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As the dentition forms and becomes functional, the alveolar bone is remodelled.
Metalloproteinases are known to contribute to this process, but new regulators
are emerging and their contextualization is challenging. This applies to Myb, a
transcription factor recently reported to be involved in bone development and
regeneration. The regulatory effect of Myb on Mmps expression has mostly been
investigated in tumorigenesis, where Myb impacted the expression of Mmp1,
Mmp2, Mmp7, and Mmp9. The aim of this investigation was to evaluate the
regulatory influence of the Myb on Mmps gene expression, impacting
osteogenesis and mandibular bone formation. For that purpose, knock-out
mouse model was used. Gene expression of bone-related Mmps and the key
osteoblastic transcription factors Runx2 and Sp7 was analysed in Myb knock-out
mice mandibles at the survival limit. Out of the metalloproteinases under study,
Mmp13 was significantly downregulated. The impact of Myb on the expression of
Mmp13 was confirmed by the overexpression of Myb in calvarial-derived cells
causing upregulation of Mmp13. Expression of Mmp13 in the context of other
Mmps during mandibular/alveolar bone development was followed in vivo along
with Myb, Sp7 and Runx2. The most significant changes were observed in the
expression of Mmp9 and Mmp13. These MMPs and MYB were further localized in
situ by immunohistochemistry and were identified in pre/osteoblastic cells as well
as in pre/osteocytes. In conclusion, these results provide a comprehensive insight
into the expression dynamics of bone related Mmps during mandibular/alveolar
bone formation and point to Myb as another potential regulator of Mmp13.
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1 Introduction

Matrix metalloproteinases (Mmps) are enzymes involved in
many biological processes such as morphogenesis, angiogenesis,
and wound healing, as well as related disorders including
atheroma, arthritis, ulceration, and cancer (Visse and Nagase,
2003). Mmps have been recently recognized as biomarkers in
several fields, including diagnosis or monitoring of treatment
efficacy (Laronha and Caldeira, 2020). Mmps can be categorized
into five types through bioinformatic analysis. Additionally, they can
be subdivided based on substrate specificity, sequential similarity,
domain organization structure, and biochemical properties,
resulting in collagenases (incl. Mmps 1, 8, 13), gelatinases (incl.
Mmps 2, 9), stromelysins (incl. Mmps 3, 10, 11), matrilysins (incl.
Mmp 7), membrane-boundMmps (incl. Mmp 14, 15, 16) and others
(Page-McCaw et al., 2007; Young et al., 2019). Despite the relatively
broad knowledge about Mmps, further research will be necessary to
investigate the complexity of their regulation and activity. This
applies also for osteogenesis, where Mmps play an important role
in bone formation and remodelling (Fernandez-Patron et al., 2011).
Notably, Mmp2, Mmp9, Mmp13, Mmp14 and Mmp16 have been
reported as the most functionally important bone-associated Mmps
in osteogenesis (Liang et al., 2016). Furthermore, Mmp2, Mmp9 and
Mmp13 have also been emphasized in bone regeneration efforts
(Khoswanto, 2023).

Several transcription factors known to regulate Mmps in bone
have been identified, such as Sp7 and Runx2 (Zhang et al., 2012;
Bruderer et al., 2014) but other potential candidates also exist. One
of them is Myb, a protooncogene widely studied in cancerogenesis,
haematopoiesis, and related disorders (Cicirò and Sala, 2021).
Originally, Myb was associated with proliferating and
undifferentiated cells but later it was identified also in
differentiated cells (Ess et al., 1999; Soza-Ried et al., 2010). The
latter case applies also for physiological chondrogenesis and
osteogenesis. Myb was reported as a regulator of
osteoclastogenesis via the system Rankl/Opg (Takanche et al.,
2018; Kodric et al., 2019) and of the extracellular matrix (ECM)
production (Matalova et al., 2011; Oralova et al., 2015; 2017).

Given that Mmps play a pivotal role in the remodelling of the
bone extracellular matrix, and considering Myb regulates ECM
factors, it is plausible that Mmps may be involved in the
osteogenic effects by Myb. The background for such an
expectation arises from observations made in cancer cells
(Bhattarai et al., 2011; Knopfova et al., 2012; Xu et al., 2019), but
have not yet been investigated in osteogenesis.

Osteogenesis includes a tight interplay among the key bone cell
types: osteoblasts, osteocytes, and osteoclasts. Consequently,
investigating osteogenesis in vivo is highly favoured. Therefore,
we took advantage of the Myb knock-out mouse model to test
the hypothesis that Myb could impact the expression of Mmps
during bone formation and remodelling. Unfortunatelly, the
survival of Myb knock-out is limited by the prenatal day 15
(Mucenski et al., 1991). At this point, long bones are only at the
chondrogenic stage while the intramembranous mandibular/
alveolar bone already contains all three bone cell types (reviewed
in Svandova et al., 2020).

The analysis of Mmps mRNA expression (Mmps 1, 2, 3, 7, 8, 9,
10, 11, 12, 13, 14, 15 and 16) was performed on Myb knock-out

mandibular samples and was followed by overexpression
experiments in a calvaria-derived osteoblastic cells in vitro.
Additionally, complex dynamics of Mmps expression at the onset
of mandibular/alveolar bone formation (around E15) was provided
to fill in missing gaps in mandibular/alveolar bone development
characterization. The localization of MYB protein and selected
MMPs (MMP9 and MMP13) in the forming mandibular/alveolar
bone was performed by immunohistochemistry (IHC) to assess their
temporo-spatial pattern.

2 Materials and methods

2.1 Animals

Wild type mice (strain CD1) were purchased from the Breeding
Units of Masaryk University, Brno, Czech Republic. Heads
corresponding to the embryonic days 13, 14, 15, 18 (E13, E14,
E15, E18) and postnatal day (P2) were collected. The work with
laboratory animals in the CR, including euthanasia, is regulated by
Act No. 359/2012. According to the paragraph 3t), post mortem
collection of organs and tissues is not considered as an experiment.

Myb-deficient mice (Mucenski et al., 1991 on a CB7BL/
6 background) were maintained at the Institute of Cancer and
Genomic Sciences, University of Birmingham, United Kingdom.
Heads of wild type (WT) or knock-out (KO) embryos were collected
prior to their survival limit at E15. The work with laboratory animals
in Birmingham was performed under the terms of a UK Home
Office licence according to the Animals (Scientific Procedures)
Act, 1986.

2.2 Separation of the molar region

Mouse mandibles at E13, 14, 15, and 18 (CD1 strain) were
dissected from freshly collected samples. The molar region together
with the alveolar bone were removed from mandibles using
micromanipulation (as described in Vesela et al., 2019). At least
3 embryos were used for each stage, and both molar regions (right
and left sides) were dissected from each mandible. The tissues were
lysed in the RLT buffer (Qiagen) with 1% 2-mercaptoethanol
(Sigma-Aldrich, M3148-100 ML) and used for the subsequent
isolation of RNA.

Mandibular molar regions of the wild type (WT) and Myb
knock-out (KO) mouse embryos (survival limit E15) were dissected.
At least 3 embryos were used for WT and KO with both molar
regions (right and left sides). Dissected samples were prepared for
RNA extraction and subsequent qRT-PCR analysis.

2.3 Cell line

Murine calvaria cells were obtained from the calvaria of neonatal
CD1 mice 2 days after birth by sequential collagenase digestion at
37°C with minor changes in protocol described in Garcia et al.
(2002). Samples from 12 mice were used for calvarial cell isolation to
obtain a sufficient amount of cells. Briefly, for transfection
experiments, the calvaria-derived cells were cultured until 80%
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confluence and the proliferation medium was replaced by a
differentiation medium (α-MEM containing 10% FBS, 2 mM
glutamine, 50 μg/mL ascorbic acid, and 10 mM β-
glycerolphosphate). The culture medium was replaced every
3 days. The biological samples were collected at 24 h and 14 days
for investigation.

2.4 Over expression of Myb in calvaria cells

The murine calvaria cells were transfected with the Myb-
expressing vector (pcDNA3-mcMYB) or control vector (pcDNA-
3), as was described earlier in Oralova et al., 2015; Oralova et al.,
2017. The plasmids were added at day 0 and 7, respectively in the
concentration of 100 ng DNA per 10 µL of cells using the FuGENE
HD 6 transfection reagent (Cat. No. E2311, Promega, United States).
The medium was changed every 2–4 days, cultures were collected at
24 h and 14 days.

2.5 qRT-PCR

Total RNA was extracted from the molar part region, calvaria
and IDG-SW3 cells using the RNeasy Mini Kit (Qiagen, Germany).
RNA concentration and purity were assessed using a NanoDrop and
cDNA was synthesized using the reverse Master Mix (Generi
Biotech, Czech Republic). For cDNA synthesis, 500 ng of RNA
was used, and biological replicates of each sample were diluted to
a concentration of 100 ng/μL before performing a qRT-PCR
reaction. The qRT-PCR was performed in a final reaction volume
of 10 μL containing the one-step Ideal PCR Master Mix (Generi
Biotech, Czech Republic) using Light-Cycler 96 (Roche,
Switzerland) with preheating to 95 °C for 10 min. This was
followed by 40 cycles of 95 C/15 s and 62.5°C/1 min with mRNA
probes for Mmp1a, Mmp1b, Mmp2, Mmp3, Mmp7, Mmp8, Mmp9,
Mmp10, Mmp11, Mmp12, Mmp13, Mmp14, Mmp15, Mmp16, Myb,
Runx2 and Sp7 (Mouse Mmp1a, Mm00473485_m1; Mmp1b,
Mm00473493_g1; Mmp2, Mm00439498_m1; Mmp3,
Mm00440295_m1; Mmp7, Mm00487724_m1; Mmp8,
Mm00439509_m1; Mmp9, Mm00442991; Mmp10, Mm01168399_
m1; Mmp11, Mm00485048_m1; Mmp12, Mm00500554_m1;
Mmp13, Mm00439491_m1; Mmp14, Mm00485054_m1; Mmp15,
Mm00485062_m1; Mmp16, Mm01210646_m1; Myb,
Mm00501741_m1; Runx2 Mm00501584_m1; Sp7 Mm00504574_
m1 TaqMan Gene expression Assay, Thermo Fisher Scientific,
United States). Expression levels were calculated using the ΔΔCT
method, with normalization against β−actin RNA levels (mouse
Actb, Mm02619580_g1, TaqMan Gene Expression Assay, Thermo
Fisher Scientific, United States).

2.6 Histology

Mouse heads at E13, 14, 15, and 18 (CD1 strain) were dissected,
fixed in 4% buffered paraformaldehyde, dehydrated in ethanol
series, treated with xylene, and embedded in paraffin.
Histological sections were processed for haematoxylin-eosin
(H&E) staining and immunohistochemistry (IHC). Wild type

(WT) and Myb knock-out (KO) mouse embryos were processed
in the same way and prepared for histological analyses
(haematoxylin-eosin; haematoxylin-eosin-alcian blue; Masson’s
green trichrome; Weigert van Gieson; Von Kossa and Alizarin red).

2.7 Immunohistochemistry

Serial frontal histological sections (5 μm) were prepared for IHC
staining. Citrate solution was used as a pre-treatment (5 min/98°C).
Endogenous peroxidases were inhibited using 3% hydrogen
peroxide for 5 min/RT. Blocking serum (Vectastain Elite ABC
Kit, Rabbit Ig, PK-6101, Vector Laboratories, United States) was
applied for 20 min/RT, primary antibodies against MYB (anti-MYB,
1:300, ab226470, Abcam), MMP9 (anti-MMP9, 1:100, PA5-13199,
Thermo Scientific) and MMP13 (anti-MMP13, 1:100, ab39012,
Abcam) were diluted in DAKO antibody diluent (Dako, S3022,
North America) and applied for 1 h/RT. The secondary antibodies
and avidin-biotin complex (Vectastain Elite ABC Kit, Rabbit Ig, PK-
6101, Vector Laboratories, United States) were applied each for
30 min/RT. Tissue antigens were visualised by DAB
(diaminobenzidine) chromogen substrate (Liquid DAB +
Substrate, K3468, Dako North America, United States).
Counterstaining was achieved using haematoxylin.

2.8 Myb-binding consensus sequences

The sequence of the Mmp13 promoter region was scanned for
the presence of potential Myb-binding sites using a consensus motif
of YAACT/(C)/GGYCR derived by selection of
oligodeoxynucleotides bound to mouse Myb protein in vitro
(Howe and Watson, 1991).

2.9 Statistical analysis

All results were expressed as mean ± standard deviations (SD) of
four samples for each time point and compared using an unpaired
t-test (unpaired t-test, two-tailed, significance level = 0.05) and one-
way ANOVA (One-way analysis of variance, Tukey test: Compare
all pairs of columns, Significant level = 0.05). Differences were
considered as significant at p < 0.05; p < 0.01; p < 0.001 and are
indicated by *; **; *** symbols, respectively.

3 Results

3.1 Expression of bone-associated Mmps,
Sp7, and Runx2 in the Myb-deficient
mandible

First, the expression profile of bone-related Mmps was
compared in Myb-deficient and wild type mouse mandibles
(prior to the survival limit around the E15). Among investigated
Mmps, Mmp13 was significantly downregulated.

The expression of all Mmps (Mmp1a, Mmp1b, Mmp2, Mmp3,
Mmp7, Mmp8, Mmp9, Mmp10, Mmp11, Mmp12, Mmp13, Mmp14,
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FIGURE 1
Expression of Mmp2, Mmp9, Mmp11, Mmp13, Mmp14, Mmp15, Mmp16, Sp7 and Runx2 mRNAs. The graph shows expression of mRNAs
corresponding to Mmp2 (Panel A), Mmp9 (Panel B), Mmp11 (Panel C), Mmp13 (Panel D), Mmp14 (Panel E), Mmp15 (Panel F), Mmp16 (Panel G),
Sp7 (Panel H), and Runx2 (Panel I) in tissues derived from wild type (WT) compared to Myb deficient mice (KO), detected by qRT-PCR. Data are
expressed as mean ± SD (n—4 per group and statistically significant differences are highlighted (unpaired t-test, two-tailed, *p < 0.05).

Frontiers in Cell and Developmental Biology frontiersin.org04

Varadinkova et al. 10.3389/fcell.2023.1168866

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2023.1168866


Mmp15, andMmp16) were detected in wild-type versusMyb knock-
out embryos using qPCR. Transcripts of Mmp1a, Mmp1b, Mmp3,
Mmp7, Mmp8, Mmp10, and Mmp12 were not detected. The
expression of Mmp2, Mmp9, Mmp11, Mmp14, Mmp15, and
Mmp16 was not significantly altered in Myb knock-out tissues
compared to the wild-type (shown in Figures 1A–C,E–I). Mmp13
expression was significantly decreased inMybmutant embryos (0.1-
fold change compared to wild type, shown in Figure 1D).

Since the most well-known regulators of Mmp13 expression are
Sp7 and Runx2, expression levels of these two factors were analysed in
Myb-deficient versus wild type samples. Osteoblastic Sp7 and Runx2
transcription factors mRNA levels were not significantly altered inMyb
knock-out tissues compared to the wild-type (shown in Figures 1H,I).

Histological analysis of the mandibular/alveolar bone in Myb-
deficient mice did not show major differences (Supplementary
Figure S1), however Myb-deficient mice tend to be smaller than
their littermates.

3.2 Myb over expression in osteoblastic cells
upregulates Mmp13 transcription

At the survival limit of the Myb-deficient mice, osteoblasts are
the major population of cells within the mandible. Therefore,
osteoblastic cells of intramembranous origin (isolated from calva,
described in Material and Methods) were used to confirm the
opposite effect of Myb on Mmp13 expression. Over expression

was performed in two experimental settings (Supplementary Figure
S1A,B). The immediate effect of Myb over expression was evaluated
after 24 h, the long-term effect after 14 days.

The Mmp13 expression significantly increased in both cases,
24 h (1.4-fold change compared to control, shown in Figure 2A) and
14 days (2.8-fold change compared to control, shown in Figure 2B).
The expression of osteoblastic Sp7 (Figure 2C) and Runx2
(Figure 2D) transcription factors was not significantly altered in
the Myb over expressing calvaria cell line.

Therefore, we looked for the presence of potential Myb-binding
sequence motifs (MBS) in the Mmp13 promoter, using the
consensus sequence YAACT/(C)/GGYCR (Supplementary Figure
S2). Taking the YAAC element of the consensus motif as being
essential, 2 sequences with a 7 out of 9 match can be seen, with a
further three motifs with a 6 out of nine alignments.

3.3 The expression profile of Mmps, Myb,
Sp7, and Runx2 in the molar part region
during mouse prenatal development

In order to investigate the expression profile of bone-relatedMmps,
Sp7 and Runx2 in mandibular development in vivo, stages around the
survival limit of the Myb knock-out mice were examined. The prenatal
stages E13-E15 correspond to the onset of mandibular bone formation
when osteoblasts, osteoclasts, and osteocytes keep appearing. By day 18,
all three major cell populations become established.

FIGURE 2
Mmp13, Sp7 and Runx2 expression in overexpressed calvaria cell line. The graph shows calvaria cells, treated by Myb vector (MYB) and empty vector
(mock), expression ofMmp13 at 24 h (Panel A) and 14 days (Panel B), expression of Sp7 at 14 days (Panel C) and expression of Runx2 at 14 days (Panel D).
Data are expressed as mean ± SD (n—4 per group) and statistically significant differences are highlighted (unpaired t-test, two-tailed, *p < 0.05;
**p < 0.01).
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FIGURE 3
Expression (mRNA) of Runx2, Sp7, Myb, Mmp2, Mmp14, Mmp15, Mmp16, Mmp11, Mmp9, and Mmp13. The graph shows expression of mRNAs
corresponding to Runx2 (Panel A), Sp7 (Panel B), Myb (Panel C), Mmp2 (Panel D), Mmp14 (Panel E),Mmp15 (Panel F),Mmp16 (Panel G),Mmp11 (Panel H),
Mmp9 (Panel I) andMmp13 (Panel J) during embryonic alveolar bone development detected by qPCR. Data are expressed asmean ± SD (n—4 per group)
and statistically significant differences are highlighted (One-way ANOVA, Tukey test, *p < 0.05; **p < 0.01; ***p < 0.001).
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qRT-PCR was used to provide the expression data for Mmp2,
Mmp9, Mmp11, Mmp13, Mmp14, Mmp15, andMmp16. As in the case
of theMyb knock-out and corresponding wild type samples, expression
ofMmp1a, Mmp1b, Mmp3, Mmp7, Mmp8, Mmp10, andMmp12, was
not detected in the molar area at any of the time points investigated.

Runx2, as a positive regulator of osteoblasts, is highly expressed at
E14 (Figure 3A), when the first osteoblasts appear and then its
expression decreases towards E18. Conversely, the expression of
Sp7, the transcription factor of mature osteoblasts, increases along
with the number of these cells (Figure 3B).Myb expression was at the
same level at E13 and E14, rapidly increased at E15 and remains at a
high level at E18 (Figure 3C).Mmp2, Mmp14, Mmp15, Mmp16 show
a very similar pattern with increasing expression towards E15 and
with a decreased level at E18 (Figures 3D–G). Mmp11 has a variable
expression during mandibular/alveolar bone development,
nevertheless, with significantly decreasing expression until E18
(Figure 3H). Expression of Mmp9 and Mmp13 dramatically
increases throughout bone development at E18 (Figures 3I,J). The
statistical significance (p < 0,05; p < 0,01; p < 0.001) of each expression
change is indicated in the figures by symbols *, **, ***, respectively.

3.4 Immunohistochemical localization of
MYB and MMPs during mandibular/alveolar
bone formation

To detect the protein expression of the investigated MYB and
MMPs factors in situ, immunohistochemistry was applied.

The first structure of the mandibular/alveolar bone is
morphologically visible at prenatal day 13, where the
mesenchymal cells condense and differentiate into osteoblasts
(Figure 4A1). MYB-positive nuclei were observed at this stage
(Figure 4B1). At E14, MYB was localized in osteoblasts
(Figure 4B2), and both osteoblasts and osteocytes were MYB-
positive at E15 and E18 (Figure 4B3,B4).

Matrix metalloproteinases 9 and 13 showed similar
expression in histological sections. Both MMPs were expressed
by the mesenchymal cells (Figure 4C1, 4D1) and were localized
especially in the cell cytoplasm (Figures 4C,D), however positive
nuclei were also observed in the case of MMP13
(Figure 4D2,D3,D4). At the stage E18, MMP9 and 13 positive
osteocytes were found (Figure 4C4,D4).

FIGURE 4
Immunohistochemical localization of MYB (B1–B4), MMP9 (C1–C4), and MMP13 (D1–D4) proteins in the forming mandibular/alveolar bone.
Embryonic day (E) 13, 14, 15, 18. Haematoxylin and eosin (H&E) staining (A1–A4). Arrows point to the examples of positive cells: black = mesenchymal
cells, red = osteoblasts, green = osteocytes. Scale bar =100 μm.
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4 Discussion

The comprehensive exploration of matrix metalloproteinases
andmechanisms governing their multilevel regulation is challenging
to understand tissue homeostasis (Gaffney et al., 2015). But, also to
try to interconnect molecular biology, physiology, pathophysiology,
and pharmacology in order to develop new selective therapeutic
agents against various diseases (Vise and Nagase, 2003).

The Myb is essential for hematopoiesis (Soza-Ried et al., 2010)
and its classical roles apply for undifferentiated and cancer cells
(Cicirò and Sala, 2021). More recently, Myb has been linked to
differentiated cells (Sandberg et al., 2005) including bone related
ones (Matalova et al., 2011; Oralova et al., 2015; 2017). The challenge
of analyzing Myb knock-out mice in osteogenesis is hindered by the
prenatal lethality, by the day 15 in the mouse (Mucenski et al., 1991).
This study capitalizes on Myb-deficient mice mandibles as a unique
model to unravel the osteogenic potential of Myb transcription
factor.

In vitromodels are favoured in compliance with 3R principles to
reduce or replace animal testing (Robinson et al., 2019). However,
despite a rapid progress in the field (Owen and Reilly, 2018; deWildt
et al., 2019) there are no established in vitro models for bone
remodelling (Ehnert et al., 2020). Therefore, to cover the cellular
and extracellular complexity of the bone, animal models are
extremely important particularly for translational research
(Berridge, 2021). The mouse model is used for it is showing
many similarities to humans, relatively short reproductive period,
and financial availability. In addition, a wide spectrum of
information is available at the genome, transcriptome, and
proteome levels (Elefteriou and Yang, 2011).

This investigation provides data directly from the in vivo context
of mandibular/alveolar bone formation. Metalloproteinases are
essential for bone remodelling as well as homeostasis (Cicirò and
Sala, 2021). Notably, the identification of some Mmps (Mmp1,
Mmp2, Mmp7 and Mmp9) has been reported as Myb-regulated
genes in cancer cells (Knopfova et al., 2012; Xu et al., 2019). At the
stage of Myb knock-out lethality (by prenatal day 15),Mmps 2, 9, 11,
13, 14, 15 and 16 transcripts were detected in the mandibular samples.
Out of these, expression ofMmp13was significantly downregulated in
the Myb knock-out mandibles. Mmp13, primarily secreted by
chondrocytic and osteoblastic cells (Sasano et al., 2002), is the
crucial collagenase that cleaves ECM collagens during bone and
cartilage development (Stickens et al., 2004) especially collagen
type I (Takaishi et al., 2008). As Mmp13 is important for bone
remodelling (Tang et al., 2012), we can therefore speculate that the
decreased Mmp13 expression in the Myb knock-out mice might
reverberate within the bone tissue’s collagen type I breakdown.
Interestingly, potential several Myb binding sites within the
Col1a2 promoter suggests that it might be involved in the
regulation of collagen type I production (reviewed in Jinnin,
2010). Mmp13 is well-known to be required for proper fracture
healing (Nishimura et al., 2012; Tang et al., 2012). Thismay also apply
for the intramembranous bone and could even be associated with the
effect of Myb during dental implant osseointegration (Bhattarai et al.,
2013). Mmp13 is an important marker of mature osteoblasts as
demonstrated in the long bones (Zhang et al., 2012). Mmp13-
deficient mice demonstrated abnormal bone phenotypes and
increased trabecular bone volume (Stickens et al., 2004).

The precise regulation of Mmp13 expression in osteoblasts has
not yet been completely elucidated. However previous studies have
indicated that the transcription factors Runx2 and Sp7 (osterix)
contribute to Mmp13 transcription (Zhang et al., 2012; Komori,
2018; Liu et al., 2020). Our investigation revealed that neither
Runx2 nor Sp7 exhibited any significant alterations in the Myb-
deficient mandible. This observation suggests the potential
involvement of Myb as another regulator in bone development.
This hypothesis gains support from the identification of Myb
binding sites (MBS) within the Mmp13 promoter. Furthermore,
overexpression of Myb in calvaria-derived cells confirmed that there
were no significant changes in expression of Runx2 or Sp7, despite
Mmp13 was upregulated. Notably, dysregulated overexpression or
activation of Mmp13 has been associated with the excessive bone
tissue breakdown and contribution to the pathogenesis, e.g., in the
case of osteoarthritis (Hu and Ecker, 2021). Furthermore, the
specific pattern of expression changes in Mmp13 could provide
insights into the regulatory mechanism by which Myb influences
Mmp13 expression. Thus, the increased in Mmp13 expression
induced by Myb may occur through direct binding to the
Mmp13 promoter region.

To contextualize the findings with mandibular/alveolar bone
formation process, and the critical period of Myb knock-out
lethality, different developmental stages of the mandible were
investigated. From prenatal days 13–15 (E13-E15), the first
osteoblasts appear (E13), followed by influx of osteoclasts (E14)
and differentiated osteocytes (E15) (Alfaqeeh et al., 2013).

Along with Mmp 2, 9, 13, 14 and 16 identified in long bone
development (Liang et al., 2016), Mmp11 and 15 mRNAs were
detected in the mandibular samples. The other Mmps (Mmp
1,3,7,8,10,12) displayed negligible expression.

The expression profiles of Mmp 2, 14, 15 and 16 peaked around
day 15. Mmp2 is involved in the formation and maintenance of the
osteocyte channel network (Inoue et al., 2006) initiated around this
stage. Remarkably, the expression pattern and levels of this
metalloproteinase were identical with that of Mmp14.
Mmp14 was reported as a novel target of PTH (and RANK/
RANKL/OPG) signalling, which applies for osteoblasts as well as
osteocytes (Delgado-Calle et al., 2018). Therefore, the elevation is
likely to be connected with initiated osteocytogenesis and bone
remodelling at the onset of mandibular/alveolar bone establishment.
Not much is known about the function of Mmp15 in bone (Fatima
et al., 2020). Mmp16 is present in osteoblasts and osteocytes
(Haeusler et al., 2005) and is important for their viability (Shi
et al., 2008). Thus, the elevation in Mmp16 could again
correspond with the differentiation of first osteocytes at this stage.

Mmp11 was the only one among the metalloproteinases
investigated that exhibited decreasing expression levels during the
onset of alveolar bone formation. In general, Mmp11 plays a role in
whole body metabolism and energy homeostasis (Cabral-Pacheco
et al., 2020). Mmp11 has been associated with many physiological
processes where ECM remodelling takes place, such as embryonic
development (Klein and Bischoff, 2010). The physiological role of
Mmp11 is unclear, but unlike the other Mmps investigated here,
Mmp11 only weakly degrades structural proteins of the extracellular
matrix (Reddy and Rani, 2017).

Mmp13 (relative gene expression compared to actin) unveiled
the most striking expression changes within the developmental
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dynamics and also its relative levels (compared to other Mmps).
Beyond its function in bone remodelling, Mmp13 plays multiple
roles in osteogenesis (Nakatani and Partridge, 2017), including the
formation of osteocytic processes and networks (Tang et al., 2012),
and association with PTH pathways has been noted (Lee and
Partridge, 2010). A pivotal study by Behonick et al. (2007)
further underscores the significance of Mmp13 in bone
physiology. Their research on Mmp13−/− mice revealed disrupted
bone remodelling during the healing of stabilized fractures and
cortical defects via intramembranous ossification. Specifically, the
study found that Mmp13−/− mice had delayed bone healing and
reduced bone formation compared to the control mice (Behonick
et al., 2007). This demonstrated that Mmp13 is involved in the
normal remodelling of bone and cartilage during adult skeletal
repair, suggesting a direct involvement of Mmp13 in the initial
stages of ECM degradation. Therefore, based on the broad impact of
Mmp13 on both early but also on later osteogenesis, it is plausible to
speculate that the consequence of Myb deficiency could extend to
various stages of bone development. However, due to the prenatal
lethality, this cannot be followed using the Myb knock-out mice
analysed in the presented research.

Another Mmp with remarkable changes in expression dynamics
during development was Mmp9. Mmp9 is critical for long bone
development since it prevents accumulation of late hypertrophic
chondrocytes in the growth plate (Liang et al., 2016). In early bone
development, Mmp9 is expressed by osteoclasts (Reponen et al.,
1994) appearing in the mandibular/alveolar bone at E14, when the
expression of Mmp9 keeps a gradual increase towards E18. This
increase also corresponds to the onset of angiogenesis within the
bone region. Mmp9 has been demonstrated to participate in
angiogenesis (Cackowski et al., 2010) and was investigated
extensively also in cancerogenesis (Vu and Werb, 2000).

This study aimed to investigated the localization of Myb protein
in osteoblasts, osteocytes and osteoclasts during the prenatal period
of mandibular/alveolar bone formation/remodelling was provided.
The first reports about MYB protein in alveolar bone development
were provided by our team earlier (Matalova et al., 2011; Lungova
et al., 2012). Notably, MMP9 and MMP13 proteins colocalized
within the Myb-positive osteoblasts, osteocytes and osteoclasts.
These two Mmps observed a coincidence with the most
significantly increasing mRNA expression levels, as determined
by RT-qPCR. This observed co-localization of MYB, MMP9, and
MMP13 proteins provides additional support to the hypothesis
about the Myb transcription factor being involved in the
regulation of Mmps expression dynamics (Paiva and Granjeiro,
2017).

In the initial steps of alveolar bone development,
metalloproteinases play intricate roles in regulating osteoblast/
osteocyte differentiation, orchestrating bone formation and
resorption, and facilitating osteoclast recruitment and migration
via bloodstream (Omi andMishina, 2022). This dynamic interplay is
fundamental for establishing the alveolar bone as an integral part of
the periodontal apparatus anchoring the tooth within the jaw and as
such being subjected to regeneration therapies (Ward, 2022). Our
findings are in agreement with the Myb contribution to
osseointegration of dental implants as reported before (Bhattarai
et al., 2013). The significant downregulation of Mmp13 expression
in Myb-deficient mice suggests the possibility of direct Myb

transcription factor binding within the Mmp13 promotor,
intricately intertwined with processes of bone formation and
resorption.

The recent investigations thus underscored the role of Mmps in
the context of periodontium. The identification of novel
components within the regulatory networks governing Mmps
expression and functionality holds promise for enhancing our
understanding of these processes and advancing strategies for the
prevention and treatment of periodontal diseases (Checchi et al.,
2020; Luchian et al., 2022).

It is worth mentioning that a number of pathologies are
associated with impaired balance in bone remodelling due to
altered expression/activation of Mmps, such as osteolysis,
osteoarthritis, or osteoporosis (Paiva and Granjeiro, 2017). In
cancerogenesis, upregulation of Mmp13 is associated with poor
prognosis in oral squamous cell carcinoma (Vincent-Chong et al.,
2014). Evidence about Mmp-13 in breast cancer-induced osteolysis
indicates this Mmp as a promising therapeutic target for breast
cancer bone metastasis (Kwon, 2023), where also Myb is involved as
well (Knopfova et al., 2012).

In conclusion, our study has shed light on the impact of Myb on
metalloproteinases, extending well beyond the immediate scope of
our study. In this context, our study contributes to the broader
scientific dialogue surrounding the intricate interplay between Myb
andmetalloproteinases in patho/physiological osteogenesis, opening
research for further exploration and potential clinical applications.
Therapeutic strategies aimed at regulating Mmp13 activity (Hu and
Ecker, 2021), via the transcription factor Myb may be used for
emerging treatments (Kou et al., 2021).
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SUPPLEMENTARY FIGURE S1
Wild type (WT) and Myb knock-out (KO) mandibular/alveolar bone. The
haematoxylin-eosin staining (H&E); haematoxylin-eosin-alcian blue
staining (H&E/Alc); Masson’s green trichrome (MGT); Weigert van Gieson
(WvG); Von Kossa (VKs) and Alizarin red (AlzR). Scale bar = 100 μm.

SUPPLEMENTARY FIGURE S2
Expression of Myb in overexpressed calvaria cell line. The graph shows
expression of RNAs corresponding to Myb in calvarial cells treated by Myb
vector (MYB) and empty vector (mock) at 24 h (Supplementary Figure S1A)
and 14 days (Supplementary Figure S1B). Data are expressed as mean ± SD
(n—4 per group) and statistically significant differences are highlighted
(unpaired t-test, two-tailed, ***p < 0.001).

SUPPLEMENTARY FIGURE S3
Nucleotide sequence of Mmp13 promotor. Representation of the
Mmp13 sequences upstream of the first exon (yellow), which contains the
translation initiation codon (red). Sequences with a match to the YAACT/
(C)/GGYCR consensus motif are highlighted, where cyan and pink represent
7/9 and 6/9 nucleotide matches, respectively.
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