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Abstract

INTRODUCTION

The Nkx2-3 gene belongs to the NK2 class of homeobox
genes that play important role in vertebrate development
and share overlapping expression patterns [1,2]. NK2s are
involvedinseveral pathwaysthatlead to cell differentiation,
migration, and maturation, indicating their essential role
in the formation and homeostasis of the organism [1]. They
are functionally distinct and have emerged as two different
evolutionary branches [1,3]. The “neural” branch which is
expressed in the central nervous system and the “cardiac”
branch which is involved in patterning and differentiation
of the heart and visceral mesoderm [1]. Members of both
branches are also expressed in overlapping domains of the
pharyngeal endoderm [1].

The Nkx2-3 gene belongs to the NK2 class of homeobox genes that play important role in vertebrate development and share overlapping expression
patterns. NK2s are involved in several pathways that lead to cell differentiation, migration, and maturation of the cells, indicating their essential role in the
formation and homeostasis of the organism. Here we report that the Nkx2-3lacZAHD /lacZAHD mouse mutants have an orofacial phenotype affecting among
other structures and the developing teeth. Specifically, we confirm that while incisors and upper molars are normal, the mandibular molars of the mutants have
abnormal crown shape. Second, we provide for the first time evidence that the absence of Nkx2-3 affects the differentiation process of the two most essential
dental cell populations, namely the ameloblasts and the odontoblasts. Macroscopic, histological, 3D micro-CT of the lower molars of Nkx2-3lacZDHD /lacZDHD
mouse mutants exhibit enamel and dentin phenotypes with the expression of the Enamelin (Enam) and Dentin Sialophosphoprotein (DSPP) genes to be selectively
reduced in Nkx2-3 deficient secretory ameloblasts and dentinoblasts, respectively.

Nkx2-1 and Nkx2-8, for example, are responsible
for lung epithelial development, thyroid and pituitary
gland development [4]. In humans, the Nkx2-1 gene can
cause neurological defects, congenital hypothyroidism,
lung malformations, and is overexpressed in lung
adenocarcinoma and small cell lung cancer [5-8]. Nkx2-2
and Nkx2-9 genes are necessary for the development of
spinal cord interneurons and hindbrain visceral motor
neurons [9]. The Nkx2-5, is responsible for early cardiac
morphogenesis, angiogenesis, and hematopoiesis [10].
Its mutation causes an arrest in heart development
and embryonic lethality in mice, while in humans, a
single-nucleotide deletion mutation of NKX2-5, causes
predominantly congenital atrial and ventricular septal
defects and cardiac conduction abnormalities in adults
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[11,12]. In addition, Nkx2-5 gene plays critical role in
lymphoid organ development and is required for spleen
development [13,14].

Nkx2-3 deficiency in mice results in atrophic
disorganized spleen, enlarged and disorganized colonic
crypts, abnormal villus formation, and altered lymphocyte
homing [15]. Several GWAS have shown an association
between Nkx2-3 and inflammatory bowel diseases (IBDs).
Single-nucleotide polymorphisms of Nkx2-3 (namely,
rs10883365 and rs1190140) are associated with Crohn'’s
disease (CD) and Ulcerative Colitis (UC). Polymorphism
rs10883365 may contribute to both CD and UC, whereas
occurrence of the T allele of rs1190140 can increase
the risk of CD [16]. Nkx2-3 also plays important role in
normal developmental patterning and differentiation of
several peripheral lymphoid organs and in hematopoietic/
lymphoid malignancies [15,17].

There are several reports indicating that Nkx2-3
participates in the development of other organs, as well.
In mice, chick, Xenopus and zebrafish, nkx2-3 is known to
be involved in the commitment and/or differentiation of
cardiomyocytes [18]. It is also reported that it is involved
in the development of several organs of head and neck,
such as the thyroid, the sublingual salivary gland, the
lingual epithelium, and the odontogenic epithelium [19].
Specifically, it has been reported that knockdown of Nkx2-
3 in mice leads to defects in the maturation and cellular
organization of salivary glands and it is important for
tooth cusp formation [19,20]. Mutations in the human
homologue NKX2-3 are linked to developmental defects of
the spleen and intestinal vasculature [21].

In this report, we first confirm previous studies
where they showed that the Nkx2-3lacZAHD/lacZAHD
mouse mutants have an orofacial phenotype affecting
the developing teeth. Specifically, we confirm that while
incisors and upper molars are normal, the mandibular
molars of the mutants have abnormal crown shape. Second,
we provide for the first time evidence that the absence of
Nkx2-3 affects the differentiation process of the two most
essential dental cell populations, namely the ameloblasts
and the odontoblasts. Using 3D micro CT, histology and
analysis by ISH of two representative markers-the Enam
that is expressed exclusively by ameloblasts and the DSPP
that is expressed exclusively by odontoblasts-we show
that the ameloblasts and odontoblasts reach the secretory
stage of their differentiation process affecting the amounts
of enamel and dentin matrix deposited. In addition, we
show that both pre-ameloblasts and pre-odontoblasts
exhibit a polarization, adhesion and stratification defect,
leading probably to a delay in the differentiation process.

MATERIALS AND METHODS
Mice and Genotyping

All animal studies and experimental procedures
were conducted in accordance to the guidelines for the
care and use of laboratory animals by the Massachusetts
General Hospital, Boston, MA and the Forsyth Institute,
Cambridge, MA. Nkx2-3lacZAHD mice were maintained
as both heterozygous and homozygous strains and were
on a mixed 129Sv] x C57BL/6 background [22]. Embryos
and postnatal pups (E18.5, P1,P3), were collected from
wildtype and Nkx2-3 heterozygous. The day of plug
discovery was designated as embryonic day 0.5 (EO.5).
Age matched wildtype pups and/or embryos served as the
appropriate controls.

Haematoxylin and Eosin Staining

For haematoxylin and eosin (H&E) staining, the mouse
heads of embryonic day 18.5 (E18.5) and postnatal day 3
and 6 (P3 and P6) were fixed with 4% paraformaldehyde
in PBS solution overnight and then were decalcified in 15%
EDTA solution at 4°C for 0-7 days, depending on the age
of the animals. The samples were processed for paraffin
embedding, and serial sections of 5 um in thickness were
cut for H&E analyses.

ISH Assay

Embryonic Day 18.5 embryos and postnatal animals
(P3) were collected and heads decapitated for making
sagittal sections. The samples were immediately fixed in
4% paraformaldehyde. All samples were then dehydrated
through graded ethanol series, embedded in paraffin,
sectioned at 8 um and processed for in situ hybridization
(ISH), as previously described [23,24]. Sense and antisense
primers were used to synthesize the probes in a PCR
reaction. T7 primer sequence sites were added to the
antisense sequence to generate the antisense probe by PCR
method. The PCR products were gel purified (Qiagen Inc,
Valencia, CA), labelled with DIG-UTP (Roche Biochemica,
Mannhein, Germany), and used directly for hybridization.
The sense probes was used as a negative control. The
following are the sequences of probes used:

mNkx2-3-sense: (5’aagagacagcggcaggataa3’), mNkx2-3-
antisense: (5’cttgggtctgtcctttctcg3”),

mEnam-sense: (5’ccagacttcctgcctcaaag3’),mEnam-antis
ense:(5’aggactttcagtgggtgtgg3’),

mDSPP-sense: (5’aaacgaacaggggaacactg3’), mDSPP-

antisense: (5’cctcactgctgttgtctc3’).
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3D-Micro CT

Hemimandibles of Nkx2-3lacZAHD/lacZAHD and
matched wild type littermate mice (2 months of age)
were dissected and stored in 70% ethanol. Samples were
analysed in ethanol using a MicroCT 40 system (Scanco
Medical, Brittisellen, Switzerland) at 70 kV, 114 pA, 8
watts, and 10 pm resolution with an integration time of
300 ms. Image sequences in dicom format were processed
in Image] (National Institutes of Health) and resliced to
achieve orientation of samples for comparison in images.

Statistical analysis

All experiments were performed independently at least
three times (i.e,, N=3) in triplicates, and when applicable,
presented as an average * standard error of the mean.
Student t-test was used to determine p-values and P<0.05
was deemed to be significant.

FINDINGS/RESULTS

Enamel and dentin deposition is disturbed in the
lower molars of NKX2-3 mutant adult mice.

Our macroscopic examination of teeth of Nkx2-
3lacZAHD/lacZAHD mutant mice (hereafter referred to
as mutant) compared to WT counterparts at 2 months
of age partially confirm previous reports that while the
upper, lower incisors and upper molars appear normal,
the mandibular molars of mutants are abnormal (data not
shown) [19,22]. Indeed, all three mandibular molars erupt,
and they are, some of the times, smaller in size [19,22].
Based on the previous reports, however, the defect of the
two-month-old mutant mandibular molars was mainly
the absence of cusps compared to their WT counterparts
[19,22]. To better understand whether the cusps are
indeed absent or whether they are formed, we examined
the mineralized tissues of two-month-old (P60) wild type
and mutant mandibular molars of mice, kept in soft diet,
macroscopically and by 3D-microCT analysis (Figure 1).
We show that the mandibular incisors’ shape, buccal and
lingual surfaces are normal, as expected (Figure 1A),
with 100% penetrance. In contrast to previous reports,
the cusps of the mandibular molars are formed and they
are not sharp but rather smoother compared to WT
counterparts (Figure 1A). To determine whether the defect
in the occlusal surface of the crown of mutant mandibular
molars is due to reduced enamel volume formation, we
performed 3D-microCT in the hemimandibles of mutant
and matched wild type littermate mice (2 months of
age) and measured the enamel volume. We show that
there is significant loss of enamel volume in the mutants
compared to WT counterparts (Figure 1B), indicating

that the differentiation process of ameloblasts is affected,
“leading to weak enamel formation which becomes eroded
most probably by mastication” [19]. Our results show
that Nkx2-3 is not required for cusp morphogenesis, but
it regulates the enamel deposition, suggesting an effect
on the differentiation process of ameloblasts and/or
odontoblasts.

The results of the 3D-microCT and that of our
macroscopicanalyseswere further confirmed histologically
in E18. 5 embryos and post-natal day 3 (P3) mice (Figures
2A-D). In control, WT and/or heterozygous mice (Figures
2 A, B), the pre-ameloblasts and pre-odontoblasts of the
E18. 5 lower molars started their differentiation journey
by being stratified and by beginning their polarization
process prior reaching the pre-secretory and secretory
stages (Figure 2A, B). In contrast, in the mutant E18.
5 embryos the cusps are formed but there is a delay in
mutant lower molar pre-ameloblasts and pre-odontoblasts
in their stratification and polarization process (Figure 2C,
inset in 2D). Later in differentiation and during the early
secretory stages at post-natal day 3 (P3) mice (Figure 2E-
H), the mutant ameloblasts and odontoblasts gradually
are less polarized compared to WT and/or heterozygous
counterparts and their tight arrangement through
stratification and adhesion was disturbed (Figures
2G,H), resulting in reduced amount of enamel and dentin
formation (Figure 1D). Thus, the previous and latter
results indicate that (i) the cusps are formed and (ii) that
a later defect in differentiation affects the polarization and
stratification processes of ameloblasts and odontoblasts-
that are fundamental stages for normal volume enamel
and tubular dentin formation-are disturbed in the Nkx2-3
mutant teeth leading to delay and/or abnormal deposition
of both enamel and dentin matrices.

Enam and DSPP are under the control of Nkx2-3
transcription

To determine whether Nkx2-3 is associated with
the defect in amelogenesis and dentinogenesis, in situ
hybridization was performed in wild type mouse molar
tooth germs at E.18.5, (Figure 3). Nkx2-3 is expressed
by pre-secretory ameloblasts, odontoblasts, stellate
reticulum and dental papilla cells (E18.5 (Figure 3 upper
panel). Earlier reports refer to high Nkx2-3 expression
in the region of the odontogenic ectoderm in the first
pair of branchial arches at E10.5 and in the mandibular
odontogenic epithelium at E13.5, but not in the maxillary
one. Here we provide evidence that Nkx2-3 is also
expressed in later stages of development during the cell
differentiation processes of odontogenic derivatives. It is
expressed in both, maxillary and mandibular molars in
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Figure 1 3D-microCT analysis in the hemimandibles of Nkx2-3lacZAHD/lacZAHD mutant and matched wild type littermate mice (2 months of age).

(Figure 1A): the WT (top) and Nkx2-3-/- mutant (bottom) mandibular incisors’ (i) shape, buccal and lingual surfaces are normal. The cusps of the
Nkx2-3-/- mutant mandibular molars (m) are formed but they are not sharp but rather smoother compared to WT counterparts (red arrows in Figure
1A). (Figure 1B): Bar graph presenting enamel volume of the mandibular teeth as mean * s.e.m calculated from triplicates in each experimental
group. There is a significant decrease of total enamel volume in Nkx2-3 mutants as compared to wild type controls (* P<0.05). Abbreviations: (i);

incisors; (m): mandibular molars

Nkx2.3 +/-

Nkx2.3-/-

Figure 2 Differentiation defects in Nkx2-3 mutant teeth.

(A-D): H&E stained of E18.5 wild type and Nkx2-3 mutant first molar teeth, respectively. Insets in Figures. A and C are magnified in Figures. B and
D. Both mutant pre-ameloblasts and odontoblasts are less polarized, and exhibit reduced cell-cell adhesion and stratification defects compared
to WT controls. Abbreviations: UM: upper molar; LM: lower (mandibular) molar; O: odontoblasts; a: pre-ameloblasts. E-H): H&E stained of post-
natal day 3 (P3) wild type and Nkx2-3 mutant first molar teeth, respectively. Insets in Figures E and G are magnified in Figures F and H. Both
mutant ameloblasts and odontoblasts are less polarized, and exhibit reduced cell-cell adhesion and stratification defects compared to WT controls.
Moreover, and in contrast to well-formed enamel and dentin matrix deposition, the mutant ameloblasts and odontoblasts are degenerating. Enamel
(purple) and Dentin (red) are either hypoplastic or not formed. Abbreviations: UM: upper molar; LM: lower (mandibular) molar; o: odontoblasts;

a: pre-ameloblasts. Scale: X50(A,C,G,E) and X400 (B,D,EH) (N=3).

the epithelial-derived pre-secretory ameloblasts, stellate
reticulum and in mesenchymal-derived dental papilla and
odontoblasts.

To determine whether Nkx2-3 is required for
ameloblast and odontoblast differentiation processes and
whether this requirement is associated with the defect in

amelogenesis and dentinogenesis, in situ hybridization
was performed in wild type and Nkx2-3 mutant mouse
lower molar tooth germs at postnatal day 3 (P3) for Enam
and DSPP gene expression (Figure 3 lower panel).

Enam (Enamelin) is uniquely expressed by
the ameloblasts and is expressed during the pre-
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secretory, secretory, transition and early maturation
stages of ameloblast life cycle, while DSPP (Dentin
Sialophosphoprotein) belongs to the small integrin-
binding ligand N-linked glycoprotein (SIBLING) family
of secreted phosphoproteins, which is expressed by
the odontoblasts and are involved in bone and dentin
deposition and mineralization [25-27].

A dramatic reduction is observed of EFnam (Figure
3B) and DSPP (Figure 3D) expression in Nkx2-3 deficient
molars (Figure 3B and Figure 3D), compared to wild
type ones (Figure 3A and 3C) at P3, when ameloblasts
and odontoblasts are at their pre-secretory and secretory
stages, respectively.

Collectively, these results provide evidence for the first
time that the absence of Nkx2-3 affects the differentiation
process of the two most essential dental cell populations,
namely the ameloblasts and the odontoblasts. In addition,
we show that both pre-ameloblasts and pre-odontoblasts
exhibit an early polarization, and stratification defect,
leading probably to a delay in the differentiation process.

DISCUSSION

In this report, we confirm previous studies where
they showed that the Nkx2-3 mutant mice have an
orofacial phenotype affecting-among other organs-the
morphogenesis of mandibular molars. Our 3D-microCT
and histological studies show that while incisors and

E18.5 (WT)
i" ~a% N i:_

A

upper molars are normal, only the mutant mandibular
molars have abnormal crown shape. Selective absence
or selective phenotype of one tooth type versus another
is observed in other mouse mutations. In DIx1/DIx2
homeobox double mutants, for example, only maxillary
teeth are affected, while in activin fA mutant embryos the
opposite is observed. The mandibular incisor and molar
teeth fail to develop while the maxillary teeth are normal
[28,29]. One plausible explanation for this selective
phenotype is functional redundancy, where multiple
transcription factors can perform similar functions, thus
loss of one factor might be compensated by others. In the
case of NkZs, at the early stages of development, Nkx2-3
is co-expressed with the Nkx2-5 and Nkx2-6, suggesting
complex regulatory interactions between members of this
homeobox gene family and functional redundancy [30,31].
For example, the Nkx2-3, Nkx2-5 and Nkx2-6 appear to act
redundantly in maintaining viability of early pharyngeal
endodermal cells [30-32]. Whether other members of
the NK2 family are co-expressed with Nkx2-3 in the oral
ectoderm defining the maxillary dentition and lower
incisors but not the mandibular molars, and whether
these members compensate for the Nkx2-3 function needs
further investigation.

In contrast to what it was reported in the past [19,20],
however, we show using 3D-microCT and histological
analysis that Nkx2-3isnotrequired for cusp morphogenesis
and that the cusps of the mandibular molars are formed.

dental papilla cells (DP).

X50 (upper panel A) and X100 (Upper panel B-C; lower panel A-D) (N=3).

Figure 3 Nkx2-3 is essential for Enam gene expression during amelogenesis and DSPP gene expression during dentinogenesis:

Upper panel (Figures. 3A-C): ISH analyses of Nkx2-3 transcript in wild type E18.5: Nkx2-3 is expressed in stellate reticulum (SR), pre-ameloblasts, odontoblasts and

Lower panel (Figures 3A-D): ISH analyses of Enam and DSPP transcripts in P3 wild type (A,C) and Nkx2-3 mutant (B, D) first lower molar teeth: Expression of
Enam and DSPP is absent in Nkx2-3 mutant ameloblasts and odontoblasts, respectively, compared to wild type. Abbreviations: LM: lower molars; IN: incisors. Scale:
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Biben and colleagues, who generated the Nkx2.3 mutants,
suggested two potential roles for Nkx2-3. Either “Nkx2-
3 was necessary for the formation of enamel knots” and
subsequently cusp morphogenesis, or that “terminal
differentiation of ameloblasts is affected, leading to weak
enamel which becomes eroded by mastication” [19]. To
distinguish between the two possibilities, after weaning
from their mothers, the mutant pups were kept in soft
diet that could prevent severe enamel erosion giving the
false impression of a flat-no cusp-crown appearance. Two
months after their birth and in soft diet our 3D-microCT
analysis show that the cusps are formed and that there is
no significant difference in their width or height. What we
observed, however, is that the occlusal surface of mutant
mandibular molars is not as sharp but rather smoother
compared to WT counterparts which is accompanied by a
considerable decrease in the overall enamel volume. This
suggests that the “terminal differentiation of ameloblasts
is affected, leading to weak enamel which becomes eroded
by mastication” [19]. Nkx2-3 ablation has also been
analysed for effects on early dental development using ex
vivo cultures of E13.5 molars by Han and colleagues [20].
Specifically, E13.5 mandibular tooth germs were dissected
and then transfected with control or Nkx2-3 siRNA and
after 1 week of culture, tooth cusp sizes in both groups
were measured [20]. Based on this experimental approach,
the authors claimed that the cusps’ height in the presence
of Nkx2-3 siRNA was significantly reduced as compared
with the control, suggesting that Nkx2-3 is critical for
molar cusp formation [20]. Our in vivo experiments do
not support this finding. As potential explanation for this
discrepancy is the fact that in the ex vivo experiments the
authors did not use chemically defined medium where all
the chemical components are precisely known, allowing
thus for a more controlled environment when studying an
organ removed from a living organism outside the body.

On the other hand, Han and colleagues using their ex
vivo organ culture, they showed that Nkx2-3 is expressed
in the stellate reticulum (SR) and dental papilla (DP) cells
by immunohistochemistry. Our ISH experiments in E18.5
WT embryos show that Nkx2-3 gene is indeed expressed
in SR, DP but also in pre-ameloblasts and odontoblasts,
partially confirming their findings. Han and colleagues
also show that Nkx2-3 regulates dental epithelial cell
proliferation by inducing p21 [20]. In E13.5 mandibular
tooth germs transfected with control or Nkx2-3 siRNA,
and cultured for 7 days the number of Ki6-positive cells
were increased in the presence of Nkx2-3 siRNA in the
stellate reticulum and dental papilla cells [20]. The
stellate reticulum is a very particular type of star-shaped
cells in the enamel organ and recent studies have shown

that plays a crucial role in establishing the polarity of
ameloblasts and by providing guidance to the ameloblasts
to properly secrete enamel in the right direction [33-37].
An abnormally increased or reduced SR cell population
affects the process of polarization and that of proper
enamel deposition by ameloblasts [33-37].In that context,
our findings of (i) strong expression of Nkx2-3 in the SR
and pre-ameloblasts of E18.5 WT molar teeth, by ISH
(ii) the polarization, adhesion and stratification defect
of Nkx2-3 mutant molar ameloblasts in E18.5 and P3, by
histology (iii) the reduced enamel volume by 3D-microCT,
and (iv) the dramatic downregulation of an ameloblast
differentiation-specific marker, that of Enam gene, in the
Nkx2-3 mutant mandibular molars, by ISH, provide a link
between the role of Nkx2-3 in the SR, polarization, adhesion
and stratification defect of ameloblasts, leading probably
to a delay in the differentiation process and proper enamel
deposition. It seems that the mutant ameloblasts reach
the secretory stage of their differentiation process but the
amount or the timing of enamel matrix is not deposited
properly. Detailed analysis with polarization, adhesion
and differentiation markers is needed that will further our
understanding of the role of Nkx2-3 gene in ameloblast cell
differentiation process. Interestingly other transcription
factors such as the Ctip2/Bcl11b, SATB1, Msx2, Epiprofin
are also expressed in the stellate reticulum and when they
are mutated in mice, the ameloblasts exhibit, polarization,
adhesion and enamel matrix deposition defects [33-35].
These results suggest that Nkx2-3 may also function as part
of a critical regulatory network of transcription factors that
determine epithelial cell fate and differentiation during
tooth morphogenesis.

Another interesting finding is the odontoblast
phenotype in the mutant molars. We show that Nkx2-3
is expressed by the mesenchymal-derived dental papilla
cells and the odontoblasts. We also show that there is
mild polarization and adhesion defect in the odontoblasts
by histology and reduced DSPP expression in the Nkx2-
3 mutant odontoblasts suggesting a role for Nkx2-3 in
the normal differentiation and function of odontoblasts.
Although, further analysis with polarization, adhesion
and differentiation markers is needed to help our
understanding of the role of Nkx2-3 gene in odontoblast
cell differentiation process, the lack of an obvious dentin
phenotype at 2 months after birth is indicative of a later
compensation mechanism, or that the role of Nkx2-3 in
odontoblast differentiation process is temporary. Given
that the Nkx2-3 transcription factor is expressed in
many mesenchymal or epithelial-derived cells, beyond
ameloblasts or odontoblasts, and that the Nkx2-3 mutant
has phenotypes in other organs as well, the severity
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of a phenotype or how indirect effects might control
differentiation could be an issue. To circumvent this
potential limitation, future studies with conditional Nkx2.3
mutant mice could be valuable tools to study amelogenesis
and dentinogenesis specifically at different stages of
differentiation and homeostasis.

Inconclusion, thekeyrole of Nkx2-3inthedifferentiation,
fate and commitment of different cell types is well known
[18-20]. In mice, chick, Xenopus and zebrafish, Nkx2-
3 is involved in the commitment, maturation, cellular
organization and overall differentiation process of
cardiomyocytes, of sublingual salivary gland, thyroid and
lingual epithelial cells [18-20]. Here, we report for the first
time that the absence of Nkx2.3 affects the differentiation
process of the two most essential dental cell populations,
namely the ameloblasts and the odontoblasts. In addition,
we show that both pre-ameloblasts and pre-odontoblasts
exhibit an early polarization, and stratification defect,
leading probably to a delay in the differentiation process.
Our findings corroborate and add to the overall concept that
the NK2s have specific overlapping or distinct expression
patterns creating a special transcriptional setting, which is
essential in development, differentiation, and adult tissue
patterning in an organ-, tissue- and cell-specific manner.
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