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Abstract: Background: The odontogenic keratocyst (OKC) is an odontogenic cyst that shows

aggressive and intriguing biological behavior. It is suggested that a hypoxic environment occurs in

OKC, which led us to investigate the immunoexpression and location of hypoxia-inducible factor

1-alpha (HIF-1α) and other hypoxia-related proteins. Methods: Twenty cases of OKC were evaluated

for the expression of Notch homolog 1 (NOTCH1), HIF-1α, disintegrin and metalloproteinase

domain-containing protein 12 (ADAM-12), and heparin-binding epidermal growth factor-like

growth factor (HBEGF) by immunohistochemistry and compared to eight control cases of calcifying

odontogenic cystic (COC), orthokeratinized odontogenic cyst (OOC), and normal oral mucosa (OM)

in basal and parabasal layers. Results: In OKC, all the proteins tested were expressed significantly

higher in both basal (except for NOTCH1 and HBEGF in OOC) and suprabasal epithelial layers

compared to controls. Looking at the epithelial layers within OKC, we observed an increased NOTCH1

and HIF-1α expression in parabasal layers. Conclusions: These results suggest that hypoxia occurs

more intensively in OKC compared to COC, OM, and OOC. Hypoxia appeared to be stronger in

parabasal layers as observed by higher HIF-1α expression in upper cells. Overexpression of NOTCH1,

ADAM-12, and HBEGF in OKC was observed, which suggests that microenvironmental hypoxia

could potentially regulate the expression of hypoxia-related proteins, and consequently, its clinical

and biological behavior.
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1. Introduction

Odontogenic cysts and tumors arise from cells or tissues that are associated with tooth development

and commonly located in jaw bones [1]. Among them, the odontogenic keratocyst (OKC), which was
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formerly known as keratocyst odontogenic tumor [2] and recently reclassified into the cyst category

by the World Health Organization, is one of the most prevalent odontogenic lesions. The histology

of OKC usually shows a thin parakeratinised epithelial lining with columnar cells in the basal layer

which have focal reverse polarization [1]. Although it is now considered a developmental cyst,

OKC presents an aggressive local behavior, high recurrence rates [3], and malignant transformation in

very rare cases [4].

The distinguished behavior of OKC, which tends to grow in an anteroposterior direction causing

limited bone expansion, suggests that complex molecular events can be underlying of its local

invasiveness. Local invasiveness is a process that allows cystic or neoplastic cells to invade the

surrounding tissues, which normally results from the degradation of the extracellular matrix (ECM)

components. Thus, one of the first steps in tumor invasion is the breakdown of the basal membrane

and degradation of the ECM by proteolysis [5]. It can be done by the formation of invadopodia,

a finger-type structure formed by small membrane protrusions, which play a pivotal role during the

early steps of local invasion.

Invadopodia are small invasive projections that are directly associated with localized proteolytic

degradation of the ECM [6]. These microstructures are related to local invasiveness and tumor

progression in both benign [7] and malignant [8] lesions. Local release of matrix metalloproteinases

(MMPs), especially MMP-2 and MMP-9, are essential for tumor invasion [9]. MMP-2 [10], MMP-9 [11],

and invadopodia-related proteins (e.g., cortactin, TKs5, TKs4 and MT1-MMP) have already been found

to be overexpressed in OKC [7].

Recently, it was demonstrated that alterations in oxygen levels influence the biology of neoplastic

cells [12]. Furthermore, it is already known that the concentration of oxygen varies in specific areas

of the same tumor. Some areas show low oxygen concentrations that characterize tumor hypoxia,

which has been associated with increased neoplastic invasion [12,13].

Under hypoxic conditions, a myriad of cellular responses is initiated, with a special interest

to the Notch homolog 1 (NOTCH1) signaling. NOTCH1 signaling is a vital molecular pathway for

several physiological [14] and pathological cellular processes, which is regulated by the cellular

microenvironment [12]. Hypoxia leads to the initiation of NOTCH1 signaling pathway via activation of

the hypoxia-inducible factor 1-alpha (HIF-1α) [15]. NOTCH1 signaling is directly related to an increased

invasion of certain neoplasms [12,15].

HIF-1α is a transcription factor that responds to oxygen availability and considered a hypoxia

marker [16]. In odontogenic lesions, HIF-1α overexpression has been associated with invasiveness [13]

and cystic formation [17]. Furthermore, its activation can regulate certain genes linked to tumor growth

and aggressiveness, such as the disintegrin and metalloproteinase domain-containing protein 12

(ADAM-12) [11,18].

ADAM-12 is a zinc-dependent metalloprotease [19] related to the pathogenesis of some

neoplasms [20] and invadopodia formation under hypoxic conditions [12]. It is believed that ADAM-12

is capable of stimulating tumor growth by cleaving and releasing certain ligands that are biologically

active, such as the heparin-bound epidermal growth factor (HBEGF) [12,21].

HBEGF is a powerful mitogen and also assists in the formation of invadopodia [22]. In addition,

it can bind to cellular receptors associated with malignant transformation of a variety of human

neoplasms [20,23].

In this study, we investigated the expression and location of NOTCH1, HIF-1α, ADAM-12,

and HBEGF by immunohistochemistry in OKC. The expression of HIF-1α in different odontogenic

cysts can provide additional evidence of whether and how hypoxia occurs in these lesions. The calcifying

odontogenic cystic (COC), the orthokeratinized odontogenic cyst (OOC), and samples of the normal

oral mucosa (OM) were used as controls to compare the relative expression of these proteins to OKC.
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2. Materials And Methods

2.1. Samples

Twenty cases of OKC were used in this study and compared to eight cases of COC, OOC, and

OM each. The COC, OOC, and OM samples were used as controls. COC was included because it is

an epithelial odontogenic cyst with a good prognosis and low relapse rates after simple enucleation [1].

OOC is a rare developmental odontogenic cyst that was previously considered as a variant of the OKC.

Now, OOC is considered a unique entity that does not show a tendency to relapse due to the low

local aggressiveness and is not associated with the nevoid basal cell carcinoma syndrome (NBCCS) [1].

The OM samples were used as representatives of a non-pathological epithelial oral tissue. These cases

were obtained from the pathology records of the Department of Oral Pathology of the School of

Dentistry, University Center of Pará (CESUPA, Belém-PA, Brazil). This study was conducted in

accordance with the Declaration of Helsinki and approved by the Ethics Committee of the Human

Research Ethics Committee of the Institute of Health Sciences in the Federal University of Pará

(CAAE: 36572414.7.0000.0018, No. 877.322/2014).

2.2. Immunohistochemistry Assessment

Immunostaining was performed using an immunoperoxidase assay and the EnVision technique

as previously described [13]. In this study, 5µm histological sections obtained from samples and

mounted on glass slides treated with 3-aminopropyltriethoxysilane (Sigma Chemical Corp, St. Louis,

MO, USA) were used for immunostaining. Tissue sections were deparaffinised in xylol (Labsynth,

São Paulo, BR) and hydrated in decreasing concentrations of ethanol (Labsynth®). Slides were then

immersed in 20% H2O2 and methanol (Labsynth®) in a 1:1 ratio for 20 min to inhibit endogenous

peroxidase activity. Subsequently, antigen recovery was performed in a citrate buffer (pH 6.0) in

a Pascal pressure chamber (Dako, Carpinteria, CA, USA) for 30 s. Non-specific binding sites were

blocked with 1% bovine serum albumin (BSA, Sigma®) in phosphate-buffered saline (PBS) for 1 h.

Then, slides were incubated for 1 h with the following primary antibodies: anti-NOTCH1 (1:100, clone

mN1A, Merck Millipore, Darmstadt, Germany), anti-HIF-1α (1:25, clone H1α67, Merck Millipore®),

anti-ADAM-12 (1:150, catalog #bs-5847R, Bioss, Massachusetts, USA), and anti-HB-EGF (1:7.5, catalog

#AF-259-NA, R&D Systems, Minnesota, EUA). Subsequently, sections were incubated for 30 min

with EnVision Plus (Dako®) detection system. Diaminobenzidine (Dako®) was used as a chromogen.

Sections were then counterstained with Mayer’s haematoxylin (Sigma®) and mounted with Permount

(Fisher Scientific, Fair Lawn, NJ, USA). Primary antibody controls were done by Western blotting and

secondary antibodies by replacing the primary antibodies by non-immune serum. Samples of the

mucoepidermoid carcinoma were used as positive controls (not shown).

2.3. Length, Inflammation, and Immunostaining Assessment

Brightfield images from 10 arbitrary regions were selected from each sample and acquired using

an AxioScope microscope equipped with an AxioCam HRC color CCD camera (Carl Zeiss, Oberkochen,

Germany), using a 40× objective. The length of the basal layer was measured using the “Freehand line

selections” tool from software ImageJ (public domain software developed by Wayne Rasband e NIMH,

NIH, Bethesda, MD; http://rsbweb.nih.gov/ij/).

The inflammation score was assessed by counting the total number of inflammatory cells adjacent

to the basal layer of the epithelium in each of the 10 images. Analysis of inflammation was carried out

in grades: grade 0: no inflammation; grade 1: <15 cells/field; grade 2: 15–50 cells/field; and grade 3:

>50 cells/field. The inflammatory score was calculated as the average of all fields examined. Samples

of OKC, COC, and OM were divided into two groups according to the inflammation score: Group A:

grades 0–2 (mild-to-moderate inflammation) and Group B: grade 3 (intense inflammation) [24].

Images were stacked to RGB and segmented using the H DAB vector of the color deconvolution

plug-in of ImageJ. Channel 2 (color 2) was selected and images adjusted using the threshold tool.
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Areas stained with diaminobenzidine were identified and measured after selection using the freehand

tool. The epithelial area was assessed in two different segments that corresponded to the basal and

suprabasal layers. Results were expressed as the average percentage of labelling area (%) of the

epithelial layers. Differences in the percentages of stained areas for the basal and suprabasal epithelial

layers of OKC, COC, and OM were analysed.

2.4. Statistical Analysis

Data obtained from the experiments were analyzed using GraphPad Prism 5 software (GraphPad

Software Inc., San Diego, CA, USA). Parametric ANOVA followed by Tukey’s post-test was used after

analysis of normality to assess differences between the three groups: OKC, COC, and OM. Student’s

t-test was used to compare basal and parabasal layers of protein expression within each lesion and

between the two groups of inflammation scores.

3. Results

3.1. Basal Layer Length and Degree of Inflammation

The basal layer length of the lesions varied between 5.9 mm and 15.7 mm in OKC (mean = 8.8;

SD = 1.8), 6.3 mm and 13.9 mm in COC (mean = 8.9; SD = 1.7), 5.2 mm and 17.4 in OOC, and 3.7 mm

and 18.3 mm in OM (mean = 8.9; SD = 2.9). Inflammation assessment is detailed in Table 1. There was

no difference among inflammation groups in OKC and the other lesions groups could not be analyzed

due to the limited number of samples in the grade 3 group.

Table 1. Length of the basement membrane and inflammation grade in OKC, COC and OM samples.

Length of the Basement Membrane (mm) Inflammation Grade

Mean Min Max SD 0 1 2 3 A × B

OKC 8.8 5.9 15.7 1.8 - 4 12 4 ns
COC 8.9 6.3 13.9 1.7 - - 7 1 na
OOC 8.4 5.2 17.4 2.1 - 5 1 2 na
OM 8.9 3.7 18.3 2.9 - 6 2 - na

Abbreviation: OKC, odontogenic keratocystic; COC, calcifying odontogenic cystic; OOC, orthokeratinized
odontogenic cyst; OM, oral mucosa; SD, standard deviation; A × B describes the summary of statistical analysis for
NOTCH, HIF-1α, ADAM-12, HBEGF between A, inflammation assessment Group A—grades 0–2 (mild-to-moderate)
and B, inflammation assessment group B—grade 3 (intense); ns, non-significant; na, not applicable.

3.2. NOTCH1, HIF-1α, ADAM-12, and HBEGF were expressed in OKC, COC, OOC and OM

OKC, COC, OOC, and OM samples expressed all the studied proteins with different intensities

(Figures 1–4). NOTCH1 exhibited intense cytoplasmic immunostaining in OKC, showing increased

expression in the upper layers of parabasal cells adjacent to the cystic lumen (Figure 1A,B). NOTCH1

nuclear expression was observed in some cells of the upper parabasal layers (Figure 1A). COC exhibited

a weak and selective NOTCH1 expression in a few cells of the basal layer and a membrane staining in

ghost cells (Figure 1C). OM samples showed a weak NOTCH1 expression, especially in the basal and

suprabasal layers adjacent to the basal layer.
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4. Discussion

OKC has been investigated by several studies trying to elucidate the mechanisms associated

with its intriguing biological and invasive behavior. Recently, the invadopodia-associated proteins

(cortactin, MT1-MMP, Tks4, and Tks5) were described in this lesion [7], but what causes the invasive

mechanism in this lesion is still unclear. In this study, the role of hypoxia as a microenvironmental

factor influencing OKC biology was investigated as a possible cause.

Our results provide evidence of increased expression of NOTCH1, HIF-1α, ADAM-12, and HBEGF

in OKC when compared to COC, OM, and OOC. Interestingly, when comparing the basal and parabasal

layers of OKC, we observed predominant staining of NOTCH1 and HIF-1α in the epithelial layers near

to the cyst lumen. It suggests an increased hypoxic environment when the cells are distant from the

oxygen supply provided by the surrounding connective tissue. It links tissue hypoxia, characterized

here by higher expression of HIF-1α in parabasal layers than in the basal layer, to biological activity,

the overexpression of NOTCH1. These findings support the evidence of tissue hypoxia in the

upper suprabasal cells in OKC, wherein the expression pattern resembles the pattern also seen in

NOTCH1. Although a cause–effect relationship cannot be determined by the methods used here

(i.e., immunohistochemistry), HIF-1α overexpression is known to initiate the NOTCH1 signaling

pathway [15], suggesting that a possible biological mechanism is triggered by tissue hypoxia.

OKC and OOC are histologically similar, showing a main difference in the type of keratin

layer. In OKC, the keratin layer shows nucleated keratinocytes, while in the OOC, the keratin

component is nuclei-free [1]. Prior to OOC being recognized as a different entity, OKC was

classified as orthokeratinized or parakeratinized, and the last considered the most aggressive form.

Here, the proteins studied and associated with more aggressive behavior were more expressed in OKC

than in OOC, except for NOTCH1 and HBEGF in the basal layer that showed no differences.

Activation of NOTCH1 results in its release from the plasma membrane and translocation to

the nucleus [24], resulting in the activation of the transcription of several genes. These genes have

been previously associated with tumor growth, by either increasing cell proliferation or reducing cell

death [25]. Here, we observed nuclear NOTCH1 immunostaining in specific regions of the basal layer of

OKC cells. This nuclear staining suggests NOTCH1 nuclear translocation and gene activation. It may

result in the transcription of genes related to cell proliferation and invasion [15], possibly by inducing

the activation of invadopodia-related genes [12]. A previous study has shown the overexpression of

invadopodia-related proteins in the OKC basal layer [7]. Thus, these findings suggest that hypoxia

occurs in OKC, which overexpresses NOTCH1. NOTCH1 is found in the nucleus of basal cells,

suggesting its activation as a possible biological event influencing OKC invasion.

NOTCH1 signaling is known to promote the survival and proliferation of cancer cells, which

is potentiated by hypoxia through stabilization of the active form of NOTCH1 by HIF-1α [12].

In this investigation, a higher expression of HIF-1α was identified in OKC when compared to COC,

OM, and OOC.

Studies have shown that the nuclear localization of HIF-1α is associated with the formation of

invadopodia under hypoxic conditions, and subsequently, more aggressive behavior in some types of

tumors [12,13]. It can be hypothesized that a hypoxic environment within the upper layers of OKC

results in the activation of HIF-1α and NOTCH1. Together, they would induce the transcription of

genes that will further lead to invadopodia formation.

We also observed a higher expression of NOTCH1 and HIF-1α in the parabasal layers in

relation to the basal layer in OKC. In parabasal layers, both proteins showed intense nuclear and

cytoplasmic immunostaining [24]. HIF-1α is classically known to be transient in the cytoplasm, which is

quickly degraded by the proteasome. In this case, the cytoplasmic labelling of HIF-1α was probably

a consequence of the proteins responsible for its degradation in cytoplasm having reached their

saturation point, resulting in higher cytoplasmic levels [25].

Additionally, increased expression of NOTCH1 and HIF-1α in the parabasal layers may be

connected to cellular mechanisms involved in cystogenesis, such as hypoxia and apoptosis [17].
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Under hypoxic conditions, the p53 tumor suppressor gene is activated via HIF-1α signaling [26].

It is known that p53 is directly associated with apoptosis and cell proliferation [27], events that are

fundamental for cystic formation. Furthermore, the regulation of NOTCH1 has been shown to occur

via p53 [27].

Here, the increased expression of NOTCH1 and HIF-1α observed in OKC can trigger the

transcription of a myriad of host genes, including the metalloprotease ADAM-12 [12]. The identification

of high cytoplasmic levels of ADAM-12 in all epithelial layers in OKC supports this hypothesis.

Inhibition of ADAM-12 has previously been shown to reduce HBEGF cleavage and cell migration,

while its overexpression is linked to ADAM-12-mediated HBEGF cleavage and EGFR dysregulation [28].

The expression pattern for HBEGF was similar to that of ADAM-12. ADAM-12 probably induces the

release of HBEGF in OKC. This could potentially lead to increased proliferation and proteolytic activity

of OKC cells.

In addition, ADAM-12 has also been directly implicated in the formation of invadopodia through

its cytoplasmic tail and activation of Src proteins kinases. Src proteins participate in the formation

and activation of the invadopodia [29], which has the potential to contribute to the locally aggressive

behavior of OKC.

In summary, our results suggest that hypoxia occurs more intensively in OKC than in COC,

OM, and OOC. In OKC, hypoxia appearred to be more intense in parabasal layers near to the cystic

lumen than in the basal layer, as observed by higher HIF-1α expression in these regions of the lesion.

A similar pattern of expression within OKC epithelial layers was observed for NOTCH1, suggesting

the activation of NOTCH1 by HIF-1α. ADAM-12 and HBEGF were found to be overexpressed in OKC

when compared to COC, OM, and OOC, a possible result of downstream activation of the NOTCH1

and HIF-1α signaling pathways and transcription. Together, these results support a biological role

for microenvironmental hypoxia in OKC that may contribute to its intriguing biological behavior.

Although the HIF-1α expression pattern seen in OKC can be suggestive of tissue hypoxia, the method

used in this study cannot determine that the altered expression of the associated proteins studied

here were regulated by it. Further mechanistic studies may provide supportive evidence of the role of

hypoxia in OKC clinical behavior.

Author Contributions: The conception and design of the study, or acquisition of data, or analysis and interpretation
of data, N.M.M.d.C., C.T.S.A., G.P.M., R.A.M., M.S.d.S.K., A.L.R.R., S.d.M.A.-J. and J.d.J.V.P. Drafting the article or
revising it critically for important intellectual content, A.L.R.R., R.G.J., A.M.S. and J.d.J.V.P. Final approval of the
version to be submitted, A.L.R.R., R.G.J., S.d.M.A.-J., A.M.S. and J.d.J.V.P.

Acknowledgments: The author Andre Luis Ribeiro Ribeiro is grateful to the CNPq for his post-doc scholarship.
Bolsista do CNPq—Brasil (nº do processo 153811/2018-8).

Conflicts of Interest: The authors declare no conflict of interest. The sponsors had no role in the design, execution,
interpretation, or writing of the study.

References

1. WHO Classification of Head and Neck Tumours, 4th ed.; El-Naggar, A.K., Chan, J.K.C., Grandis, J.R., Takata, T.,

Slootweg, P.J., Eds.; IARC Press: Lyon, France, 2017.

2. World Health Organization Classification of Tumours Pathology and Genetics Head and Neck Tumours; Barnes, L.,

Eveson, J.W., Reichart, P., Sidransky, D., Eds.; IARC Press: Lyon, France, 2005.

3. Shear, M. The aggressive nature of the odontogenic keratocyst: Is it a benign cystic neoplasm? Part 3.

Immunocytochemistry of cytokeratin and other epithelial cell markers. Oral Oncol. 2002, 38, 407–415.

[CrossRef]

4. Tan, B.; Yan, T.S.; Shermin, L.; Teck, K.C.; Yoke, P.C.; Goh, C.; Balakrishnan, A. Malignant transformation

of keratocystic odontogenic tumor: Two case reports. Am. J. Otolaryngol. Head Neck Med. Surg. 2013, 34,

357–361. [CrossRef] [PubMed]

5. Faurobert, E.; Bouin, A.P.; Albiges-Rizo, C. Microenvironment, tumor cell plasticity, and cancer. Curr. Opin.

Oncol. 2015, 27, 64–70. [CrossRef] [PubMed]



Cells 2019, 8, 731 12 of 13

6. Murphy, D.A.; Courtneidge, S.A. The “ins” and “outs” of podosomes and invadopodia: Characteristics,

formation and function. Nat. Rev. Mol. Cell Biol. 2011, 12, 413–426. [CrossRef] [PubMed]

7. Ribeiro Ribeiro, A.L.; da Costa, N.M.M.; de Siqueira, A.S.; Brasil da Silva, W.; da Silva Kataoka, M.S.;

Jaeger, R.G.; de Melo Alves-Junior, S.; Smith, A.M.; de Jesus Viana Pinheiro, J. Keratocystic odontogenic

tumor overexpresses invadopodia-related proteins, suggesting invadopodia formation. Oral Surg. Oral Med.

Oral Pathol. Oral Radiol. 2016, 122, 500–508. [CrossRef] [PubMed]

8. Siqueira, A.S.; Pinto, M.P.; Cruz, M.C.; Smuczek, B.; Cruz, K.S.P.; Barbuto, J.A.M.; Hoshino, D.; Weaver, A.M.;

Freitas, V.M.; Jaeger, R.G.; et al. Laminin-111 peptide C16 regulates invadopodia activity of malignant cells

through β1 integrin, Src and ERK 1/2. Oncotarget 2016, 7, 47904–47917. [CrossRef] [PubMed]

9. Buschman, M.D.; Bromann, P.A.; Cejudo-Martin, P.; Wen, F.; Pass, I.; Courtneidge, S.A. The Novel Adaptor

Protein Tks4 (SH3PXD2B) Is Required for Functional Podosome Formation. Mol. Biol. Cell 2009, 20, 1302–1311.

[CrossRef] [PubMed]

10. Amm, H.M.; Casimir, M.D.; Clark, D.B.; Sohn, P.; MacDougall, M. Matrix metalloproteinase expression

in keratocystic odontogenic tumors and primary cells. Connect. Tissue Res. 2014, 55, 97–101. [CrossRef]

[PubMed]

11. Ribeiro, A.L.R.; Nobre, R.M.; Alves-Junior, S.M.; Kataoka, M.S.S.S.; Barroso, R.F.F.F.; Jaeger, R.G.; Pinheiro, J.J.V.

V Matrix metalloproteinases, tissue inhibitors of metalloproteinases, and growth factors regulate the

aggressiveness and proliferative activity of keratocystic odontogenic tumors. Oral Surg. Oral Med. Oral

Pathol. Oral Radiol. 2012, 114, 487–496. [CrossRef] [PubMed]

12. Díaz, B.; Yuen, A.; Iizuka, S.; Higashiyama, S.; Courtneidge, S.A. Notch increases the shedding of HB-EGF by

ADAM12 to potentiate invadopodia formation in hypoxia. J. Cell Biol. 2013, 201, 279–292. [CrossRef]

13. da Costa, N.M.M.; Fialho, A.D.V.; Proietti, C.C.; da Silva Kataoka, M.S.; Jaeger, R.G.; de Alves-Júnior, S.M.;

de Jesus Viana Pinheiro, J. 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 2016, 69, 99–106. [CrossRef] [PubMed]

14. Pedrosa, A.R.; Trindade, A.; Fernandes, A.C.; Carvalho, C.; Gigante, J.; Tavares, A.T.; Diéguez-Hurtado, R.;

Yagita, H.; Adams, R.H.; Duarte, A. Endothelial jagged1 antagonizes Dll4 regulation of endothelial branching

and promotes vascular maturation downstream of Dll4/Notch1. Arterioscler. Thromb. Vasc. Biol. 2015, 35,

1134–1146. [CrossRef] [PubMed]

15. An, H.; Zhu, Y.; Xu, L.; Chen, L.; Lin, Z.; Xu, J. Notch1 predicts recurrence and survival of patients with

clear-cell renal cell carcinoma after surgical resection. Urology 2015, 85, 483.e9–483.e14. [CrossRef] [PubMed]

16. Swartz, J.E.; Pothen, A.J.; Stegeman, I.; Willems, S.M.; Grolman, W. Clinical implications of hypoxia biomarker

expression in head and neck squamous cell carcinoma: A systematic review. Cancer Med. 2015, 4, 1101–1116.

[CrossRef] [PubMed]

17. da Costa, N.M.M.M.; de Siqueira, A.S.; Ribeiro, A.L.R.R.; da Silva Kataoka, M.S.; Jaeger, R.G.;

de Alves-Júnior, S.M.; Smith, A.M.; de Jesus Viana Pinheiro, J. Role of HIF-1α and CASPASE-3 in cystogenesis

of odontogenic cysts and tumors. Clin. Oral Investig. 2018, 22, 141–149. [CrossRef]

18. Lee, J.-W.; Bae, S.-H.; Jeong, J.-W.; Kim, S.-H.; Kim, K.-W. Hypoxia-inducible factor (HIF-1)alpha: its protein

stability and biological functions. Exp. Mol. Med. 2004, 36, 1–12. [CrossRef] [PubMed]

19. Reiss, K.; Saftig, P. The “A Disintegrin And Metalloprotease” (ADAM) family of sheddases: Physiological

and cellular functions. Semin. Cell Dev. Biol. 2009, 20, 126–137. [CrossRef]

20. Qi, Y.; Duhachek-Muggy, S.; Lino, H.; Zolkiewska, A. Phenotypic diversity of breast cancer-related mutations

in metalloproteinase-disintegrin ADAM12. PLoS ONE 2014, 9. [CrossRef] [PubMed]

21. Asakura, M.; Kitakaze, M.; Takashima, S.; Liao, Y.; Ishikura, F.; Yoshinaka, T.; Ohmoto, H.; Node, K.;

Yoshino, K.; Ishiguro, H.; et al. Cardiac hypertrophy is inhibited by antagonism of ADAM12 processing of

HB-EGF: Metalloproteinase inhibitors as a new therapy. Nat. Med. 2002, 8, 35–40. [CrossRef] [PubMed]

22. Higashiyama, S.; Abraham, J.; Miller, J.; Fiddes, J.; Klagsbrun, M. A heparin-binding growth factor secreted

by macrophage-like cells that is related to EGF. Science 1991, 251, 936–939. [CrossRef]

23. Baselga, J.; Arteaga, C.L. Critical update and emerging trends in epidermal growth factor receptor targeting

in cancer. J. Clin. Oncol. 2005, 23, 2445–2459. [CrossRef]

24. Takebe, N.; Nguyen, D.; Yang, S.X. Targeting Notch signaling pathway in cancer: Clinical development

advances and challenges. Pharmacol. Ther. 2014, 141, 140–149. [CrossRef] [PubMed]



Cells 2019, 8, 731 13 of 13

25. Hägg, M.; Wennström, S. Activation of hypoxia-induced transcription in normoxia. Exp. Cell Res. 2005, 306,

180–191. [CrossRef] [PubMed]

26. Zhou, C.H.; Zhang, X.P.; Liu, F.; Wang, W. Modeling the interplay between the HIF-1 and p53 pathways

in hypoxia. Sci. Rep. 2015, 5, 1–10. [CrossRef] [PubMed]

27. Simón, R.; Aparicio, R.; Housden, B.E.; Bray, S.; Busturia, A. Drosophila p53 controls Notch expression and

balances apoptosis and proliferation. Apoptosis 2014, 19, 1430–1443. [CrossRef]

28. Miller, M.A.; Moss, M.L.; Powell, G.; Petrovich, R.; Edwards, L.; Meyer, A.S.; Griffith, L.G.; Lauffenburger, D.A.

Targeting autocrine HB-EGF signaling with specific ADAM12 inhibition using recombinant ADAM12

prodomain. Sci. Rep. 2015, 5, 1–14. [CrossRef]

29. Kang, Q.; Cao, Y.; Zolkiewska, A. Direct Interaction between the Cytoplasmic Tail of ADAM 12 and the Src

Homology 3 Domain of p85α Activates Phosphatidylinositol 3-Kinase in C2C12 Cells. J. Biol. Chem. 2001,

276, 24466–24472. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access

article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


	Introduction 
	Materials And Methods 
	Samples 
	Immunohistochemistry Assessment 
	Length, Inflammation, and Immunostaining Assessment 
	Statistical Analysis 

	Results 
	Basal Layer Length and Degree of Inflammation 
	NOTCH1, HIF-1, ADAM-12, and HBEGF were expressed in OKC, COC, OOC and OM 
	Expression of NOTCH1, HIF-1, ADAM-12, and HBEGF is higher in OKC when compared to COC, OM, and OOC 

	Discussion 
	References

