicates the initiation of root development. The expression of
enamel-associated genes was high in cervical-loop cells com-
pared with that in HERSCs [28]. Ameloblasts have been re-
ported to undergo DFC-induced apoptosis [29], with HERSCs
being capable of forming enamel at the initial developmental
stage. As the development of tooth progresses, enamel-
associated genes are switched off whereas root-forming sig-
nals are switched on in HERSCs. Cervical-loop cells are
known to generate enamel-like tissues, whereas HERSCs
form the cementum and structure of PDL. Collectively, these
data demonstrate the time-dependent functional transition of
the odontogenic epithelium and the switch-on/switch-off ef-
fects with respect to regulating genes during odontogenesis.
Loss of expression of EMD-associated genes implies the de-
velopmental stages of DF-derived epithelial cells and deserv-
ing the DF-derived epithelial cells as DF-HERSCs.

Human and rat studies have revealed that HERSCs un-
dergo EMT upon treatment with TGF-β [30, 31]. EMT pro-
gression is a critical process for the tissue-forming function
in HERSCs. These cells are known as cementoblastic pre-
cursors and form cementum-like tissues through EMT dur-
ing in vivo transplantations [23]. In this study, DF-HERSCs

showed the capacity for progression of EMT, but the ob-
served morphological changes in DF-HERSCs, NHOKs,
and NHEKs after treatment with TGF-β1 were not signifi-
cant (Fig. 3a). Treatment with TGF-β partly decreased the
expression of p63 (Fig. 3b), implying the existence of var-
ious EMT pathways. In this study, maintenance of DF-
HERSCs withαMEM supplemented with FBS also induced
the progression of EMT. (Fig. 4c, d) DF-HERSCs, NHOKs,
and NHEKs undergo osteogenic differentiation and calcifi-
cation when they were cultured with an αMEM-based oste-
ogenic induction medium. (Fig. 5b, c) In HERS studies,
rodent-derived HERSCs are cultured in epithelial cell me-
dium supplemented with FBS. Interestingly, human epithe-
lial cells, including HERSCs, NHOKs, and NHEKs, are
cultured in a serum-free medium. DF-HERSCs, NHOKs,
and NHEKs cannot survive in αMEM-based media without
FBS. Due to this, no αMEM without the FBS group was
included in this study.

The acquisition of stem-like properties after progression of
EMT is a characteristic of epithelial cells [32]. Differentiation
of DF-HERSCs into cementoblasts could be explained by the
newly acquired stemness through the EMT. In this study,
αMEM-induced calcifying potency of DF-HERSCs seems
to be potent and efficient. Therefore, to directly control the
direct conversion of DF-HERSCs to hard tissue-forming cells
could be a strategy for cementum regeneration.

Fig. 5 αMEM and αMEM-OM trigger the progression of EMT and the
acquisition of osteogenic potency in DF-HERSCs, NHOKs, and NHEKs.
a The mRNA expressions of osteogenic markers, such as Runx2, ALP,
DSPP, and CEMP-1, were increased in DF-HERSCs that were cultured in
αMEM and αMEM-OM. b DF-HERSCs, NHOKs, and NHEKs were

positive to ALP staining in αMEM, and αMEM-OM groups. Response
to ALP staining was prominent in αMEM-OM groups. c Formation of
mineralized nodules was observed in αMEM, and αMEM-OM groups.
αMEM-OM groups were significantly positive to Alizarin red staining
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DF-HERSCs were compared with NHOKs, a control oral
epithelium, and NHEKs, a non-oral epithelium, to assess
whether HERSC-associated features are oral epithelium-
specific or common epithelial characteristics. DF-HERSCs
showed common features with NHOKs and NHEKs includ-
ing, EMT progression, acquisition of osteogenic differentia-
tion capacity, and expression profiles of mesenchymal
markers and enamel matrix derivative (EMD)–associated
genes. Further study is required to investigate the functional
specificity of DF-HERSCs in the interactions with dMSCs.

Conclusions

DF contains putative populations of HERSC, named DF-
HERSC. DF-HERSCs shared common characteristics with
NHOKs and NHEKs, including EMT progression, acquisition
of osteogenic differentiation capacity after progression of
EMT, and expression profiles of mesenchymal markers and
enamel matrix derivative (EMD)–associated genes.
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