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ARTICLE INFO ABSTRACT

Keywords: Objective: Dental follicle cell lines with a senescence phenotype have a poor differentiation potential into bio-
Dental follicle cells mineralizing cells. Previous studies have shown that protein kinase C (PKC) and protein kinase B (AKT) regulate
Senescence . ) the differentiation of DFCs. This study investigates the extent to which regulation of PKC and AKT can improve
gzﬁ:;zrfh()genem'Pmtem 2 the differentiation of dental follicle cells with poor osteogenic potential.

Design: Human senescence dental follicle cells with poor osteogenic differentiation potential were osteogenic
differentiated with cell culture media containing dexamethasone or bone morphogenetic protein (BMP) 2 as an
inducer. GO6976 was used as a PKC inhibitor, and MK-2206 as an AKT inhibitor. The AKT activator SC-79 was
also used. Western blot analyses were performed with specific antibodies for the active form of AKT, phos-
phorylated substrate of PKC and collagen 1. Osteogenic differentiation was quantitatively determined by
measuring alkaline phosphatase (ALP) activity and biomineralization using alizarin staining. The gene expression
of sclerostin (SOST) and PTHLH was quantitatively determined using real-time RT-PCRs.

Results: The results showed that both the inhibitor MK-2206 inhibits AKT and the activator SC-79 can activate
AKT in DFCs. Only inhibition of AKT slightly but significantly enhanced osteogenic differentiation. While in-
hibition of PKC activity apparently only occurred from day 14 of differentiation using the inhibitor GO6976, PKC
inhibition promoted osteogenic differentiation and inhibits the expression of SOST and Parathyroid hormone-
related protein (PTHLH).

Conclusion: Our results suggest that the addition of GO6976 is an efficient method to induce biomineralization in

Alkaline phosphatase

senescent DFCs.

1. Introduction

Cells can be obtained from the dental follicle of the tooth germ,
which is involved not only in tooth eruption but also in the development
of the tooth attachment apparatus, which contains biomineralizing cells
and fibroblasts that form connective tissue, also known as periodontal
ligament (Cahill & Marks, 1980; Marks et al., 1983; Morsczeck et al.,
2005; Yi et al., 2022). Dental follicle cells (DFCs) are therefore not
exclusively precursor cells for alveolar osteoblasts, which are highly
desirable for cell therapies in bone augmentation (Kemoun et al., 2007;
Morsczeck et al.,, 2005). In addition, osteogenic differentiation in
particular is suppressed when DFCs age and undergo cellular senescence
(Morsczeck et al., 2016). The differentiation of DFCs into fibroblasts,
which form connective tissue and cannot mineralize, is therefore highly
prone to and poses a major problem for bone tissue engineering. It would
therefore be desirable to specifically support osteogenic differentiation.
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Protein kinases of signaling pathways such as the protein kinase B
(AKT) is involved in the molecular process of osteogenic differentiation
(Pieles et al., 2021). For example, previous work showed that AKT is
induced during osteogenic differentiation and maintains alkaline phos-
phatase activity (Viale-Bouroncle et al., 2015). Interestingly, there
seems to be a general relationship between AKT and the Bone
Morphogenetic Protein (BMP) signaling pathway in DFCs and other cell
types (Luo et al., 2015; Pieles et al., 2021; Viale-Bouroncle et al., 2015).
However, the AKT activity is downregulated in later stages of differen-
tiation during mineralization. Therefore, inhibition of AKT with
MK-2206 induced mineralization of DFCs (Pieles et al., 2021). The same
study also showed that AKT was activated after inhibition of protein
kinase C (PKC). However, it appears to be more important that inhibi-
tion of PKC leads to significantly enhanced mineralization, while acti-
vation of PKC leads to inhibition after long-term cultivation in
osteogenic differentiation medium (Pieles et al., 2021). Hence, both PKC
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and AKT could be interesting targets for improving the differentiation of
DFCs into biomineralizing cells. Therefore, this study investigated
whether and to what extent activation or inhibition of AKT and inhibi-
tion of PKC improves the differentiation of DFCs with a very low oste-
ogenic differentiation potential. Previous studies have shown that
induction of cellular senescence in dental follicle cells inhibits osteo-
genic differentiation (Morsczeck et al., 2016). In this study, we inves-
tigated a cell line that undergoes senescence at a very early stage and
exhibits virtually no osteogenic differentiation potential. We were able
to demonstrate that differentiation could be induced by inhibiting PKC.
We investigated alkaline phosphatase activity and mineralization of
DFCs as well as the expression of the genes for sclerostin and PTHLH,
which are negatively correlated with the expression of osteogenic dif-
ferentiation markers of DFCs (De Pellegrin et al., 2024; Klingelhoffer
et al., 2016).

2. Materials and methods
2.1. Cell culture and osteogenic differentiation

Human dental follicle cells (DFCs) were acquired from Cytion and
cultivated in cell culture medium (abbreviated: DMEM) consisting of
Dulbecco’s modified Eagle’s medium F12 with L-glutamin (DMEM-F12;
Sigma-Aldrich) supplemented with 5 % fetal bovine serum (FBS; Sigma-
Aldrich), HEPES (15 mM) and 1 % penicillin/streptomycin. Due to the
commercial nature of the acquisition, we were unable to determine the
exact population doubling level. The cell passage was specified for this
purpose. Cells at various cell passages were used for the experiments.
AKT inhibitor MK-2206 (200 nM), PKC inhibitor GO6976 (100 nM) and
AKT activator SC-79 (10 uM) were purchased from Merck (Pieles et al.,
2021). A control cell line was purchased from All cells and cultured in
standard medium (abbreviated: SM) consisting of DMEM with L-gluta-
min (Sigma-Aldrich) supplemented with 10 % fetal bovine serum (FBS;
Sigma-Aldrich), HEPES (15 mM) and 1 % penicillin/streptomycin.

For osteogenic differentiation DFCs were cultured to subconfluence
(ca. 70 %-80 %) in standard cell culture medium (see above) before
stimulating with osteogenic differentiation medium that consists of
DMEM-based cell culture medium with 2 % fetal bovine serum (Sigma-
Aldrich), 100 pM ascorbic acid 2-phosphate, 10 mM KH3PO4, HEPES
(20 mM). To induce osteogenic differentiation, either 108 M dexa-
methasone (abbreviated: ODM) or alternatively 50 ng/ml bone
morphogenetic protein (BMP2; Biomol) was used (abbreviated: BMP2).
Cell culture media were changed every 3-4 days to ensure the effec-
tiveness of inducers that are not stable in cell culture. Differentiation of
DFCs was determined by gene expression of osteogenic markers, alkaline
phosphatase activity and alizarin red staining.

2.2. Alkaline phosphatase activity (ALP)

The activity of ALP after 7 days of osteogenic differentiation was
measured following brief description. The cells were lysed (Triton-X
solution) and the lysates were assayed for ALP activity with a solution
containing p-nitrophenyl phosphate (60 min at 37°C). The production of
p-nitrophenol was measured spectrophotometrically at 415 nm. ALP
activity values were calibrated to a sample from the osteogenic differ-
entiation group without simvastatin (ODM). The measured values of the
ALP test were related to the measured values (490 nm) for the protein
concentration determined with the BCA test (Thermo-Fisher). The ALP
activity is expressed as the quotient of the optical densities (415 nm/
490 nm). The same volumes of lysate were always used to determine the
values of the different samples.

2.3. Alizarin red staining

Differentiation of DFCs was stopped after 4 weeks by fixation, and
mineralization of the extracellular matrix was detected using alizarin
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red staining. Fixation was performed with 4 % formalin, and the
mineralized areas were subsequently stained with alizarin red solution
(Merck). Quantification of alizarin staining was achieved by dissolving
alizarin red crystals in cetylpyridinium chloride and measuring the op-
tical density (595 nm).

2.4. Real-time RT-PCR

Total RNA from DFCs was isolated using the RNeasy isolation kit
(Qiagen). The quality of the total RNA was checked using spectropho-
tometric ratios (A260/A280>2). cDNA synthesis was performed using
500 ng total RNA and the iScript™ Advanced cDNA Synthesis Kit for
qRT-PCR (Biorad) according to the manufacturer’s protocol. For a PCR
test, 1/20 of the synthesized cDNA was used as a template. PCRs were
performed using SsoAdvanced Universal Probes Supermix (Biorad) on
the StepOne real-time PCR instrument (Life Technology). Primers for
osteogenic differentiation markers were purchased from Bio-Rad. Gene
expression of the RPS18 gene (housekeeper gene) was used for
normalization. For relative gene expression (calibration), a control
group of DFCs cultured in standard medium was used (relative gene
expression = 1). Calculations were performed using the previously
described methods (Winer et al., 1999).

2.5. Determination of senescent DFCs using a f-galactosidase activity
assay

As a senescence assay, f-galactosidase activity was visualized in the
cells. The Senescence p-Galactosidase Staining Kit (Cell Signaling
Technology, Beverly, MA, USA) was used as previously described
(Morsczeck et al., 2016). The cells were made visible under a light mi-
croscope and positively stained cells were counted. The count was
blinded. At least 400 cells from at least 4 fields of vision, randomly
selected on the culture dish, were counted.

2.6. Western-blot analyses

Protein samples were isolated from DFCs and 8 pg of each protein
sample were separated by polyacrylamide gel electrophoresis and
blotted onto a nitrocellulose membrane as previously described (Pieles
et al., 2021; Viale-Bouroncle et al., 2015). The primary antibody for
collagen 1 was obtained from Thermo-Fisher Scientific. Primary anti-
bodies for phosphorylated AKT (pAKT) and phosphorylated PKC sub-
strate were purchased from Cell Signaling. Secondary antibodies were
detected by chemiluminescence using the ChemiDoc Imaging System
(BioRad). For control total protein content was estimated using the
stain-free method (Biorad).

2.7. Cell population doubling time

To determine the cell doubling time, the cell count was recorded at
two time points, 2 days apart, in the cell culture using the Cell Counting
Kit (Dojindo). The cell doubling time was calculated using the following
formula: PDT = t * In(2)/In(N¢/Np); t: duration of cell culture; Ng: cell
number at the beginning of the cell culture; Ny: cell number at the end of
the cell culture.

2.8. Statistics

The one-way ANOVA with Tukey’s post-hoc tests or alternatively the
unpaired Student’s tTest were applied. A p-value below 0.05 was
considered as significant (*).

3. Results

The selected DFC cell line showed no mineralization after six pas-
sages following osteogenic differentiation (Fig. 1 A). In contrast, another
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Fig. 1. (A) Alizarin red staining showed that DFCs in passage 6 were poorly mineralized after 4 weeks of treatment in osteogenic differentiation medium (ODM).
DFCs in standard medium (DMEM) served as controls. (B) Gene expression of the senescence marker in DFCs in passage 2 and passage 6. The columns present the
mean + SD (n = 3). An asterisk indicates a significant difference (p < 0.05). (C) Population doubling time determination in DFCs in passages 2, 3, 6, and 7. The
columns present the mean + SD (n = 6). An asterisk indicates a significant difference (p < 0.05). (D, E) p-galactosidase assay with DFCs after culture in passages 3
and 7. Cells at passage 7 show typical senescence features. The columns present the mean + SD (n = 3). An asterisk indicates a significant difference (p < 0.05).
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Fig. 2. (A) The efficacy of the AKT inhibitor MK-2206 and the AKT activator SC-79 was demonstrated in a Western blot analysis using a specific antibody for the
activated form of the enzyme AKT1 (p-AKT1). The cells were cultured for 45 min; untreated DFCs served as controls. Total protein staining was used for loading
control. (B) The efficacy of the PKC inhibitor GO6976 was demonstrated by Western blot analysis using a specific antibody against the phosphorylated substrates of
PKC (PKC Substrate). Cells were cultured for 45 min, 14 days, and 28 days in standard medium or in osteogenic differentiation media containing dexemethasone
(ODM) or BMP2 (BMP2), either with or without GO6976. Total protein staining served as a loading control.
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cell line was able to mineralize at passage 6 (Figure S1A). These cells
exhibited a senescent phenotype with increased expression of the
senescence marker P16 (Fig. 1B). The measured cell doubling time,
which was significantly higher than in comparable cell lines at passage 6
(Figure S1B), was also increased compared to cells in passage 2 or 3
(Fig. 1 C). A significantly increased doubling time was also observed in
passage 7 (Fig. 1 C). In passage 7, cell morphology was markedly
enlarged, and the expression of the senescence marker p-galactosidase
was significantly increased (Fig. 1D, E). In comparison, a similar
senescence phenotype was not detectable in another cell line used as a
control at passage 7, but only at a significantly higher passage
(Figure S1C). Thus, these DFCs show signs of senescence with limited
differentiation potential.

Next, we investigated the extent to which AKT is regulated after
treatment with the AKT inhibitor MK-2206 and the AKT activator SC-79.
For this purpose, a western blot analysis was performed against the
activated form of AKT (pAKT) after 45 min of treatment (Fig. 2 A). Here,
the band for the activated form of AKT disappeared after treatment with
the inhibitor MK-2206 but a strong induction was observed with the AKT
activator SC-79 after 45 min. In order to characterize the inhibitor for
PKC, it was investigated to what extent the phosphorylation of the
substrate of PKC was inhibited (Fig. 2B). The effects of the PKC inhibitor
on the banding pattern were visible after 45 min in standard medium,
but not in osteogenic differentiation medium. However, the inhibitor
G06976 led to a very significant decrease in phosphorylated proteins 14
and 28 days after induction of osteogenic differentiation (Fig. 2B). At
these time points, the effects of GO6976 were significantly less visible in
standard medium.

To investigate the influence of AKT on differentiation, DFCs were
treated with MK-2206 and SC-79 (Fig. 3). After 7 days of osteogenic
differentiation, ALP activity was estimated (Fig. 3A) and after 28 days,
mineralization was determined (Fig. 3B). ALP activity was significantly
upregulated after induction of osteogenic differentiation, but was lower
after AKT inhibition and remained unchanged after AKT induction
(Fig. 3A). The agreement of the results obtained with osteogenic dif-
ferentiation medium with dexamethasone or with BMP-2 is worth
mentioning. In the next step, we investigated the extent to which the
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AKT inhibitor and the AKT inducer influence the mineralization of DFCs
(Fig. 3B). Interestingly, only the AKT inhibitor induced mineralization
slightly but significantly in the dexamethasone-based differentiation
medium. However, mineralization was not visually visible after alizarin
staining and the measured values are very low. However, the AKT
activator SC-79 had no effect on the alizarin red staining.

In the next experiment, the PKC inhibitor GO6976 was used (Fig. 4).
Inhibition of PKC led to increased ALP activity after induction of dif-
ferentiation with ODM containing dexamethasone (Fig. 4A). The PKC
inhibitor was also able to induce mineralization of DFCs after long-term
cultures with ODM and BMP2, which was not possible with standard
differentiation media (Fig. 4B). In addition, the protein expression of the
osteogenic differentiation marker collagen type I increased after treat-
ment with GO6976 (Fig. 5 A). Previous studies have indicated that
parathyroid hormone like hormone (PTHLH) and sclerostin (SOST)
inhibit osteogenic differentiation of DFCs (De Pellegrin et al., 2024;
Klingelhoffer et al., 2016). Interestingly, it has been shown that GO6976
exerts its mineralization-promoting effect, among other things, by
sclerostin inhibition (De Pellegrin et al., 2024). Our results showed that
PKC inhibition inhibits the gene expression of P16, PTHLH and sclero-
stin (Fig. 5B). These results demonstrate that the PKC inhibitor GO6976
improves mineralization in senescent DFCs, probably through inhibition
of SOST, PTHLH and P16.

4. Discussion

The induction of cellular senescence and its significance for osteo-
genic differentiation has been demonstrated previously (Morsczeck,
2021; Morsczeck et al., 2016). However, in the cell line used in this
study, senescence occurred after only 6 passages, rather than 12 pas-
sages or later as in other DFCs (Morsczeck et al., 2016). Since the in-
duction of senescence is a problem in the proliferation of adult stem cells
and this poses a problem for cell therapies, ways must be sought to
suppress the effects of senescence on osteogenic differentiation. There-
fore, our question was to what extent we might be able to reactivate
differentiation through the regulation of AKT and PKC. This present
study also extends our previous studies that investigated the role of PKC
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Fig. 3. Analysis of ALP activity and alizarin red staining was used to determine the extent to which treatment with MK-2206 or SC-79 promoted or inhibited
osteogenic differentiation of DFCs, which was evaluated after 7 days using ALP activity (A) and after 28 days using alizarin staining (B). Cells were cultured with
osteogenic differentiation media containing dexamethasone (ODM) or BMP2 (BMP2) as inducers. For control cells were cultivated in standard medium (DMEM).
Columns represent average + /- standard deviation (n = 3). Asterisks (*) indicate significant differences (p < 0.05). The pictures below illustrate the weak

mineralization.
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Fig. 4. The extent to which treatment with GO6976 (GO) promoted or inhibited osteogenic differentiation of DFCs was determined by analyzing ALP activity and
alizarin red staining. The evaluation was performed after 7 days based on ALP activity (A) and after 28 days based on alizarin staining (B). Cells were cultured with
osteogenic differentiation medium containing dexamethasone (ODM) or BMP2 (BMP2) as inducers. For control cells were cultivated in standard medium (DMEM).
The columns represent the mean + /- standard deviation (n = 3). Asterisks (*) indicate significant differences (p < 0.05). The images below illustrate the strong

induction of mineralization by the PKC inhibitor GO6976.
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Fig. 5. (A) To demonstrate the induction of osteogenic differentiation by the PKC inhibitor GO6976, Western blot analysis was performed with a collagen 1-specific
antibody after 14 days of cell culture. The cells were cultured in osteogenic differentiation medium containing dexamethasone (ODM) or BMP2 (BMP2) as inducers.
As a control, the cells were cultured in standard medium (DMEM). (B) A real-time analysis of the gene expression of the osteogenic inhibitors PTHLH, P16 and SOST 4
days after induction of osteogenic differentiation in ODM with and without GO6976. Columns represent average /- standard deviation (n = 3). Asterisks (*) indicate

significant differences (p < 0.05).

and AKT during osteogenic differentiation of DFCs (Pieles et al., 2021;
Viale-Bouroncle et al., 2015). We showed that the osteogenic differen-
tiation of DFCs can be improved by the inhibition of PKC and that the
regulation of PKC is connected with the activity of AKT and NFxB
signaling (Pieles et al., 2021). A connection between PKC and AKT is
also known in tumor cells (Hsu et al., 2018) and will be an important
starting point for our understanding of osteogenic differentiation of
DFCs. This new study suggests that AKT inhibition supports the miner-
alization of DFCs, as it was shown that AKT inhibition with MK-2206
supported the mineralization of DFCs after induction with BMP2
(Pieles et al., 2021). Interestingly, the AKT-BMP signaling pathway also

appears to play a role in differentiation into other functional cells (Luo
et al., 2015). However, while we were able to show that AKT inhibition
enhances mineralization, studies with various types of adult stem cells
have shown a predominantly supportive effect of AKT on osteogenic
differentiation (Jia et al., 2024; Li et al., 2022, 2022; Yan et al., 2020).
Nevertheless, our results showed that AKT inhibition does not suffi-
ciently promote differentiation, because ALP activity was suppressed,
and mineralization was only minimally enhanced. Likewise, AKT acti-
vation did not have any effect on differentiation. We must remember
that AKT intervenes in very different signaling pathways and biological
processes, such as cell proliferation, energy metabolism and DNA repair



C. Morsczeck et al.

(Smith & Eliseev, 2021; Xu et al., 2012). After manipulation of AKT, its
downstream signaling pathways are likely controlled by other signaling
pathways, as AKT is likely too important for a number of biological
processes to be used for our purposes of osteogenic differentiation.

In contrast to the AKT inhibitor, GO6976, as an inhibitor of classical
PKC such as PKCa, was able to significantly increase the mineralization
of senescent DFCs in our study. However, classical PKCs do not inhibit
osteogenic differentiation by DFC cell lines, although they do not affect
the induction of differentiation (Pieles et al., 2021). One possible
mechanism for enhanced osteogenic differentiation could be the regu-
lation of ossification inhibitors. Our results showed that PKC inhibition
downregulates the expression of ossification inhibitors. A previous study
showed that the osteogenic differentiation inhibitor sclerostin (SOST) is
downregulated by GO6976 (De Pellegrin et al., 2024). This study
showed that SOST was downregulated by GO6976 and that the addition
of SOST attenuated the stimulatory effect of the PKC inhibitor on dif-
ferentiation (De Pellegrin et al., 2024). Our recent data suggest that
SOST regulation may mediate PKC inhibition-induced mineralization of
senescent DFCs. We also showed that GO6976 inhibited PTHLH
expression, another factor that inhibits osteogenic differentiation of
DFCs. (Klingelhoffer et al., 2016). However, the different forms of
PTHLH are an important factors for tooth development and appears to
be involved in regulating mineralization (Jemtland et al., 2003; Kro-
nenberg et al., 2006; Liu et al., 2020; Ono et al., 2016; Pieles et al.,
2020). Although the weak induction of ALP activity by GO6976 after
differentiation induction with BMP2 is difficult to assess, it suggests that
downregulated genes associated with differentiation inhibition, such as
SOST and PTHLH, are involved in the reactivation of differentiation in
aging DFCs. These genes offer interesting starting points for future in-
vestigations. It is also important to note that both osteogenic differen-
tiation and the induction of cellular senescence are associated with the
induction of oxidative stress, and that AKT activity is involved in the
induction of reactive oxygen species during the osteogenic differentia-
tion of DFCs (Ardura et al., 2017; Estrada et al., 2013; Morsczeck et al.,
2023). Interestingly, PKC inhibition also induces AKT activity several
days after differentiation induction (Pieles et al., 2021). While the role of
AKT activation is complex, it generally supports the activation and nu-
clear localization of p-catenin during osteogenesis (Pieles et al., 2021;
Tang et al, 2020). Furthermore, the nuclear factor
kappa-light-chain-enhancer of activated B cells (NF-xB), which disrupts
the mineralization of differentiated DFCs, is also regulated via the
PKC/AKT axis (Morsczeck, 2022). Interestingly, a previous study
showed that a PKC-dependent signaling pathway supports a cell-free,
DFC-derived, matrix vesicle-mediated approach to alveolar bone
regeneration (Yi et al., 2022), suggesting a positive role for PKC in the
differentiation of alveolar bone progenitor cells. However, we were able
to show that PKC inhibition is a good means to enable osteogenic dif-
ferentiation into cell lines with a low differentiation potential.

Although our study obviously didn’t lead to cell rejuvenation, it did
show that it’s possible to improve mineralization by manipulating the
PKC signaling pathway. We think that our work will help to identify
other signaling pathways that recover the potential of senescent stem
cells. However, the causes of this premature senescence in this cell line
remain unclear. Drug-induced senescence in DFCs has been demon-
strated in recent years, and the role of oxidative stress has been inves-
tigated (Dasi et al., 2023; Meng et al., 2022; Zhai et al., 2017). Future
studies may shed light on the changes observed in the cells of our study.
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