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Abstract

Tuftelin was originally discovered and mostly studied in the tooth, but later found also in other organs. Despite its wide
distribution among tissues, tuftelin’s function has so far been specified only in the formation of enamel crystals. Neverthe-
less, in many cases, tuftelin was suggested to be associated with cellular adaptation to hypoxia and recently even with cell
differentiation. Therefore, we aimed to investigate tuftelin expression along with hypoxia-inducible factors (HIFs) dur-
ing the early development of the mandibular/alveolar (m/a) bone, when osteoblasts started to differentiate in vivo and to
compare their expression levels in undifferentiated versus differentiated osteoblastic cells in vitro. Immunohistochemistry
demonstrated the presence of tuftelin already in osteoblastic precursors which were also HIF1-positive, but HIF2-negative.
Nevertheless, HIF2 protein appeared when osteoblasts differentiated, one day later. This is in agreement with observations
made with MC3T3-E1 cells, where there was no significant difference in tuftelin and Hifl expression in undifferentiated vs.
differentiated cells, although Hif2 increased upon differentiation induction. In differentiated osteoblasts of the m/a bone, all
three proteins accumulated, first, prenatally, in the cytoplasm and later, particularly at postnatal stages, they displayed also
peri/nuclear localization. Such a dynamic time—space pattern of tuftelin expression has recently been reported in neurons,
which, as the m/a bone, differentiate under less hypoxic conditions as indicated also by a prevalent cytoplasmic expression
of HIF1 in osteoblasts. However, unlike what was shown in cultured neurons, tuftelin does not seem to participate in final
osteoblastic differentiation and its functions, thus, appears to be tissue specific.
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Introduction

Tuftelin is a highly evolutionary conserved molecule
(Satchell et al. 2000), belonging to a class of acidic pro-
teins called enamelins (Deutsch et al. 1991; Santo and Line
2015). Tuftelin was first identified in the enamel, produced
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by ameloblasts (Deutsch et al. 1991), and further investi-
gated along tooth development (Diekwisch et al. 1997; Luo
et al. 2004; Campos-Navarro et al. 2017), and also in other
craniofacial structures (Shilo et al. 2019a). Regarding the
brain, tuftelin was even found to be critical for neuronal dif-
ferentiation in vitro (Shilo et al. 2019b).

Notably, along with hard tissues, tuftelin was detected in
several other soft organs including lung, liver, kidney and
testis (MacDougall et al. 1998; Mao et al. 2001) and it was
present even in morula and embryonic stem cells (Deutsch
et al. 2002; Leiser et al. 2007). Based on these observations,
tuftelin mRNA levels were significantly higher in organs
exposed to low oxygen tension/hypoxic conditions (Leiser
et al. 2007). This possible relationship was further supported
by in vitro experiments (Deutsch et al. 2011; Leiser et al.
2011). The majority of studies about association between
hypoxia and osteogenesis are dealing with the endochondral
long bones, where growth plate chondrocytes are considered
as a physiological model of hypoxia (Provot and Schipani
2007). There is not much information about hypoxia in the
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intramembranous bones, such as the mandibular/alveolar
(m/a) one.

Therefore, tuftelin expression during m/a bone formation
was examined along with the presence of hypoxia-inducible
factors, HIF1 and HIF2, to follow their subcellular localiza-
tion and possible time—space co-localization in vivo. The
expression patterns of tuftelin, HIF1 and HIF2 at protein
level were investigated by immunohistochemistry. Quanti-
fication of tuftelin, Hif] and Hif2 mRNA expression was
performed by qPCR.

Materials and methods
Animals

Wild-type mice (strain CD-1) were purchased from the
Breeding Units of Masaryk University, Brno. The experi-
mental protocol was in agreement with the law and approved
in the frame of the GA CR project 17-14886S. Heads of
pups corresponding to embryonic/prenatal (E) days 13, 14,
15, 18 and postnatal (P) day 10 were collected. Heads (E13,
14, 15), or dissected quadrants of mandibles (E18, P10)
were fixed in 4% buffered paraformaldehyde and decalci-
fied in buffered EDTA (Sigma-Aldrich). After dehydration
in ethanol series, the samples were treated with xylene and
embedded in paraffin. Serial frontal histological sections
were processed and split between slides for the following
analyses: haematoxylin—eosin (HE), and immunohistochem-
istry (tuftelin, HIF1, HIF2 expression).

Culture of osteoblastic precursors: cell line
MC3T3-E1

MC3T3-El cells (purchased from Sigma-Aldrich) were
cultured under normoxic conditions (5% CO,) for 3 weeks
(common differentiation period for MC3T3-E1 cells—e.g.,
Quarles et al. 1992) in non-differentiating and differentiating
MEM Alpha medium (Gibco, United States) containing 10%
fetal calf serum (FCS), penicillin/streptomycin (100 pg/ml)
and for the differentiated cells, by adding the ascorbic acid
(0.25 mM). Cells were harvested using RLT buffer (Qia-
gen, United States) for further RNA isolation by RNeasy
Mini Kit (74106, Qiagen, United States). Expression levels
of the investigated genes in the MC3T3-E1 cells were used
as reference values.

Immunohistochemistry
Serial sections of heads or mandibular quadrants were depa-
raffinized in xylene and rehydrated in a gradient series of

ethanol ending with water. The antigen retrieval was applied
at embryonic heads for HIF1, HIF2 and tuftelin antibodies
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(citrate buffer, pH =6.0/98 °C/5-15 min/water bath). Endo-
genous peroxidase activity was eliminated in all sections
by 3% hydrogen peroxidase in phosphate-buffered saline
(RT/5 min) to eliminate possible background. The primary
antibodies anti-tuftelin 1:50 (MyBioSource; MBS2034040)
and anti-HIF2 1:100 (GeneTex, GTX30114) were applied
overnight at 4 °C; anti-HIF1 1:100 (Novus Biologicals,
NB100-479SS) was applied for 1 h at room temperature.
To visualize the primary antibody, a peroxidase-conjugated
streptavidin—biotin system (Vectastain PK-4002; Vector
Laboratories, Inc. Burlingame, CA) followed by chromogen
substrate (diaminobenzidine (DAB); K3466; Dako, Copen-
hagen, Denmark) reaction was used. Positive cells (brown)
were counterstained with haematoxylin to visualize the
nuclei (blue). Negative control was achieved by omitting
primary antibody from the protocol. Well documented pres-
ence of tuftelin in ameloblasts and enamel (Deutsch et al.
1991), as well as odontoblasts and dentin (Zeichner-David
et al. 1995) was used as a positive control.

Immunofluorescence and microscopy

Immunofluorescence analysis of tuftelin, HIF1 and HIF2
expression was performed for MC3T3-E1 cell line to
determine the subcellular localization of the investigated
proteins. The primary antibodies: anti-tuftelin (MyBio-
Source; MBS2034040), anti-HIF1 (Novus Biologicals,
NB100-479SS) and anti-HIF2 (GeneTex, GTX30114)
were applied in dilution: 1:50 for tuftelin or 1:100 for HIF1
and HIF2. Then, Alexa Fluor 488-conjugated secondary
antibodies (Thermo Fisher Scientific, United States) were
used 1:200 for 40 min at RT. Nuclei were detected by Pro-
Long Gold Antifade reagent with DAPI (Thermo Fischer
Scientific, United States). To document immunostainings,
a Leica DMLB2/Leica DFC320 microscope and camera
computer set was used (Leica PL. APO 40x/0.75 objective,
Leica Application Suite 4.7.1 acquisition software). Adobe
Photoshop® was applied to adjust brightness, contrast and
color balance, always for the whole images.

Separation of the alveolar bone for RNA isolation

Organ slices (250 um) were prepared from the mouse
mandibles at E13, E14 and E15 utilizing a standard table
Mcllwain™ Tissue Chopper (Mickle, Guildford, UK) as
described earlier (e.g., Diep et al. 2009; Minarikova et al.
2015). The alveolar bones were removed from the slices
containing molar tooth germs using micromanipulations
(as described previously, e.g., Vesela et al. 2019). Isolated
alveolar bone was lysed by solution composed of RLT
buffer containing 1% 2-Mercaptoethanol (Sigma-Aldrich,
M3148-100ML).
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qPCR

Total RNA was extracted from the alveolar bone (at the stage
E13, E14, E15) and osteoblastic precursor cell line MC3T3-
El using Mini RNeasy Kit (Qiagen, Germany). The total
RNA concentration and purity of each sample were assessed
by NanoDrop (Thermo Fischer Scientific, United States) and
the first-strand cDNA was synthesized using the reverse
Master Mix (Generi Biotech, Czech Republic). The gPCR
was performed in 10-pl final reaction volumes containing
the one-step master mix gb Ideal PCR Master Mix (Gen-
eri, Biotech, Czech Republic) using LightCycler 96 (Roche,
Switzerland) with preheating at 95 °C for 10 min, followed
by 40 cycles of 95 °C/15 s and 62,5 °C/1 min. Hifl, Hif2
and fuftelin expression levels (Mouse Hifl, Mm00468869_
ml; Hif2, Mm01236112_m1; tuftelin, Mm01261414_m1;
Glut] Mm00441480_m1; Pdkl Mm00554300_m1 primers
and probes TagMan Gene expression Assay, Thermo Fisher
Scientific, United States) were calculated using relative
gene expression AACT method, with normalization against
actin levels (mouse Actb, Mm02619580_g1, TagMan Gene
Expression Assay, Thermo Fischer Scientific, United States).

Fig. 1 Immunolocalization of
tuftelin, HIF1 and HIF2 in the
intramembranous mandibular
bone at E13, E14 and E15. The
alveolar/mandibular bone in the
first mandibular molar (M1)
region at E13 (a—-d), at E14
(e-h), E15 (i-1). Histological
view, haematoxylin—eosin (a,

e, i), immunohistochemistry
(b—d, f-h, j-1). The osteoblasts
were tuftelin-positive at E13
(b), E14 (f) as well as E15 (j).
Osteoblasts were positive for
HIF1 at E13 (c), at E14 (g)

as well as at E15 (k). At E13,
early osteoblasts were negative
for HIF2 (d). Osteoblasts were
slightly positive for HIF2 at
E14 (h), as well as osteoblasts
and future osteocytes at E15 (i).
Scale bar=50 pm. Red arrows
show examples of positive
cells. AB alveolar bone, M1 first
mandibular molar, MC Meckel’s
cartilage
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As a reference level, undifferentiated osteoblastic cell line
MC3T3-E1 was used for all genes of interest. For the analy-
sis, three biological replicates of m/a bone were performed
at each stage. The qPCR reactions were performed in tripli-
cates for each sample for statistical analysis.

Results

Immunolocalization of tuftelin, HIF1 and HIF2
in vivo

Mandibular/alveolar (m/a) bone develops from mesenchy-
mal cells condensation, and, in the region of the mouse first
molar tooth germ, becomes morphologically apparent at E13
(Fig. 1a). At that stage, the staining for tuftelin protein was
apparent in the mesenchymal cells within the forming m/a
bone (Fig. 1b). These mesenchymal cells showed a positivity
also for HIF1 (Fig. 1c) but were negative for HIF2 (Fig. 1d).
At E14 (Fig. le), differentiating osteoblasts were positive
for tuftelin (Fig. 1f), as well as for HIF1 (Fig. 1g). At this
stage, osteoblasts became positive also for HIF2 (Fig. 1h).
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At E15 (Fig. 1i), first osteocytes started to appear and the
presence of multinucleated osteoclasts increased the com-
plexity of cell populations in the bone anlage. Osteoblasts
and osteocytes at this stage were positive for tuftelin (Fig. 1j)
as well as for HIF1 (Fig. 1k) and HIF2 (Fig. 11).

At E18 (Fig. 2a), the m/a bone encapsulated the develop-
ing tooth. Tuftelin-positive osteoblasts and osteocytes show-
ing a cytoplasmic and perinuclear/nuclear staining (Fig. 2b)
were present in the bone at this stage. A similar pattern was
observed for HIF1 in the alveolar bone (Fig. 2c). The stain-
ing for HIF2 in the alveolar bone was more scattered and
restricted mostly to osteoblasts (Fig. 2d).

Postnatally, at P10, the developing tooth is tightly sur-
rounded by the m/a bone (Fig. 2e). At that stage, osteoblasts
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Fig.2 Immunolocalization of tuftelin, HIF1 and HIF2 in the intra-
membranous mandibular bone at E18 and P10. The alveolar/man-
dibular bone in the first mandibular molar region at E18 (a—d) and
P10 (e-h). Histological view, haematoxylin—eosin (a, e), immuno-
histochemistry (b—d, f-h) and control staining (i-1). Tuftelin was
detected in the cytoplasm and peri/nuclear regions of osteoblasts
and osteocytes at E18 (b). Osteoblasts and osteocytes at E18 show
cytoplasmic and perinuclear/nuclear positivity for HIF1 (c). HIF2
antigenicity was detected in osteoblasts and osteocytes at E18 (d). At
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and osteocytes were positive for tuftelin in both cytoplasmic
and perinuclear/nuclear regions (Fig. 2f). The cells were also
positive for HIF1 (Fig. 2g) and HIF2 (Fig. 2h).

These immunohistochemical findings are summarized in
Fig. 3.

Quantification of tuftelin, Hif1 and Hif2 expression

During m/a bone development (E13-E15), tuftelin mRNA
(Fig. 4a) expression detected at E13 (~ 3.5-fold of the refer-
ence) slightly dropped (to ~2.0-fold) at E14 to return back
a day later. A similar trend was observed in the case of
Hifl expression (Fig. 4b) where there was a slight decrease
(to~2.1-fold of the reference) at E14, to move back at E15

the postnatal stage (P10), osteoblasts and osteocytes were positive for
tuftelin which was detected in the cytoplasm and peri/nuclear regions
(f). The osteoblasts and osteocytes were all positive for HIF1 in the
cytoplasm, some even in their nuclei (g). Osteoblasts and osteocytes
were positive for HIF2 at P10 (h). Staining was mostly cytoplasmic,
but some perinuclear/nuclear signal was also observed (c, d, g, h). An
example of negative control at E18 (i). Positive controls for tuftelin
(j) enamel of developing molar, HIF1 (k) kidney and HIF2 (1) intes-
tine. Scale bar=50 pm. Red arrows show examples of positive cells
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(to~2.5-fold). Hif2 mRNA (Fig. 4c) increased between the
day E13 and E14 (to ~30-fold of the reference level) and the
expression was maintained at E15. To evaluate the expres-
sion of bona fide HIF1 and HIF2 target genes, and thus their
activity, Glutl (Suppl. Fig. 1a) and Pdkl (Suppl. Fig. 1b)
expressions were investigated at E13, E14 and E15.
Additionally, tuftelin mRNA was evaluated in pre-oste-
oblastic MC3T3-El cells (Fig. 4a,b,c), which are derived
from an intramembranous bone. The expression levels of
tuftelin in undifferentiated cells were used as the reference
value along with levels after 21 days of differentiation.
MC3T3-E1 were positive for tuftelin as well as for HIF1 and
HIF2 proteins—as shown for differentiated cells (Fig. 4d).
To follow the expression of HifI (Suppl. Fig. 2a) and
Hif2 (Suppl. Fig. 2b) in the time course of MC3T3-E1, Hifl
and Hif2 expressions were quantified at day 3, 10 and 21,
and also the expression of Glul (Suppl. Fig. 2c) and Pdkl
(Suppl. Fig. 2d) was investigated in the samples. Simulta-
neously, tuftelin expression was measured (Suppl. Fig. 3).

Discussion

Bones are formed by two alternative basic osteogenic
mechanisms producing intramembranous (the majority of
bones in the skull) or endochondral (typically long bones of
the limbs) type of bones. Mandibular/alveolar (m/a) bone

belongs to the first category, where osteoblasts directly dif-
ferentiate from mesenchymal cells.

The avascular mesenchymal condensations of the future
m/a bone in the region of the first mouse molar become
histologically visible at the E13 (Alfageeh et al. 2013) and
tuftelin protein was already detected at this stage. Two days
later, when the complex set of bone cells (osteoblasts, osteo-
cytes, osteoclasts) could be observed and vascularization
network appeared (Vesela et al. 2019), tuftelin positivity
in osteoblasts was maintained. Unlike what was originally
described in the tooth (Bashir et al. 1998; Deutsch et al.
2002), tuftelin in the m/a bone was intracellular and did not
appear to be a matrix constituent. Nevertheless, Delgado
et al. (2017) suggested that the presence of tuftelin in the
enamel may be in fact associated with Tomes’ processes of
secretory ameloblasts rather than the extracellular matrix
itself. Indeed, the lack of a signal peptide at its N-terminus
(Paine et al. 2000) still remains as an open question.

The intracellular localization of tuftelin in the m/a bone
changed during development. At early stages, tuftelin was
abundant in differentiating/differentiated osteoblasts and
displayed a cytoplasmic localization. Whereas, at later
pre- and at postnatal stages, the number of tuftelin-positive
osteoblasts showed a decreasing trend, and the localization
expanded into peri/nuclear regions. Such an observation was
reported in cerebral neurons and other craniofacial structures
(Shilo et al. 2019a; b), although this phenomenon has not
been explained yet.
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Fig.4 qPCR of tuftelin, Hif] and Hif2 in the intramembranous/alveo-
lar bone at E13, E14, E15. Immunofluorescent staining of differen-
tiated MC3T3-E1 cells for tuftelin, HIF1 and HIF2. Tuftelin expres-
sion at E13, E14, E15 in intramembranous alveolar/mandibular bone
development, and in undifferentiated/differentiated MC3T3 cells (a).
Hifl expression in the forming intramembranous alveolar/mandibu-
lar bone at E13, E14, E15, and in the undifferentiated/differentiated
MC3T3 cells (b). Hif2 expression at E13, E14, E15 in the intra-

As suggested for soft tissues (MacDougall et al. 1998;
Mao et al. 2001), tuftelin might be connected with physio-
logical development, particularly in tissues/organs, where a
low oxygen tension is important (Chen et al. 1999; Giaccia
et al. 2004). The expression patterns of tuftelin, HIF1 and
HIF2 in osteoblasts were almost identical including initial
cytoplasmic, and later also perinuclear or nuclear localiza-
tions. HIF1 is known to regulate the differentiation of mes-
enchymal cells into chondrocytes (Amarilio et al. 2007),
which requires the translocation of the HIFla into the
nucleus (e.g. Suzuki et al. 2017). Similar activation mecha-
nism was described in the case of HIF2 and both HIFs act as
transcription factors (e.g., Pangou et al. 2016).

The function of tuftelin in osteoblasts is not known.
Nevertheless, HIF1 can support the differentiation of mes-
enchymal cells not only into chondrocytes, but also into
osteoblasts (Provot and Schipani 2007; Provot et al. 2007,
Wan et al. 2010), and HIF2 was also identified as a crucial
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osteogenic factor (Merceron et al. 2019). Moreover, tuftelin
was recently demonstrated as a molecule required for NGF-
induced differentiation of PC12 cells (Shilo et al. 2019b).
Since tuftelin accumulated in early (differentiating) osteo-
blasts from the mandibular bone, its expression in differ-
entiated vs. undifferentiated osteoblastic MC3T3-E1 cells
of intramembranous origin (Czekanska et al. 2012) was
examined as a reference model. These cells were positive
for tuftelin as well as for HIF1 and HIF2 proteins. Despite
Hifl mRNA expression peaked during the proliferation
phase of MC3T3-El differentiation process (Quarles et al.
1992) and tuftelin expression followed this trend, the level
of both mRNAs did not significantly differ when comparing
undifferentiated and fully differentiated cells. Notably, Hif2
was elevated in the last phase of the differentiation process
and was significantly increased in differentiated cells. These
results are in agreement with the in vivo findings indicating
a significant increase of HIF2 expression from E13 and E14
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in the mandibular/alveolar bone development when the num-
ber of differentiated osteoblasts increased. Notably, in vivo,
Hif2 in the forming m/a bone is expressed at x10 higher
relative level than Hifl. Actually, HIF1/Hif1 expression was
evidenced in the prenatal intramembranous m/a bone for the
first time. The only study related to HIFs in fetal bones was
performed in a porcine model (De Spiegelaere et al. 2010);
however, the developmental stage was not specified in their
study.

The mostly cytoplasmic localization of tuftelin and HIFs
as well as expression of Glutl and PdkI in the prenatal
m/a bone suggested functions unrelated to hypoxia during
osteogenesis. This was further supported by the fact that in
the intramembranous m/a bone, the blood vessels quickly
extended within the forming structure (Vesela et al. 2019),
so that the hypoxic conditions within the original mesen-
chymal condensations were not as dramatic as in the avas-
cular part of the growth plate during long bone development
(Araldi and Schipani 2010).

Hypoxia within mesenchymal condensations was
expected to be critical for early angiogenesis of intram-
embranous bones; however, this could not be confirmed
(Filipowska et al. 2017). There is a striking difference in
endochondral and intramembranous bone development
in dermo1-Cre +, HIF-1 fl/fl mutants with a much milder
impact in the latter case (Wan et al. 2010). These findings
could be explained by our results showing that HIF1 is pre-
sent in the developing m/a bone cells, but does not trans-
locate into their nuclei. The complex mechanism stabiliz-
ing HIFs in a specific cell compartment in not yet clear,
but HIF’s entry into the nucleus is not expected to be the
only event that controls its stability (Berra et al. 2001). The
inhibition of prolyl hydroxylase has been proposed to be
the most probable stabilization step under hypoxic condi-
tions (Chua et al. 2010). This causes prevention of HIF1a
hydroxylation, disables Von Hippel Lindau-dependent ubi-
quitination and HIF 1« degradation in proteasome.

Although the complex interplay between HIF1 and HIF2
in cells of the osteoblast lineage still needs to be specified
(Merceron et al. 2019), the results presented here showed
that tuftelin colocalizes with HIF1 already in the mesenchy-
mal condensation and later with both HIFs in differentiated
osteoblasts. However, such a time—space correlation does not
necessarily mean functional interactions. Furthermore, the
correlation between tuftelin expression levels and hypoxia
remains unclear. The possibility of a direct regulation of
tuftelin expression by HIF1 was recently reported in cancer
cells (Dou et al. 2019), where the binding of HIF1 to the
promoter of Tuftl, the gene encoding tuftelin, was dem-
onstrated. The influence of hypoxia on tuftelin and HIF1
expression in mesenchymal precursors has previously been
described as biphasic: the decreased level of tuftelin after
6 and 12 h of hypoxia was followed by an elevation after

24 h (Deutsch et al. 2011). In the in vivo m/a bone, tuftelin
significantly decreased at E14, when compared to E13, and
again increased at E15 and a similar trend was observed in
the case of Hifl. However, both molecules retained their
cytoplasmic localization during the investigated period.
The specific functions of tuftelin and the underlying
mechanisms have been investigated recently. Notably, ele-
vated levels of tuftelin were shown to be associated with
interactions with TIP39 (Delgado et al. 2017) and Akt-
mTOR/GSK3p signaling pathway (Kawasaki et al. 2018),
which is involved in the proliferation and apoptosis sup-
pression (Liu et al. 2018). Despite this yet limited know-
ledge, attempts are being made to search for possible clinical
issues. In association with enamel formation, tuftelin was
reported among parameters contributing to hypomineraliza-
tion of teeth (Jeremias et al. 2013) and the formation of car-
ies (Shimizu et al. 2012; Sovik et al. 2015; Hu et al. 2019).
In chondrogenesis, tuftelin was recently reported as a novel
candidate gene for metatarsophalangeal osteoarthritis (Sliz
et al. 2017). Tuftelin was shown to be a regulator of cancer
cell proliferation, invasion and apoptosis (Zhou et al. 2016;
Liu et al. 2018; Yu et al. 2018). Tuftelin was even proposed
as a promising biomarker for tumor progression (Kawasaki
et al. 2018) as being a key regulator of the mTORCI1 path-
way also involved in osteoblast growth, proliferation, sur-
vival and differentiation (McGonnell et al. 2012) and in osteo-
sarcoma metabolism and development (Wang et al. 2017).
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