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3Health Science Institute, Federal University of Pará, Faculty of Nursing, Belém, PA, Brazil
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Background. Ameloblastoma (AMB) is a benign odontogenic tumour, with an aggressive local behaviour and a high rate of
recurrence. Previous studies have demonstrated that hypoxia-induced factor alpha 1 (HIF-1α) and activated caspase-3 contribute
to tumour invasiveness and cytogenesis in ameloblastoma. Hypoxia increases HIF-1α levels, which triggers a number of signalling
pathways. +is paper aimed to present data in the study of hypoxia-activated signalling pathways that modulate proapoptotic and
antiapoptotic events in AMB. Methods. Twenty cases of AMB and ten cases of dental follicle (DF) were used to analyse the
immunoexpression of HIF-1α, p53, BNIP3, Bcl-2, IAP-2, GLUT1, and Bax. To contribute to the study, an analysis of expression
and genetic interaction was performed using the cell line AME-1. Results. AMB and DF expressed the studied proteins. +ese
proteins showed significantly greater immunoexpression in AMB compared with the DF (p< 0.05). HIF-1α showed an important
association with GLUT1, and a positive correlation was observed among p53, Bcl-2, and IAP-2. Transcriptomic analysis showed
the significant expression of the studied proteins, and the network generated showed a direct association of HIF-1αF with GLUT1
(SLC2A1), TP53, and LDHA. Interestingly, GLUT1 also exhibited direct interaction with TP53 and LDHA. Conclusion. In AMB
tumorigenesis, hypoxia is possibly related to antiapoptotic events, which suggests an important role for HIF-1α, GLUT1, Bcl-2,
IAP-2, and possibly p53.

1. Introduction

Ameloblastoma (AMB) is a locally invasive benign neo-
plasm. It represents between 10% and 45.2% of odontogenic
tumours and approximately 1% of all neoplasms of the oral
and maxillofacial region [1]. +is tumour grows slowly and
mainly affects the mandible, generally presenting an

aggressive behaviour and may present with local recurrence
[2]. Recurrence can reach 90% after conservative treatments,
such as curettage and/or enucleation [1].+us, the treatment
of choice is surgical removal, which can affect the oral and
maxillofacial region both aesthetically and functionally [2].

In the tumorigenesis of AMB, several studies have tried
to relate key proteins, signalling pathways, and some
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phenomena such as apoptosis [3–7]. Apoptosis is a cellular
phenomenon that can be activated by hypoxia, and this is
characteristic of most solid tumours. +e hypoxic envi-
ronment mainly results from oxygen consumption due to
the rapid proliferation of tumour cells [4]. In the hypoxia,
cells undergo a variety of adaptive responses that include
activation of signalling pathways, which promotes cell
survival or death. HIF-1α is the main transcription factor
that mediates these adaptive responses [5].

HIF-1α exerts its antiapoptotic function through tran-
scriptional activation of antiapoptotic proteins: Bcl-2, ap-
optosis inhibitor (IAP-2), and GLUT1. On the other hand, a
functional pathway of HIF-1α can activate proapoptotic
proteins: p53, Bax, and BNIP3 [5].

Considering the previous studies, our research group
observed that HIF-1α is expressed in the nucleus of neo-
plastic cells in solid areas of the ameloblastoma, whereas it
was expressed in the cytoplasm and nucleus in cystic regions
[8, 9]. +ese different expressions in different areas could
possibly induce different phenomena such as invasion in
solid areas, and in other regions, apoptosis cold lead to cystic
cavity formation.

Under normoxic conditions, the HIF-1α subunit is
expressed but rapidly degraded. During hypoxia, the alpha
subunit stabilises and translocates to the nucleus [10]. +is
causes its accumulation to be heterodimerised with the beta
subunit (HIF-β), where it will bind to specific DNA se-
quences, activating genes involved in adapting to hypoxia,
cell survival, angiogenesis, and metastasis [11, 12].

+erefore, considering the knowledge about tumori-
genesis of AMB and proteins related to the hypoxia-induced
apoptosis, the aim of this study is to deepen knowledge about
hypoxia-activated signalling pathways, which modulate pro-
and antiapoptotic events, through the study of HIF-1α, p53,
BNIP3, Bcl-2, IAP-2, GLUT1, and Bax proteins in order to
demonstrate data about the mechanism of these proteins in
the tumorigenesis of AMB.

2. Materials and Methods

2.1. Samples. Tissue microarrays (TMA) with double core,
1.5mm size, containing 20 ameloblastoma samples (AMBs)
(TMA MC804, US Biomax Inc., Rockville, MD, USA) were
used. All cores of TMA had parenchyma and stroma of AME.
Neves-Silva et al. validated the use of TMA with amelo-
blastoma samples for studies with immunohistochemistry
[13]. In addition, ten samples of paraffinic tissue from the
dental follicle (DF) were retrieved from the archives of the
Department of Maxillofacial Pathology, Faculty of Dentistry,
Federal University of Pará (UFPA), Belém, PA, Brazil. 3 µm
sections of DF samples were mounted on loaded slides
(Jiangsu Hiunda Medical Instruments Co., Ltd, Yancheng, JI,
China). +e samples were submitted to immunohistochem-
istry to detect the immunoexpression of HIF-1α, p53, BNIP3,
Bcl-2, IAP-2, GLUT1, and Bax proteins. +is study was ap-
proved by the Ethics Committee for Research with Human
Beings of the Institute of Health Sciences, Federal University
of Pará (no 3.236.721). All methods were performed
according to the Declaration of Helsinki.

2.2. Immunohistochemistry. +e sections of the AMB and
DF samples were deparaffinised in xylol and hydrated in
decreasing concentrations of ethanol. +e slides were im-
mersed in a 3% hydrogen peroxide and methanol (1 :1)
solution for 30min to inhibit endogenous peroxidase ac-
tivity. Antigen retrieval was performed (30 sec, temperature
of 120–125°C) in citrate buffer (pH 6.0) using a Pascal
chamber (Dako, Carpinteria, CA, USA). Nonspecific anti-
body binding sites were blocked with 1% bovine serum
albumin (BSA Sigma®) in phosphate buffered saline solutionfor one hour. +e slides were incubated with the primary
antibodies HIF-1α (1 : 50, clone HIα67, Millipore, Temecula,
CA, USA), p53 (1 : 50, clone DO-1, Santa Cruz Biotech-
nology, Dallas, TX, USA), BNIP3 (1 : 25, clone Ana40, Santa
Cruz®), Bcl-2 (1 : 25, clone C-2, Santa Cruz®), Bax (1 : 50,
clone B-9, Santa Cruz®), GLUT1 (1 : 500, clone A-4, Santa
Cruz®), and IAP-2 (1 : 200, clone DF6167, Affinity Biosci-
ences, Cincinnati, OH, USA) for one hour. Subsequently, the
sections were incubated with the secondary antibody Reveal
(Spring Bioscience, Pleasanton, CA, USA) according to the
manufacturer’s instructions. Diaminobenzidine (Spring
Bioscience®) was used as a chromogen. Mayer’s haema-
toxylin (Sigma, San Luis, MO, USA) was used for counter
staining and mounted using Permount® (Fisher Scientific,
Fair Lawn, NJ, USA). Samples of intraductal breast carci-
noma were used as a positive control. +e negative control
was obtained by omitting the primary antibody, which was
replaced by nonimmune serum.

2.3. Immunostaining Assessment. +e immunostaining
assessment was performed by measuring the fraction by
percentage (%) of means the HIF-1α, p53, BNIP3, Bcl-2,
IAP-2, GLUT1, and Bax staining area in AMB andDF. Images
collected from five random fields containing parenchyma and
stroma obtained from each sample and acquired using an
AxioScope microscope (Carl Zeiss, Oberkochen, DEU)
equipped with an AxioCam HRC color camera (Carl Zeiss®).+e images were acquired with a magnification of 400x.
Diaminobenzidine-stained areas were separated and seg-
mented. +en, they were analysed using immunohisto-
chemistry (IHC) Image Analysis Toolbox of ImageJ Public
domain software, developed by Wayne Rasband (NIMH,
NIH, Bethesda, MD, EUA, http://rsbweb.nih.gov/ij/) [14, 15].
After image segmentation, the percentage of tumour pa-
renchyma-stained area was measured. Qualitative description
of the location of the immunostaining in the plasma mem-
brane, cytoplasm, and nucleus was carried out.

2.4. Cell Cultivation. +e cell line, AME-1, was grown in
culture flasks containing Dulbecco’s Modified Eagle Me-
dium F-12 (DMEM/F-12, Gibco, Carlsbad, CA, USA),
supplemented with 10% FBS (Gibco®), 10% penicillin and
streptomycin (Gibco®), and 1% Fungizone (Gibco®). +e
cells were kept in an incubator at a temperature of 37°C and a
humid atmosphere containing 5% CO2. Cell proliferation
was observed daily under an inverted phase contrast mi-
croscope (Axiovert 40C-Zeiss, Jena, TH, DEU), with cou-
pled camera (AxioCam MRc–Zeiss®).
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2.5. Gene Expression and Network Interaction Analysis.
+e whole-transcriptome sequencing was performed by
Ion Proton platform, as described by De Souza Cruz et al.,
2021 [16]. +e Homo sapiens genome sequence
GRCh38.p4 was used to align the reads through Torrent
Mapping Alignment Program (TMAP) (https://github.
com/iontorrent/TS/tree/master/Analysis/TMAP) to gen-
erate a BAM file to be used in the analysis of differential
gene expression through GFOLD [17], to AME-1 to
generate a list of hypo- or hyperexpressed genes. +e
network interaction of genes was obtained through the
String Database [18] looking for HIF-1alfa gene, with
interaction score of 0.7.

2.6. Statistical Analysis. To calculate the adherence to the
normality curve, the Shapiro–Wilk test was used. +e
Student’s t-test was used to assess differences between
AMB and DF for samples with normal distribution, and
the Mann–Whitney test was used for samples with ab-
normal distribution (BioEstat®, version 5.3, Instituto
Mamiraúa, PA, BR and GraphPad Software Inc., San
Diego, CA, USA).

+e Poisson regression was used to verify whether there
was an association between the expression of HIF-1α with
p53, GLUT1, Bax, Bcl-2, IAP-2, and BNIP3 proteins. +ose
variables that presented p< 0.05 in the univariate model
were included in the multivariate regression model. For all
analyses, we adopted a significance level of 5% (STATA 13.0
program, Texas, USA).

Spearman’s correlation test was used to verify whether
there was a correlation between the expression of the
evaluated proteins (BioEstat®, version 5.3, Instituto
Mamiraúa, PA, BR).

3. Results

3.1. AMB and DF Expressed Quantitative Differences for HIF-
1α, p53, GLUT1, Bax, BNIP3, IAP-2, and Bcl-2. HIF-1α, p53,
GLUT1, Bax, BNIP3, IAP-2, and Bcl-2 proteins showed
significantly greater immunoexpression in AMB compared
with DF (Table 1; Figures 1 and 2).

3.2. Variations in the Expression of HIF-1α, p53, GLUT1, Bax,
BNIP3, IAP-2, and Bcl-2 in Compartments of Neoplastic Cells.
HIF-1α was expressed in the nucleus of neoplastic cells in
solid areas of the AMB, whereas, in the cystic areas, it was in
both the cytoplasm and nucleus of neoplastic cells that lined
cystic cavities. +e immunoexpression of IAP-2, Bcl-2, and
GLUT1 in the peripheral cells of the solid area of the tumour
was commonly observed. +e immunoexpression of p53,
Bax, and BNIP3 was predominantly in the cells of the basal
and central layers. Some proteins were predominantly ob-
served in the nucleus, such as p53 and IAP-2, the latter with
intense expression in the nucleus, cytoplasm, and plasma
membrane. +e other proteins mainly showed cytoplasmic
expression (Bax, BNIP3, Bcl-2, and GLUT1) (Figures 1 and
2).

3.3. Positive Association between HIF-1α and GLUT1. +e
analysis of Poisson regression in a multilevel model was
performed with the significant proteins of the univariate
analysis (GLUT1, IAP-2, Bcl-2, and BNIP3) in order to
determine the influence of HIF-1α for each of these proteins.
+e regression revealed that only GLUT1 (p< 0.047) showed
a positive association (Table 2).

3.4. Positive Correlation between Pro- and Antiapoptotic
Proteins. In this study, a positive correlation was found
between p53 and IAP-2 (p< 0.0113) and between p53 and
Bcl-2 (p< 0.0071). In addition, there was an important
correlation between these antiapoptotic proteins Bcl-2 and
IAP-2 (p< 0.0003) (Table 3).

3.5. Central Role of HIF1-α by Transcriptome and Gene In-
teraction Network. +e gene interaction network gener-
ated showed a direct association of HIF-1α with GLUT1
(SLC2A1), TP53, and LDHA (Figure 3). Interestingly,
GLUT1 also exhibited direct interaction with TP53 and
LDHA in the String, validated by experimental studies.

+e transcriptomic analysis showed significant expres-
sion of HIF-1α (495 reads), IAP2 and BNIP3 (72 reads),
BCL2 (60 reads), and GLUT1 (56 reads) in the AME-1
samples.

4. Discussion

+e studied proteins were significantly more expressed in
AMB compared with DF. Additionally, a positive association
was observed between HIF-1α and GLUT1. HIF-1α was
expressed mainly in the nucleus of cells that made up the
solid areas of the tumour and the nucleus and cytoplasm of
the neoplastic epithelial cells that line cystic areas. Immu-
noexpression of antiapoptotic proteins has been commonly
observed in peripheral columnar cells of solid areas of the
tumour. In turn, the expression of proapoptotic proteins was
predominant in cells of the basal and central layers of the
neoplastic islands.

Cells proliferate during the tumour process and access to
oxygen in the central area of the tumour begins to be re-
stricted, which leads to hypoxia [8, 19]. Hypoxia or hypoxia

Table 1:+e p values of HIF-1α, p53, BNIP3, Bcl-2, IAP-2, GLUT1,
and Bax with expression in AMB and DF, Student’s t, and Man-
n–Whitney tests.

Protein
AME (n� 20) DF (n� 10)

p value
Mean SD Mean SD

HIF-1α 59.04 ±5.61 12.81 ±1.68 <0.0001
p53 46.26 ±4.24 12.68 ±2.61 <0.0001
BNIP3 53.31 ±6.11 10.22 ±1.57 <0.0001
Bcl-2 59.03 ±5.64 11.87 ±3.14 <0.0001
IAP-2 52.21 ±6.02 11.94 ±1.72 <0.0001
GLUT1 51.65 ±11.19 11.71 ±1.40 <0.0001
Bax 45.94 ±5.05 9.81 ±1.67 <0.0001
AMB: ameloblastoma; DF: dental follicle.
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Figure 1: Continued.
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Figure 1: Immunomarking for HIF-1α, p53, Bax, and BNIP3 in AMB and FP. HIF-1α staining in AMB (a) was nuclear in the solid tumour
area (arrowheads) and cytoplasmic and nuclear in cells near the cystic areas of the epithelial islets (arrow and cystic lumen,∗). p53
immunostaining in AMB (c) is predominant in the nucleus and cytoplasm of cells close to the cystic areas (cystic lumen,∗) of epithelial
islands (arrow). Staining is also detected in selected cells from the basal layer (c) (arrowhead). Bax immunostaining in AMB (e) is
predominant in the cytoplasm of cells close to the cystic areas of epithelial islands (arrow). BNIP3 immunostaining in AMB (g) is
predominant in the cytoplasm of cells close to the cystic areas of epithelial islands. Marking is also detected in selected cells from the basal
and central layers (arrowhead and arrow, resp.). +e FP shows a weaker labelling of the HIF-1α, p53, Bax, and BNIP3 proteins compared
with AMB (b, d, f, h). Scale 100 and 20 μm. Comparison of immunoexpression of the p53, Bax, and BNIP3) and HIF-1α in the ame-
loblastoma (a) and the follicle dental (f ). ∗∗∗p< 0.001 (m).
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gradients occur in most slow-growing solid tumours and can
result in pleiotropic effects that contribute significantly to
tumour aggressiveness. Hypoxia is also associated with a
more aggressive phenotype, which affects angiogenesis and
cellular invasiveness [20].

+is study suggests possible signalling pathways that
could contribute to the development of AMB, where HIF-1α
is the main inducer of the series of adaptive responses of cells
that are subjected to hypoxia stress [6, 19]. When the cell is
in an excellent condition, it responds physiologically and
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Figure 2: Immunomarking for HIF-1α, IAP-2, GLUT1, and Bcl-2 in AMB and FP. HIF-1α staining in AMB (a) was nuclear in the solid
tumour area (arrowheads) and cytoplasmic and nuclear in cells near the cystic areas of the epithelial islets (arrow and cystic lumen, ∗). IAP-2
labelling on AMB (c) was predominant in the cytoplasm and nucleus (arrow) of the cells of the epithelial islands. Marking is also detected in
selected cells from the basal and central layers (arrowhead and arrow, resp.). GLUT1 immunostaining in AMB (e) is predominant in the
cytoplasm of the cells of the basal and central layer of the epithelial islands (arrowhead and arrow, resp.). Bcl-2 immunostaining in AMB (g)
is predominant in the cytoplasm of epithelial island cells (arrow). Marking is also detected in selected cells from the basal and central layers
(arrowhead and arrow, resp.). +e FP shows a weaker labelling of the proteins IAP-2, GLUT1, and Bcl-2 compared with AMB (b, d, f, h).
Scale 100 and 20 μm. Comparison of immunoexpression of the HIF-1α, IAP-2, GLUT1 and Bcl-2, and HIF-1α in the ameloblastoma (a) and
the follicle dental (f ). ∗∗∗p< 0.001 (m).
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shows adequate homeostasis between death and cell survival
[3]. +is whole process is mediated by proteins such as p53
that are activated by HIF-1α. In turn, p53 stimulates proteins
such as Bax (protein required for the onset of apoptosis) and
also inhibits Bcl-2 (antiapoptotic protein overexpressed in
benign and malignant neoplasms) [5]. If Bax is unable to
move in to the outer mitochondrial membrane to initiate
apoptosis, it is due to the inhibition of IAP-2 that is present
in the cell under conditions of severe hypoxia, making it
resistant to apoptosis [21] (Figure 4).

HIF-1αmediates cell survival and resistance to apoptosis
in hypoxia; probably, one of these mechanisms is through
alterations in cellular energy metabolism by increasing
glucose uptake and glycolysis by GLUT1, and this could
confer this resistant phenotype [6, 22]. In addition, if there is

any change in the balance offered by proteins such as p53, for
example a mutation, this phenomenon would favour the
function of antiapoptotic proteins and, therefore, tumour
growth [23].

During hypoxia, the alpha subunit stabilises, translo-
cates, and accumulates in the nucleus with the beta subunit
(HIF-β), where it will bind to specific DNA sequences,
activating genes involved in adaptation to hypoxia, cell
survival, angiogenesis, and metastasis [10–12]. +erefore, if
HIF-1α still stabilises in the cytoplasm in some way, this
heterodimerisation possibly does not occur in the nucleus,
which would facilitate the apoptosis process to take place, as
observed in the immunoexpression of HIF-1α in the epi-
thelial cells near the cystic areas. +e opposite occurs in cells
that showed nuclear immunoexpression, which suggests
resistance to apoptosis.

+e expression of antiapoptotic proteins in the basal
layer of AMB cells may suggest not only a proliferative
activity, but also the inhibition of cell death, characteristics
that reflect the growth potential of this neoplasm [24].

+ere is an evident difference between the immunoex-
pression of AMB and DF (nonpathological odontogenic
epithelium), suggesting the proapoptotic or antiapoptotic
intervention of HIF-1α, p53, GLUT1, Bax, BNIP3, IAP-2,
and Bcl-2 in AMB pathological neoplastic processes.

HIF-1α plays an important role in the protection of solid
tumours against hypoxia, preventing apoptosis or increasing
anaerobic metabolism [5, 6, 25]. +is includes processes that
lead to better oxygen supply (angiogenesis), increased gly-
colytic metabolism, and a shift from oxidative phosphory-
lation to anaerobic glycolysis [26].

+is study has shown that GLUT1 has a strong associ-
ation with HIF-1α. Semenza et al. hypothesize that increased
glycolytic metabolism could confer this resistant phenotype.
+ey therefore examined the expression levels of GLUT1,
one of the key glycolytic enzymes, which is known to be the
inducible target gene of HIF-1α [6]. Glucose inhibits the
translocation of cytochrome C from the mitochondria to the
cytosol, an event that is necessary to trigger apoptosis [26].
GLUT1 is not considered an antiapoptotic protein as such;
however, under certain conditions, the positive regulation of
GLUT1 mediated by HIF-1α in hypoxia appears to confer
resistance to apoptosis [20, 26], an effect that supports the
results obtained.

DNA fragmentation is an important event in the
elimination of the genome of apoptotic cells and subsequent
cell death. +erefore, intense nuclear expression of p53

Table 2: Univariate Poisson regression analysis (unadjusted RR) between p53, GLUT1, Bax, Bcl-2, IAP-2, and BNIP3 with HIF-1α and
multiple analysis (adjusted RR) between GLUT1, Bcl-2, IAP-2, and BNIP3.

Dependent Protein Unadjusted RR p value Adjusted RR p value 95% CI

HIF-1α

p53 1.006101 0.188
GLUT1 1.004928 0.001 1.002975 0.047 1.000033 1.005926
Bax 1.001577 0.573
Bcl-2 1.007792 0.009 1.003057 0.468 0.9948193 1.011362
IAP-2 1.007991 <0.001 1.002849 0.355 0.9968161 1.008918
BNIP3 1.006999 0.007 1.003297 0.280 0.9973217 1.009309

RR: rate ratio; 95% CI: 95% confidence interval.

Table 3: Spearman correlation test positive in the area of protein
labelling in ameloblastoma.

Protein 1 Protein 2 r2 p value

p53 Bcl-2 0.5817 0.0071
IAP-2 0.5534 0.0113

Bcl-2 IAP-2 0.7248 0.0003
r2: Spearman’s correlation coefficient.

HIF1A

TP53
SLC2A1

LDHA

Figure 3: Protein-protein interaction network for HIF-1α, GLUT1
(SLC2A1), TP53, and LDHA genes obtained through the STRING
platform. It is noteworthy that all interactions observed between
proteins (edges connecting the nodes) were experimentally char-
acterized (pink line) and obtained from cured databases (light blue
line). +e other interactions observed: HIF-1α and GLUT1
(SLC2A1); HIF-1α and TP53; HIF-1 and LDHA; GLUT1 (SLC2A1)
and TP53; GLUT1 (SLC2A1) and LDHA; LDHA and TP53 pre-
sented confirmations based on analysis of text mining (yellow line)
and coexpression (black line) observed computationally from
transcript-transcript interactions.
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indicates the beginning of apoptosis [6]. In this study, the
p53 predominantly nuclear expression in AMB may suggest
that the localisation favours apoptosis. IAP-2 also showed
intense nuclear expression, possibly pointing to increased
resistance to apoptosis [6].

+is study demonstrates an important association be-
tween p53 and IAP-2 and between p53 and Bcl-2, with an
overexpression of p53 (proapoptotic) and the increased
expression of Bcl-2 and IAP-2 (antiapoptotics). +e over-
expression of p53 in conventional AMB andmalignant AMB
may reflect a mutational p53 protein that plays an oncogenic
role promoting tumour growth [25]. +e p53 mutation leads
to promotion of the function of antiapoptotic proteins.
+erefore, the importance of cell cycle aberration and un-
controlled proliferation resulting from the p53 mutation is
discussed [27].

Bcl-2 is a protein that is overexpressed in benign and
malignant neoplasms; the overexpression of Bcl-2 positively
modulates proteins such as IAP-2, inhibiting apoptosis [28].
In this study, we found a positive correlation between Bcl-2
and IAP-2 proteins. +e latter is independent of HIF-1α but

is generally expressed under conditions of severe hypoxia
[29].+is association, together with a possible p53 mutation,
could suggest an explanation for the aggressive behaviour of
AMB.

Data from gene expression analysis by RNA-Seq, gene
interaction network, and immunohistochemical study
demonstrate the central role of HIF-1α in relation to direct
activation of GLUT1 (SLC2A1), TP53, and LDHA genes
under hypoxia, the activation of anaerobic metabolism, and
the avoidance of apoptosis in previous studies [5, 6, 22, 25].

However, the direct correlation between HIF-1α with
TP53 and LDHA has not yet been described in any study.
+e LDHA gene expresses an enzyme that mediates meta-
bolic plasticity in the bidirectional conversion of pyruvate
and lactate, which favours the invasiveness and progression
of oral squamous cell carcinoma [30, 31].

It is important to emphasize that alterations in cell
metabolism can lead to critical states due to interrupted or
increased events such as apoptosis, as shown in this study,
favoring tumour growth and/or bone resorption, respec-
tively. Hypoxia has been documented to be an important

APOPTOSIS
Pro-apoptotic and anti-apoptotic

pathways

Mitochondria

MOMP
Cytochrome C

APAF1
oligomerization

Apoptosome

Caspase-9

Caspase-3
Caspase-7

Apoptosis

BNIP3

Bc1-2

p53
Activated
BAX and

BAK

IAP-2

Glut-1

HIF-1a

Hypoxia

Figure 4: Schematic representation of hypoxia-induced proapoptotic and antiapoptotic signalling pathways. +e involvement of HIF-1α is
described in these pathways.+e solid lines indicate a direct interaction; the dashed line indicates an indirect interaction. Induction (arrow);
inhibition (headless arrow). APAF-1, cytochrome C, and procaspase 9 form the apoptosome that activates caspase 9. APAF-1: apoptotic
protease activating factor 1; BNIP3: protein 3 that interacts with BCL-2/adenovirus E1B of 19 kDa; HIF-1α: hypoxia-inducible factor 1; IAP-
2: inhibitor of apoptosis protein 2; GLUT1: glucose transporter; MOMP: mitochondrial outer membrane permeabilisation; caspase 9
(inducer); caspases 3 (irreversible apoptosis marker); caspase 7 (effector). By Katherine J. Palma Valladares with https://app.biorender.com/.
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phenomenon that also promotes osteogenesis and osteo-
genic differentiation of stem cells [32, 33]. In this way, a type
of inductive therapy could be implemented through natural
or present biomolecules in the organism that promote the
stimulation or enhancement of these regenerative events, as
suggested by recent studies [33, 34]; in the future, this could
counteract the high probability of recurrence of this
pathology.

It is worth highlighting the need for further studies, such
as mechanistic assays, which can suppress the expression of
HIF-1 alpha and see the influence of this lock on cell ap-
optosis, given the limitations that the immunohistochemical
study may have.

5. Conclusion

+erefore, the observed associations indicate that hypoxia is
possibly related to antiapoptotic events. +is suggests an
important role for GLUT1 (dependent on HIF-1α), Bcl-2,
and IAP-2 stimulated by the overexpression of p53 and its
possible mutation, which suggests a resistance to apoptosis,
favouring cell survival, growth, and probably the aggres-
siveness of AMB. +ese proteins may be important targets
for better understanding the tumorigenesis and treatment of
AMB.

Data Availability

+e datasets generated during and/or analysed during the
current study are available from the corresponding author
on reasonable request.

Conflicts of Interest

+e authors state that they have no conflicts of interest.

Acknowledgments

+is work was supported by the National Council for Sci-
entific and Technological Development, CNPq (grant
307584/2018-6. R.T.J.R.) (grant nos. 305493/2018-3 and
435644/2018-1. R.A.M.) (grant no. 307292/2018-5. D.N.)
(grant no. 429423/2018-7. J.J.V.P).

References

[1] J. Y. Kim, J. Kim, S. Bazarsad, I. H. Cha, and S. W. Cho, “Bcl-2
is a prognostic marker and its silencing inhibits recurrence in
ameloblastomas,” Oral Diseases, vol. 4, pp. 1158–1168, 2019.

[2] C. Ogunsalu, H. Daisley, and K. Henry, “A new radiological
classification for ameloblastoma based on analysis of 19
cases,” >e West Indian Medical Journal, vol. 55, no. 6,
pp. 434–439, 2006.

[3] M. C. Wei, W. X. Zong, and E. H. Cheng, “Proapoptotic BAX
and BAK: a requisite gateway to mitochondrial dysfunction
and death,” Science, vol. 292, no. 5517, pp. 727–730, 2001.

[4] Z. Ma, C. Chen, P. Tang, H. Zhang, J. Yue, and Z. Yu, “BNIP3
induces apoptosis and protective autophagy under hypoxia in
oesophageal squamous cell carcinoma cell lines: BNIP3 reg-
ulates cell death,” Diseases of the Esophagus, vol. 30, no. 9,
pp. 1–8, 2017.

[5] M. Kilic, H. Kasperczyk, S. Fulda, and K. M. Debatin, “Role of
hypoxia inducible factor-1 alpha in modulation of apoptosis
resistance,” Oncogene, vol. 26, no. 14, pp. 2027–2038, 2007.

[6] G. L. Semenza, “Targeting HIF-1 for cancer therapy,” Nature
Reviews Cancer, vol. 3, no. 10, pp. 721–732, 2003.

[7] M. Ramı́rez-Garcia, H. Gonzales, G. Lampon, and J. Aguilar,
“Bcl-2: su papel en el ciclo celular, apoptosis y cáncer,” El
Residente, vol. 9, no. 3, pp. 84–94, 2014.

[8] N. M. M. Da Costa, A. S. de Siqueira, and A. L. R. Ribeiro,
“Role of HIF-1α and CASPASE-3 in cystogenesis of odon-
togenic cysts and tumours,” Clinical Oral Investigations,
vol. 22, no. 1, pp. 141–149, 2018.

[9] N.M.M. Da Costa, A. D. V. Fialho, and C. C. Proietti, “Role of
hypoxia-related proteins in invasion of ameloblastoma cells:
crosstalk between NOTCH1, hypoxia-inducible factor 1α, a
disintegrin and metalloproteinase 12, and heparin-binding
epidermal growth factor,” Histopathology, vol. 69, no. 1,
pp. 99–106, 2016.

[10] C. Clerici and C. Planès, “Gene regulation in the adaptive
process to hypoxia in lung epithelial cells,” American Journal
of Physiology: Lung Cellular and Molecular Physiology,
vol. 296, pp. L267–L274, 2009.

[11] C. C. Wykoff, C. Sotiriou, and M. E. Cockman, “Gene array of
VHL mutation and hypoxia shows novel hypoxia induced
genes and that cyclin D1 is a VHL target gene,” British Journal
of Cancer, vol. 90, pp. 1235–1243, 2004.

[12] G. Melillo, “Inhibiting hypoxia inducible factor 1 for cancer
therapy,” Molecular Cancer Research, vol. 4, pp. 601–605,
2006.

[13] R. Neves-Silva, F. Paiva Fonseca, and A. Souza de Jesus,
“Tissue microarray use for immunohistochemical study of
ameloblastoma,” Journal of Oral Pathology and Medicine,
vol. 45, no. 9, pp. 704–711, 2016.

[14] J. J. Pinheiro, C. F. Nascimento, and V. M. Freitas, “Inva-
dopodia proteins, cortactin and membrane type I matrix
metalloproteinase (MT1-MMP) are expressed in amelo-
blastoma,”Histopathology, vol. 59, no. 6, pp. 1266–1269, 2011.

[15] L. Markasz, R. C. Savani, G. Sedin, and R. Sindelar, “+e
receptor for hyaluronan-mediated motility (RHAMM) ex-
pression in neonatal bronchiolar epithelium correlates neg-
atively with lung air content,” Early Human Development,
vol. 127, pp. 58–68, 2018.

[16] E. L. De Souza Cruz, F. J. Loureiro, and A. L. Da Silva, “Gene
expression in cell lines from human ameloblastoma
immortalised using hTERT and HPV16-E6/E7,” Oral Dis-
eases, vol. 9, 2021.

[17] J. Feng, C. A. Meyer, Q. Wang, J. S. Liu, X. Shirley Liu, and
Y. Zhang, “GFOLD: a generalized fold change for ranking
differentially expressed genes from RNA-seq data,” Bio-
informatics, vol. 28, no. 21, pp. 2782–2788, 2012.

[18] D. Szklarczyk, A. L. Gable, and D. Lyon, “+e STRING da-
tabase in 2017: quality-controlled protein-protein association
networks, made broadly accessible,” Nucleic Acids Research,
vol. 45, no. D1, pp. D362–D368, 2017.

[19] A. L. Harris, “Hypoxia – a key regulatory factor in tumour
growth,” Nature Reviews Cancer, vol. 2, pp. 38–47, 2002.

[20] S. Terry, R. Faouzi Zaarour, and G. Hassan Venkatesh, “Role
of hypoxic stress in regulating tumour immunogenicity, re-
sistance and plasticity,” International Journal of Molecular
Sciences, vol. 19, no. 10, p. 3044, 2018.

[21] M. Saito, S. J. Korsmeyer, and P. H. Schlesinger, “BAX-de-
pendent transport of cytochrome C reconstituted in pure
liposomes,” Nature Cell Biology, vol. 2, no. 8, pp. 553–555,
2008.

International Journal of Dentistry 9



[22] R. Malhotra and F. C. Brosius, “Glucose uptake and glycolysis
reduce hypoxia-induced apoptosis in cultured neonatal rat
cardiac myocytes,”>e Journal Biological Chemistry, vol. 274,
pp. 12567–12575, 1999.

[23] S. Cory and J. M. Adams, “+e Bcl2 family: regulators of the
cellular life-or-death switch,” Nature Reviews Cancer, vol. 2,
no. 9, pp. 647–656, 2002.

[24] P. Garcia and L. Attardi, “Illuminating p53 function in cancer
with genetically engineered mouse models,” Seminars in Cell
and Developmental Biology, vol. 27, pp. 74–85, 2014.

[25] N. A. El-Sissy, “Immunohistochemical detection of p53
protein in ameloblastoma types,” Eastern Mediterranean
Health Journal, vol. 5, no. 3, pp. 478–489, 1999.

[26] R. A. Gatenby and R. J. Gillies, “Why do cancers have high
aerobic glycolysis?” Nature Reviews Cancer, vol. 4, no. 11,
pp. 891–899, 2004.

[27] Z. Shaikh and K. C. Niranjan, “Cell cycle aberration in
ameloblastoma and adenomatoid odontogenic tumour: as
evidenced by the expression of p53 and survivin,” Indian
Journal of Dental Research, vol. 26, no. 6, pp. 565–570, 2015.

[28] D. Moon, M. Kim, Y. Choi, N. Kim, and J. Chang, “Bcl-2
overexpression attenuates SP600125-induced apoptosis in
human leukaemia U937 cells,” Cancer Letters, vol. 264, no. 2,
pp. 316–325, 2008.

[29] Z. Dong, J. Nishiyama, and X. Yi, “Gene promoter of apo-
ptosis inhibitory protein IAP2: identification of enhancer
elements and activation by severe hypoxia,” >e Biochemical
Journal, vol. 364, pp. 413–421, 2002.
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