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Region-specific gene expression
profiling of early mouse mandible
uncovered SATB2 as a key molecule
for teeth patterning

Petra Nevorankova’?3, Marie Sulcova®*, Michaela Kavkova®, David Ziméik*,
Simona Moravcova Balkova?, Kristyna Peléskova?l, Daniela Kristekoval*,
Veronika Jake$ova?, Tomas Zikmund?®, Jozef Kaiser®, Lydie Izakovi¢ova Hola??3,
Michal KolaF® & Marcela Buchtova’**

Mammalian dentition exhibits distinct heterodonty, with more simple teeth located in the anterior
area of the jaw and more complex teeth situated posteriorly. While some region-specific differences
in signalling have been described previously, here we performed a comprehensive analysis of gene
expression at the early stages of odontogenesis to obtain complete knowledge of the signalling
pathways involved in early jaw patterning. Gene expression was analysed separately on anterior
and posterior areas of the lower jaw at two early stages (E11.5 and E12.5) of odontogenesis. Gene
expression profiling revealed distinct region-specific expression patterns in mouse mandibles,
including several known BMP and FGF signalling members and we also identified several new
molecules exhibiting significant differences in expression along the anterior-posterior axis, which
potentially can play the role during incisor and molar specification. Next, we followed one of the
anterior molecules, SATB2, which was expressed not only in the anterior mesenchyme where incisor
germs are initiated, however, we uncovered a distinct SATB2-positive region in the mesenchyme
closely surrounding molars. Satb2-deficient animals demonstrated defective incisor development
confirming a crucial role of SATB2 in formation of anterior teeth. On the other hand, ectopic tooth
germs were observed in the molar area indicating differential effect of Satb2-deficiency in individual
jaw regions. In conclusion, our data provide a rich source of fundamental information, which can be
used to determine molecular regulation driving early embryonic jaw patterning and serve for a deeper
understanding of molecular signalling directed towards incisor and molar development.
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Tooth development is a complex process involving close interaction between the oral mesenchyme and epithe-
lium during prenatal stages. Odontogenesis starts at about the 11th day of embryonic development by a thick-
ening of the oral epithelium followed by epithelial protrusion into the mesenchyme and the formation of buds
surrounded by condensed mesenchyme originating from the neural crest'. Tooth development is initiated by a
set of reciprocal and precisely synchronised interchanges of a large number of signalling molecules from several
gene families, the most explored being BMP, WNT, FGF and HH~

In nearly all mammalian species, there are differences in the development and final morphology of the ante-
rior and posterior teeth. Mammalian molars and premolars are multicuspidal teeth with several roots, while
incisors and canines are typically single-rooted teeth. Previously, several homeobox genes have been found to
display specific expression in the anterior (area of forthcoming incisors and surrounding tissue) and posterior
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(area of forthcoming molars including surrounding tissues) jaw development in mice. Epithelial Bmp4 together
with mesenchymal Msx1 and Msx2 are expressed in the anterior region of the jaw, the future incisor area. On
the other hand, epithelial Fgf8 together with mesenchymal Barx1, Dix1 or DIx2 are localised in the posterior
jaw region corresponding to the future molar area. The changes in expression of these homeobox genes cause
shape deformities of teeth or hypodontia®~ and loss of function of these genes leads to developmental arrest of
odontogenesis®®. Misexpression of BarxI in the presumptive incisor mesenchyme at E10 results in the transfor-
mation of tooth identity from incisor to molar®.

Also in humans, there are differences in tooth shape along the anterior—posterior jaw axis with more complex
teeth located posteriorly. However, in some patients, abnormalities in the shape of teeth can occur, which includes
an anomaly called the talon cusp, a developmental dental disruption in which an accessory cusp arises from the
cingulum or cementoenamel junction of the anterior teeth in the maxilla or mandible'’. The aetiology of the
talon cusps is not totally clear. Talon cusp arises during the morphodifferentiation stage of tooth development.
It usually occurs as an isolated anomaly rather than being part of any disorder'?. Nevertheless, the anomaly has
been reported in patients with Mohr syndrome'? (Xp22 gene), Rubinstein-Taybi syndrome'* (CREBBP or EP300
gene), Sturge-Weber syndrome'* (GNAQ gene) and Ellis-van Creveld syndrome'® (EVC or EVC2 gene). Here,
we ask which genes underlay anterior-posterior dental patterning along the jaw. Especially, we focus on the
anterior genes as more severe dental and craniofacial defects have been described in human patients in this area's.

Until now, gene expression in orofacial structures has been well studied by several methods!”!; however,
genome-wide analysis is a necessary tool to obtain information about molecules not yet associated with a cer-
tain area or domain. It is also considered an important tool for clinical medicine and gene expression profil-
ing, which can help to identify diagnostic or prognostic biomarkers, classify diseases, monitor the response to
therapy and understand the mechanisms involved in the genesis of disease processes'?’. This method has also
been used to study the development of craniofacial structures'”?"*%. However, the global gene expression differ-
ences between the anterior and posterior lower jaw areas separately have not yet been evaluated. This approach
can help us uncover new genes already contributing to the specification of anterior and posterior jaw areas
early during development and enable us to reveal new players involved in complex tooth patterning along the
anterior—posterior axis.

Here, we compared the gene expression between the anterior (future incisor) and posterior (future molar)
parts of the mouse mandible in the initial stages of dental development with the aim to expand recent knowledge
of molecular patterning in the area-specific matter. We first introduced and reviewed the expression of top genes
revealed by microarray screen, which are known for their participation during incisor and molar development
and can serve us to validate our profiling. Moreover, we collected facts about their expression during develop-
ment, their influence on cell functions and the impact of gene mutations on embryo development. We also paid
attention to genes which have not been yet disclosed as having a role in tooth development.

To further follow the role of uncovered genes in odontogenesis, we selected SATB2 for a more detailed pro-
tein expression analysis and also evaluated the effect of Satb2-deficiency on incisor and molars development.
SATB2 is a member of the special AT-rich binding proteins family, which are associated with nuclear MARs
(matrix attachment regions) mediating higher-order chromatin integration and therefore modulating target
gene expression. SATB2 participates in the process of regulating several transcription factors both during early
embryogenesis and later in the process of cell differentiation?, therefore, we followed the role of this protein as
a potential molecule involved in regulation of early odontogenesis.

Results and discussion

Distinct expression profiles of anterior and posterior areas during the tooth initiation stages
Whole-genome gene expression profiling was performed in the anterior (forthcoming incisor) and posterior
(forthcoming molar) areas of the mouse jaw (Fig. 1). We selected the mouse mandible for our study as there are
only two types of teeth—incisors and molars with a large diastema between them, which help us to easily separate
the two areas from each other (Fig. 1A and B). We collected three samples for each area at two different stages,
E11.5 and E12.5, when tooth development is initiated and distinct tooth domains are established.

The samples from individual stages/areas clustered well together (Fig. 1). We observed; more significant vari-
ability in samples collected at stage E11.5 in contrast to E12.5 most probably because it is more difficult to collect
material from exactly the same areas at earlier stages of development. Interestingly, samples cluster together based
on the developmental stage, i.e., the anterior at E11.5 is more similar to the posterior area at this stage than to
the anterior area at stage E12.5 (Fig. 1C). This indicates that gene expression profiles changed very significantly
during one day. However, we detected 146 genes (350 transcripts) significantly differentially expressed between
posterior and anterior areas at E11.5 and 252 genes (631 transcripts) at E12.5 (Tables S1, S2, S3 and S4).

To validate our findings, we performed an extensive literature survey for 20 highly expressed genes from
our data sets for each collection group (Tables S5, S6, S7 and S8). Large number of top genes from microarray
analyses were previously associated with craniofacial development or odontogenesis. Moreover, we validated
several differentially expressed genes using RT-qPCR (Fig. S1). Gene expression pattern was same as observed in
microarray analyses for the gene Dix5 (significantly upregulated in the molar area compared to the incisor region)
as well as for genes downregulated in the molar area, such as DIg2, Dpep1 and Satb2. RT-qPCR together with the
literature screen confirmed strong agreement with our array data and indicated high credibility obtained data.

Expression of neural system-associated molecules is enhanced in the posterior (molar) region
Our microarray analysis determined the expression of genes previously described in posterior areas, such as
Barx1 and Barx2 (Figs. 2, S2, Table S3). These nuclear mesenchymal genes are important for craniofacial develop-
ment including odontogenesis?***. Barx1 expression in the head region is detected in spatially restricted areas of
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Figure 1. Mandibular dissection and gene expression analysis of dissected zones. (A) Lower jaw of an adult
mouse contains one incisor (I) and three molars (M1-M3) in each half with a large diastema between anterior
and posterior part.(B) Dental germs of the first molar (M1) and incisor (I) are present in the mandible at E11.5
and E12.5 day old mouse embryos, when dissection for gene expression analyses were performed. These lower
jaws were dissected into two segments—anterior part including incisors and posterior zone with molars. (C)
Heat map of the genes that were differentially expressed in at least one comparison. (D) Principal component
analysis revealed clear separation between E11.5 and E12.5 embryos along the first principal component (PC1)
and between the molar and incisor parts along the second principal component (PC2).

the first and second branchial arches, before any apparent cellular or morphological differentiation at embryonic
day 10.5. Later in development, BARX1 is involved in the development of the primary and secondary palate,
the molar tooth papillae and the stroma of the submandibular gland®. Barx1~~ mouse embryos display mid-
gestational lethality and a spectrum of anomalies?’; mutations of Barx1 lead to cleft lip palate?. Barx1~'~ embryos
die around embryonic day E13.5, so the effect of BarxI deficiency on the differentiation of dental tissues could
not be analysed. We observed higher expression in the posterior region in both stages analysed; this difference
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Figure 2. Heat map displaying gene expression of the most significantly expressed genes in the posterior
(molar) area.

was greater and statistically significant at E12.5 (Figs. 2 and S2). Interestingly, this gene was previously associated
with anterior-posterior patterning in the jaw. The inhibition of BMP signalling early during mandible develop-
ment by the action of exogenous Noggin protein results in ectopic Barx1 expression in the distal, presumptive
incisor mesenchyme and a transformation of tooth identity from incisor to molar®.

The distal-less (DLX) family of nuclear homeodomain transcription factors were also found to be expressed
in the molar mesenchyme. Our analyses uncovered higher expressions of Dix1, Dix4, Dix5 and DIx6 (Figs. 2, S2
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and S3). Differences in expression of these DIx genes were observed in the molar compared to the incisor region
by the earlier E11.5 stage but increased at the later stage analysed, E12.5, where they reached statistical signifi-
cance (Tables S1 and S3). Regionally restricted expression of Dix homeobox-containing genes was also found
previously to be responsible for generating early polarity in the first branchial arch?. Reciprocal signalling inter-
actions between the ectoderm and the underlying ectomesenchymal cell populations control the odontogenic
developmental program, from early patterning of the future dental axis to the initiation of tooth development
at specific sites within the ectoderm®. Loss-of-function mutation in DLX genes results in abnormalities of the
first branchial arch derivatives and the disruption of molar development®*. A crucial role of DixI and DIx2 in
patterning of the jaw and the induction of a specific type of dentition has been proven in mice with targeted null
mutations of DIx1 and DIx2, which do not develop maxillary molars, but whose incisors and mandibular molars
are normal’. Dix1 and DIx2 genes have been proposed to participate in the patterning of dentition through an
“odontogenic homeobox gene code” by specifying the molar area. Rescue of the development of lower molars
has been proposed to occur by compensation of their function by other Dix genes in this area.

The gene Nr2f1 is also potentially important for jaw patterning as its expression profile was similar to that of
Barx1 and DIx1 genes (Figs. 2, S2 and S3). The expression of all three genes was higher posteriorly than anteri-
orly in both stages. At the same time, there was a decrease in expression within a day, as the expression in E12.5
was lower than in E11.5 for all three genes, especially in the anterior area (Fig. 2, Tables S1 and S3). The protein
encoded by the gene Nr2fI is a nuclear hormone receptor and transcriptional regulator. During development,
its expression has been detected in telencephalon neurons®*2. Upregulation of the Nr2fI gene and its antisense
long non-coding RNA in murine neural crest cells results in neurocristopathy®. Mutation of Nr2f1 is associated
with Bosch-Boonstra-Schaaf optic atrophy syndrome (BBSOAS), the common features of which include devel-
opmental delay, intellectual disability, hypotonia, optic nerve atrophy, attention deficit disorder, autism spectrum
disorder, seizures, hearing defects, spasticity, thinning of the corpus callosum and the presence of micro- and
retrognathia with large-appearing teeth®. The loss of Nr2fI significantly impacts craniofacial structures and
disrupts lower jaw development, as has been shown for zebrafish**; however, the role of Nr2fI in odontogenesis
has not yet been evaluated.

Sim2 also appears to have the potential to be involved in jaw patterning as its expression profile resembles
that of Barx1 and DIxI genes (Figs. 2 and S3). Sim2 encodes a transcription factor that is a master regulator of
neurogenesis. It has been detected in the brains of mouse embryos® and pharyngeal arches®. Overexpression of
the Sim2 gene brings about some of the phenotypic deformities characteristic of Down syndrome. SIM2 mRNA
is detected in multiple brain regions and has been linked to deformities in individuals with Down syndrome.
It is also expressed in the epithelia of the palate, oral cavity, and tongue, as well as the mandibular and hyoid
bones¥. Knockout of this gene causes malformations, particularly in the craniofacial area. Sim2~~ individuals
display either a full or partial secondary palate cleft and malformations in the tongue and pterygoid processes
of the sphenoid bone*”. On other hand, tooth development in Sim2~'~ mice was not affected””.

Genes with the highest level of expression in the posterior region at E11.5 were associated with neurogenesis.
Neurodl and Neurod4 (neuronal differentiation 1 and 4) are transcription factors contributing to the regulation
of several cell differentiation pathways in the neural system (Fig. 2). NEURODI is, together with PAX6 or SIX3,
required for the regulation of amacrine cell fate specification or dendrite morphogenesis. Moreover, there is
expression of genes such as Fabp7 (fatty acid binding protein 7, brain; or brain lipid binding protein, Blbp), Nefl
(neurofilament light polypeptide), Neurogl (neurogenin 1), Gbx2 (gastrulation brain homeobox 2) and Elavi4
(ELAV-like neuron-specific RNA binding protein 4) (Fig. 2, Tables S1 and S3). Also, genes playing a role in micro-
tubule dynamics and signal transduction such as Nefm (neurofilament medium polypeptide), Ina (internexin
neuronal intermediate filament protein, alpha), Snap25 (synaptosomal-associated protein 25) or Stmn2 (Stathmin
2) are highly expressed in the caudal region associated with the posterior area. Neurogl null mice fail to form
trigeminal ganglia®; however, tooth development exhibits only subtle changes, indicating that the innervation
is not driving early tooth development®. Neurogenesis and axonogenesis in the mandibular prominence are
boosted during these early stages and nerves progressively extend from the caudal region to the more rostral
area, as demonstrated by our expression data uncovering very low expression in the anterior area. Therefore,
the differential neuronal marker profile reflects the progression of jaw development in the rostral direction.

Members of the BMP pathway are enriched in the anterior (incisor) area of the jaw together
with Wnt inhibitors

The gene with the highest level of expression in the anterior region at E11.5 was aristaless-like homeobox 3
(Alx3), a nuclear protein with a homeobox DNA-binding domain that functions as a transcriptional regulator*’
(Fig. 3; Table S2). Alx3 exhibited higher levels of expression in the incisor area when compared to the posterior
jaw domain also at a later analysed stage at E12.5 (Figs. 3, S3 and S4). The gene Alx3 has previously been found
to play a role in neural crest-derived mesenchyme, frontonasal head mesenchyme, the development of the first
and second pharyngeal arches and their derivatives*’ and in the formation of the nose and jaws*'. In humans, the
Alx3 mutation is associated with frontonasal dysplasia*?, which is characterised by frontonasal malformation,
a wide nasal bridge, a short nasal ridge and a midline notch in the upper lip, which confirms the significance of
this gene for anterior structure development. However, no phenotypic abnormalities in the lower jaw have yet
been reported in Alx3-deficient mice®’.

Gene expression analysis also uncovered that several members of the TGF-beta family are expressed in the
anterior area at E11.5, such as Bmp4 (2.17-fold change), MsxI (1.98-fold change), Msx2 (1.73-fold change) and
Bambi (1.63-fold change), and they were also upregulated at E12.5 in the anterior area (Figs. 3, S5; Tables S2
and S4). High expression of these mesenchymal transcription factors is consistent with the results of previ-
ous studies*. They have also been associated with craniofacial development, particularly odontogenesis in the
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Figure 3. Heat map displaying gene expression of the most significantly expressed genes in the anterior
(incisor) area.

anterior part of the jaw*"**. Defects in these genes cause distinct malformations in tooth development, where
Msx1 failure leads to ectodermal dysplasia, tooth agenesis and orofacial clefting’®. Homozygous Msx1-defi-
cient mice exhibit complete secondary cleft palate, failure of incisor development and bud-stage arrest of molar
development®. In humans, heterozygous loss-of-function mutations in MSX1 cause selective tooth agenesis,
which often preferentially affects the posterior molars and second premolars®=°. Although mice heterozygous for
Msx1 do not exhibit tooth defects, many MsxI*~compound heterozygous mice lack third molars*’.

Scientific Reports |

(2024) 14:18212 | https://doi.org/10.1038/s41598-024-68016-3 nature portfolio



www.nature.com/scientificreports/

The Msx2 expression pattern closely resembled that of Msx1 with higher expression located in the anterior
area (Figs. 3 and S4). Mutations in Msx2 lead to specific abnormalities in teeth, but mainly affecting cell dif-
ferentiation in the enamel organ®®. In Msx27'~ mice, epithelial cells exhibit divergent alterations in the crown
and root. Reduced expression of enamel matrix proteins in the crown is associated with the disappearance of
ameloblasts*® resulting in the degeneration of the ameloblast and ultimately the enamel organ®.

Cited1 (Cbp/p300-interacting transactivator with Glu/Asp-rich carboxy-terminal domain 1), which functions
as a transcriptional coactivator, was also upregulated in the rostral area (Fig. 3; Tables S2 and S4). CITED1 was
previously found to interact with BMPR2 and SMAD4 to activate the CITED1-BMPR2-SMAD1/5/8 axis*® and
play a role in activating the BMP signalling pathway. Moreover, it is closely related to transcriptional regulation
by the AP-2 (TFAP2) family of transcription factors, and Tfap2c was also upregulated in the anterior area of the
mandible (Fig. 3).

In the anterior area, numerous Wnt signalling members were found to be highly expressed (Fig. 3; Tables S2
and S4) and regulation of canonical Wnt signalling is known to be key for numerous processes during
odontogenesis®!. Inhibitors of the canonical Wnt signalling pathway were found to be highly expressed in this
area, such as Dickkopf (Dkk1 and Dkk4). DKKs play a vital role in the anterior-posterior axial patterning as
they locally inhibit canonical Wnt signalling®. Dkk1 deficiency leads to the development of smaller craniofacial
structures and induction of clefts®. Dkk4 is a Wnt/f-catenin target gene> and it is expressed in the enamel knots
in the dental epithelium **. Dkk1 exhibited the same pattern of expression differences between the two areas as
other Wnt inhibitors: Wifl, Sfrp4, Lefl or Sostdc1 (also known as Ectodin and Wise) (Fig. 3, Tables S1, S2, S3 and
S4). WIF1 (Wnt inhibitory factor 1) is a secreted Wnt antagonist, which localises to the dental epithelium and
mesenchyme during early tooth development; knockdown of Wifl leads to promotion of apoptosis, resulting in
delayed enamel nodule formation, during early tooth development®. LEF1 (lymphoid enhancer binding factor
1) is a transcription factor which mediates the Wnt signalling pathway by association with its coactivator beta-
catenin. Loss of Lefl leads to developmental arrest of the tooth at an early stage, as it is critical for mediating the
epithelial-mesenchymal interaction during tooth morphogenesis®.

Moreover, members of non-canonical Wnt signalling pathway were upregulated in the anterior area, such as
Wht5a (wingless-type MMTYV integration site family, member 5A), Wnt4 and Rspo2 (Fig. 3; Tables S2 and S4).
Mutating the Rspo2 gene in mice leads to supernumerary lower molars®, inactivation of Rspo3 causes the loss
of lower incisors and simultaneous deletion of Rspo2 and Rspo3 induces disruption of all tooth development™.

From the above-mentioned genes, Dkk4, Lef] and Sfrp4 showed no differences at the earlier stage analysed
(E11.5), but exhibited significant differences at the later stage (E12.5) (Fig. 3). On the other hand, significant
differences between regions were found in case of Rspo2 just for the earlier stage, while differences were only
small at E12.5. Our array therefore uncovered time-dependent dynamic recruitment of Wnt pathway members
during anterior—posterior patterning of the lower jaw.

We also observed differences in Pax3 expression between incisor and molar areas (Fig. 3, S6; Tables S2 and S4).
PAX3 is a downstream factor of B-catenin and a member of the paired box (PAX) family of transcription factors®.
Mutations of PAX3 are associated with Waardenburg syndrome in humans, the features of which include teeth
with a conical appearance, oligodontia involving both the lower lateral incisors and taurodontism®"2,

Our analysis also discovered numerous new genes potentially involved in tooth patterning that have not
previously been associated with incisor development yet and it will be necessary to evaluate their role in tooth
patterning in future. The expression pattern of some newly uncovered genes at the anterior area, such as Dig2,
exhibited similarities to that of Bmp4 and Pax3, where the expression of these genes was stronger in the anterior
area in contrast to the posterior area (Figs. 3, S4; Tables S2 and S4) suggesting possibly comparable function in
jaw patterning (Fig. 3). DIg2 encodes a member of the membrane-associated guanylate kinase (MAGUK) family
and its protein forms a heterodimer with a related family member that may interact at postsynaptic sites®. Its
expression was previously detected in the mouse mandible, upper jaw and neural ganglia in embryonic stage
14.5%; however, it has not been analysed in an odontogenesis context yet.

Satb2 expression is enriched in the anterior area at the mRNA as well as protein level
One of genes exhibiting strong expression in the anterior jaw area in contrast to the posterior area at both ana-
lysed stages was Satb2 (SATB homeobox 2) (Fig. 3; Tables S2 and S4).

SATB2 protein is a transcription factor and chromatin modulator. Its function at the molecular level is to
attach itself to chromatin and change its 3D arrangement, most often into loop shapes®. This way, SATB2 is able
to bring otherwise distant genes closer together, thus ensuring their joint expression. Its second function is to
bind various proteins into complexes, which it directs and binds to specific sites on the DNA. These are most
commonly gene promoters and enhancers®®. This way, SATB2 is involved in regulating numerous genes during
early embryogenesis and plays a crucial role in cell differentiation®. Expression of this gene during early develop-
ment has previously been found to be restricted to the medial portion of the first to fourth pharyngeal arches®. It
also plays a role in later craniofacial patterning and development, development of hard tissues, primarily bones,
palate formation, osteoblast differentiation, and maturation®®®. Likewise, it has been associated with several
morphological alterations during tooth development. Moreover, nonsense mutation of SATB2 has been found
in patients with multiple craniofacial defects, cleft palate, osteoporosis and cognitive defects*>”*”!. SATB2 is also
associated with 2q32q33 microdeletion syndrome, including tooth abnormalities’® such as abnormally sized or
shaped teeth, tooth crowding, supernumerary teeth or oligodontia”. SATB2 enhances migration and invasion
in osteosarcoma by regulating genes involved in cytoskeletal organisation.

Here, we first confirmed differences in Satb2 expression level found between anterior and posterior areas
observed in gene expression profiling while using RT-qPCR and Satb2 expression was found to change with the
progress of development (Fig. S1).
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Also, at the protein level, SATB2 exhibited distinct differences in craniofacial areas on sagittal sections in
an anterior-posterior direction, with stronger expression in the anterior area (Fig. 4). At epithelial thickening
of the oral epithelium (E11-E12), SATB2-positive cells were located in the mesenchyme surrounding develop-
ing incisors and the rostral part of palatal shelves (Fig. 4). Only a few positive cells were found in the posterior
area surrounding molars (Fig. S7). A transversal section revealed SATB2-positive cells located medially in the
mesenchyme from the future molars and in forming palatal shelves (Fig. S7). Similarly, at later stages (E13-E15),
areas of high SATB2 positivity were evident in the mesenchyme around teeth, with stronger expression around
incisors and asymmetrical expression around molar germs, and the intensity of the signal increased at later
developmental stages (Figs. 4 and S7). Observed protein expression pattern of SATB2 described here corresponds
to previous findings in the palatal shelves where positive cells appeared at stage E10.5 and the signal intensity
increased until E13.5%. While the influence of Satb2-deficiency on skeletogenesis has already been elucidated®;
the impact on developmental processes during odontogenesis remains incompletely understood therefore we
focused on its role in incisor and molar development.

deficiency causes abnormalities of the incisor and also molar development

To investigate the potential contribution of SATB2 in teeth development, we examined Satb2”’ mice (Figs. 5, S8,
S9, S10 and S11). Therefore, our study endeavours to unveil potential morphological variations in the develop-
ing incisor and molar regions of Satb2” animals. Loss of Satb2 led to an abnormal craniofacial pattern in our
animals, most notably associated with a shorter mandible at all analyzed stages and cleft palate (Fig. 5) similarly
as was previously described®. Such phenotype has also been found in human patients with SATB2-associated
syndrome (SAS, Glass syndrome). When considering intraoral dental concerns, individuals with SAS frequently
manifest issues such as crowding, enlarged upper incisors, irregular dental morphology, hypodontia and, on a
less frequent basis, delayed tooth eruption, tooth fusion, and supernumerary teeth”.

Therefore, here we proposed a differential effect of this deficiency on tooth development in anterior and
posterior jaw segments based on strong distinction of expression pattern in these areas. We used micro-CT
analyses, which enabled us to follow soft and hard tissues on the same samples (Fig. S8). Segmentation analysis
of incisor and molar epithelium while using micro-CT images allowed us to perform 3D analysis of volumes
or distances between structures. Incisors were found to be present in Satb2”- mice, albeit as extremely reduced
structures in both the upper and lower jaws (Fig. 5). Furthermore, we observed molar germs exhibiting altered
morphology. The epithelial compartments of the first molars were also significantly diminished in Satb2”- mice
(Fig. 5). However, the most unexpected finding from this analysis is the occurrence of ectopic teeth (Fig. 5) at
both analysed stages in Sath2”~ mice.

Next, we performed Wall thickness analysis (software fits spheres of different diameters in the segmented
tooth), revealing distinct changes in tooth thickness in Satb2~~ mice (Fig. 6) compared to Satb2*/*. Differences
were observed in both tooth types, with the more striking decrease of wall thickness observed in the incisor
area (Fig. 6).

We also evaluated the volume and surface of segmented teeth (Figs. S12, $13 and S14). While Satb2”~ ani-
mals exhibited a smaller volume as well as the surface area of incisors, the volume and surface area of mutant
molars were only slightly decreased compared to Sath2*'* animals (Figs. S13 and S14). Length of the molar area
in Satb2”" mice was reduced in both jaws compared to WT individuals at the E18.5 stage (Figs. S15 and S16)
however when we included ectopic teeth, the size of the molar area was almost the same as WT animals (Fig. 7).

Based on these results, our analysis provides evidence that neglected molar area is severely affected in Satb2”
mice. A question, which remains, is whether SATB2 is controlling the size of these structures or whether this
change is caused secondary by space restriction in the jaws or limited cellular resources because of ectopic teeth
induction.

Ectopic teeth are located in the diastema region in Satb2” animals

Our analysis further revealed that the absence of Satb2 disrupts the development of the mouse diastema, the
toothless space between the first molar and incisor, which was associated with two phenomena. Firstly, the abso-
lute lengths of diastemas (distance between incisor and molar) were shorter in Sath2”- mice than in WT animals
in both the upper and lower jaws (Fig. S17), indicating an overall reduction of diastema length in the mutants.
Secondly, a comparison between the lower and upper jaws within individual mice indicates that Sath2~/~ mice
exhibited a shorter diastema in the lower jaw than in the upper jaw (Fig. S17).

Segmentation of both the tooth germ epithelium and dental pulp mesenchyme on micro-CT scans revealed
that the molar epithelium displayed modified morphology in Satb2~~ mice compared to Satb2** mice (Fig. 5),
along with the presence of ectopic teeth anteriorly before the first molar. These structures were identified in both
the upper and lower jaw but were more prominent in the upper jaw (Fig. 5).

While the mouse diastema in adults is toothless, primordial remnants of the evolutionary reduced teeth
can be observed during development in the maxilla’®". However, later in development, apoptosis reduces and
assimilates these structures. These sites are commonly referred to as R1 (anterior) and R2 (posterior) in the
maxilla and MS and R2 in the mandible. Based on our results, we propose that the absence of Satb2 prompts the
development of ectopic teeth in the areas of previously described rudimental teeth corresponding to premolars”™.
Moreover, it is necessary to mention that also in human patients with SATB2 mutations, macrodontia, acces-
sory cusps were found in a permanent maxillary first premolar or the first and second deciduous molars®®-52,
Also teeth in the anterior area were found to be disrupted in human patients with SAS such as missing lower
permanent incisors or large upper central incisors indicating the role of SATB2 in development of replacement
teeth in the incisor area®.
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Figure 4. SATB2 protein expression during odontogenesis in the incisor area. Immunohistochemical analyses
of SATB2 protein expression in the anterior area of the jaw. Sagittal sections of head at stage from E11 up to
E15. SATB2-negative nuclei are stained by Hematoxylin (blue), SATB2-positive nuclei are visualized by DAB
(brown). Scale bar =100 pm.

The evaluation of the ectopic tooth position in the jaw in relation to the regular teeth was conducted by
measuring tooth lengths and distances between teeth in 3D space (Fig. 7). Morphometric analysis indicated that
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Figure 5. Abnormalities in odontogenesis in Satb2-deficient animals in micro-CT. The tooth germs (pink
color) and the mesenchymal dental papilla reflecting the shape of the future teeth (white) were manually
segmented in the micro- CT data. In the Satb2-deficient mice of both analyzed stages, the ectopic molar teeth
are clearly distinguishable in the maxillary area. The incisor teeth in both mandible and maxilla are reduced
in size in the Satb2-deficient mice compared to the WT mice. Scale bars: lower resolution = 1 mm, higher
resolution = 0.5 mm.

the molar area is reduced in Satb2~~ animals in contrast to the epithelial area in Satb2** mice (Fig. 7). However,
the molar area with the inclusion of ectopic teeth in the analyses, particularly in the upper jaw, exhibits a closer
resemblance to WT dental epithelium (Fig. 7). Also, length of diastema in the upper jaw in Sath27/~ animals
resembled those in WT animals when ectopic teeth were included. However, the distances were still shorter
in the lower jaw (Fig. 7). Ectopic teeth were initiated in the regions, which at least partially belongs to the first
molar area of WT animals. This suggests that the presence of ectopic teeth is not the main reason for the shift of
the molar epithelium from the original position.
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Figure 6. Wall thickness analyses of teeth. Wall thickness analysis of the tooth germs in the E16.5 and E18.5
stages displays that the molars in the Satb2-deficient mice is similar in shape to the wt mice, but the thickness
of walls in both stages are greatly reduced in the Satb2-deficient mice. The largest difference is visible in the
incisors, which exhibit arrested development in Satb2-deficient mice and thus the quantified wall thickness is
incomparably smaller. Scale bar = 650 pum.

To confirm that the observed ectopic teeth in Satb2™'~ animals were not just epithelial protrusions but real
teeth was initiated, we evaluated the proliferation, stem cell marker analyses while using immunohistochemis-
try and enamel knot markers expression in an ectopic tooth and the first molar (m1) using RNAScope (Fig. 8).
The first molar and ectopic tooth of Satb2~'~ animals exhibited high proliferation in the epithelial as well as
mesenchymal compartments at E16.5 (Fig. 8A-C). This was in contrast to proliferation inincisor area, whhere
only few Ki67-positive cells were detected in Satb2~'~ animals (Fig. 9A, B). SOX2 expression, which is typi-
cal for the lingual side of the dental stalk in the molars as well as incisors®, was preserved in Satb2-deficient
animals (Fig. 8D-F and 9C, D). In ectopic epithelial structures, Shh- and Fgf4-positive areas were detected in
Satb2™'~ animals, indicating a prolonged existence of rudimental germ and new tooth formation. Both Shk and
Fgf4 expressions were however stronger in Satb2~/~ first molars in contrast to ectopic teeth. Moreover, Shh signal
was downregulated in Satb2-deficient animals in insisors in agreement with their smaller phenotype (Fig. 9E,
F). In addition, the Shh signal was already propagating along the cervical loop extending beyond the area of the
enamel knot in WT animals and Satb2™"~ first molars. This was in contrast to the expression of both markers in
the ectopic teeth, where Shh expression was still restricted just to the enamel knot area corresponding to simpler
morphology of ectopic teeth. Similarly, the diastemal region was previously found to express numerous genes
crucial for early tooth development, enabling the transformation of epithelium and ectomesenchyme into the
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Figure 7. Measurements of molar area length and distances between incisor and molar area including ectopic
tooth. (A-C) In the micro CT data, the lengths of the molars were measured at stage E18.5. (A) The length of
the molar was measured in the 3D view between the most anterior and posterior points of the tooth germ in
Satb2** mice. (B) In the Satb2-deficient mice, the length of the molar was measured including the ectopic tooth.
(D-E) The distance between the molar and the incisor was defined by the length between the most anterior part
of the molar and the most anterior part of the incisor in Satb2*"* mice (D). E In case of the Satb2-deficient mice,
the ectopic tooth was included in measurements. Scale bars: 500 pum.
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Figure 8. Cell proliferation and gene expression of enamel knot markers in molar area in Satb2-deficient
animals. A-C Proliferation of cells detected by immunohistochemistry while labelling Ki67-positive cells in
the first molar (m1) and ectopic tooth (Et) of Satb2** mice (A) and Satb2” mouse at E16.5 (B, C). D-F SOX2
expression visualized by immunohistochemistry is located in the labial part of the dental stalk of Satb2*"* mice
(D) and Satb2”- mouse at E16.5 (E, F). G, J Expression of two enamel knot markers Shh and Fgf4 detected by
RNAScope in the first molars of Sath2** mice. H, K The signal of both genes is stronger in the Sath2”" mouse
first molar. I, L The expression of Shh and Fgf4 is also visible in the ectopic tooth of Sath2”- mouse indicating
that this structure is not just a protrusion of epithelial tissues, but it possesses a tooth organizer-enamel knot.
Detected protein (A-F) or gene expression (G-L) is labelled by magenta colour. Erythrocytes, which are
naturally autofluorescent, are labelled by green, yellow or red colour. Scale bar =100 um.

tooth germ®. Moreover, the epithelium thickening can persist in several locations along the dental lamina and
can be associated with Shh expression, which is characteristic for early-stage dental organ induction®.
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Satb2*/* incisor Satb2/- incisor

Figure 9. Cell proliferation and gene expression of enamel knot markers in incisor area in Satb2-deficient
animals. Proliferation of cells detected by immunohistochemistry while labelling Ki67-positive cells in the
incisor of Satb2** mice (A) and Satb2”- mouse at E16.5 (B). SOX2 expression in the vestibule surrounding
the incisor of Satb2** mice (C) and Satb2”- mouse (D). E Expression of Shh is localized in the inner enamel
epithelium detected by RNAScope in the incisor of Satb2** mice. F No expression of Shh was detected in
Satb2”- mouse. Detected protein (A-D) or gene expression (E, F) is labelled by magenta colour. Naturally
autofluorescent erythrocytes are labelled by green, yellow or red colour. Scale bar =100 pm.
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The presence of ectopic teeth in the diastema region was uncovered in a wide array of mouse models,
such as Gas17/7%, Tg7370rpk hypomorphic®, Spry2/Spry4-deficient animals’, WntI-Cre;Polaris"</186; and
Lrp4™~(Megf7) hypomorph®, all exhibiting extra teeth at the R2 position in both jaws®. All these genes are
associated with primary cilia dysfunction, which however have not been described in Satb2-deficient mice yet,
including no connection of SATB2 protein with ciliary signalling. As SATB2 can enhance migration of cells
in some pathologies through regulation of genes involved in cytoskeletal organisation’, we propose similar
molecular mechanisms occur during ectopic tooth induction in our model organism.

Nevertheless, more information about the involvement of SATB2 in regulating the main signalling pathways
during odontogenesis and their possible alterations in Satb2-deficient animals will be necessary, including follow
up study of later processes driving differentiation of hard dental tissue producing cells.

Conclusions

In this study, gene expression profiling was carried out to uncover differences between the anterior and posterior
regions of the early embryonic lower jaw in the mouse, at stages when incisor and molar areas are established.
Our data provide a rich source of fundamental information which can be used for further studies focused on
early embryonic jaw patterning and serve to enhance understanding of the initial molecular signalling driving
incisor and molar development. For more detailed analysis of odontogenesis, we selected the transcriptional
factor SATB2, which displayed stronger expression in the anterior area on RNA level. SATB2 protein was also
expressed in the anterior mesenchyme where incisor germs are forming, however, we uncovered a distinct
SATB2-positive region in the mesenchyme closely surrounding molars. Satb2-deficient mice exhibited defects in
incisor morphology confirming a crucial role of SATB2 in formation of anterior craniofacial structures. On the
other hand, ectopic tooth germs were observed in the molar area indicating differential effect of Sath2-deficiency
in individual jaw regions, which will be necessary to follow further with focus on the role of SATB2 in cytoskeletal
components organisation during odontogenesis.

Material and methods

Mouse strains, genotyping and tissue collection

The housing of mice and in vivo experiments were performed in compliance with the European Communities
Council Directive of 24 November 1986 (86/609/EEC) and national and institutional guidelines. Animal care
and experimental procedures were approved by the Animal Care Committee of Masaryk University (no. MSMT
8337/2019-3) and the study is reported in accordance with ARRIVE guidelines.

Satb2 gene targeting in mice was performed by a b-galactosidase/pGKneo-pA cassette insertion in frame with
the ATG codon of the Sath2 gene as described previously?. Animals were genotyped by PCR using a set of three
primers: Satb2-specific reverse primer detecting the wildtype (WT) allele 5> GCC ACC CTC TGG GTA AAC
CAC 3, Satb2-LACZ-specific reverse primer 5 CGG GCC TCT TCG CTA TTA CG3’ and the common forward
primer 5° CGG TGG GAA CTT TGT CTC CA 3’ annealing to the 5" untranslated region (UTR) of the Satb2
gene. PCR (35 cycles; denaturation: 94 °C, 30 s; annealing: 58 °C, 30 s; extension: 72 °C, 30 s) was performed on
genomic DNA isolated from the tail tips.

RNA isolation and microarray analysis

We collected the anterior (forthcoming incisor) and posterior (forthcoming molar) areas of lower jaws for gene
expression profiling from mouse embryos at stages E11.5 and E12.5. Three biological replicates were used for
every stage and area. Anterior and posterior samples were separated in the future diastemal area (Fig. 1) and both
epithelium and surrounding mesenchyme were included in samples. The posterior dissection was performed
just behind the molar germ.

RNA was extracted using a commercial RNeasy Mini Kit (cat. no. 74106, Qiagen, Germany). The quantity
and quality of RNA were ascertained using a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies
LLC, USA) and Agilent 2100 Bioanalyzer (Agilent Technologies, CA, USA). All samples had RIN above 9 and
were used for the microarray analysis on the GeneChip Mouse Genome 430A 2.0. Array (cat. no. 900499, Affy-
metrix, USA) following the GeneChip 3’'TVT express protocol: total RNA (100 ng) was amplified and fragmented
using the provided kit and 10 pg of the resulting fragmented complementary deoxyribonucleic acid (cDNA)
was hybridised on the chips according to the manufacturer’s protocol. This whole-genome chip probes 39,059
well-characterised mouse targets.

The resulting CEL files were processed using the packages oligo® and limma®' of the Bioconductor®® within
the R environment (R Core Team (2023). R: A Language and Environment for Statistical Computing. R Founda-
tion for Statistical Computing, Vienna, Austria. https://www.R-project.org). Probe set targets were annotated
using the BrainArray annotation package93; version 24.0.0, ENST at the level of Ensembl mouse transcripts®,
version 97, GRCm38). Next, robust multiarray analysis?® was used to standardise the data. All samples passed
technical quality controls. Moderated t-test was used to detect differentially expressed transcripts after fitting
linear model I ~ stage * area within limma. False discovery rate less than 0.05°° and a minimally two-fold change in
expression intensity were required to consider genes differentially transcribed. The minimum information about a
microarray experiment (MIAME) compliant data was deposited to the ArrayExpress database®”, E-MTAB-13604).

Correlation analyses

Correlation analyses were performed while using GenespringGX version 7.3 (Agilent Technologies) for the
identification of co-regulated genes while using pair-wise correlations. As statistical methods for computing
correlation coefficients we selected Pearson.
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Validation of the microarray data with qRT-PCR

Tissues from the mandibles of mouse embryos at stage E12 were collected separately from the posterior (forth-
coming molar) and the anterior (forthcoming incisor) areas. Three biological replicates were analysed. Each
replicate for each area was generated as a pool of eight collected embryos to obtain enough RNA for further
analyses. RNA was extracted using an RNeasy Mini Kit (cat. no. 74106, Qiagen, Germany).

The cDNA samples were preamplified using a gb Reverse Transcription Kit (cat. no. 3012, Generi Biotech,
Czech Republic). Pre-amplified cDNA was used for q-PCR in a Vapo. Protect Cycler system (Eppendorf, USA).
The light cycler programme consisted of three main steps: Preincubation at 95 °C for 10 min, denaturation at
95 °C for 15 s and annealing at 62 °C for 60 s. Data were analysed using LightCycler 96 software 1.1 to obtain
Ct values. Three technical replicates were performed for each sample. Gene expression values were expressed
regarding the threshold cycle normalised to the expression of beta-actin (Actb; TagMan® Gene Expression Assay,
ID: Mm00607939_s1, Thermo Fisher Scientific, USA). The following TagMan® Gene Expression Assays (cat. No.
4351372, Applied Biosystems, USA) were used: Dio2 (ID: Mm00515664_m1), Dlg2 (ID: Mm01318472_m1),
DIx5 (ID: Mm00438430_m1), Dpepl (ID: Mm00514599_g1) and Satb2 (ID: Mm00507331_m1), Rerg (ID:
Mmo07305356_m1).

Fold-change differences relative to incisors (at E12) were calculated using the AACt method as described
previously®. Standard errors of the means were calculated as described previously™. Statistical analysis consisted
of t-tests comparing dCt values between anterior and posterior areas with p <0.05 considered to be significant.

Immunohistochemical analysis of protein expression

For SATB2 protein expression, deparaffinizated and rehydrate sections of mouse heads at embryonic days
E11.5-E16.5 were processed and antigen retrieval was performed in a boiling water bath (97 °C) in Dako Target
Retrieval Solution, pH 9 (cat. No. S2367, Dako Agilent, USA) for 20 min. A non-specific secondary antibody
was bound on the antigen by incubation in horse serum for 20 min. Primary antibody (anti-SATB2, 1:100, cat.
no. ab51502, Abcam, UK) was applied for 1 h. The secondary biotinylated anti-mouse antibody (1:500, ABC
kit, cat. no. PK-4002, Vectastain, USA) and avidin-biotin complex (cat. no. PK-4002, ABC kit, Vectastain, USA)
were applied for 30 min each. Products were visualised with 3,3"-diaminobenzidine tetrachloride chromogenic
substrate (DAB, cat. no. K3466, Dako, USA), and slides were counterstained with Hematoxylin. Samples were
analysed and photographed using a Leica microscope (DMLB2) with a Leica camera (DFC480) attached (Leica
Microsystems, Wetzlar, Germany).

For Ki-67 and SOX2 expression, alternative slides were deparaffinized and rehydrated through a series of
ethanol. Water bath (97 °C) with DAKO solution (pH =6) was used for 5—20 min for antigen retrieval. Block-
ing serum was applied on the samples for 30 min to prevent nonspecific binding of antibodies. Next, slides were
incubated with primary antibodies SOX2 (cat. No. 2748, 1:100, Cell Signaling, Danvers, USA) or Ki-67 (1:200,
cat. no. 275-R-16, Cell Marque, USA) for 1 h or overnight, alternatively. The secondary antibody with fluoro-
phore was Alexa Fluor 594 both foth staining (1:200, A11037, Invitrogen, USA). The sections were mounted in
a histologically mounted medium called Fluoroshield with DAPI (F6059, Sigma-Aldrich, USA). This mounting
medium counterstained cell nuclei in blue.

Micro-CT analysis

Micro-CT analysis was conducted to acquire comprehensive 3D structural data of the incisor and molars germs,
as well as the measurement of diastema length. Additionally, the 3D structure of Meckel’s cartilage was also
incorporated into the analysis. This technique facilitated the assessment of various parameters, such as the shape,
size, volume, area and spatial arrangement of the dental elements.

Wildtype and knockout SATB2 mouse embryos in stages E16.5 and E18.5 were dehydrated in ethanol gradi-
ent solutions (30%, 50%, 70%, 80%, 90%). To visualise the soft tissues, the E16.5 embryos were stained in 1% I,
in 90% MeOH solution for 48 h; the E18.5 embryos were stained for 4 days in 1% I, in 90% MeOH (after 48 h of
staining, the solution was changed to a fresh one). To prevent the motion of the sample during the measurement,
embryos were placed in a 15 mL falcon tube and embedded in 1% agarose gel.

Micro-CT measurement was performed on a GE Phoenix v|tome|x L 240 laboratory system equipped with
a 180 kV/15 W nanofocus tube with the scanning parameters described in Table S9.

The tooth germs and Meckel’s cartilage were manually segmented using Avizo software. All measurements
of lengths were performed in VG Studio MAX 2022 software. The length of the dental area was measured from
the frontal protrusion in the anterior part of the Meckel’s cartilage by placing the points of the polyline tool
in the centre of the transversal cross section of the cartilage; in the posterior part of the Meckel’s cartilage, the
measurement was ended at the point where the cartilage started to branch. The cartilage length was then defined
by the length of the placed polyline.

3D morphometrics of the tooth germs: lengths of the individual tooth germs and the dimensions between
the tooth germs were measured in 3D space by placing landmarks on the most distal and proximal parts of the
tooth germ and then measuring the distance between those defined points.

For the wall thickness analysis of the tooth germs, all of the incisors in one animal were grouped together and
all of the molars were grouped together. Then for each category—incisors and molars—wall thickness analysis was
applied. The analysis is based on a function where the software fits spheres of different diameters in the segmented
model in the 3D space of the tooth germ, resulting in a colour map of wall thickness distribution. The obtained
data were subsequently exported into the graph of the quantifications of the wall thicknesses for each sample.
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Messenger RNA detection in tissues

The expression of Fgf4 and Shh was determined by RNAScope (Advanced Cell Diagnostics, USA) in mice at
E16.5. We analysed at least three mouse embryos for each studied genotype, WT, HET and mutant. Mouse
embryos were euthanized by decapitation and fixed in 4-10% PFA for a maximum of 48 h. After fixation, samples
were decalcified in 10% EDTA for 3 days at 4 °C, then dehydrated by standard ethanol series followed by xylene.
The samples were embedded in paraffin and sectioned at 5 um. Tissues were processed using anRNAScope
Multiplex Fluorescent v2 assay (cat. no. 323 110, Advanced Cell Diagnostics, USA). Samples were incubated in
hydrogen peroxide (cat. no. 322 335, Advanced Cell Diagnostics, USA) at RT for 10 min before they were boiled
in the target retrieval reagent (cat. no. 322 001, Advanced Cell Diagnostics, USA) and pretreated with Protease
Plus (cat. no. 322 331, Advanced Cell Diagnostics, USA). Probes (RNAScope® Probe Mm-Fgf4, cat. no. 514311;
Mm-Shh, cat. no. 314361, Advanced Cell Diagnostics, USA) were used to detect transcripts, and DAPI (cat. no.
323108, Advanced Cell Diagnostics, USA) was used for nucleus staining. Pictures were taken under a Leica DM
LB2 microscope (Leica Microsystems, Germany) and processed by Adobe Photoshop 7.0.
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