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Abstract

:

Background: Chemotherapy treatment of cancer in children can influence formation of normal tissues, leading to irreversible changes in their structure and function. Tooth formation is susceptible to several types of chemotherapy that induce irreversible changes in the structure of enamel, dentin and dental root morphology. These changes can make the teeth more prone to fracture or to caries when they have erupted. Recent studies report successful treatment of brain tumors with the alkylating drug temozolomide (TMZ) in combination with veliparib (VLP) in a glioblastoma in vivo mouse model. Whether these drugs also affect tooth formation is unknown. Aim: In this study the effect of TMZ/VLP on incisor formation was investigated in tissue sections of jaws from mice and compared with mice not treated with these drugs. Materials and method: The following aspects were studied using immunohistochemistry of specific protein markers including: (1) proliferation (by protein expression of proliferation marker Ki67) (2) a protein involved in paracellular ion transport (expression of tight junction (TJ) protein claudin-1) and (3) in transcellular passage of ions across the dental epithelium (expression of Na+, K+ 2Cl- cotransporter/NKCC1). Results: Chemotherapy with TMZ/VLP strongly reduced immunostaining for claudin-1 in distal parts of maturation ameloblasts. No gross changes were found in the treated mice, either in cell proliferation in the dental epithelium at the cervical loop or in the immunostaining pattern for NKCC1 in (non-ameloblastic) dental epithelium. The salivary glands in the treated mice contained strongly reduced immunostaining for NKCC1 in the basolateral membranes of acinar cells. Discussion/Conclusions: Based on the reduction of claudin-1 immunostaining in ameloblasts, TMZ/VLP may potentially influence forming enamel by changes in the structure of TJs structures in maturation ameloblasts, structures that are crucial for the selective passage of ions through the intercellular space between neighboring ameloblasts. The strongly reduced basolateral NKCC1 staining seen in fully-grown salivary glands of TMZ/VLP-treated mice suggests that TMZ/VLF could also influence ion transport in adult saliva by the salivary gland epithelium. This may cause treated children to be more susceptible to caries.
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1. Introduction


With the application of newly developed anticancer agents, precision of dosage and early diagnosis, the life expectancy of patients with cancer, especially children, is prolonged. As more children survive, they may, in the long run, experience undesired negative side effects of this treatment on other tissues [1,2,3]. These changes could lead to irreversible changes in normal tissues, for instance defects in dental structures [2,4,5,6,7,8,9]. The extent and nature of oral complications vary in each patient and depend on the type of malignancy, type of cytostatic anticancer treatments used either alone or in combination with each other and to patient-related factors such as genetic factors, oral hygiene and oral health status [10]. As for chemotherapy, the toxicity of the antineoplastic agent depends on the nature, the therapeutic regimen, dose and duration of the treatment [11,12]. In children in whom tissues and organs are still developing, chemotherapy can affect formation of enamel and dentin by impairing activity of ameloblasts and odontoblasts, inhibit root formation or delay tooth eruption depending on the sensitivity of each of the involved cell types, the nature, dose and duration of the cytostatic [13,14,15]. In mature tissues, for example in functional salivary glands, chemotherapy can damage salivary epithelium, reducing production of saliva (hyposalivation) and change the composition, viscosity and buffer capacity of saliva. Such quantitative or qualitative changes in saliva could after tooth eruption, disrupt physicochemical balance between demineralization (white spot formation, a porosity due to local dissolution of crystals when pH in saliva drops by acidification by oral microorganisms) and remineralization of enamel subsurface layers by oral fluid. These white spots can either develop further into a caries lesion or disappear, having recovered by remineralization by mineral ions in saliva. The more acidic dental plaque found after chemotherapy could provide more favorable conditions for the emergence of a cariogenic flora [16,17,18].



The most common primary brain tumor is the glioblastoma (GBM). Treatment of such tumors is primarily by surgical resection with postsurgical therapy consisting of the DNA-alkylating agent temozolomide (TMZ) combined with radiotherapy. Even with such aggressive treatment, the prognosis of patients with GBM remains unsatisfactory. This is due to the function of PARP-1 and PARP-2 in base excision and DNA repair. Additional chemotherapy was necessary. PARP inhibitors (like veliparib) can sensitize GBM cells to TMZ and overcome the tumor’s resistance.



Temozolomide (TMZ) is an alkylating agent taken orally and used as first-line treatment of glioblastoma multiform as well as for recurrent anaplastic astrocytoma because of its ability to cross the blood–brain barrier (BBB) [19,20]. Because of its small size, TMZ easily crosses the blood–brain barrier after oral administration. TMZ [21] acts by the formation of nicks in the DNA structure during cell division which is followed by apoptosis [22]. This nonselective agent can affect both cancerous and normally-proliferating cells. However, since cancer cells divide more rapidly than normal cells, they should be more sensitive to these effects.



The most common side effect of TMZ is myelosuppression leading into thrombocytopenia and lymphopenia. These side effects are more likely with high doses. Any decrease in TMZ sensitivity is thus managed by combined therapy. The development of drug resistance is a major issue with TMZ treatment. Some of the known mechanisms of drug resistance may include intrinsic genetic or epigenetic factors as well as extrinsic factors.



O6 -methylguanine-DNA methyltransferase (MGMT) counteracts the action of TMZ. It repairs damaged DNA by eliminating alkyl groups produced by the alkylating agents such as TMZ [23]. The level of MGMT expression can be related to TMZ resistance [24,25]. Contradicting results were also reported [26]. However, miR-29c suppresses MGMT expression, and its overexpression increased TMZ efficacy. Consequently, miR-29c was suggested as a potential therapeutic target for glioma treatment [27].



Another mechanism of resistance is the mutation or inactivation of the DNA mismatch repair (MMR) system which is involved in the processing of DNA damage induced by TMZ [28].



In addition, the effect of TMZ is quickly and efficiently repaired by the base excision repair (BER) system. Within this system, poly (ADP-ribose) polymerase1 (PARP-1) is involved in recognition of the DNA damage [29] and consequently its repair. PARP inhibition improves TMZ’s in vitro and in vivo cytotoxicity [30].



GBM treatment resistance can also be explained by the presence of cancer cells with stem-like properties. The glioma stem cells (GSCs) are found among the tumor cell population. [31].



Acquired chemoresistance is a consequence of genetic and epigenetic changes induced by TMZ in neoplastic cells. GBM cells after TMZ therapy exhibited a gene expression program that differs between sensitive and resistant cells. This involves transcription factors, mRNAs, miRNAs, and lncRNAs [32,33]. In addition, mutation in telomere maintenance and telomerase activity was also implicated [34].



TMZ was tried in combination with other drugs to treat GBMs. In combination with trans sodium crocetinate (TSC), a drug that enhances oxygen delivery, a small beneficial effect was noted [35]. Some beneficial effects were reported by combining of TMZ with the addition of tumor-treating fields (TTFields) [36].



Other studies combining TMZ with bevacizumab (inhibitor of the Sonic hedgehog pathway) reported no significant benefits [37]. The addition of veliparib (a PARP inhibitor) to TMZ was shown by many studies to improve the efficacy of TMZ in treatment of GBM [38,39,40,41,42].



Veliparib (VLP), on the other hand, is an experimental anticancer agent, which is in clinical trial for treatment of various human malignancies including brain cancer (Clintrial.gov: NCT03581292). This drug inhibits poly ADP ribose polymerase (PARP), an enzyme involved in DNA repair. It is assumed that cancer cells will be more dependent on PARP than sound cells. VLP has shown promising results in experimental models of the brain [38,43].



To obtain a better understanding which sound tissues can be affected by cytostatics and could lead, in the long term, to dysfunction or structural defects requires testing of these agents on normal healthy tissues. To date, no information has been published as to whether enamel formation is sensitive to TMZ/VLP. In humans, formation of teeth occurs in a restricted period from 6 weeks in utero to 20 to 22 years. In small rodents, the incisor teeth are continuously produced life-long to replace loss of enamel and dentin at the incisal end due to abrasion. This makes it possible to study tooth development and effects of chemotherapy on incisor growth in adult mice.



In the developing rodent incisor cell, proliferation occurs in the cervical loop epithelium cells, followed by differentiation into secretory and maturation ameloblasts that transport many ion types to form apatite crystals and buffer the enamel fluid, enabling intramembranous transporters to transport NKCC1. Enamel formation and mineralization also requires the presence of tight junctions (TJ) (structures containing claudins and acting as barriers between neighboring ameloblasts to pass ions intercellularly). Transcellular transport of Na+, Cl− and K+ by the non-ameloblast dental epithelium is regulated by Na+, K+ and 2Cl cotransporter 1 (NKCC1) and is essential for full completion of mineralization of enamel [44].



The aim of the present study is to examine the effect of TMZ/VLP on ameloblasts in continuously developing mouse incisors.




2. Materials and Methods


2.1. Experimental Animals and Tissues


For this analysis, we used tissue material collected from young adult mice 8-15 weeks old that were used in efficacy studies with TMZ and/or VLP against experimental glioblastoma [38]. Veliparib (ABT-888) was obtained from Selleck Chemicals and TMZ from TEVA Pharma. For the present study, (archival) blocks of paraffin- embedded heads of the same mice were used, all inbred Abcg2; Abcb1a/b knockout mice grafted with GBM652457 tumor cells injected into the brain. The experimental mice had been treated for 5 days with a mixture of TMZ 100 mg/kg/QD and VLP 10 mg/kg/BID, whereas vehicle-treated animals served as controls (summary in Table 1). Drug plasma and brain samples were analyzed by liquid chromatography/tandem mass spectrometry (LC/MS-MS) as described in detail in previous publications (see Lin et al., 2014 [38]).



The doses used are correlated to clinically relevant exposure. The aim of this study was to investigate the effects of normal-range therapeutic doses of these drugs on teeth development. Further studies may be needed to explore the effects of doses of very low or high toxicity.



Twelve to seventeen days after the last injection the animals were euthanized. Animals were humanely killed when reaching the endpoint [23]. Following the removal of the skin, the complete heads were immersed in ethanol; acetic acid; formalin (EAF) fixative. After decalcification in formic acid slices of about 3 mm were embedded in paraffin.



All experiments involving animals were approved by the local animal ethics committee (see [23]).




2.2. Processing of Tissues and Histology


All tissue blocks were processed into 5–7 µm-thick paraffin sections mounted on glass slides. Dewaxed sections were stained with 1% hematoxylin (1 min) and eosin (5 min) (HE) or used for immunohistochemical staining.




2.3. Immunohistochemistry


The paraffin sections were dewaxed in xylene, rehydrated in a descending series of ethanol concentrations, and rinsed in phosphate-buffered saline (PBS). Sections were subjected to antigen retrieval in 10mM citrate buffer (pH 6.0) either at 60 °C overnight or for 20 min in a microwave at 95 °C. Endogenous peroxidase was blocked with a peroxidase block solution (Envision kit, Dakocytomation, Glostrup, Denmark) for 5 min. Sections were washed three times in tris-buffered saline (TBS). Non-specific staining was blocked for 30 min with 2% BSA after which sections were incubated overnight at 4 °C with primary antibodies. These were (1) goat anti-NKCC1 (Santa Cruz, N-16, affinity purified, catalog number SC-21545), raised against the N-terminal end of human NKCC1. (2) rabbit anti-claudin-1 (Abcam, ab #15098) and (3) rabbit anti-Ki67 (Abcam, ab#15580; dilution 1:200–1:300) The Ki67 nuclear antigen is expressed in the cell cycle phases G1, S, G2 and M, but is absent in G0. It localizes to the perinucleolar region during G1. In (4), matched non-immune IgG (1:200–1:300) or normal serum (same concentration as primary antibodies) served as controls. After overnight incubation at 4 °C with primary antibodies, sections were washed three times in TBS and incubated with rabbit anti-goat secondary antibody conjugated to peroxidase (Thermo Scientific, 168 Third Avenue, Waltham, MA, USA 02451) or goat anti-rabbit (Envision kit) for 1 h at room temperature. After washing, staining was visualized using Diaminobenzidine (DAB; Envision kit) and counterstained with hematoxylin. Immunohistochemistry images were acquired with a Leica EL6000 or Axio Zoom V16 microscope. The evaluation of the sections was performed double blind to avoid any bias.





3. Results


Histological evaluation of sections of lower mouse jaws stained with hematoxylin- eosin (H&E) showed no difference in cell and tissue structure of secretory ameloblasts or odontoblasts between the control (Figure 1a) and experimental (Figure 1b) group. The layers of the inner dental epithelium in the cervical loop, and its differentiation into secretory ameloblasts, looked normal in both experimental and control groups. In the cervical loop of both groups dental epithelium cells were positive for cell proliferation marker Ki67 without clear differences (Figure 2a,b). However, in the experimental group, the position of the nuclei in some maturation stage ameloblasts was more central than basal (Figure 1d). No major changes were noted in the structure of dentine, odontoblasts or pulp after chemotherapy treatment (Figure 1a–d).



An intense signal for claudin-1 (a marker for tight junctions) was seen in the control group as a discrete brown-stained line in the distal parts (arrows in Figure 2c,e) and weaker intracellularly in the supranuclear part of maturation ameloblasts in the control group (Figure 2c,e). No such positive staining for claudin-1 in the distal part of maturation ameloblasts was noticed in mice that received chemotherapy (Figure 2d,f) but strong intracellular staining in groups of maturation ameloblasts (Figure 2d,f) was evident. Also, weak claudin-1 staining was noted in dental epithelium that was in contact with the maturation ameloblasts (Figure 2f).



In developing teeth of both experimental and control mice the membranes of the cells of the epithelial papillary layer (overlaying the ameloblast layer), but not ameloblasts, immunostained strongly for Na+:K+:2Cl− cotransporter (NKCC1) without a clear difference in distribution or intensity of staining. Interestingly, in salivary glands of the mice that received chemotherapy, NKCC1 staining in the basolateral membranes of the acinar cells was strongly reduced (Figure 3c,d).




4. Discussion


The aim of chemotherapy is to inhibit the proliferation of cancer cells by blocking DNA and/or protein synthesis in cancer cells. However, often the drugs lack specificity, and influence also the functioning of sound cells/tissues. When applied during childhood, chemotherapy can disrupt normal tissue development. In developing teeth this can result in irreversible changes in the structure and function of enamel or dentin.



Our data suggest that under the given conditions (dose, application and duration), which relate to those used in the treatment of children, TMZ/VLP has no gross effects on cell proliferation, differentiation into secretory ameloblasts or on NKCC1-mediated ion-transport by the overlaying (non-ameloblast) dental epithelium. In contrast, the protein expression of claudin-1 was seen in the distal parts of maturation ameloblasts in controls but was absent in the TMZ/VLP-treated mice. The major function of claudins is enabling selective passage of ions into, or from, the luminal space of transport epithelia (review Gong and Hou 2017) [45].



Claudin-1 is one of a family of 24 claudin isotypes specific for TJ in many ion-transport epithelia that act as physical barriers for most ion types but selectively enable some ion types to pass. In renal thick ascending loop of Henle complexes of claudin 10b or complexes of claudin-16 and claudin-19 form channels in tight junctions that differ in size, 3D structure and charge, and enable selective passage of ions through the intercellular space [45,46,47]. Claudin-10b, for example, forms Na+ channels and claudin-16 and -19 complexes form cation channels [46,47]. Ameloblasts express several claudin isoforms, most interestingly claudin-1, -3, -16 and -19 [48,49,50,51,52]. Absence of claudin-3, -16 and -19 in mouse null mutants has been associated with development of enamel defects [50,51,52]. Whether claudin-1 is also essential for amelogenesis is unknown. The absence of claudin-1 in distal membranes of maturation ameloblasts in TMZ/VLP-treated mice suggests an impaired or incomplete formation of tight junctions. These changes in claudin-1 could be associated with mineralization defects similar those reported for claudin-3, -16 and -19.



Uncontrolled passage of ions across the ameloblastic layer into forming enamel due to defects of TJ in ameloblasts can well influence pH and the levels of Na+, Cl−, Ca2+ and K+ in enamel fluid, which in turn delays or impairs enamel mineralization.



NKCC1 is an ion transporter for Na+, K+ and Cl− involved in water transport. It is not expressed in ameloblasts, but in other epithelial cells of the enamel organ. NKCC1 is also localized in the basolateral membranes of parotid acinar cells, but not in duct cells. Lack of functional NKCC1 (Nkcc1 null mice) results in a dramatic reduction (>60%) in the volume of saliva secreted in response to a muscarinic stimulus. In salivary glands, NKCC1 is required to transport ions and water enabling salivary flow [53]. In the present study, the NKCC1 staining in salivary cells was far less intense after chemotherapy in comparison to that in untreated control mice. It suggests that chemotherapy could reduce secretion of saliva, one of the reasons that patients often suffer from dry mouth after chemotherapy.



In NKCC1-deficient mice, enamel mineralization is reduced [53]. Why NKCC1 staining in dental (non-ameloblast) epithelium seemed unaffected by chemotherapy in contrast to salivary glands is unclear. The drugs may have reduced the production of NKCC1 protein in dental epithelium only slightly, an effect too small to be noticed by immunohistochemical staining.



For treatment of brain tumors, it is pertinent to mention that NKCC1 is also involved in transport across the blood–brain barrier, and that mutation of NKCC1 can result in dysfunction of the brain [54,55].



4.1. Mice as a Study Model


The incisors of small rodents produce enamel and dentin throughout their lifetime and produce a complete incisor in a relatively short time (5–6 weeks in mice). The complete life cycle of dental epithelium from proliferation in the cervical loop until differentiation into ameloblasts, formation of enamel, apoptosis and eruption of the mature enamel can be followed in a single histological sagitally-cut section. Disruptions of enamel formation can result in mineralization defects accumulating as lasting recordings. This makes the continuously erupting incisor of mice and rats an attractive model for testing cytostatic drugs on tissue development.




4.2. Chemotherapeutic Agents and Dental Development


Dental development is a complex adaptive system involving genetic, epigenetic and environmental factors [56]. These factors interact in networks over the long period of the progressive development of each tooth through the stages of initiation, morphogenesis, differentiation, and calcification [57]. The phenotypic outcome of disturbances in this process varies from congenitally missing or supernumerary teeth to very small or large teeth, to abnormally shaped teeth, and to defects of the mineralized tissues [58]. The findings of this study suggest that the environmental chemotherapeutic agents investigated here would probably interact in this complex developmental system to produce enamel mineralization defects when used in children and teenagers, since human dental development continues until 20 to 22 years of age.




4.3. Limitations of This Study


We assumed that the tissue in the control mice group (which also contains the tumor) was functioning normally and that the parotid gland and the incisor tissue were normal. The number of mice treated in this study was small, but even in this limited sample the abnormality was clearly visible. This study used materials obtained in a previous study. The enamel defects in Claudin-3-, -16-, -19-null mice and the presence of claudin-1 in ameloblast cells suggests that absence of ng claudin-1 in tight junctions is a possible cause of abnormalities in the enamel development. This possibility could not be excluded as additional control tissue of mice not injected with tumor cells control tissue was not available





5. Conclusions


We conclude that the use of chemotherapeutic agents (TMZ/Veliparib) in the treatment of brain tumors in children can affect the development of teeth and oral structures, even when they are given in the usual and recommended dosage. Children under such a regimen of cancer treatment should be followed up carefully and their teeth and oral tissues regularly examined, so that any necessary dental treatment can be provided at the optimum time, and side effects to be dealt with correspondingly.







Author Contributions


Conceptualization, S.A.-A., R.J., A.L.J.J.B., F.R.R. and J.R.-D.; Methodology, S.A.-A., R.J., A.L.J.J.B., and O.v.T.; Validation, S.A.-A., R.J., A.L.J.J.B., and O.v.T.; Formal analysis, S.A.-A., R.J., A.L.J.J.B., and O.v.T.; Investigation, S.A.-A., R.J., A.L.J.J.B., and O.v.T.; Resources, S.A-A., R.J., O.v.T. and J.R.-D.; Data curation, S.A.-A., R.J. and O.v.T.; Writing—original draft preparation, S.A.-A. and R.J.; Writing—review and editing, S.A.-A., R.J., A.L.J.J.B., O.v.T., J.R.-D., F.R.R. and A.H.B.; Supervision, F.R.R., J.R.-D., J.d.L., N.N. and A.H.B. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Mice were housed and handled according to institutional guidelines complying with Dutch legislation. All experiments with animals were approved by the animal experiment committee of the instituut [23].




Informed Consent Statement


Not applicable.




Data Availability Statement


Data can be found (2 locations): 1. Department of Oral Medicine, Academic Center for Dentistry, 1081 LA Amsterdam, The Netherlands; 2. Department of Clinical Chemistry/Preclinical Pharmacology, Antoni van Leeuwenhoek-The Netherlands Cancer Institute, 1066 CX Amsterdam, The Netherlands.




Acknowledgments


The authors thank O. van Tellingen (General Clinical Lab/Mouse Cancer Clinic, The Netherlands Cancer Institute, Amsterdam, The Netherlands) for providing the tissue slides of mice received Temozolamide and veliparib.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Toth, B.; Martin, J.W.; Fleming, T.J. Oral and dental care associated with cancer therapy. Cancer Bull. 1991, 43, 397–402. [Google Scholar]

	



Vasconcelos, N.P.S.; Caran, E.M.M.; Lee, M.L.; Lopes, N.N.F.; Weiler, R.M.J. Dental maturity assessment in children with acute lymphoblastic leukemia after cancer therapy. Forensic Sci. Int. 2009, 184, 10–14. [Google Scholar] [CrossRef] [PubMed]

	



Köstler, W.J.; Hejna, M.; Wenzel, C.; Zielinsk, C. Oral Mucositis Complicating Chemotherapy and/or Radiotherapy: Options for Prevention and Treatment. CA Cancer J. Clin. 2001, 51, 290–315. [Google Scholar] [CrossRef] [PubMed]

	



Kaste, S.C.; Hopkins, K.P.; Jones, D.; Crom, D.; Greenwald, C.A.; Santana, V.M. Dental abnormalities in children treated for acute lymphoblastic leukemia. Leukemia 1997, 11, 792–796. [Google Scholar] [CrossRef] [PubMed]

	



Goho, C. Chemoradiation therapy: Effect on dental development. Pediatric. Dent. 1993, 15, 6–11. [Google Scholar]

	



Dahllof, G.; Rozell, B.; Forsberg, C.M.; Borgstrom, B. Histologic changes in dental morphology induced by high dose chemotherapy and total body irradiation, Oral Surg. Oral Med. Oral. Pathol. 1994, 77, 56–60. [Google Scholar] [CrossRef]

	



Sonis, A.L.; Tarbell, N.; Valachovic, R.W.; Gelber, R.; Schwenn, M.; Sallan, S. Dentofacial development in long-term survivors of acute lymphoblastic leukaemia: A comparison of three treatment modalities. Cancer 1990, 66, 2645–2652. [Google Scholar] [CrossRef]

	



Minicucci, E.M.; Lopes, L.F.; Crocci, A.J. Dental abnormalities in children after chemotherapy treatment for acute lymphoid leukemia. Leukemia Res. 2003, 27, 45–50. [Google Scholar] [CrossRef]

	



Lopes, N.N.F.; Petrilli, A.S.; Caran, E.M.M.; Franc, C.M.; Chilvarquer, I.; Lederman, H. Dental abnormalities in children submitted to antineoplastic therapy. J. Dent. Child. 2006, 73, 140–146. [Google Scholar]

	



World Health Organization. Handbook for Reporting Results of Cancer Treatment; World Health Organization: Geneva, Switzerland, 1979. [Google Scholar]

	



Kenny, S.A. Effect of two oral care protocols on the incidence of stomatitis in hematology patients. Cancer Nurs. 1990, 13, 345–353. [Google Scholar] [CrossRef]

	



Petrelli, N.J.; Rustum, Y.M.; Bruckner, H.; Stablein, D. The Roswell Park Memorial Institute and Gastrointestinal Tumor Study Group phase III experience with the modulation of 5-fluorouracil by leucovorin in metastatic colorectal adenocarcinoma. Adv. Exp. Med. Biol. 1988, 244, 143–155. [Google Scholar] [PubMed]

	



Rosenberg, S.W.; Kolodney, H.; Wong, G.Y.; Murphy, M.L. Altered dental root development in long term survivors of pediatric acute lymphoblastic leukemia: A review of 17 cases. Cancer 1987, 59, 1640–1648. [Google Scholar] [CrossRef]

	



Purdell-Lewis, D.J.; Stalman, M.S.; Leeuw, J.A.; Humphrey, G.B.; Kalsbeck, H. Long term results of chemotherapy on the developing dentition: Caries risk and developmental aspects. Community Dent. Oral Epidemiol. 1988, 16, 68–71. [Google Scholar] [CrossRef] [PubMed]

	



Adatia, A.K. Response of dental elements to chemotherapy of Burkitt’s tumour. Int. Dent. J. 1968, 18, 646–654. [Google Scholar]

	



Brown, L.R.; Dreizen, S.; Handler, S.; Johnston, D.A. Effect of radiation- inducedxerostomia on human oral microflora. J. Dent. Res. 1975, 54, 740–750. [Google Scholar] [CrossRef] [PubMed]

	



Roesink, J.M.; Moerland, M.A.; Battermann, J.J.; Hordijk, G.J.; Terhaard, C.H. Quantitative dose-volume response analysis of changes in parotid glandfunction after radiotherapy in the head-and-neck region. Int. J. Radiat. Oncol. Biol. Phys. 2001, 51, 938–946. [Google Scholar] [CrossRef]

	



Kielbassa, A.M.; Hinkelbein, W.; Hellwig, E.; Meyer-Lückel, H. Radiation- related damage to dentition. Lancet Oncol. 2006, 7, 326–335. [Google Scholar] [CrossRef]

	



Villano, J.L.; Seery, T.E.; Bressler, L.R. Temozolomide in malignant gliomas: Current use and future targets. Cancer Chemother Pharmacol. 2009, 64, 647–655. [Google Scholar] [CrossRef]

	



Wesolowski, J.R.; Rajdev, P.; Mukherji, S.K. Temozolomide (Temodar). AJNR Am. J. Neuroradiol. 2010, 31, 1383–1384. [Google Scholar] [CrossRef]

	



Agarwala, S.S.; Kirkwood, J.M. Temozolomide, a novel alkylating agent with activity in the central nervous system, may improve the treatment of advanced metastatic melanoma. Oncologist 2000, 5, 144–151. [Google Scholar] [CrossRef]

	



Friedman, H.S.; Kerby, T.; Calvert, H. Temozolomide and treatment of malignant glioma. Clin. Cancer Res. 2000, 6, 2585–2597. [Google Scholar] [PubMed]

	



Marchesi, F.; Turriziani, M.; Tortorelli, G.; Avvisati, G.; Torino, F.; De Vecchis, L. Triazene compounds: Mechanism of action and related DNA repair systems. Pharmacol. Res. 2007, 56, 275–287. [Google Scholar] [CrossRef] [PubMed]

	



Thon, N.; Kreth, S.; Kreth, F.W. Personalized treatment strategies in glioblastoma: MGMT promoter methylation status. OncoTargets Ther. 2013, 6, 1363–1372. [Google Scholar] [CrossRef] [PubMed]

	



Parker, N.R.; Khong, P.; Parkinson, J.F.; Howell, V.M.; Wheeler, H.R. Molecular heterogeneity in glioblastoma: Potential clinical implications. Front. Oncol. 2015, 5, 55. [Google Scholar] [CrossRef] [PubMed]

	



Felsberg, J.; Thon, N.; Eigenbrod, S.; Hentschel, B.; Sabel, M.C.; Westphal, M.; Schackert, G.; Kreth, F.W.; Pietsch, T.; Löffler, M.; et al. German Glioma Network. Promoter methylation and expression of MGMT and the DNA mismatch repair genes MLH1, MSH2, MSH6 and PMS2 in paired primary and recurrent glioblastomas. Int. J. Cancer 2011, 129, 659–670. [Google Scholar] [CrossRef]

	



Xiao, S.; Yang, Z.; Qiu, X.; Lv, R.; Liu, J.; Wu, M.; Liao, Y.; Liu, Q. miR-29c contribute to glioma cells temozolomide sensitivity by targeting O6-methylguanine-DNA methyltransferases indirectly. Oncotarget 2016, 7, 50229–50237. [Google Scholar] [CrossRef]

	



Marton, E.; Giordan, E.; Siddi, F.; Curzi, C.; Canova, G.; Scarpa, B.; Guerriero, A.; Rossi, S.; D’ Avella, D.; Longatti, P.; et al. Over ten years overall survival in glioblastoma: A different disease? J. Neurol. Sci. 2020, 408, 116518. [Google Scholar] [CrossRef]

	



Dantzer, F.; Amé, J.C.; Schreiber, V.; Nakamura, J.; Ménissier-de Murcia, J.; de Murcia, G. Poly(ADP-ribose) polymerase-1 activation during DNA damage and repair. Methods Enzymol. 2006, 409, 493–510. [Google Scholar] [CrossRef]

	



Kinsella, T.J. Coordination of DNA mismatch repair and base excision repair processing of chemotherapy and radiation damage for targeting resistant cancers. Clin. Cancer Res. 2009, 15, 1853–1859. [Google Scholar] [CrossRef]

	



Abou-Antoun, T.J.; Hale, J.S.; Lathia, J.D.; Dombrowski, S.M. Brain Cancer Stem Cells in Adults and Children: Cell Biology and Therapeutic Implications. Neurotherapeutics 2017, 14, 372–384. [Google Scholar] [CrossRef] [PubMed]

	



Fritah, S.; Muller, A.; Jiang, W.; Mitra, R.; Sarmini, M.; Dieterle, M.; Golebiewska, A.; Ye, T.; Van Dyck, E.; Herold-Mende, C.; et al. Temozolomide-Induced RNA Interactome Uncovers Novel LncRNA Regulatory Loops in Glioblastoma. Cancers 2020, 12, 2583. [Google Scholar] [CrossRef] [PubMed]

	



Liu, S.; Mitra, R.; Zhao, M.-M.; Fan, W.; Eischen, C.M.; Yin, F.; Zhao, Z. The Potential Roles of Long Noncoding RNAs (lncRNA) in Glioblastoma Development. Mol. Cancer Ther. 2016, 15, 2977–2986. [Google Scholar] [CrossRef] [PubMed]

	



Cai, H.-Q.; Liu, A.-S.; Zhang, M.-J.; Liu, H.-J.; Meng, X.-L.; Qian, H.-P.; Wan, J.-H. Identifying Predictive Gene Expression and Signature Related to Temozolomide Sensitivity of Glioblastomas. Front. Oncol. 2020, 10, 669. [Google Scholar] [CrossRef] [PubMed]

	



Gainer, J.L.; Sheehan, J.P.; Larner, J.M.; Jones, D.R. Trans sodium crocetinate with temozolomide and radiation therapy for glioblastoma multiforme. J. Neurosurg. 2017, 126, 460–466. [Google Scholar] [CrossRef] [PubMed]

	



Stupp, R.; Taillibert, S.; Kanner, A.A.; Kesari, S.; Steinberg, D.M.; Toms, S.A.; Taylor, L.P.; Lieberman, F.; Silvani, A.; Fink, K.L.; et al. Maintenance therapy with tumor-treating fields plus temozolomide vs temozolomide alone for glioblastoma: A Randomized Clinical Trial. JAMA 2015, 314, 2535–2543. [Google Scholar] [CrossRef]

	



Gilbert, M.R.; Dignam, J.J.; Armstrong, T.S.; Wefel, J.S.; Blumenthal, D.T.; Vogelbaum, M.A.; Colman, H.; Chakravarti, A.; Pugh, S.; Won, M.; et al. A randomized trial of bevacizumab for newly diagnosed glioblastoma. N. Engl. J. Med. 2014, 370, 699–708. [Google Scholar] [CrossRef]

	



Lin, F.; De Gooijer, M.C.; Moreno Roig, E.; Buil, L.C.M.; Christner, S.M.; Beumer, J.H.; Wurdinger, T.; Beijnen, J.H.; Van Tellingen, O. ABCB1, ABCG2, and PTEN Determine the Response of Glioblastoma to Temozolomide and ABT-888 Therapy. Clin. Cancer Res. 2014, 20, 2703–2713. [Google Scholar] [CrossRef]

	



Pietanza, M.C.; Waqar, S.N.; Krug, L.M.; Dowlati, A.; Hann, C.L.; Chiappori, A.; Owonikoko, T.K.; Woo, K.M.; Cardnell, R.J.; Fujimoto, J.; et al. Randomized, double blind, phase ii study of temozolomide in combination with either veliparib or placebo in patients with relapsed sensitive or refractory small-cell lung cancer. J. Clin. Oncol. 2018, 36, 2386–2394. [Google Scholar] [CrossRef]

	



Gupta, S.K.; Mladek, A.C.; Carlson, B.L.; Boakye-Agyeman, F.; Bakken, K.K.; Kizilbash, S.H.; Schroeder, M.A.; Reid, J.; Sarkaria, J.N. Discordant in vitro and in vivo chemopotentiating effects of the PARP inhibitor veliparib in temozolomide sensitive versus -resistant glioblastoma multiforme xenografts. Clin. Cancer Res. 2014, 20, 3730–3741. [Google Scholar] [CrossRef]

	



Plummer, R.; Jones, C.; Middleton, M.; Wilson, R.; Evans, J.; Olsen, A.; Curtin, N.; Boddy, A.; McHugh, P.; Newell, D.; et al. Phase I study of the poly(ADP-ribose) polymerase inhibitor, AG014699, in combination with temozolomide in patients with advanced solid tumors. Clin. Cancer Res. 2008, 14, 7917–7923. [Google Scholar] [CrossRef]

	



Daniel, R.A.; Rozanska, A.L.; Mulligan, E.A.; Drew, Y.; Thomas, H.D.; Castelbuono, D.J.; Hostomsky, Z.; Plummer, E.R.; Tweddle, D.A.; Boddy, A.V.; et al. Central nervous system penetration and enhancement of temozolomide activity in childhood medulloblastoma models by poly(ADP-ribose) polymerase inhibitor AG-014699. Br. J. Cancer 2010, 103, 1588–1596. [Google Scholar] [PubMed]

	



Jue, T.R.; Nozue, K.; Lester, A.J.; Joshi, S.; Schroder, L.B.; Whittaker, S.P.; Nixdorf, S.; Rapkins, R.W.; Khasraw, M.; McDonald, K.L. Veliparib in combination with radiotherapy for the treatment of MGMT unmethylated glioblastoma. J. Transl Med. 2017, 15, 61. [Google Scholar] [CrossRef] [PubMed]

	



Jalali, R.; Lodder, J.C.; Zandieh-Doulabi, B.; Micha, D.; Melvin, J.E.; Catalan, M.A.; Mansvelder, H.D.; DenBesten, P.; Bronckers, A. The Role of Na:K:2Cl Cotransporter 1 (NKCC1/SLC12A2) in Dental Epithelium during Enamel Formation in Mice. Front. Physiol. 2017, 8, 924. [Google Scholar] [CrossRef] [PubMed]

	



Gong, Y.; Hou, J. Claudins in barrier and transport function. The kidney. Pflugers Arch. 2017, 469, 105–113. [Google Scholar] [CrossRef]

	



Milatza, S.; Krug, M.; Rosenthal, R.; Günzel, D.; Müller, D.; Schulzke, J.D.; Amasheh, S.; Fromm, M. Claudin-3 acts as a sealing component of the tight junction for ions of either charge and uncharged solutes. Biochimica et Biophysica Acta (BBA)-Biomembranes 2010, 1798, 2048–2057. [Google Scholar]

	



Milatza, S.; Breiderhoff, T. One gene, two paracellular ion channels claudin-1 in the kidney. Pflugers. Arch. 2017, 469, 115–121. [Google Scholar] [CrossRef]

	



Nishikawa, S.; Abe, M. Immunocytochemical localization of claudin-1 in the maturation ameloblasts of rat incisors. Front. Physiol. 2010, 1, 150. [Google Scholar] [CrossRef]

	



Inai, T.; Sengoku, A.; Hirose, E.; Iida, H.; Shibata, Y. Differential expression of the tight junction proteins, claudin-1, claudin-4, occludin, ZO-1, and PAR3, in the ameloblasts of rat upper incisors. Anat. Rec. Adv. Integr. Anat. Evol. Biol. Adv. Integr. Anat. Evol. Biol. 2008, 291, 577–585. [Google Scholar] [CrossRef]

	



Bardet, C.; Courson, F.; Wu, Y.; Khaddam, M.; Salmo, B.; Ribes, S.; Thumfart, J.; Yamaguti, P.M.; Rochefort, G.Y.; Figueres, M.-L.; et al. Claudin-16 deficiency impairs tight junction function in ameloblasts, leading to abnormal enamel formation. J. Bone Min. Res. 2016, 31, 498–513. [Google Scholar] [CrossRef]

	



Bardet, C.; Ribes, S.; Wu, Y.; Diallo, M.T.; Salmon, B.; Breiderhoff, T.; Houillier, P.; Müller, D.; Chaussain, C. Claudin loss-of-function disrupts tight Junctions and impairs amelogenesis. Front. Physiol. 2017, 8, 326. [Google Scholar]

	



Yamaguti, P.M.; Neves, F.A.; Hotton, D.; Bardet, C.; De La Dure-Molla, M.; Castro, L.C.; do Carmo Scher, M.; Barbosa, M.E.; Ditsch, C.; Fricain, C.-M.; et al. Amelogenesis imperfecta in familial hypomagnesaemia and hypercalciuria with nephrocalcinosis caused by CLDN19 gene mutations. J. Med. Genet. 2017, 54, 26–37. [Google Scholar] [CrossRef] [PubMed]

	



Evans, R.L.; Park, K.; Turner, R.J.; Watson, G.E.; Nguyen, H.V.; Dennett, M.R.; Hand, A.R.; Flagella, M.; Shull, G.E.; Melvin, J.E. Severe impairment of salivation in Na+/K+/2Cl- cotransporter (NKCC1)-deficient mice. J. Biol Chem. 2000, 275, 26720–26726. [Google Scholar] [CrossRef]

	



Zhang, J.; Pu, H.; Zhang, H.; Wei, Z.; Jiang, X.; Xu, M.; Zhang, L.; Zhang, W.; Liu, J.; Meng, H.; et al. Inhibition of Na +-K +-2Cl-cotransporter attenuates blood-brain-barrier disruption in a mouse model of traumatic brain injury. Neurochem. Int. 2017, 111, 23–31. [Google Scholar] [CrossRef] [PubMed]

	



Hladky, S.B.; Barrand, M.A. Fluid and ion transfer across the blood-brain and blood-cerebrospinal fluid barriers; a comparative account of mechanisms and roles. Fluids Barriers CNS 2016, 31, 13–19. [Google Scholar] [CrossRef] [PubMed]

	



Brook, A.H.; Brook O’Donnell, M.B. The dentition: A complex system demonstrating self-principles. In Proceedings of the 2011 IEEE Fifth International Conference on Self-Adaptive and Self Organising Systems, Ann Arbor, MI, USA, 3–7 October 2011. [Google Scholar]

	



Brook, A.H.; Brook O’Donnell, M.D.; Hone, A.; Hart, E.; Hughes, T.E.; Smith, R.N.; Townsend, G.C. General and craniofacial development are complex adaptive processes influenced by diversity. Aust. Dent. J. 2014, 59, 13–22. [Google Scholar] [CrossRef]

	



Brook, A.H.; Jernvall, J.; Smith, R.N.; Hughes, T.E.; Townsend, G.C. The Dentition: The outcomes of morphogenesis leading to variations of tooth number, size and shape. Aust. Dent. J. 2014, 59, 131–142. [Google Scholar] [CrossRef]








[image: Genes 13 01198 g001 550] 





Figure 1. H&E-stained section of developing mouse incisors. Cross sections containing secretory stage (a) and maturation stage ameloblasts (c) of a control mouse. Sections of secretory stage (b) and maturation stage ameloblasts (d) of an experimental mouse: PL, papillary layer; P, pulp; am, ameloblasts; D, dentin; E, enamel; b, bone; SI, stratum intermedium, Cl cervical loop. 
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Figure 2. Ki-67 (a,b) and Claudin-1 (c–f) immunostaining of ameloblasts from mandibular incisor in control (a,c,e) and experimental mice (b,d,f): PL, papillary layer; P, pulp; am, ameloblasts; D, dentin; E, enamel; b, bone; SI, stratum intermedium. Cl cervical loop. 
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Figure 3. NKCC1 immunostaining of cells of the papillary layer but not in ameloblasts (a,b). Basolateral staining for NKCC1 in salivary glands (c,d) was found in the control (a,c) but not after chemotherapy (d): PL, papillary layer; P, pulp; am, ameloblasts; D, dentin; E, enamel; b, bone; SI, stratum intermedium. 
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Table 1. Summary of the study set-up, animals, procedures and materials.
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	Group
	Tumor
	Number Mice and Sex
	Age of Mice at Start (Weeks)
	Dose per Day (iv) (One Injection/Day)
	Duration of Treatment (Days)





	Experimental
	Yes
	3 female
	8–15 weeks
	100 mg/kg TMZ + 25 mg/kg VLP
	5 days



	Control
	Yes
	2 female
	8–15 weeks
	Vehicle only
	5 days
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