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Summary

Fibroblast activation protein-alpha (FAPa) is an integral membrane protein with dipeptidyl-
peptidase and type I collagenase activity predominantly expressed during embryogenesis.
Reaching adolescence, FAPa expression is strongly reduced, only increasing during pathological
conditions including wound healing, tumour growth and myocardial infarction. FAPa expression
was recently observed in bone-marrow mesenchymal stem cells (MSCs) contributing to stem cell
migration. Ongoing research from our group revealed the presence of FAPa in MSCs from the
dental tissue. In this project, we hypothesized that FAPa plays an important role in dental root
development. For that we aimed to study FAPa expression in dental stem cells directly involved
in root development. First, in dental follicle stem cells (DFSCs) and Hertwig’s Epithelial Root
Sheath (HERS), a bilayer of epithelial cells that is disrupted during development acquiring stem
cell features. Then, on Stem Cells from the Apical Papilla (SCAPs), providing new information
about this less studied tissue which is lost after dental root is matured. At last, the expression of
FAPa was studied in ameloblastoma, an odontogenic tumour provoked by impaired tooth
development. To achieve this, a characterization through immunohistochemistry and

immunofluorescence analysis was performed in tissue sections and in culture.

In this study we report for the first time the presence of FAPa on DFSCs and SCAPs. In the dental
follicle, a high positivity for FAPa was either found in the extracellular matrix or in the epithelial
remnants of HERS, also highly stained for E-cadherin. We also provided novel histological insights
about apical papilla structure identifying two regions: cortex fibrosa, located at the periphery with
dense aligned collagen type I, and medulla, in the core of the tissue possessing loose cross-wise
organized collagen. A decrease in apical papilla size was found during maturation, ranging from
0,3148 to 0.090 cm? in patients from 16 to 20 years old respectively. In young patients a fraction
FAPa-vimentin+ was found in the cortex fibrosa whereas in older patients this region is
predominantly FAPa+vimentin+. The medulla of young patients possessed a very positive fraction
of cells FAPa+vimentin+ compared to the older ones presenting FAPa+vimentin- cells.
Immunohistochemistry showed a marked staining of TGF-B1 in the cortex fibrosa where the higher
density of collagen was found. SDF-1 was also found at the periphery of the tissue co-located with
FAPa, suggesting a possible migration towards the cortex fibrosa, what was corroborated with a
transwell assay in which migration rate of SCAPs was increased in response to this factor. FAPa
was also identified in ameloblastoma, both in the invasive epithelium as well as in the fibrous
stroma. These results suggest a role of FAPa in the migration of dental stem cells during root

maturation related to its collagenase function.






Introduction
1. Fibroblast Activation Protein-a (FAPa)

Fibroblast Activation Protein-a (FAPa) or “seprase” is an integral membrane protein belonging to
the serine protease family capable of cleaving the bond between proline and other amino acids of
proteins (3). The human FAPa gene is highly conserved among species and is located on 2q24.2
(4). The serine protease family is composed of a variety of enzymes including dipeptidyl peptidase
IV (DPP-1V), which shares 50% of homology in amino acids with FAPa. Despite that, FAPa presents
an additional enzymatic function that DPP-1V is lacking, the cleavage of collagen type I through
collagenase activity (4). Furthermore, gelatin zymography proved that FAPa can cleave
extracellular matrix (ECM) proteins, including collagen I, collagen 1V, fibronectin, laminin and
gelatin (5).

1.1 FAPa expression

Since its discovery, the presence of FAPa has been intensively studied and reported overall at four
main sites: the embryogenic mesenchyme, mesenchymal stem cells, wound healing tissues and

stromal fibroblasts of epithelial cancers.

Normally, when reaching the age of adolescence, FAPa expression is nearly lost in healthy tissues.
However, FAPa was first detected in activated fibroblasts responding to cancers and in granulation
tissue (6). After that, others reported its presence in several types of epithelial cancers like
colorectal, breast, ovarian, lung and pancreas (7), and diseases such as arthritis (8) or fibrosis

(4).

Diverse studies suggested that FAPa contributes to tumour cell invasion through tissue
remodeling. Tissue remodeling is a crucial process in development, wound healing, chronic
inflammation, fibrosis and cancer (9). It mainly requires the degradation of the extracellular
matrix (ECM), composed mainly by proteoglycans and fibrous proteins like collagen (10). This
degradation is mainly executed by metalloproteinases (MMPs) and dipeptidyl-peptidases (DPPs).
Due to its enzymatic activities, FAPa was added to this group of enzymes as a candidate of tissue
remodeling through dipeptidyl-peptidase and collagenase type I activity (11). This assumption
was corroborated in human ovarian carcinoma cells where FAPa appeared to increase
proliferation, invasion and migration (12). Moreover, the collagenase activity was further
confirmed in cell culture with the degradation of type I collagen (13). Finally, a study in pancreatic
cancer cells provided an excellent insight of these evidences where through a 3-D matrix system,
FAPa enzymatic activity appeared to modify locally ECM facilitating tumour invasion (14).

Nevertheless, an increase in the presence of FAPa was revealed in mouse during tissue remodeling
in early mesenchymal development (15). Given this, it may be postulated that FAPa shares a
similar functional role in embryogenic development and tumour microenvironment related to the

remodeling of ECM.

What’s more, a positive role of this protein was outlined in scar tissues after myocardial infarction,
where FAPa participated in wound healing and matrix turnover. In this case, FAPa was activated
by Transforming Growth Factor-B1 (TGF-B1), specifically through smad1/2 pathway (16). This
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effect of FAPa on fibroblast migration and collagenase activity indicated an emerging role in

cardiac wound healing.

The last site where FAPa expression was surprisingly detected was bone-marrow derived
mesenchymal stem cells (BM-MSCs) from healthy patients (17). In fact, it was demonstrated that
the presence of this protein was associated with enhanced migration of these cells. BM-MSCS are
released in response to injury (18), and the depletion of FAPa inhibited the migration of these
cells. However, this process could be rescued by re-expressing the protein. Interestingly, FAPa
levels were upregulated by cytokines interleukin-1b (IL-1b) and again TGF-f1 in bone marrow-
MSCS, also contributing to migration (13). Nevertheless, the model illustrates that the activity of
FAPa was not responsible for the enhancement of the migration, but it exerts its effect by
modulation of RhoA GTPase, an enzyme that regulates the organization of actin cytoskeleton (19)
and in consequence, cell migration and adhesion. These findings lead to suggest that non-
enzymatic function of FAPa is also linked to the migration ability of MSCs, one of the key processes

that is needed to enable stem cells therapy.

For this reason, we will study the role of FAPa in MSCs obtained from the dental tissue.
Nonetheless, to fully understand the functionality of this protein we first must define the

morphology and development of the dental tissue.



2. Tooth development and root formation
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interactions between mesenchyme and epithelium controlled by plenty dentin and enamelin the crown.
cytokines and transcription factors, are crucial for a successful process. The formation of the tooth
starts with the thickening of the oral epithelium (Figure 2). This invagination forms a bud and the
mesenchyme underneath starts to condensate. Next, the epithelium starts to fold forming a cap,
where the primary enamel knot is visible surrounded by the mesenchyme previously condensed.
When the epithelium is extended into the mesenchyme, the bell stage is formed. The inner enamel
epithelium encapsulates the dental papilla and the outer dental epithelium is surrounded by the
dental follicle. By this stage, first enamel knot is replaced by secondary ones. In the new-born
mammalian, the adjacent odontoblasts and ameloblasts have differentiated, and begin to produce

dentin and enamel respectively (22).
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Figure 2: Representation of mammalian tooth development (1). After the early thickening of the oral epithelium, the bud is
formed, followed by the early and late cap phase. At last, bell stage is reached, consisting of the cervical loop, dental papilla,
dental follicle, inner and outer enamel epithelium, stellate reticulum, dental lamina and oral epithelium. Black arrow 2HERS,



After the crown is completed, the formation of the root starts as the epithelial cells from the
cervical loop proliferate apically and influence the differentiation of odontoblasts from
undifferentiated mesenchymal cells, and cementoblasts from follicle mesenchyme. This apically
bilayered sheath of the inner and outer enamel epithelium forms Hertwig’s epithelial root sheath
(HERS). HERS (Figure 2 black arrow) is believed to be responsible for determining the shape of
the roots and participate in cementum formation (23). Subsequently, it should possess stem cell
characteristics to be able to differentiate into other cell linages. Hence, it was confirmed that HERS
cells undergo Epithelial Mesenchymal Transition (EMT) during the formation of acellular cementum
(24). EMT is a process in which epithelial cells are converted into mesenchymal cells (25)
necessary for embryogenesis and tissue development. When this occurs, there is a progressive
loss of epithelial markers including a switch from E-cadherin expression to N-cadherin and a gain
of MSCs markers like vimentin (26). Specifically, TGF-B1 stimulated the differentiation of HERS

into periodontal ligament fibroblasts and cementoblasts-like cells (27).

Backwards to tooth development, when the first radicular dentin is formed, HERS is fenestrated
and individual cells migrate away from the root into the region of the future periodontal ligament,
where they form epithelial rests of Mallasez (ERM) (28). Nevertheless, after the fragmentation of
HERS into isolated clusters of ERM, cell number is decreased (29). The underlying explanation of
this remains unknown, but several factors could be involved, including apoptosis at the beginning

of the fenestration of HERS or migration to other sites of the teeth (30).

It is clear that HERS plays a role in root formation, but it is the interaction with the apical papilla
what drives the force of root elongation and maturation of the root (31). The apical papilla refers
to the dental papilla located at the apices of developing permanent teeth derived from the
ectomesenchyme (32). There is little information available in literature about this loose tissue
(33). However, until now, the apical papilla is believed to be important for tooth development and

possesses a population of early mesenchymal stem cells, named SCAPs (34).
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3. Mesenchymal stem cells

Stem cells are non-specialized cells that possess the ability to differentiate into a particular cell
type under the right conditions. They have gained considerable attention from the medical
community as a possible source for regenerative therapeutic applications. There are three types
of stem cells: embryogenic stem cells (ESCs), perinatal stem cells (PSCs) and adult or
mesenchymal stem cells (MSCs). MSCs are adult multipotent stem cells found in specialised
tissues with the ability of migration and replacement after injury (35). These cells can differentiate
into three specific linages: osteogenic, chondrogenic and adipogenic. This feature differentiates
them from ESCs, which can be specialized into the three great different lineages (ectoderm,
endoderm and mesoderm) and extra-embryonic tissues. In addition, PSCs also show pluripotency
differentiating into the three different lineages compared to the limited potential of MSCs.
Nevertheless, MSCs have been outlined as exceptional in cell therapy due to an easy isolation
from almost all tissues, such as skin, bone marrow, blood,... (36) and dental tissue, where we will

focus our project.

3.1 Dental stem cells

Dental stem cells are MSCs similar to BM-MSCs which can e o oxiolated tooth (SHED)

differentiate into cells that generate mineral and play an

™ Dental follicule {
stem cells (DFSCs) \ B

important role in tooth homeostasis (2). Specifically, N

dentin repair and maintenance in postnatal organisms ‘
occurs through the differentiation of these cells into ) \ﬂ/ \J
odontoblasts during reparative tissue formation (37). In \

2000, Gronthos et al. were the first to isolate dental stem  Srove ePese oo e apila 'f;",:gﬁ?im

. (SCAP) cells (PDLSCs)
cells from human pUIp tissue (DPSCS) (38)1 and after that, Figure 3: Dental stem cells classification (2). There are five

types of dental stem cells: dental follicle stem cells (DFSCs),
stem cells form the apical papilla (SCAPs), dental pulp stem

including stem cells from exfoliated deciduous teeth ce/ls (DPSCs) periodontal ligament stem cells (PDLSCs) and
stem cells from human exfoliated teeth (SHED).
(SHED) (39), periodontal ligament stem cells (PDLSCs)

(40), stem cells from apical papilla (SCAPs) (32), and dental follicle precursor cells (DFPCs) (41).

four more types of dental MSCS were characterized,

Besides root formation, it is not clear either which type of dental stem cells is involved in repair
after teeth is damaged. It has been suggested that during tooth development, odontoblasts
derived from the apical papilla form primary and secondary dentin and are therefore named
“primary odontoblasts”. On the other hand, “replacement odontoblasts”, derived from the pulp,

replace mainly these primary odontoblasts and make tertiary or reparative dentin (32).

In this study, we hypothesize that FAPa plays an important role in dental root development. To
assess this hypothesis, we will first study FAPa expression in culture on dental stem cells directly
involved in root formation, DFSCs and SCAPs. The corresponding loose connective tissues, dental
follicle and apical papilla, will be described as well based on FAPa expression. Next, we will define
the apical papilla structure among age observing growth and inductor factors such as TGF- B1
and Stromal cell-derived factor-1 (SDF-1) in relation with FAPa. After this characterization is
achieved by intensive immunohistochemical and immunofluorescence analysis, a transwell assay

will be performed to test FAPa+SCAPs migration ability.
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4. Ameloblastoma

Once we have obtained information about the role of FAPa in dental stem cells, we aim to report
a new insight of this protein in disrupted tooth development. Specifically, we will study further its
function in a type of tumour where its presence hasn’t been reported yet, named ameloblastoma.
Ameloblastoma is an odontogenic neoplasm of the jaws and is considered a benign tumour (42)
with heterogeneous histological subtypes. It shows negative levels of recovery after surgery,
which results in eating and speaking disorders (43). The cellular and molecular mechanisms that
provoke it are not clear yet, but it has been suggested that its origin resides in an impaired
development of the epithelium in the tooth, including cells of the enamel organ and dental lamina
(44).

Several classifications have been reported according to the histological features of
ameloblastoma, but most of the distinctions lead to two main subtypes; follicular and plexiform.
The most common ameloblastoma is the follicular subtype, which possesses a fibrous stroma with
epithelial islands surrounded by cuboidal/columnar cells (45). Plexiform would be the second most
common, composed of strands of epithelium organized as a network between the fibrous stroma.
Among follicular and plexiform, it is possible to define two more clinical variants recognized;
solid/multycistic (SA) or unicystic (UA), much less aggressive than the first one (45). In all
subtypes, epithelial cells invade into the surrounding tissues without losing cell-cell attachments
(46). After bell stage, in the follicular ameloblastoma, the number of cells resembling stellate
reticulum are reported to be higher compared to the plexiform type (44). However, the exact

mechanism of invasion has not been clarified.

Regarding these evidences and together with the role of FAPa in the tumour previously discussed,
we hypothesize that FAPa enhances epithelial invasion in ameloblastoma throughout its
collagenase function. To assess this hypothesis, we aim to study the expression of FAPa in various

subtypes of ameloblastoma and report information about collagen distribution.
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Materials and methods
-Isolation of SCAPs via the explant method

Human third molars were collected from different patients (14-19 years old) after informed
consent in collaboration with the Hospital Ziekenhuis Oost-Limburg (ZOL). The apical papilla was
separated from the dental pulp and all tissues were collected in culture medium consisting of a-
Minimal Essential Medium (a-MEM) (GIBCO Invitrogen Corp, Paisly, Scotland, UK) supplemented
with 10% heat inactivated fetal calf serum (FCS) (Biochrom AG Berlin, Germany), 2 mM L-
Glutamine, 100 U/ml Penicillin and 100 pg/ml Streptomycin (GIBCO Invitrogen Corp). Stem cells
were isolated via the explant method: one-mm?3 pieces were placed into a 6-well plate containing
culture medium. Explants were cultured for 14 days allowing stem cells to grow out of the tissue
at 37°C in a humidified atmosphere containing 5% CO,. Medium was changed twice a week. After
10 to 14 days, 80% to 90% confluency was reached, and cells were sub-cultured. For all

experiments, cells from passage one to three were used.

-Stimulation of SCAPs with TGF- 31

For the stimulation of SCAPs with TGF-B1, in a 24-well plate 10.000 cells/well were seeded with
a-MEM and supplements described before, and 20 ng/ml of TGF-B1 was added. TGF-B1 was
omitted from control and cells were incubated at 37°C in a humidified atmosphere containing 5%
CO; for 48 hours. After that, cells were fixed in 4% paraformaldehyde 20 min and stained with

antibodies shown in Table 1.

-Tissue preparation for histological analysis

Tissue samples from apical papillae were fixed in 4% paraformaldehyde overnight and routinely
embedded in paraffin. After deparaffinization in xylol and rehydration in graded series of ethanol,
sections were washed in distilled water and stained for Hematoxylin-eosine /Masson’s

trichrome/Sirius red.

-Characterization of FAPa expression on DFSCs and SCAPs

DFSCs and SCAPs phenotypes were quantified following different classification: FAPa+vimentin+,
FAPa+vimentin-, FAPa-vimentin+ and FAPa-vimentin-. >150 cells were classified after staining in
n=>5 patients. Quantification was performed through Imagel software using the cell counter tool.

Positivity was considered when >90% of the cell surface was stained.
-Immunohistochemistry

Antigen retrieval was performed in deparaffinised tissue sections using citrate buffer (Dako)
heated in the microwave oven (3x5 min cyclic). After cooling down for 30 min, sections were
washed in Phosphate Buffered Saline (PBS) and used for either diaminobenzidine (DAB) or
fluorescent immunostaining. For DAB immunostaining, sections were treated with peroxidase
block (Dako) for 20 min. Afterwards, sections were washed with PBS and incubated with protein
block (Dako) for 30 min, to limit background staining. Consequently, sections were incubated with

the primary antibodies shown in Table 1. As negative control, the primary antibody was omitted
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from a section. Peroxidase-conjugated secondary antibodies diluted in PBS were applied for 45
min at room temperature followed by 3 washes in PBS. The chromogenic substrate DAB was used
to visualize peroxidase (DAB kit, Dako). Cells were counterstained with Mayer’s hematoxylin and
mounted using DPX mounting medium (Leika Biosystems, Diegen, Belgium). The immune-
reactivity was determined using a photomicroscope equipped with an automated camera (Nikon

Eclipse 80i, Nikon Co., Japan).

For immunofluorescent staining, sections were treated with protein block for 20 min, followed by
a wash in PBS and incubation with the primary antibodies shown in Table 1 overnight in a
humidified atmosphere. As negative control, the primary antibody was omitted from a section.
The next day, sections were washed with PBS and incubated with fluorochrome conjugated
secondary antibodies (Life technologies, Eugene, OR, USA) for 1 hour. After 3 washes in PBS,
nuclei were counterstained with DAPI for 10 min and sections were mounted in fluorescent

embedding medium (Dako).

-Immunocytochemistry

Stem cells were seeded onto glass coverslips (5x103 cells/cm?2) and stained with the peroxidase-
based EnVision System (DakoCytomation, Glostrup, Denmark). When cultures were 80% to 90%
confluent, cells were fixed with paraformaldehyde 4% for 20 min and washed with PBS. When
necessary, cells were permeabilized with 0.05% Triton-X100 for 30 min at 4°C and washed with
PBS. To block non-specific binding sites, cells were incubated with protein block (Dako) at room
temperature for 20 min. After washing with PBS, cells were incubated overnight with primary
antibodies shown in Table 1. After rinsing in PBS, horseradish peroxidase-conjugated secondary
antibodies were applied for 30 min at room temperature. For immunofluorescent staining, cells
were incubated with fluorochrome conjugated secondary antibodies and mounted in fluorescent
mounting medium (Dako). Fluorescent signal was determined using a Leika fluorescence

microscope.

Table 1: List of primary antibodies used, dilution and source.

Primary antibody Dilution Company
FAPa 1:200 (immunostaining) Abcam
1:500 (western blot)

Vimentin 1:100 Abcam
CD31 1:100 Santa Cruz Biotechnology
TGF-B1 1:200 Santa Cruz Biotechnology
SDF-1 1:200 Santa Cruz Biotechnology

E-cadherin 1:200 Abcam

14



-Collagen visualization through Second Harmonic Generation (SHG) and confocal

microscopy

Confocal microscopy and SHG imaging was performed with an inverted Zeiss LSM510 META (Carl
Zeiss, Jena, Germany) mounted on an Axiovert 200 M. The SHG signal and autofluorescence were
recorded using an analogue photomultiplier tube. 3-D volume rendering was calculated with

Imagel through the 3-D viewer tool.
-Apical papilla and cell size quantification

Apical papilla area and root length were measured manually during isolation process. Average
from different subunits of apical papilla/root was calculated per patient (n=4). Cell size was
measured through Imagel software. >300 cells were measured per region of apical papilla (cortex
fibrosa and medulla) and patient (n=4). After changing units from pixels to pm, images were
converted into 8 bit, threshold was adjusted and particles were analysed. Young patients were

considered from 14 to 16 years old and old patients from 17 to 20 years old.

-Migration assay by transwell

A transwell assay was used to investigate in vitro the migration ability of SCAPs. SCAPs were
added to the upper wells of 8 um pore size transwell inserts in a-MEM containing 2 mM L-glutamine
and 100 U/ml of penicillin in a 24 well culture plate. 500 ul of a-MEM without (control) or with 20
and 50 ng/mL SDF-1 (migration inductor) were added to the lower chambers. After 24 hours of
incubation in 5% CO; at 379C, SCAPs remaining on the top of the membrane were removed with
a cotton swab and those migrated to the bottom of the membrane were fixed with 4%
paraformaldehyde and stained with 0.1% crystal violet. Quantification of migrating cells was

performed through Imagel software as previously described.
-Western blot for FAPa presence

To determine the protein level of SCAPs, cells were lysed with RIPA buffer (0.5 M Tris-HCI, pH
8.0, 150 mM NacCl, Sodium deoxycholate 0.5% and SDS 0.1% and Triton-X100 1%) and protease
inhibitor cocktail (Roche), and then centrifuged at 4000 rpm 5 minutes at 4°C. Supernatants were
discarded, and solutions were centrifugated 15 minutes at 4000 rpm and 4°C. Supernatants were
collected, and protein concentrations were determined using a Bradford assay (Thermo Fisher
Scientific). Total cell lysates (30 pg) were fractionated by sodium dodecyl sulphate-polyacrylamide
gel (10%) electrophoresis (SDS-PAGE), transferred to nitrocellulose, and immunoblotted with
primary FAPa antibody shown in Table 1. After detection using a horseradish peroxidase (HRP)-
conjugated secondary antibody (Dako), visualization was performed with chemiluminescence
(ECL) detection system (Thermo Fisher Scientific). B-actine was used as loading control (Santa
Cruz Biotechnology, 1:1000).

15



-Ameloblastoma sections

Ameloblastoma sections were obtained from patients collected in Nigeria, in collaboration with the

department of oral pathology/medicine in University of Ibadan after informed consent.
-Statistical analysis

Statistics was performed using GraphPad Prism software version 5.0b. For the different
quantifications, t-test was performed for comparisons of two means and two-way ANOVA for
repeated measurements for more than two groups with a Bonferroni post hoc test for multiple
comparisons. Data were presented as mean standard error of the mean (SEM). The statistical

analysis of the results was performed by taking a significance level of 5% (p<0.05).
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Results

In this study, we hypothesized that FAPa plays an important role in dental root development. To
assess this hypothesis, we first studied FAPa expression in culture on dental stem cells directly
involved in root formation, DFSCs and SCAPs showing a high positivity both on the plasma
membrane and on the nucleus of these cells. Dental follicle was described showing positivity for
FAPa at the matrix and at the epithelial remnants. In the apical papilla a heterogeneous expression
of FAPa was identified in two defined histological regions: cortex fibrosa and medulla. The
presence of growth factors like TGF-B1 and SDF-1 was found in the apical papilla, mostly at the
periphery of the tissue. At last, transwell assay showed an increase in migration rate of
FAPa+SCAPs in response to SDF-1.

-FAPa is expressed in DFSCs and in the dental follicle.

To study the presence of FAPa in DFSCs involved in root formation, we performed an
immunofluorescent staining of FAPa and the stem cell marker vimentin (Figure 1A) on DFSCs in
culture. The results of the quantification of different phenotypes based on the positivity for these
two markers revealed the following cell populations i.e. 83.85% FAPa+Vimentin+, 10.22%
FAPa+vimentin-, 0.86% FAPa-vimentin+ and 5.062% FAPa-vimentin- (Figure 1B). Significant
differences between FAPa+vimentin+ and the rest of populations (***), and between

FAPa+vimentin- and FAPa-vimentin+ were found (***) (n=5 *P<0.05, ***P<0.001).

Due to an unexpected location of FAPa at the region of the nucleus (Figure 1D) we also performed
a quantification of DFSCs positive either for FAPa on the plasma membrane (75+18.58%) or both
on the plasma membrane and nucleus (24.84+18.58%) (Figure 1D-G). No significant differences

were found between these two populations (Figure 1C) (n=5, p<0.05).

To extrapolate the FAPa quantification of DFSCs in culture, we performed an immunofluorescent
staining for E-cadherin, a cell adhesion and epithelial cell marker, together with FAPa in dental
follicle tissue sections (Figure 2A). We found a high concentration of FAPa-expressing cells within
the extracellular matrix of the dental follicle and in the epithelial remnants, where FAPa appears
to be positive both on the plasma membrane and on the nucleus (Figure 2B,C) corroborating 3-
D volume rendering (Figure 1G). Inside the clusters of epithelial cells originated from the
breakdown of HERS, cells were also strongly positive for E-cadherin (Figure 2B). In the epithelial
rest there is also absence of vimentin indicating epithelial cells except from one isolated cell which
also results positive for FAPq, indicating a different phenotype from the rest of the epithelial
cluster (Figure 2C*). However, stromal cells are extremely positive for vimentin (white arrows

Figure 2).
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Figure 1: FAPa is highly expressed on the plasma membrane and nucleus of DFSCs. (A) Triple
immunofluorescent staining of FAPa (red), vimentin (green) and DAPI (blue) in cultured DFSCs. (B) Quantification
of DFSCs phenotypes based on FAPa and vimentin expression. (C) Characterization of FAPa location on DFSCs on
the plasma membrane or/ nucleus. (D) 3-D volume rendering of the triple immunofluorescent staining of DFSCs
through confocal microscopy. Higher magnification of box in image D (E,F,G) where FAPa appears to be located on
the plasma membrane and more precisely, on one side of the nucleus. Image processing including changes in
brightness and contrast was applied equally in all images. Data are represented as meanSEM. (n=5 *P<0.05,
***P<(0.001). Scale bars represent 50 um (A, D, E, F).

Figure 2: FAPa expression is positive in the dental follicle. (A) Triple immunofluorescent staining of FAPa
(red), E-cadherin (green) and DAPI (blue) in a semi-thin section of the dental follicle. White arrow indicates epithelial
rests of HERS. (B) Higher magnification of an epithelial rest highly positive for E-cadherin and FAPa. (C) Higher
magnification of a triple immunofluorescent staining of FAPa (red), vimentin (green) and DAPI (blue) showing an
epithelial rest with vimentin negative epithelial cells (absence of green). Note the presence of one vimentin positive

cell at the periphery of the epithelial rest (*). Stromal cells are highly positive for vimentin (white arrow). Scale bars
represent 50 um (A,B,C).
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-FAPa is highly expressed in SCAPs and differs in multiple passages.

Besides the dental follicle, several studies report SCAPs as a driving force for root maturation.
SCAPs were used for immunofluorescent staining of FAPa and the stem cell marker vimentin
(Figure 3A) and a characterization was performed. The results of the quantification of different
phenotypes based on the positivity for these two markers revealed the following cell populations
i.e 70.07% of FAPa+vimentin+ cells, 25.84% FAPa+vimentin-, 0.44% FAPa-vimentin+ and
3.65% FAPa-vimentin- (Figure 3B). Significant differences between FAPa+vimentin+ and the rest
of populations, and between FAPa+vimentin- and FAPa-vimentin- were found (***) (n=5
*P<0.05, ***P<0.001). The presence of FAPa on SCAPs was further demonstrated by western
blot analysis (Figure 3F). We also quantified the positivity for FAPa in SCAPs only on the plasma
membrane or both on the plasma membrane and nucleus, showing a percentage of 71.55+13.36
and 13.61+2.582 respectively with no significant differences (n=5, p<0.05) (Figure 3C).

To observe the changes in vimentin and FAPa expression in SCAPs cultured during multiples
passages, we performed repeated the triple immunofluorescence staining at passage 13 (Figure

3D) and performed a new quantification compared to passage 1 (Figure 3E). The following

variations in the populations at passage 1 compared to 13 were found i.e. FAPa+vimentin+ from
66.21% to 74.25%, FAPa+vimentin- from 31.09% to 18.24%, FAPa-vimentin+ from 0% to
1.505% and FAPa-vimentin- from 2.69% to 5.98%.
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Figure 3: FAPa is highly expressed on the plasma membrane and nucleus of SCAPs. (A) Triple
immunofluorescent staining of FAPa (red), vimentin (green) and DAPI (blue) in cultured SCAPs at passage 1. (B)
Quantification of different SCAPs phenotypes based of FAPa and vimentin expression. (C) Characterization of FAPa
location on SCAPs on the plasma membrane or/ nucleus. (D) Triple immunofluorescent staining of FAPa (red),
vimentin (green) and DAPI (blue) in cultured SCAPs at passage 13. (E) Comparative quantification of different SCAPs
phenotypes based on FAPa and vimentin expression at passage 1 and 13. (F) Western blot analysis showing the
presence of FAPa in SCAPs and B-actine as a loading control. Data are represented as mean+SEM (n=5 *P<0.05,
***p<0.001). Scale bars represent 50 um (A, D).

19



-New histological findings in the apical papillae based on FAPa.

There is scarce information available on the histological composition of the apical papilla, perhaps
due to its disappearance after completed root formation. Due to differences observed in the size
of this tissue in different patients, area and root length per subunit were measured from four
different patients of 14 to 20 years old (Figure 4A-D). Results showed a decrease in root length
from 1.229, 1.096, 1.034, to 0.9747 cm and in apical papilla area from 0.3148, 0.1448, 0.1550
to 0.09017 cm? in patients of 16, 17, 20 and 20 years old respectively (Figure 4E).

Young patient Old patient
16 years old 20 years old

E  Root and apical papilla size

Root length (cm) Ei Apical papilla area (cmz)

Figure 4: Apical papilla size decreases among age. Third molar extracted from a 16-year old patient (A,B) and
from a 20-year old patient (C,D) used to measure root length (cm) and apical papilla area (cm?2). Inter-lineated
circles indicate apical papilla subunits and interlineated lines indicate root length. (E) Comparison between root
length and apical papilla size in patients from different ages calculated by average between apical papilla subunits

and teeth per patient.

However, we here report some new histological insights of this tissue. After an extensive
characterization, we defined two different regions in apical papilla of young patients: cortex
fibrosa and medulla. In the cortex fibrosa (periphery) there is a highly dense quantity of
compacted collagen type I (Figure 5B,D) compared to the medulla (core of the tissue), where the
ECM is showing a loose organization and spindle-shaped cells are present (Figure 5C,E).
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After establishing the structure of the apical papilla, staining analysis for FAPa in a 15-year old
patient revealed a heterogeneous expression at the cortex fibrosa of the tissue (Figure 5F) with
two different cell populations; FAPa+vimentin+ or FAPa-vimentin+ (Figure 5H). In the medulla a
higher positivity for FAPa was found (Figure 5I) with both positive and negative expression of
vimentin. In older patients these differences were reduced to a single region presenting only
FAPa+vimentin+ cells at the cortex fibrosa and FAPa+vimentin- cells at the medulla (data not

shown).

To complement these histological findings, the number of cells in the apical papilla was calculated
in the two defined regions from different patients, but no significant differences were found (Figure
5]). However, the cellular orientation appeared to be different as well presenting in the cortex
fibrosa an epithelium simple cuboidal and underneath a cell rich region with perpendicular
orientation (Figure 5B). In contrast, the medulla in old patients is composed by cells with smaller
area than in the cortex fibrosa (Figure 5C). To confirm this, cell area average was calculated from
different patients showing a decrease from 0.019 to 0.0179 um? in the cortex fibrosa and medulla
of young patients and from 0.0181 to 0.0075 pm? of old patients. Significant differences were
found between the medulla cell area from young and old patients and the cortex fibrosa and
medulla from old patients (n=5 *P<0.05, ***P<0.001). Second harmonic generation reported a
higher concentration of collagen at the cortex fibrosa of old patients (Figure 6B) compared to

young (Figure 6A).
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Figure 5: Apical papilla is defined by two histological regions positive for FAPa: cortex fibrosa and
medulla, presenting differences in cell area. (A) Paraffin section of apical papilla from a 15-year-old healthy
patient stained with Masson’s Trichrome. Higher magnification of image A showing two different histological regions
in apical papilla; cortex fibrosa (B) and medulla (C). Sirius red staining showing collagen concentration in the cortex
fibrosa (D) and medulla (E). DAB staining for FAPa revealing a heterogeneous expression at the cortex fibrosa (F)
and a high expression level in the medulla (G). Triple immunofluorescent staining for stem cell marker vimentin
(green), FAPa (red) and DAPI (blue) showing heterogeneity for FAPa at the cortex fibrosa (H) and high expression
in the medulla (I). Number of cells present in the apical papilla in the cortex fibrosa and medulla of five different
patients (J). Average of cell area calculated in cortex fibrosa and medulla from young and old patients (K). Scale
bars represent 50 um (A,B,C,D,E,F,G) and 75 pm (H,I).
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Figure 6: Structural differences in apical papilla patients among age. Visualization through Second Harmonic
Generation of the apical papilla from a 14-year-old patient (A) and a 17-year-old patient (B) showing a difference

in size and in collagen distribution within the cortex fibrosa and the medulla. Scale bars represent 100 ym.

To observe the location of blood vessels we performed an immunofluorescent staining for CD31,
an endothelial cell adhesion molecule (Figure 7A-D). Quantification revealed a location of blood
vessels mostly at the periphery of the tissue (Figure 7F) observing a ratio of humber of blood
vessels/area of 1.440 and 1.705 in the cortex fibrosa and 0.7150 and 0.8100 in the medulla for
young and old patients respectively. Moreover, the total number of blood vessels resulted to be

higher for old patients compared to young, increasing from 20 to 39 (Figure 7E).
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Figure 7: Number of blood vessels is higher in old patients and tend to be located at the cortex fibrosa of
apical papilla. Immunofluorescent staining for endothelial marker CD31 (green) and DAPI (blue) of a 14 year old
patient (A,B) and 19 year old patient (C,D). (E) Total number in blood vessels in young and old patients. (D) Blood
vessels quantification/area in cortex fibrosa and medulla from old and young patients (no significant differences,

p<0.01 n=4). Scale bars represent 75 um (A, B, C, D).
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-SCAPs develop a migrating-phenotype positive for FAPa after stimulation with TGF-81

TGF-B1 is an important modulator in cell proliferation and differentiation. Recent literature
stresses that in BM-MSCs, an increase of FAPa expression is observed after TGF-B1 stimulation
(13). To study this effect, we stimulated SCAPs with 20 ng/ml of TGF-B1 during two days in
culture, and after that, immunofluorescent staining was performed for FAPa and vimentin (Figure
8). Vimentin filaments were clearly visible as well as FAPa expression (Figure 8E-H). Moreover, in
comparison with control (non-stimulated cells) (Figure 8A-D), SCAPs showed a migrating-like
phenotype presenting pseudopodia (white arrows). Interestingly, these extensions appeared to
be positive for FAPa (Figure 8I). To observe TGF-B1 expression in the apical papilla,

immunostaining analysis was performed showing a higher positivity in the ECM of the cortex

fibrosa (Figure 8],K).
-
J K

Figure 8: TGF- B1 induce a migrating-phenotype in SCAPs and is located at the periphery of the apical

Control

papilla. Triple immunofluorescence staining for vimentin (green), FAPa (red) and DAPI (blue) of SCAPs in culture
after two days without any stimulation (A,B,C,D) and after two days of stimulation with 20 ng/ml of TGF-B1
(E,F,G,H,I). (3) Immunofluorescent staining of TGF-B1 (green) and DAPI (blue) of the apical papilla from a 17-year-
old patient. (K) Higher magnification of box in J. Note the presence of pseudopodia in white arrows. Scale bars
represent 75 pm (J,K) and 50 um (A-I).
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-Migration of SCAPs is enhanced by SDF-1.

Due to the disappearance of the apical papilla after permanent tooth have been developed, some
biological processes could explain the fate of the resident SCAPs. We aimed to determine whether
SCAPs were able to migrate in response to the migration-inductor SDF-1. To study that, a
transwell assay was performed (Figure 9). Migration rate was increased from 0.70 to 0.90 with
20 ng/ml to 50 ng/ml SDF-1 stimulation in a well with 20.000 cells seeded and from 1.3 to 2.1 in
a well with 50.000 cells (Figure 9I). The control migration rate was 0.50 and 1.5 for 20.000
(Figure 9A,B,C) and 50.000 cells respectively (Figure 9D,E,F). These findings show that migration
rate of SCAPs is enhanced by SDF-1 stimulation. To observe in which part of the apical papilla

SDF-1 was situated, immunostaining was performed showing a higher expression at the periphery

of the tissue, underneath the cortex fibrosa (Figure 10E,F,G). Moreover, a co-location of FAPa and
SDF-1 was found (Figure 10D).
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Figure 9: Migration of SCAPs is induced by SDF-1. Crystal violet staining of transwell inserts in 20.000 SCAPs
(A-C) and 50.000 (E-G) stimulated with 20 ng/ml (A,E) and 50 ng/ml of SDF-1 (B,F), compared to positive control
(C,G) and serum free medium as a negative control (D,H) during 24 hours.
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Figure 10: SDF-1 is mostly located at the periphery of the apical papilla. Immunofluorescent staining of DAPI
(blue; A), SDF-1 (green; B) and FAPa (red; C) and overlap (D) of the periphery of a subunit of the apical papilla
from a 17 year-old patient showing a co-location with FAPa. (E,G) Whole subunit of apical papilla from the same
patient showing a higher positivity of SDF-1 at the periphery of the tissue. (F) Higher magnification of Image E.
Scale bars indicate 75 ym (A, B, C, D, F) and 100 pm (E,G).

-FAPa is expressed within two subtypes of ameloblastoma: follicular and plexiform

To observe if FAPa was also involved in disrupted tooth development, we studied its presence in
the odontogenic tumour ameloblastoma. Visualization of DAB staining showed a strong expression
of FAPa in both subtypes of ameloblastoma (Figure 11, 12). In the follicular one, the positivity
was visible at the epithelium of the follicles (Figure 11*) as well and the stroma (Figure 11**),
Moreover, big circle-shaped cells were located inside of some of the follicles, which we named
“giant cells”. Some of these “giant cells” appeared to be positive for FAPa (Figure 11 black arrows).
The plexiform subtype showed a strong positivity for FAPa in the connected epithelium clusters
(Figure 12%*), as well as in the matrix (Figure 12**). Collagen amount was higher in follicular
subtype (Figure 11B) compared to plexiform (Figure 12B) and heterogeneous in both subtypes.
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Figure 11: FAPa is expressed in the follicular subtype of human ameloblastoma. Paraffin sections of a patient
of ameloblastoma stained with DAB for FAPa (A, C, D, E) showing positivity both in the epithelium clusters (*) and

in the matrix (**). Masson’s Trichrome staining showing collagen concentration inside follicles (B, F). Black arrows
indicate giant cells. Scale bars indicate 50 um (A, B), 200 pm (C), 500 ym (F), 50 um (D, E).
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Figure 12: FAPa is expressed in the plexiform subtype of human ameloblastoma (A, C) Paraffin sections of

an ameloblastoma stained with DAB staining for FAPa and (A, C, D, E) showing positivity both for epithelium clusters

(*) and matrix (**). Masson’s Trichrome Staining showing collagen concentration (B, F). Scale bars represent 200
um.
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Discussion
-FAPa expression in the dental follicle during root formation

In this study we hypothesized that FAPa plays a role in dental root development. For that, in the
first part of our project, we aimed to study FAPa expression in the dental follicle and the
corresponding stem cells involved in dental root development. It is well accepted that dental
follicle differentiates into fibroblasts that compose the periodontal ligament in order to bind the
tooth to the bone (47) and other studies have proposed it as the source of cementoblasts and
osteoblasts (48). In fact, the dental follicle is composed of a heterogeneous cell population,
probably related to these different fates during development. To provide an approach on this, we
aimed to characterize this tissue using FAPa expression. The majority of DFSCs were positive for
FAPa and vimentin distributed throughout the extracellular matrix, which matches the stem cell
expression profile of DFSCs in culture. In addition, we found epithelial clusters (remnants of HERS)
as confirmed by positivity for the epithelial marker E-cadherin. Within these remnants, epithelial
cells were observed with either positive or negative expression of FAPa, but negativity for
vimentin. FAPa is also considered as a marker for EMT during tumour development and coincides
with vimentin upregulation (49). It is possible that epithelial cells are in transition to become
mesenchymal cells but haven’t achieved the fully differentiated phenotype with expression of
vimentin. Therefore, it is not surprising to find a small percentage of FAPa+vimentin- in the dental
follicle. However, at the edge of the epithelial remnants, FAPa+vimentin+ cells were observed
indicating a completed EMT process. We hypothesize that the collagenase activity of FAPa could
induce a disintegration of the epithelial remnants leading to migration of EMT induced epithelial
cell in the ECM. A similar observation was made in the family of MMPs which are expressed in
epithelial cells during EMT and promote cell invasion (50). Moreover, TGF- B1 has been proved to
regulate EMT of HERS (27), as well as induce FAPa expression in BM-MSCS (13), what could be

the link of our observations.

Interestingly, we found the presence of FAPa not only on the plasma membrane of these cells,
but also on the nucleus by 3-D volume rendering. This would be normally unexpected due to the
collagenase function of FAPa, however, in one of the others big groups of enzymes that degrade
collagen i.e. MMPs, an expression on the nucleus of some cells during physiological and
pathological situations was also found. The role of intracellular MMPs is poorly understood, but
some authors demonstrated a relation between the nuclear expression of these enzymes and
accumulation and fragmentation of oxidized DNA in neurons (51) or apoptosis in neural stem cells
(52). However, this hypothetical translocation mechanism from the plasma membrane to the

nucleus should be studied further.
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-New histological insights in the apical papilla and identification of FAPa expression

In the second part of our project, we have studied the expression of FAPa in the apical papilla and
SCAPs in culture. Detailed information on the structural organization of this tissue is lacking. In
2008, a first histological description was reported by Sonoyama et al., revealing a cell rich zone
attaching the apical papilla to the dental pulp. However, no structural identification was provided
(32). Therefore, before discussing FAPa expression, we have performed a thorough histological

analysis of the apical papilla.

Macroscopically, the apical papilla is composed of multiple subunits depending on the number of
developing roots. Within each subunit, we have identified two novel histological regions: the

cortex fibrosa and the medulla.

At the periphery of each subunit, the cortex fibrosa is composed of a simple cuboidal epithelium
with a high cellular density layer adjacent to it. Cells in the cortex fibrosa are embedded in a high
density apparently cross-linked collagen type I and both components are aligned in the same
direction. We hypothesize that the cortex fibrosa could provide mechanical support to the
underlying tissue namely the medulla, which accounts for the largest fraction of the apical papilla.
The medulla consists of spindle-shaped cells indicating the presence of SCAPs, which are routinely
used in cell differentiation studies (53). Interestingly, the collagen distribution is clearly different

from the cortex fibrosa, presenting less organized and diffuse distribution.

Backwards to our protein of interest, the cortex fibrosa in young patients demonstrates a mixed
population of either FAPa+vimentin+ or FAPa-vimentin+ cells. The expression profile of the latter
phenotype resembles undifferentiated fibroblasts which could contribute to the highly cross-linked
and aligned collagen fibrils (54). On the other hand, the medulla of consists of a high concentration
of FAPa+vimentin+ cells resembling the expression profile of SCAPs in culture. It is possible that
this higher positivity for FAPa in the medulla is related to the collagenase function that SCAPs are
using to migrate to the periphery of the tissue. In this case, it may be postulated that the common
factor between the different expression patterns of FAPa in embryogenic development, tumour

microenvironment and MSCs is the remodeling of ECM through its collagenase activity.

Furthermore, unpublished data of our group has shown a high frequency of vesicles in the
medulla. These results made us propose vesicle secretion as an alternative mechanism for
collagen degradation in the apical papilla, in which FAPa is not only expressed on the plasma

membrane/nucleus of SCAPs, but also in the secreted vesicles (55).
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-Apical papilla remodelling during root maturation

After defining the basic histological organization of the apical papilla, we moved our focus to the
progressive remodelling of this tissue during root maturation. Macroscopically, our data
demonstrated that the apical papilla decreases in size during root formation from patients of 14
years old compared to patients from 20 years old. There are two clinical studies that clearly show
an involvement of this tissue on the correct formation of the root. In one of them, apical papilla
is removed at early stage of development and root formation is halted, whereas in other, dental
pulp was removed and apical papilla retained leading to a normal root-tip formation (33).
Subsequently, we have posed in the following questions: which is the fate of the SCAPs that

confine it? And at last, what is the role of FAPa during remodelling?

First, a quantification of the cell size showed a significant reduction in cell area in the medulla of
older patients suggesting a decrease in number in SCAPs. Double staining of FAPa and vimentin
revealed FAPa+vimentin+ cell populations in the medulla, what could be due to enhanced

migration towards the cortex fibrosa.

Cell migration plays a fundamental role during development/tissue repair and it goes accompanied
by chemotaxis, a process triggered by the binding of chemokines to receptors. The chemokine
SDF-1 (also known as CXCL12) and its receptor CXC chemokine receptor type 4 (CXCR4) are
known to be involved in developmental processes such as vascularization or migration (56).
Several studies show how SDF-1 can recruit MSCs to different tissues contributing to wound repair
(57). Specifically, in the dental tissue, it was shown how SDF-1 could induce hDPSCs migration
indicating a novel approach for pulp repair (58). Not only in DPSCs, but also in SCAPs, the
expression of CXCR4 was shown in the paravascular region of the apical papilla and migration
was enhanced using SDF-1 as inductor (59). However, the molecular mechanisms and signals

that link SDF-1 with migration remain unknown.

To test whether SCAPs that we previously reported positive for FAPa responded to SDF-1 as a
migration inductor, a transwell assay was performed and the results agree with this late study
and migration was enhanced with higher concentrations of SDF-1. In that case, the following

question rises up: what is the reason why SDF-1 is released and by which type of cells?

SDF-1 is mainly produced by osteoblasts, fibroblasts and endothelial cells in the bone marrow
(60). Given this, it could be possible that the fibroblast layer found underneath the epithelium in
the cortex fibrosa release SDF-1 to induce SCAPs migration. To test that, SDF-1 immunostaining
was performed, and it becomes apparent that this suggestion could be reliable since the positivity
for this chemokine was higher at the cortex fibrosa of the tissue where probably most of fibroblasts
are located. Nevertheless, the molecular mechanisms behind the release of SDF-1 by fibroblasts
should be tested further.

Moreover, a co-location of SDF-1 and FAPa was found. However, if FAPa is involved in migration,
there must be some factor that triggers its expression as well. We showed how SCAPs when
stimulated with TGF- B1, developed a migrating-phenotype, and a relation between TGF-f1 and
FAPa was established in BM-MSCs where TGF-B1 increased FAPa expression and provoked

enhanced migration (13). These findings are suggesting that the activation of FAPa in SCAPs could
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be due to the action of TGF-B1. In addition, TGF-B1 showed positivity in the ECM, and it has been
shown that TGF-B1 is stored in the matrix as a latent complex and can be posteriorly activated
by cell contractile force (61). In apical papilla tissue sections, immunostaining of TGF-f1 showed
positivity for regions in the ECM co-located with FAPa+ cells, which corroborates our suggestion.
Since not only FAPa expression is induced by TGF-B1 (13), but also vimentin (62), it is possible
that the lower expression of TGF-B1 in the medulla is also related to the vimentin- cell population

in older patients.

On the other hand, TGF-B1 is a signalling molecule involved in plenty processes such us cell
differentiation, proliferation and chemotaxis, in addition to development and homeostasis. It has
been shown that TGF-B1 is present in BM microenvironment and controls the quiescence of stem
cells (63). Among all the different pathways which TGF-B1 can activate, there is a division between
two main routes. The first one is the “canonical pathway” in which smad proteins are
phosphorylated and processes like apoptosis or EMT are activated. The second one is composed
all the non-smad pathways, including the binding to GTP-binding proteins and RhoA or Ras, or
the famous MAPK pathway with the activation of Erk (64). The molecular mechanisms behind the
activation of FAPa through TGF-B1 remain largely unknown. However, either the canonical or the
non-smad pathway are possibly candidates of FAPa activation, what constitute an interesting topic

of study for future research.

Summarizing, TGF-B1 increases FAPa expression and it is related to differentiation and
proliferation, and SDF-1 induces migration of SCAPs. However, is it possible to find an association
between SDF-1 and TGF-B1? Whereas a cooperation was established in periodontal ligament cells
where TGF- B1 appeared to increase SDF-1 expression through the smad-pathway (65), another
study indicated that TGF-B1 downregulated SDF-1 expression influencing migration and adhesion
in BM-MSCS (66). Future experiments should assess the link between SDF-1 and TGF-B1 in cell

migration which remains unknown.

Since vascularization is a crucial process for development, the fate/location of these blood vessels
and nerves is important to understand the tissue re-organization in time. Sonoyama et al. already
stated that apical papilla contained less vascular components than dental pulp. Blood vessels
develop during tooth development in the cap phase and are formed in the dental papilla that
finally will become pulp (67). Quantification of number of blood vessels/area showed differences
being higher in the cortex fibrosa than in the medulla, what could be related to the high
concentration of SDF-1, which has been proved to control blood vessels formation (68).
Nonetheless, the organization of the vascularity during root maturation and apical papilla

remodelling requires further investigation.
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-The role of FAPa in ameloblastoma

As stated previously, the interactions between the epithelium and the mesenchyme during tooth
development are crucial. In fact, due to an impaired signalling of these interactions, the
development of the tooth is disrupted, and ameloblastoma is formed. To consider the possibility
that FAPa is also involved in disrupted tooth formation, we aimed to investigate its presence in
two subtypes of ameloblastoma. According to the World Health Foundation (WHF), ameloblastoma
is classified as a benign tumour with aggressive behaviour in which surgery is needed and the
recurrence rate is high. Among different described subtypes, there are some common
characteristics we corroborated in our study such as the basic structure of stellate fibroblasts and
epithelium networks/islands. However, besides the cells which were more tightly packed in the
follicular than in the plexiform, both invasive epitheliums demonstrated positive expression for
FAPa. These findings suggest that FAPa is taking part again into the remodeling of the extracellular
matrix to form these epithelium structures. Nonetheless, cells within the extracellular matrix also

appear to be positive for FAPa, indicating the presence of myofibroblasts.

Taking a deeper look into the molecular mechanism, a transcriptome analysis was published
describing some altered pathways in several subtypes of ameloblastoma. Results included
variations in cell-cycle regulation, inflammation processes and a remarkable one, the MAPKinase
pathway. The MAPK pathway is activated in ameloblastoma through BRAF mutation and Ras
activation and this metabolic route is involved in cancer pathogenesis. Considering the previous
evidences related to routes activated by TGF- Bl and FAPq, it's possible that this mutation is

responsible of FAPa expression in ameloblastoma.

Furthermore, another study about differential gene expression on different types of
ameloblastoma showed a lower expression of RhoGTPAses (69), one of the enzymes that FAPa
appears to inactivate. RhoGTPases such as RhoA regulate migration of MSCs by the re-
arrangement of cytoskeleton, and it was shown that depletion of FAPa increased RhoGTPase (13).
RhoA has a heterogeneous role in MSCs. Whereas in some cells it promotes migration, in some
other cells like fibroblasts, inhibition of RhoA promotes migration by reducing these features (70).
In addition, in BM-MSCs migration was inhibited when RhoA was overexpressed due to FAPa
depletion. Given this, this is perhaps the reason why FAPa inhibits this enzyme and due to a high
expression of FAPa in ameloblastoma, the expression of RhoA decreases. However, information

about the activation of FAPa is missing to fully understand this mechanism.

Interestingly, we found a remarkable phenotype inside of some of the follicles in ameloblastoma
patients. Depending on the sample, giant cells were discovered in the interior of the follicles next
to the epithelial layers. These are designed as “giant” due to the notable difference in size
compared to the rest of the cells in the niche. In some cases, these giant cells were positive for

FAPa, but their phenotype and function are currently unknown.

Apart from these giant cells, we suspect that tumour-infiltrating inflammatory cells are present in
ameloblastoma, and more precisely, tumour-associated macrophages (TAMs). These are
considered an important group of immunosuppressive cells residing within the tumour

environment (71) and promote tumour growth and angiogenesis through both a paracrine and

33



autocrine effect (72). Interestingly, a relation between FAPa and TAMs has been established in
ovarian cancer where FAPa non-enzymatic function promoted the generation of TAMs affecting
the tumour progression (73). Regarding these evidences and together with the role of FAPa in the
tumour previously designated, we suggest that FAPa enhances epithelial invasion in

ameloblastoma throughout an enzymatic and non-enzymatic function.
Conclusion

FAPa is a protein of keen interest due to its heterogeneous expression. Dental follicle and apical
papilla are dynamic tissues where FAPa plays a role in the remodelling of the extracellular matrix
through an enzymatic function with the cleavage of collagen and a non-enzymatic function which
remains largely unknown. The development of the apical papilla and the migration of SCAPs is
controlled by TGF-B1 and SDF-1, growth factors that are also related to FAPa activation. Taken
together, our findings about the role on FAPa in dental stem cells will provide more insight in the
fundamental mechanism of end-stage root development and will offer new perspectives in

ameloblastoma formation.
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