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ABSTRACT Tooth formation is a process tightly regulated by reciprocal interactions between epithelial 
and mesenchymal tissues. These epithelial-mesenchyme interactions regulate the expression of target 
genes via transcription factors. Among the regulatory elements governing this process, Epiprofin/Sp6 
is a zinc finger transcription factor which is expressed in the embryonic dental epithelium and in dif-
ferentiating pre-odontoblasts. Epiprofin knockout (Epfn-/-) mice present severe dental abnormalities, 
such as supernumerary teeth and enamel hypoplasia. Here, we describe dentin defects in molars and 
incisors of Epfn-/- mice. We observed that in the absence of Epfn, markers of early odontoblast differ-
entiation, such as alkaline phosphatase activity, Dsp/Dpp expression, and Collagen Type I deposition, 
are downregulated. In addition, the expression of tight and gap junction proteins was severely impaired 
in the predontoblastic cell layer of developing Epfn-/- molars. Altogether, our data shows that Epfn is 
crucial for the proper differentiation of dental mesenchymal cells towards functional odontoblasts and 
subsequent dentin-matrix deposition.
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Introduction

tooth is an organ of ectodermal origin that develops through 
continuous epithelial-mesenchymal interactions including the initia-
tion, morphogenesis and differentiation stages (Jiménez-Rojo et al., 
2010; thesleff and hurmerinta, 1981). in mouse molars, at around 
embryonic day 18.5 (e18.5), cells from the mesenchymal dental 
papilla (pre-odontoblasts) adjacent to the inner enamel epithelium 
polarize and differentiate into dentin secreting odontoblasts. the 
first differentiated odontoblasts appear in the dental papilla, in 
the central region of the dental cusps. From this moment on, dif-
ferentiation gradients originate and progressively move towards 
the base of the cusps (Ruch et al., 1995). thus, the dentin secreted 
until the completion of root formation is known as primary dentin 
and comprises the main bulk of the circumpulpal dentin matrix 
(goldberg and Smith, 2004; Smith et al., 1995). it presents inter- 
and peri-tubular dentin matrices permeated by dentinal tubules 
containing the odontoblast processes as these cells retreat in a 
pulpal direction (goldberg and Smith, 2004).

after odontogenesis is completed, odontoblasts respond to 
stimuli such as mechanical stress and injury by re-activating 
dentin secretion, which ultimately leads to the deposition of re-
actionary dentin. in case of severe damages odontoblasts may 
die and be renewed by odontoblast-like cells derived from dental 
mesenchymal stem cells (goldberg and Smith, 2004; Smith et 
al., 1995), which secrete the so-called reparative dentin. both, 
reactionary and reparative dentin are referred to as tertiary dentin 
that is usually deposited at the dentin-pulp interface (goldberg 
and Smith, 2004). in some occasions, an abnormal matrix of 
osteodentin can be found in pathological dentin caused by ge-
netic diseases, drug-induced diseases or in response to caries. 
in this case, osteocyte-like cells become entrapped within the 

Abbreviations used in this paper: COL1, Type I Collagen; CX43, Connexin43; d, 
dentin; dp, dental papilla; DSP/DPP, Dentin sialoprotein/Dentin phosphoprotein; 
E19.5, Embryonic Day 19.5; Epfn, Epiprofin; iie, inner enamel epithelium; o, odon-
toblasts; pa, pre-ameloblasts; pd, pre-dentin; po, pre-odontoblasts; si, stratum 
intermedium; sr, stellate reticulum; ZO1, Zonula Occludens 1.
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osteodentin matrix, thus limiting their capacity to contribute to 
reparative processes (goldberg and Smith, 2004; Yin et al., 2021).

Similar to what happens in earlier stages of tooth development, 
pre-odontoblast differentiation requires signals from adjacent 
dental epithelium (Ruch et al., 1995; thesleff and hurmerinta, 
1981). thus, secretion of pre-dentin is essential for the complete 
differentiation of the inner enamel epithelium into ameloblasts. 
the epithelial-mesenchymal interactions that govern tooth devel-
opment require the controlled secretion of signaling molecules, 
including bmPs, FgFs, Shh and Wnts (Jiménez-Rojo et al., 2012; 
Ruch et al., 1995), with transcription factors playing an essential 
role in the regulation of the paracrine mechanisms that underlie 
tooth formation.

Epiprofin/Sp6 is a zinc finger transcription factor that is ex-
pressed during embryonic development in the dental epithelium 
and in differentiating pre-odontoblasts, and in various tissues 
of ectodermal origin such as the matrix epithelium of the hair 
follicles, the distal epithelium of the urethra and the epithelium 
of the apical ectodermal ridge of the extremities (nakamura et 
al., 2004). in line with this expression pattern, Epiprofin knockout 
(Epfn-/-) mice display alopecia, alterations in the external genitalia 
and limbs, develop supernumerary teeth, and present enamel 
hypoplasia (nakamura et al., 2008). mechanisms leading to 
defects in tooth number and enamel hypoplasia in Epfn-/- mice 
have been extensively analyzed during early developmental stages 
(Jiménez-rojo et al., 2010; nakamura et al., 2008; Rhodes et al., 
2021). mice lacking Epfn develop a thinner dentin layer and it 
has been hypothesized that Epfn may play a role in odontoblast 
differentiation (nakamura et al., 2008). however, the dentin phe-
notype in Epfn-/- mice has not yet been thoroughly studied. in 
this article, we contribute to the knowledge of the role of Epfn on 

dentinogenesis by describing the histological aspect of dentin and 
dentin-secreting odontoblasts in adult Epfn-/- mice and showing 
severe defects in early odontoblastic differentiation.

  
Results

Epiprofin deficiency disrupts the elongation of odontoblasts and 
results in abnormal dentin development

Radiographic images of Epfn-/- adult heads revealed dental 
radiolucency especially noticeable at the incisal region of incisors 
indicative of defects in tooth mineralization (Fig. 1 a-a’). histo-
logical analysis showed that six-week-old, Epfn-/- mice display 
a thinner layer of dentin in incisors (Fig.1 b-b’, c-c’) and molars 
(Fig. 1 d-d’, e-e’). in control molars, coronal dentin comprised 
numerous parallel dentinal tubules that show ramifications at 
the mantle dentin area (Fig. 1e). in Epfn-/- molars, mantle dentin 
appears atubular and dentin tubules in circumpulpal dentin follow 
an irregular trajectory (Fig. 1e’). in addition, Epfn-/- dentin shows 
hypomineralized areas with interglobular dentin (Fig. 1e’).

mouse incisors exhibit continuous growth and present all 
stages of odontoblast differentiation in a single dental piece, 
which makes them a very valuable model for the characteriza-
tion of developmental disorders. the terminal differentiation of 
odontoblasts is characterized by the elongation and polarization 
of the cells. during this process, the nuclei are arranged opposite 
to the secretory pole. odontoblasts then start synthesizing the 
components of pre-dentin. Thus, the first signs of odontoblast 
differentiation and pre-dentin/dentin deposition are observed in 
the apical area of incisors (Fig. 1b), whereas in the incisal area, 
close to the eruption site, odontoblasts appear as elongated cells 
in contact with mineralized dentin in which parallel dentin tubules 

Fig. 1. Dentin dysplasia in Epfn-/- mice. Radiographic images of control (A) and Epfn-/- (A’) adult heads with white and yellow arrows indicating the api-
cal and incisal regions of incisors, respectively. Detail of H&E-stained dentin at the apical region of control (B) vs Epfn-/- (B’) incisors showing defects in 
odontoblast polarization and dentin-matrix deposition in Epfn-/- mice. These defects persist in the incisal area of Epfn-/- incisors (C’) when compared to 
control incisors (C) in which odontoblasts appear polarized and dentin tubules are well-defined. Note defects in dentin tubules (black arrow tips) in Epfn-
/- (B’, C’) vs control (B, C) and the presence of an ectopic matrix (asterisk) adjacent to the dentin layer at the incisal tip of Epfn-/- incisor (C'). Hematoxylin-
eosin (H&E) staining of control (D, E) and Epfn-/- mouse molars (D’, E’). In control molars, dentin tubules (black arrow heads in D) appear parallel, whereas 
in Epfn-/- molars there are areas with disorganized tubules and hypomineralized areas (asterisk in D’) with interglobular dentin (white arrowheads in E’). 
Abbreviations: ab, alveolar bone; d, dentin; md, mantle dentin; o, odontoblasts; pd, pre-dentin. Scale bars: 100 μm in D, D’; 50 μm in E, E’; 25 μm in B, B’, C, C’.
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Alkaline phosphatase activity decreases in Epfn-/- molars
the presence of interglobular dentin suggested defects in den-

tin mineralization in Epfn-/- molars. Since alkaline phosphatase 
is related to the onset of mineralization (Väkevä et al., 1990), we 
analyzed the activity of this enzyme in molars at late bell stage. 
in e19.5 wild-type molars, enzyme activity was detected in alveo-
lar bone, stellate reticulum, stellate reticulum, odontoblasts, and 
dental mesenchyme cells underlying odontoblasts, whereas pre-
ameloblasts were negative (Fig. 4 a,b). in the case of Epfn-/- molars, 
alkaline phosphatase activity appeared normal in the alveolar bone, 
but was decreased in the enamel organ, pre-odontoblasts and in 
the subjacent subodontoblastic layer (Fig. 4 c,d).

    
Defective tight and gap junctions in E19.5 Epfn-/- molars

As differentiating odontoblasts secrete the first layers of 
mantle dentine, they become more closely packed and develop 
numerous gap and adherents junctions (arana-chavez and massa, 
2004). tight junctions establish an intercellular barrier and par-
ticipate in the generation and maintenance of cell polarization 
(anderson, 2001; arana-chavez and massa, 2004). in order to 
study whether the incorrect polarization of odontoblasts in Epfn-
/- mice is related to an alteration of tight junctions, we studied the 
expression of zo1 (zonula occludens 1). in e19.5 control molars, 
zo1 protein is expressed in both the distal and proximal poles 
of pre-ameloblasts, in the apical pole and lateral surfaces of dif-
ferentiated odontoblasts and in the endothelial cells of the blood 
capillaries of the dental papilla (Fig. 5 a,b). in Epfn-/- molars, zo1 
is detected in endothelial cells and pre-odontoblasts, although 
expression is markedly lower when compared to odontoblasts 
in control molars (Fig. 5 e,F).

connexin43 (cx43) is strongly expressed in the enamel organ 
of wild type mice, including all four epithelial compartments (pre-

Fig. 3. Defective Type I Collagen expression in Epfn-/- molars. immuno-
fluorescence against Type I Collagen (COL1, in green) on cryostat sections 
of e19.5 control (A,B) and Epfn-/- (C,D) molars. Nuclei (DAPI) are stained in 
blue. Abbreviations: de, dental epithelium; dp, dental papilla; o, odontoblasts; 
pa, pre-ameloblasts; pd, pre-dentin; po, pre-odontoblasts. Scale bars: 250 
μm in A,C; 50 μm in B,D.

Fig. 2. Expression of the early odontoblast differentiation marker Dsp/
Dpp is altered in Epfn-/- molars. In situ hybridization for the Dsp/Dpp 
gene on cryostat sections of E19.5 control (A,B) and Epfn-/- (C,D) molars. 
Abbreviations: de, dental epithelium; dp, dental papilla; o, odontoblasts; pa, 
pre-ameloblasts. Scale bars: 250 μm in A,C; 50 μm in B,D.

are observed (Fig. 1c). in Epfn-/- incisors, odontoblasts are not 
correctly elongated and polarized, and dentin tubules are reduced 
in number and display irregular patterns (Fig. 1 b’, c’). in addition, 
in Epfn-/- mice, groups of round-shaped cells entrapped within 
an ectopic atubular matrix are observed at the external dentin 
surface in the incisal side of the incisors (Fig. 1c’).

    
Expression of Dsp/Dpp is absent in E19.5 Epfn-/- mouse molars

Epiprofin expression in dental mesenchyme starts at late bell 
stage in coincidence with the first signs of odontoblasts differ-
entiation (e18.5-e19.5) (nakamura et al., 2004). based on that, 
we hypothesized that Epiprofin could be crucial for the initiation 
of pre-odontoblast differentiation. consistently, we chose e19.5 
with the aim of analyzing the effect of the loss of Epiprofin at early 
stages of odontoblastic differentiation. thus, in e19.5 control 
molars (cell differentiation stage), differentiated odontoblasts 
are detected in the central region of the dental cusps. in this 
stage, the Dentin sialoprotein/Dentin phosphoprotein gene (Dsp/
Dpp) is expressed both in early-differentiated odontoblasts and 
in pre-ameloblasts (Fig. 2 a,b). however, Epfn-/- e19.5 molars do 
not present dental cusps and expression of Dsp/Dpp is missing 
from both dental epithelium and mesenchyme (Fig. 2 c,d).

    
Aberrant Type I Collagen (COL1) deposition in E19.5 Epfn-/- 
mouse molars

type i collagen (coL1) is the major organic component of 
mineralized dentin. its synthesis increases considerably when 
odontoblasts become polarized and functional (Lesot, 1981). 
in e19.5 control molars, functional odontoblasts secrete matrix 
components such as coL1 mainly at the proximal region in 
contact with dental epithelium where pre-dentin is developing 
(Fig. 3 a,b). in turn, in Epfn-/- molars coL1 deposition is very 
scarce (Fig. 3 c,d) and there is no clear pre-dentin layer, as the 
mesenchymal cells in contact with dental epithelium do not show 
signs of polarization.
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ameloblasts, stratum intermedium, stellate reticulum and outer 
enamel epithelium) (Fig. 5 e,g). Regarding dental mesenchymal 
component, cx43 is limited to discrete spots at the distal region 
of odontoblasts (Fig. 5 e,g). in Epfn-/- molars, the inner enamel 
epithelium does not show signs of differentiation and stratum 
intermedium is absent. thus, cx43 expression is dramatically 
reduced in both epithelium and pre-odontoblasts from Epfn-/- mo-

lars (Fig. 5 F,H). These results confirm that in the mutant mouse 
molars, the process of terminal differentiation of odontoblasts 
is altered, which is reflected in an inverted polarization in some 
of the adult odontoblasts and an incomplete secretion of dentin 
matrix components.

   
Discussion

dentin is a mineralized hard tissue synthetized by odontoblasts, 
which arise from dental mesenchymal cells at the bell stage of 
tooth development. as they differentiate, odontoblasts become 
polarized and develop long apical processes that get trapped 
inside narrow channels known as dentin tubules (goldberg, 2011). 
due to the presence of odontoblastic cell processes inside the 
mineralized matrix, dentin maintains the ability to respond to 
certain stimuli and activate dentin-matrix secretion if required. 
Epfn-/- adult mice present dysplastic dentin in molars and incisors 
with dentin tubules following an irregular architecture. defects 
in odontoblasts differentiation and their organization have been 
associated with the formation of a defective dentin tubular system 
in transgenic mice with dysplastic and hypomineralized dentin 
(Lézot et al., 2002; Lu et al., 2007). defective dentin tubules may 
result in a failure to deliver calcium or phosphorus to sites of 
mineralization, contributing to the development of a hypomineral-
ized dentin (Lu et al., 2007).

although Epfn is expressed in dental epithelium from early 
stages of tooth development, its expression in dental mesen-
chyme begins at E18.5 in coincidence with the first signs of 
pre-odontoblasts differentiation (nakamura et al., 2004). this 
suggests that mesenchymal epfn plays a role in the regulation 
of early odontoblastic differentiation. in fact, we have observed a 
severe downregulation in markers for early odontoblast differentia-
tion, such as alkaline phosphatase activity, Dsp/Dpp expression 

Fig. 5. ZO1 and CX43 expression is decreased in E19.5 Epfn-/- molars. Immunofluorescence against ZO1 antigen (A,B) in green and CX43 (C,D) in green 
in E19.5 control molars. Expression of ZO1 (E,F) and CX43 (G,H) in Epfn-/- molars. Nuclei (DAPI) are stained in blue. ZO1 expression in Epfn-/- molars is 
detected in endothelial cells (white arrow in F) and pre-odontoblasts, although in the latter with less intensity and in a less ordered manner than in control 
molars. In the case of CX43, a decrease in the expression of the protein is again observed in the pre-odontoblasts of the Epfn-/- molar compared to that 
observed in odontoblasts of the control molar. Abbreviations: dp, dental papilla; iee, inner enamel epithelium; o, odontoblasts; pa, pre-ameloblasts; po, 
pre-odontoblasts; si, stratum intermedium; sr, stellate reticulum. Scale bars: 250 μm in A,C; 50 μm in B,D.

Fig. 4. Alkaline phosphatase activity decreases in E19.5 Epfn-/- molars. 
Detection of alkaline phosphatase activity in cryostat sections of E19.5 
control (A,B) and Epfn-/- (C,D) molars. Alkaline phosphatase activity appears 
reduced in the pre-odontoblastic region in Epfn-/- molars. Note the absence of 
stratum intermedium in the Epfn-/- enamel organ. Abbreviations: ab, alveolar 
bone; dp: dental papillae; iee: inner enamel epithelium; o: odontoblasts; pa: 
pre-ameloblasts; po, pre-odontoblasts; si, stratum intermedium; sr, stellate 
reticulum. Scale bars: 250 μm in A,C; 100 μm in B,D.
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and type i collagen, in Epfn-/- mice. altogether, our data support 
an incomplete differentiation of odontoblasts in the absence of 
epfn. alteration in the expression of molecules such as nestin 
or bmP4 (bone morphogenetic Protein 4) in dental papilla from 
Epfn-/- mouse molars at cap stage and early bell stage have 
been previously reported (ibarretxe et al., 2012; nakamura et al., 
2008). however, as previously mentioned, Epfn is not expressed 
in dental papilla at early stages, suggesting that the dysregula-
tion caused by Epfn absence is a consequence of an abnormal 
epithelial-mesenchymal crosstalk. 

during cell polarization, intercellular junctions are established 
in a defined pattern (Arana-Chavez and Massa, 2004). At early 
differentiation stages, the number and size of gap-type junctions 
between odontoblasts increases at locations where the distal 
junctional complex is actively developing (goldberg and Smith, 
2004). Epfn-/- molars show alterations in the expression of ele-
ments of these junctions, such as zo1 and cx43, which may 
account for the defects in odontoblast differentiation. in line with 
our results, defects in the expression of zo1 in odontoblasts have 
been recently found in other transgenic mouse models in which 
dentin deposition and odontoblasts are severely affected (Liang 
et al., 2023). it has been also described that cx43-containing gap 
junctions facilitate ca2+-induced odontoblastic differentiation of 
human dental pulp stem cells (dPScs) (Li et al., 2015). 

interestingly, in Epfn-/- mice an ectopic matrix at the tip of 
the incisors is deposited. its amorphous structure and the pres-
ence of round-shaped cells trapped within it are indicative of an 
osteodentin-like matrix. a similar phenotype has been previously 
observed in knockout mice with dentin defects in which the ex-
pression of odontoblasts specific markers such as Dsp/Dpp are 
altered and odontoblasts are redirected towards an osteoblastic 
fate (zhang et al., 2019). 

taken together, our results point to epfn as a master regulator 
of cell fate switch of oral mesenchymal stem cells towards dentin-
secreting odontoblasts. thus, when Epfn is absent, mesenchymal 
stem cells from mouse incisors may switch towards an osteo-
blastic differentiation, leading to the secretion of an osteoid-like 
matrix. another possible explanation for the deposition of the 
atubular ectopic matrix at the tip of Epfn-/- incisors could be 
the formation of an amorphous tertiary dentin with osteodentin 
morphology as a response to external insults. Since the Epfn-/- 
mice completely lack enamel, dentin is fully exposed and is more 
susceptible to abrasion, which might underlie the formation of 
reparative dentin matrix (nakamura et al., 2008).

in humans, dental defects arise as isolated or syndromic 
congenital anomalies (klein et al., 2013). in the case of dentin, 
congenital anomalies in form of mutations in genes encoding for 
dentin-matrix proteins such as dSPP, coL1 and mmP20 have been 
described (barron et al., 2008; de La dure-molla et al., 2015; hart 
and hart, 2007; kovacs et al., 2021). however, there is still a large 
number of cases in which the genetic cause remains unknown.

Recently, a de novo mutation in human EPFN/SP6 has been 
identified in a family with hereditary enamel defects (hypo-
plastic amelogenesis imperfecta) (kim et al., 2021). hereby, 
we show that early differentiation of odontoblasts and dentin 
formation is affected in Epfn-/- mice. thus, our data suggest 
that possible mutations in human EPFN/SP6 may also account 
for genetic dentin disorders in which the genetic cause has not 
been identified yet.

  

Materials and Methods

Mice
control Epfn+/+ and Epfn-/- deficient mice were generated as 

previously described (nakamura et al., 2008). all mice were main-
tained in compliance with the national institutes of health (nih, 
bethesda, uSa) guidelines on the use of Laboratory and experimen-
tal animals. the animal experimentation protocol was approved by 
the national institute of dental and craniofacial Research (nidcR) 
animal care and use committee (License number aSP16-796).

   
Tissue preparation and X-ray analysis

Embryonic day 19.5 (E19.5) mice were sacrificed by decapitation 
and the heads were dissected out and fixed in 4% formaldehyde (FA) 
overnight at 4°C. Then they were cryoprotected with 30% sucrose 
in PbS overnight and embedded in tissue-tek oct compound 
(127217, Sakura Finetek Europe) for cryostat (8 μm) sectioning. 

Six-week-old mice were anaesthetized with isoflurane were 
perfused transcardially with PBS. Perfusion fixation was performed 
with 4% FA in 0.1 M phosphate buffer. Heads were further fixed 
1 hour at room temperature in 4% FA and then overnight at 4°C. 
Heads were placed in 70% ethanol before X-ray analysis (Faxitron 
X-Ray System) and then decalcified in 10% EDTA (in PBS) for 4-6 
weeks and processed for paraffin embedding, microtome section-
ing (4 μm) and histological analysis.

   
Detection of endogenous alkaline phosphatase activity

cryostat sections were allowed to dry at room temperature 
for about 20 min and then fixed in cold methanol and a cold 
methanol:acetone mixture (1:1) for 10 min in both cases. after 
washing in PbS the samples were incubated for 20 min with a 
mixture composed of 0.6% MgCl2, 5% veronal (32002, Sigma), 
α-naphthylphostat (N5602, Sigma) at 1mg/ml and Fast-Red 
(368881, Sigma) at 5 mg/ml. cells showing alkaline phosphatase 
activity will appear reddish in color (dinkelaker and marschner, 
1992).

   
In situ hybridization on tissue sections

digoxigenin-11-utP-labeled single-stranded Rna probe for Dsp/
Dpp was prepared using a dig Rna labeling kit (11175025910, 
Roche) according to the manufacturer's instructions. Rna in situ 
hybridization was performed in cryostat sections from e19.5 heads 
as previously described (nakamura et al., 2004). 

   
Immunofluorescence

cryostat sections from e19.5 mouse heads were stained with 
antibodies against type i collagen (coL1), connexin43 (cx43) and 
Zonula Ocludens-1 (ZO1). Briefly, sections were allowed to dry for 
about 30 min and then fixed in cold (-20°C) methanol for 10 min and 
with methanol:acetone (1:1) for 10 min. Sections were washed three 
times in PBS and then blocked with 10% fetal bovine serum in PBS 
for 1 hour. then, tissues were incubated overnight with rabbit poly-
clonal anti-collagen i (1:160; ab34710, abcam), anti-connexin43 
(1:200; ab11370, abcam) or anti-zo1 (1:200; ab59720, abcam) 
antibodies at 4ºc. next day, samples were washed with PbS, and 
subsequently incubated with a cy2 goat anti-Rabbit igg secondary 
antibody (1:200, ab6940, abcam). Finally, sections were incubated 
with DAPI (4′,6-Diamidino-2-phenylindole) 1 μg/ml (D9542, Sigma) 
and mounted with Fluoromount g (00-4958-02, invitrogen).
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