Abstract

The molecular mechanism unraveling why a particular type of pediatric brain tumor (pBT) behaves so differently from child to child, or why genetic/epigenetic changes in the mitochondrial genome vary from tumor to tumor is not clearly understood. Despite that mitochondrial DNA (mtDNA) mutations in different types of pBT have been identified, the contribution of mitochondrial dysfunction-related genes or proteins that are selectively up- or down-regulated in pBT of different types has not yet been comprehensively examined. In the present study, we combined a 2-D Fluorescence Difference Gel Electrophoresys (DIGE) approach with the protein identification using Matrix Absorption Laser Desorption/Ionization-Time of Flight Mass Spectrometer (MALDI-TOF MS) and Liquid Chromatography Tandem-Mass Spectrometry (LC-MS/MS), coupled with mtDNA genomics to screen brain samples for discovering changes in protein expression, and mtDNA sequence variation and mtDNA copy number in the disease states. In the present study, we performed two-dimensional gel electrophoresis-based differential proteomic analysis of the brain tumors. One hundred and sixteen proteins were found to be up- or down-regulated in brain tumors. Some of the proteins that were found to be up-regulated in tumors were: dihydropyrimidinase-like 2; glial fibrillary acidic protein isoform 2; phosphoserine aminotransferase isoform 1;  Sirt2 histone deacetylase;  and C10orf2 protein, mitochondrial DNA helicase. Proteins that were found to be down-regulated in brain tumors were: heat shock protein 90kDa beta,  BiP;  guanine nucleotide binding protein (G protein), beta polypeptide 2-like 1, isoform CRA_d;  histone H2B.1; neurofilament, light polypeptide 68kDa; Annexin I;  and RAN. These differentially expressed proteins may provide useful information for developing molecular markers of diagnostic or prognostic value. To investigate further the role of mitochondrial dysfunction, we examined the effects of mtDNA copy number, oxidative damage, and mtDNA variants as independent or combined risk factors for the development of pBTs. Bayesian network and mechanistic hierarchical structure Markov Chain Monte Carlo (MCMC) modeling were used to analyze the relationship between these variables. The combined effects of G3196, 9952A, 10006G, 100398G, 
oxidative mtDNA damages and mtDNA copy number increased the probability of developing brain tumors in female individuals by 51 times more when compared to normal incidence of pediatric brain tumors. Comparison of  mechanistic structure models also supported the finding that female individuals who have the wild type allele G3196, variant allele 9952A, variant allele 10006G, variant allele10398A, and high mtDNA copy number increased probability of developing pediatric brain tumors. Estimation of nuclear genes controlling mitochondrial biogenesis and development of brain, cortical dysplasia, and the effect of the environment using MCMC method showed that these latent variables had a very significant contribution in the development of pediatric brain tumors. Together, these results suggest that mitochondrial genome and tumor proteome are important contributor to brain tumor risk in individuals, and the findings in this study may guide the prospects for targeting mitochondria for therapeutic treatment of childhood brain tumor. 

Introduction
Pediatric brain tumors (pBT), which may occur in the brain or the spinal cord, are the second most common malignancy among individuals 
less than 20 years of age and the most common solid tumor of childhood
. Approximately 3,200 pBTs are diagnosed each year in U.S. individuals under the age of 20, with roughly 800 of these classified as benign. The incidence of these tumors has been steadily increasing since the early 1980s (Gurney et al., 1999ab). We now know that not all pediatric brain tumors are developed with the same mechanism. The differing demographic profiles and heterogeneity within and between types of pBT suggests differing etiology and genetic/epigenetic alterations for these tumors (Kunkle et al., 2010, 2011). As fasr as we know, alterations in developmental pathways do not  account for a majority of pBTs. Few significant genetic changes in pBT have been established.  However, when taken as a whole, the collective alterations identified within some of the common pBTs does fit a model where environmental factors interacting with numerous genetic and epigenetic changes influence cellular proliferation and function to produce tumorigenesis (Kunkle et al., 2010, 2011, 2014). The risk factor(s) and potential molecular mechanisms responsible for the development of pBT are largely unknown. Given that the mitochondria plays a large part in brain development (Erecinska et al., 2004) and are abundant in brain tissue (Lerman-Sagie et al., 2005), their health is critical to the wellbeing of the pediatric brain.  The pediatric brain is at high risk of oxidative stress and very susceptible to free radical oxidative damage (Buonocore et al., 2001; Kunkle et al., 2010).  The electron transport chain (ETC) found in brain mitochondria can be impaired by both inherited and acquired mutations.  An impaired ETC leads to decreased ATP production, increased reactive oxygen species (ROS) formation, and altered calcium homeostasis.   While mtDNA is more vulnerable to oxidative damage by ROS, the fact that only a small percentage of its proteins are coded by mtDNA increases the chances that a mutation that affects mitochondrial function will occur in chromosomal DNA.  In fact, of over 3000 mitochondrial proteins, mtDNA only encodes (i) 13 subunits of respiratory chain complexes: seven subunits (ND 1–6 and 4L) of complex I, cytochrome b (Cyt b) of complex III, the COX I–III subunits of cytochrome oxidase or complex IV, ATPase 6 and 8 subunits of FOF1 ATP synthase; (ii) the 12S and 16S rRNA genes; and (iii) 22 tRNA genes.  The remainder of the proteins are encoded by nuclear DNA and imported into the mitochondria by chaperones.  Still, somatic mtDNA mutations have been linked to several cancers, and while their contribution to tumorigenesis has been debated, recent studies have concluded that mutant mitochondria directly contributes to tumorigenesis by preventing apoptosis (Ohta 2006).  Additionally, the fact that depletion of mtDNA encoded Oxidative Phosphorilation (OXPHOS) genes plays a role in tumor cell transformation supports the involvement of altered/depleted mtDNA in tumorigenesis (Kulawiec et al., 2008). Thus, mutations in mtDNA and nuclear DNA (nDNA) could affect cellular energy levels, increase oxidative stress, cause ROS-mediated damage to both the mitochondrial and nuclear genome, affect cellular growth and differentiation, and alter the cellular response to apoptosis ( Roy et al., 2007).  

The discovery of molecular susceptibility factors (mitochondrial and/or nuclear genes) for pBT has been complicated due to the intratumoral heterogeneity, varying growth, differentiation, apoptosis pathways, and cell density of pBT and a lack of consensus among brain tumor oncologists and neurologists on tumor phenotypes as a result of clinical overlap of above complex biological and molecular signatures between subtypes of different brain tumors (BT) in pediatric patients. For example, BTs from the same location in different patients may appear to be the same; however, their gowth and behavior, and the genetic/epigenetic changes driving them can be dramatically different, as well as different in response of patients to therapy. The molecular mechanism unraveling why a particular type of pBT behaves so differently from child to child, or mutations or genomic/epigenetic changes vary from tumor to tumor is not clearly understood. Despite that identification of mtDNA mutations in different types of pBT, the role of mtDNA instability and mitochondrial dysfunction in pediatric brain tumorigenesis has not been comprehensively examined. Further investigation is still required to reach a more comprehensive knowledge of the mitochondrial dysfunction-related genes or proteins that are selectively up- or down-regulated in pBT of different types. In the present study, we combined a 2-D DIGE approach with the protein identification using MALDI-TOF MS and LC-MS/MS, coupled with mtDNA genomics to screen 57 brain samples for discovering changes in protein expression, and mtDNA sequence variation and mtDNA copy number in the disease states. 
Materials and Methods
Collection of brain tissue from pediatric patients: Brain tissue samples from 48 pediatric non-neoplastic and neoplastic patients who have undergone brain resection surgery at the Miami Children’s Hospital, Miami, FL, during 2008-2009 were collected. Tissues obtained during surgical resection were immediately snap-frozen in liquid nitrogen and stored at -80°C. There were three epilepsy cases that were missing gender information. We conducted multivariate analysis to identify variables that predicts gender. We identified that SNPs G8251A and A4917G was the best predictor of gender and imputed that all three subjects are female. 
As references, eleven normal, non-epileptic, pediatric brain tissues were obtained from the National Institute of Child Health and Human Development (NICHD) Brain and Tissue Bank for Developmental Disorders at the University of Maryland, Baltimore, MD and stored at -80°C. This study was approved by the Institutional Review Boards of Miami Children’s Hospital and Florida International University.
2D-DIGE (two-dimensional difference in gel electrophoresis)

Protein lysates were precipitated with 100% methanol, and each sample was resuspended in 2D cell lysis buffer (30 mM Tris-HCl, pH 8.8, 7 M urea, 2 M thiourea and 4% CHAPS) (Felty 2010). The supernatant of each sample (30µg of protein) was labelled with CyDy2, Cy3 or Cy5 as described by Felty (2010). 
After loading the labeled samples to pH 3-10 linear IPG strips (GE Healthcare), the IEF was run for 12 hours rehydration at 20oC, followed by 500 V for 1000 VHr, 1000 V for 2000 VHr, and 8000 V for 24000 VHr.Next, the IPG strips were rinsed in SDS-gel running buffer before transferring into 12% SDS-gels (18 cm x 16 cm) followed by sealing with 0.5% Agarose (Bio-Rad) in SDS- polyacrylamide gel electrophoresis (SDS-PAGE) running buffer. The SDS-gels were run at 15oC until the dye front ran out of the gels. Gel images were scanned immediately following the SDS-PAGE using Typhoon TRIO (Amersham BioSciences). The scanned images were then analyzed by Image Quant software Version 6.0 (Amersham BioSciences), followed by in-gel analysis using DeCyder software Version 6.0 (Amersham BioSciences). The DeCyder spot detection algorithm calculated ratio (volume of a spot from the secondary image/volume of the corresponding spot from the primary image), and a threshold of 1.5 fold change was set.
Protein identification by mass spectrometry

Spot picking and Trypsin digestion: The spots of interest were picked up by Ettan Spot Picker (Amersham BioSciences) based on the in-gel analysis and spot picking design by DeCyder software. The gel spots were washed a few times then digested in-gel with modified porcine trypsin protease (Trypsin Gold, Promega). The digested tryptic peptides were desalted by Zip-tip C18 (Millipore), and peptides were eluted from the Zip-tip with 0.5µl of Matrix solution (Agilent Technologies) and spotted on the MALDI plate (model ABI 01-192-6-AB). MALDI-TOF (MS) and TOF/TOF (tandem MS/MS) were performed on an ABI 4700 mass spectrometer (Applied Biosystems). MALDI-TOF mass spectra were acquired in reflection positive ion mode, averaging 4300 laser shots per spectrum. TOF/TOF Tandem MS fragmentation spectra were acquired for each sample, averaging 4300 laser shots per fragmentation spectrum on each of the 10 most abundant ions present in each sample (excluding trypsin autolytic peptides and other known background ions). Both of the resulting peptide mass and the associated fragmentation spectra were submitted to GPS Explorer version 3.5 equipped with MASCOT search engine (Matrix Science) to search the database of National Center for Biotechnology Information non-redundant (NCBInr). The parameters were set at 800-4000 Da to create the “peak list.” Searches were performed without constraining protein molecular weight or isoelectric point, with variable carbamidomethylation of cysteine and oxidation of methionine residues, and with one missed cleavage allowed in the search parameters. Mass tolerance was set at 0.3 Da and 100 ppm. Candidates with either protein score confidence interval (C.I.) % or Ion C.I.% greater than 95 were considered significant.

DNA extraction: Freshly excised human brain tissue was stored in liquid nitrogen and frozen in -80°C until ready for processing. The frozen neuronal tissue was homogenized, while on ice, using a Janke and Kunkle TP-18-10 blade type homogenizer in which 1 ml of Trizol® was added. The homogenate was transferred to a 2.0-ml microcentrifuge tube. DNA was then isolated and purified via Phenol-Chloroform extraction. The precipitated DNA was pelleted and resuspended in1X TE buffer. The integrity of the DNA was verified following electrophoresis through 2% agarose gels.
Quantification of mtDNA copy number by real-time PCR: The relative mtDNA copy numbers were measured by quantitative real-time PCR (QPCR) and normalized by simultaneous quantification of nuclear gene - 18S rRNA as described by Luna et al., 2014. All samples were performed in duplicate and a non-template negative control was included in each reaction. Ct 
values were used as a measure of input copy number and the Ct value differences were used to quantify the mtDNA copy number relative to the  18S rRNA gene with the following equation:  Relative copy number= 2∆Ct, where ∆Ct is the Ct  18S rRNA – Ct ND1. We performed Grubbs' test (extreme studentized deviate) to determine values that were 3-fold higher than the upper limit of 95% CI, respectively, and these values were considered as signficant outliers from the rest of the values.
Quantification of oxidative damage to mtDNA by Quantitative PCR (PCR): Since the degree of oxidative mtDNA damage is reflected by an abundance of of 8-hydroxydeoxyguanosine (8-OHdG) formation in mtDNA, the content of 8-OHdG in mtDNA, an index for cellular oxidative damage, was determined by QPCR and presented as ∆Ct (Ayala-Torres et al. 2000). As described by Luna et al (2014), the amplification efficiency decreased after treatment of the DNA sample with hOGG1 that removes the 8-OHdG residue to form an abasic site. The content of 8-OHdG in the samples’ mtDNA was determined by treating the 200ng sample with 2 units of hOGG1 (New England Biolabs, M024S) at 37° C for 1 hour and 5 minutes to remove the 8-OHdG residue to form a basic site. The digested mtDNA were amplified by QPCR using the primers for ND 1 gene. The degree of oxidative mtDNA damage, mtDNA∆Ct, was defined as ∆Ct= Ct2 (hOGG1 treatment) – Ct1 (no hOGG1 treatment). Each analysis was performed in duplicate, and the mean value of ∆Ct was calculated for each sample. Hence, the larger the ∆Ct, the more abundant the 8-OHdG and more oxidative damage present in the sample. 
mtDNA genotyping: A total of 50ng of DNA was used in QPCR to amplify the mitochondrial genome with 19 primer sets designed by Bai et al. (2007) to include the mtDNA regions containing 10 reported mtDNA variations (SNPs). The mtDNA variations are distributed along the rRNA, tRNA, COIII, and ND3 regions of the mitochondrial genome. 
QPCR assays to amplify 19 regions of the mitochondrial genome were performed using Applied Biosystems 7300 System with a final volume of 25uL reaction mixture containing 50ng DNA template, 12.5uL SYBR Green PCR Master Mix (Qiagen), and 10mM of each primer. The QPCR conditions were set up as follows: hot start at 95° C for 10 minutes, followed by 40 cycles of 95°C for 15 seconds and 60°C for 1 minute. Two microliters of QPCR products were spotted on Hybond N+ membrane (GE).  The allele-specific oligonucleotide (ASO) probes for the mtDNA variants described in Bai et al., 2007 were labeled with Dioxigenin (DIG) (Roche, DIG Oligonucleotide 3'-End Labeling Kit). Both the variant and wild type controls for each ASO blot were included as controls. 
Determination of mtDNA haplogroup: Haplogroups - L, J, L0, L1, L2, L3, M, T, U, and X were investigated in DNA from both tumors and control brain samples based on the classification of SNPs described by Brenda et al., 2014 and the Mitomap database.

Analysis of Association between brain tumors epilepsy and mitochondrial Haplogroup, mt DNA copy number, oxidative damage and mtSNPS: Data were logarithmically transformed, because the original values of the relative mtDNA copy number and the content of 8-OHdG in mtDNA did not show normal distribution. The continuous variables between groups were compared using the Student’s t-test and Fisher’s exact test for comparisons of the frequency of dichotomous features. Pearson’s correlation test was used to test the relationship between mtDNA copy number and the content of 8-OHdG in mtDNA. Analysis was carried out using Fisher’s exact test for each individual mtSNP and haplogroup. 
Logistic regression was used to determine the adjusted odds ratio. Logistic regression was also used to explore if brain tumors were dependent on mtSNPs, haplogroups, level of mtDNA oxidative damage, and level of relative mtDNA copy number, model adjusted by age. Statistical analyses were performed using SPSS version 18.0 for Microsoft Windows. 
Analysis of the interaction of mtDNA copy number, oxidative mtDNA damage, and the mtSNPs with brain tumor status: We applied Bayesian Networks learning method to understand interactions between mtDNA variants, mtDNA copy number and mtDNA damages in female and male subjects. Interactions between mtDNA SNPs, mtDNA copy number and mtDNA damages were analyzed by ten independent two hour Banjo analyses on an Intel T9900 3.0GHz machine (Luna et al. 2014; Kunkle et al. 2013). Each simulation with random starts consisted of a total of 1×109 networks. Banjo scores each network using log of the BDe matric to assess the ability of Markov mtDNA SNPS to distinguish between control and brain tumor samples in our analysis, Genie, a software tool for analyzing Bayesian networks was used to predict the probability of developing brain tumors given certain expression states for its mtDNA SNPs network. This predicts key Markov causal mtDNA SNPs involved in the development of brain tumors. In Bayesian network analysis this is done by learning the parameters of a given DAG structure.
Probability of life time risk of developing pediatric brain tumor

To calculate the lifetime risk of developing pediatric brain tumor, we have used the following general formula:
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where G1, G2,…, Gn are expression level of selected variables, such as mtDNA copy number, mtDNA damages, mt DNA variants 3196, 9952, 10006 and 10398 from the Bayesian network with the highest BDe score and D represent whether a subject have brain tumor or not. We used the 2005-2007 Surveillance, Epidemiology and End Results (SEER) calculated lifetime probability of diagnosis of tumor  of the brain and other nervous system of 1 in 104 in normal children population, i.e., P(D) = 0.0001 (Howladar et al., 2010). 

Estimation of Latent Variable Effects and Model Comparison: We developed several plausible mechanistic hierarchical structure models of pediatric brain tumors based on prior knowledge and using observed variables – brain tumors, cortical dysplasia, mitochondrial oxidative DNA damage, G3196A, G9952A, A10006G A10398G, mtDNA copy Number, nuclear DNA encoded genes, C10orf2, DYPSL2, PSAT1 and GFAP,  and unobserved (latent) variables - nuclear DNA encoded subunits contolling mitochondrial biogenesis, nuclear DNA encoded neurodevelopmental genes, Oxidative Stress1, Oxidative Stress2, Defective mtDNA Encoded Subunits, Respiratory Chain Dysfunction1, Respiratory Chain Dysfunction2, and Environment Factors (Figure 1). We used MCMC method to learn the best parameters for the latent variables using Gibbs Sampling (Geman and Geman 1984). Initially, the missing cases were filled with random states sampled equally from a uniform distribution over two states (0, 1). This resulted in a complete data set. We iterated the following steps until a specified time runs out or a stopping condition (there is no change in the distribution) is met:

Step 1: Using the complete dataset, we updated the probability distribution of a model.

Step 2: For each missing value, condition on its parents’ values, we calculated the probability distribution of the missing value, i.e., Pr(Xi| Parents of Xi) where Xi represents a latent variable in the model. According to the distribution, randomly we selected a state for the missing value.
Step 3: Repeat Step 2, until we filled out all the missing values.

Step 4: Go to Step 1. 

After we got a complete dataset from Gibbs Sampling, we calculated the likelihood, P(D|S,K), where D is the complete dataset from Gibbs Sampling, S is a given model, and K is the prior knowledge, using the BDe matrics mentioned above. For example, we calculated the likelihood for the model of Figure 1 in the following way: 
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where T, CD, ANG,OS2, OS1, NDS, DES, RCD2, RCD1, MOD, G, A, CN, EF represent Brain Tumors, Cortical Dysplasia, Altered Neurodevelopmental genes Genes, Oxidative Stress2, Oxidative Stress1, Nuclear DNA encoded Subunits, Defective mtDNA Encoded Subunits, Respiratory Chain Dysfunction2, Respiratory Chain Dysfunction1, Mitochondrial Oxidative Damage, G3196A, G9952A, A10006G, A10398G, Copy Number, Environment Factors,  nuclear DNA encoded genes, C10orf2, DYPSL2, PSAT1 and GFAP, respectively and subscript i represents the i-th subject in the dataset. We calculated the posterior probabilities of relationships such as X →Y for any variables X and Y from the 12 structures using the following formula: 
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,where T is a set of all  structures.
Results
Demographics and clinical information

The demographic and pathology information of the 25 pediatric brain tumor patients (15 female and 10 males), the 11 disease free and the 14 non-tumor epileptic control samples are shown in Table 1. The age (mean ± S.E.) for female epilepsy patients was 8.9 ± 1.56 years (N = 14), for female non-epileptic control subjects was 9.73 ± 1.74 years (N =11), for male brain tumor patients 6.9 + 1.77 (n=10) and for female brain tumor patients 9.33 + 1.23 (n=15). 
Proteomic analyses of non-tumor and tumor brain specimens from pediatric patients: Representative images of 2-D DIGE analyses performed on 3 non-tumor and 3 tumor brain specimens from pediatric patients are shown in Figure 2.  Cell lysates were labeled with Cy2, Cy3 and Cy5; and the labeled samples were then combined for 2-D DIGE analysis. Three paired samples (a pair of non-tumor and tumor) were simultaneously separated on a single 2D gel, using IEF in the first dimension using a linear pH 3-10 IPG strip, followed by a 12% SDS-PAGE in the second dimension. An average of more than 2500 spots was detected in each pair group. One hundred and sixteen protein spots (116 proteins) were found to be up- or down-regulated in brain tumors (Table 2). ImageQuant software was used to generate overlay images which were subjected to DeCyder software analysis. The DeCyder spot detection algorithm calculated ratio (volume of a spot from the secondary image/volume of the corresponding spot from the primary image), and a threshold of 1.5 fold change was set. By using fold ≥ 1.5 as cutoff in the DeCyder analysis, a total of 116 well-resolved spots were selected. Those spots were circled and numbered in the large overlay gel images (Fig. 3) and summarized in Table 2. From the 116 protein up- regulated and down-regulated spots, 15 spots of interest were picked up by an Ettan Spot Picker based on the in-gel analysis and spot picking design by DeCyder software. Protein expression changes of the spots of interest were visualized by 3D imaging and integrated density (volume) was calculated for spots of interest (Table 2).

Identification of selected spots of interest: Protein identification was based on peptide fingerprint mass mapping and peptide fragmentation mapping. Tandem MS fragmentation spectra were acquired for each of the 10 most abundant ions present in each sample and submitted for the database search to identify proteins from the database of NCBInr. Candidates with either protein score confidence interval (C.I.) % or Ion C.I. % greater than 95 were considered significant. With these criteria, all 15 selected spots of interest were successfully identified (Table 3) and they were: heat shock protein 90kDa beta, member 1 ; a chaperone protein encoded by the HSP90B1 gene;  BiP protein ,  also known as 78 kDa glucose-regulated protein (GRP-78) or heat shock 70 kDa protein 5 (HSPA5) and is encoded by the HSPA5 gene ;  dihydropyrimidinase-like 2, encoded by the DPYSL2 gene; glial fibrillary acidic protein isoform 2, encoded by the GFAP gene; phosphoserine aminotransferase isoform 1, encded by the PSAT1 gene;  chain C of human Sirt2 histone deacetylase;  guanine nucleotide binding protein (G protein), beta polypeptide 2-like 1, isoform CRA_d; a variant of  the GNB2L1 gene;  chain L, Igg Fab Fragment (Cd25-Binding);  histone H2B.1; C10orf2 protein , mitochondrial DNA helicase; neurofilament, light polypeptide 68kDa, a component of the  axonal cytoskeleton and encoded by the NEFL gene; Annexin I;  RAN, member RAS oncogene family; and neurofilament medium polypeptide (NF-M); encoded by the NEFM gene . The identified proteins were classified with respect to their subcellular localization and functions in order to get an overview of the differences between control and tumor on the proteome. Relative expression of the identified proteins indicated differentially expressed proteins between control and tumors (Table 3). The following proteins were found to be up-regulated when compared to controls: dihydropyrimidinase-like 2; glial fibrillary acidic protein isoform 2; phosphoserine aminotransferase isoform 1; chain C of human Sirt2 histone deacetylase; and C10orf2 protein,  mtDNA helicase. The following proteins were found to be down-regulated when compared to the controls: heat shock protein 90kDa beta, member;  BiP protein;  guanine nucleotide binding protein (G protein), beta polypeptide 2-like 1, isoform CRA_d;  chain L, Igg Fab Fragment (Cd25-Binding);  histone H2B.1; neurofilament, light polypeptide 68kDa; Annexin I;  and RAN. 
Mitochondrial dysfunction: We investigated mitochondrial dysfunction in brain tissues from disease and control samples by measuring changes in the markers of mtDNA injury - mtDNA copy number, oxidative damage to mtDNA, and mtDNA mutation.
Increased mtDNA copy number in the brain tissues of children with brain tumors: We used QPCR to analyze the relative mtDNA copy number of the pediatric intractable epilepsy brain tissues (non-neoplastic) and non-epileptic control brain tissues after normalization of mitochondrial ND1 gene to a nuclear gene 18S rRNA. Table 4 shows the distribution of mtDNA copy number per cell in the brain tumor patients versus control subjects. The overall mean mtDNA copy number per cell in brain tissues of female brain tumor patients was 189.58 + 48.94 (64 to 285). The corresponding value in healthy control subjects was 23.9 (17 to 30), significantly different from patients with brain tumors (p <0.001). The ratio of ND1/ 18S rRNA in the intractable epileptic patients was 8-fold higher (p <0.01) than its ratio in the control group (mean ± SE 23.9 + 3.4). The ratio of ND1/ 18S rRNA in 9 out of fifteen brain tumor samples exceeded the upper limit of 95% CI of the controls, indicating that 60% of brain tumor patients had over-amplification of mtDNA. In summary, our present findings revealed a significantly higher mtDNA copy number in brain tumor patients as compared with the control group.
Higher oxidative mtDNA damages in the brain tissues of a small subset of brain tumor patients: The content of 8-hydroxydeoxyguanosine (8-OHdG) in mtDNA was measured as a marker of oxidative damage to mtDNA and oxidative stress by QPCR. The degree of oxidative mtDNA damage, mtDNA∆Ct, was determined as ∆Ct= Ct2 (hOGG1 treatment) – Ct1 (no hOGG1 treatment), thus, the larger the ∆Ct, the more abundant the 8-OHdG and more oxidative damage were considerd to be present in the samples. Table 4 shows the distribution of mtDNA damage in the brain tumor epilepsy patients and control subjects. The overall mean of mtDNA damage in brain tissues of control subjects was 4.52 + 0.64 (95% CI 3.46 to 5.571). The corresponding value in brain tumor patients was 3.50 + 0.8 (95% CI 1.9 to 5). However, this difference was not significant (p<0.32). Using the upper limit of 95% CI of mtDNA damage of the control subjects (4.52) patients as the cut off value, we found high oxidative mtDNA damage (7.1+ 0.59) in 27% of brain tumor  patients (P <0.05) (Table 4). In summary, our findings revealed a higher mtDNA copy number and oxidative mtDNA damage in a subset of brain tumor patients is comparable with control groups. 
Association between brain tumors and mitochondrial Haplogroup: The European (I and J), African (L and M), and Asian (M) haplogroups were found in both brain tumor patients and control subjects (Table 5). Control subjects had higher frequencies of the haplogroup M and U5 compared to female brain tumor patients. The European haplogroup (U5) was only found in mtDNA of healthy control subjects, but not in the female brain tumor patients. There was no association between any of the haplogroups and risk of developing brain tumors in female individuals when comparing with the controls, except haplogroup M. The 10398G genotype represents European haplogroup I, J, K and Asian-specific super haplogroup M (Table 5). This G allele is more frequent than the 10398A genotype in Asians and the frequency of G allele is smaller in Europeans. The frequencies of the 10398A (wild type) and 10398G (variant) genotypes were 74% and 26.6% (4/15) in female brain tumors and 0% and 100% in controls, respectively (Table 5). There was a positive correlation between the non-M haplogroup (10398A) and risk of brain tumors in female individuals (r = 0.917, P = 0.0001) (Table 6).
Association between mtDNA content and haplogroup: There was a positive correlation between the mtDNA variants, C100400T, T10010C, and A10044G and mtDNA copy number (r = 0.433, P = 0.019) in male tumor patients (Table 4). Similarly, there was a direct association of mtDNA copy numbers in female brain tumor patients with the mtDNA variants G3196AC and G9952A (Fig. 4). 
Gender differences in brain tumor susceptibility: We identified that SNPs G8251A and A4917G were the best predictors of gender (Figure 5). The mtDNA variants A1555G, G3196A, A4317G, A4917G, G9952A, T10010C, A10044G, A10398G, C10400T, and G13708A influenced the probability of developing brain tumors in male and female individuals (Fig. 5). We found a variation A to G at position10044 in mtDNA in both male and female brain tumor patients. The frequencies of the 10044A (wild type) and 10044G (variant) genotypes were 47 and 53% (8/15) in female and 50% and 50% in male brain tumor patients (Table 5). The combination of a wild type A10044 and a wild type G13708 (Hg-J) increased dramatically the probability of developing brain tumors (49% became 80%) in female patients (Fig. 5). This along with high mtDNA copy number increased the probability of developing brain tumors in female individuals from 49% to 61%. The combination of high mtDNA copy number, a wild type A10044 and a wild type G13708 (Hg-J) further increased the probability of developing brain tumors in female individuals to 88%. 

Identification of brain tumors-related mtDNA variants: For further identification of the specific mtDNA variants that may be implicated in the tumorigenic effects of mitochondrial haplogroup, we amplified mtDNA regions containing 10 reported mtDNA variations (SNPs). The mtDNA variations are distributed along the rRNA, tRNA, COIII and ND3 regions of the mitochondrial genome. We selected these mtDNA variations for the present study because they have been reported in patients with varying diseases (Luna et al., 2014). In the 12s RNA gene, The frequencies of the A1555 (wild type) and 1555G (variant) genotypes were 2/9 and 3/7 in male epileptic controls and cases, respectively, and were 4/10 (0/11) and 5/10 in female epileptic brain controls (healthy disease free controls) and female brain tumor patients, respectively. In the 16S rRNA gene, two variations were found at the 3196GA and 3197TC positions. The frequencies of the G3196 (wild type) and 3196A (variant) genotypes were 7/2 and 9/1 in male epileptic brain controls and male brain tumors, respectively, and were 11/3 (0/11) and 12/3 in female epileptic brain controls (healthy disease free controls) and female brain tumor patients, respectively (Table 5). The frequencies of the 3197T (wild type) and 3197C (variant) genotypes were 100% and 0% in both male and female brain tumor patients and  their respective epileptic brain controls, respectively. However, the frequencies of the 3197T (wild type) and 3197C (variant) genotypes were 0% and 100% in brain tissues of healthy female controls. The frequencies of the A4317 (wild type) and 4317G (variant) genotypes were 3/6 and  2/8 in male epileptic brain controls and male brain tumors, respectively, and  were 4/10 (11/0) and 5/10 in female epileptic brain controls (healthy disease free controls) and female brain tumor patients, respectively. The frequencies of the G9952 (wild type) and 9952A (variant) genotypes were 5/4 and  6/4 in male epileptic brain controls and male brain tumors, respectively, and  were 4/10 (11/0) and 6/9 in female epileptic brain controls (healthy disease free controls) and female brain tumor patients, respectively  (Table 5). The G9552A variant was not detected in non-disease controls. The presence of the variant in disease sample, but not in the controls supports previous observation that it is not inherited maternally and this is perhaps a point mutation. This point mutation is located in the gene for subunit III of COX and is predicted to result in the loss of the last 13 amino acids of the highly conserved C-terminal region of this subunit (Hanna et al. 1998). The frequencies of the 10006A (wild type) and 10006G (variant) genotypes were 6/3 and 9/1 in male epileptic brain controls and male brain tumors, respectively, and  were 0% and 100% in female epileptic brain controls (healthy disease free controls) and female brain tumor patients, respectively.  The frequencies of the 10010T (wild type) and 10010C (variant) genotypes were 5/4 and 5/5 in male epileptic brain controls and male brain tumors, respectively, and were 9/5(4/7) and 7/8 in female epileptic brain controls (healthy disease free controls) and female brain tumor patients, respectively.  The frequencies of the 10044A (wild type) and 10044G (variant) genotypes were 5/4 and 5/5 in male epileptic brain controls and male brain tumors, respectively, and were 9/5 and 7/7 in female epileptic brain controls and female brain tumor patients, respectively.  The frequencies of the 10398A (wild type) and 10398G (variant) genotypes were 8/1 and 8/2 in male epileptic brain controls and male brain tumors, respectively, and were 13/1(0/11) and 11/4 in female epileptic brain controls (healthy disease free controls) and female brain tumor patients, respectively.  
To assess the relation between mtSNPs, mtDNA copy number, mtDNA damage, cortical dysplasia, and brain tumor measurements, the pairwise correlation coefficient was calculated. The correlations were very high between individuals (r > 0.92). We used parametric analysis to find the degree of interaction between brain tumors status and variables. The following variables showed signficant correlations (p < 0.05) with brain tumors: A1555G, G3196A, T3197C, G4309A, A4317, GG9952A, A10006G, A10398G, CD status, and mitochondrial copy number. To find a causal association, we used Bayesian Network (BN) modelling to determine the interaction of mtDNA copy number, oxidative mtDNA damage, and the mtSNPs with brain tumors. Reverse engineering of 37 mitochondrial DNA SNPs, and other variables, such as age, gender, oxidative stress (mtDNA damage) and mtDNA copy number using Bayesian Network analysis produced a network for brain tumors, and ‘key mtDNA SNPs’ were identified. This was accomplished by identifying a set of Markov Blanket mtDNA SNPs. This allowed us to define a set of neighboring mtDNA SNPS that are sufficient to predict the probability of developing brain tumors. Eight different mtDNA SNPs A1555G, G3196A, T3197C, G4309A, A4317, GG9952A, A10006G, and A10398G found to be most influential in affecting the probability of developing brain tumors in female individuals (Fig. 5). The influence score, which represent the degree of interaction, showed stronger interation of mtDNA SNPs G3196A, T3197C A10398G with brain tumors in female individuals (Table 5). We examined the individual Markov blanket variable effect as well as joint effects of interaction between Markov Blanket variables on the probability of developing brain tumors. We found that mtDNA copy number and oxidative mtDNA damage were significantly associated with increased probability of developing brain tumors in female individuals. An increase in the mtDNA copy number resulted in a 13% higher probability of developing brain tumors (54% became 67%). The mtDNA copy number together with a variant G9952 resulted in a 32% higher probability of developing brain tumors (54% became 86%). Joint effects of a variant 10398A allele, a variant 10010C, allele, a variant 9952A, high mtDNA copy number and cortical dysplasia increased probability of developing intractable epilepsy from 54% to 98%.
Since the brain tumors we analyzed above consisted of many subtypes of tumors based on their cell type of origin and pathology, we further investigated the effects of mitochondrial dysfunction on a particular subtype of glioma. Gliomas are often grouped by histological grade (i.e. grades I-IV). We had five cases of the stage 1 astrocytoma, also called pilocytic astrocytoma, which ismost common glial tumors in individuals under 20 years 
of age than young adults. We observed that mtDNA variants, A1555G, G3196A, T3197C, G4309A, A4317G, G9952A, A10006G, T10010C,  and A10398G, cd, and mtDNA copy number are important contributors to  pilocytic astrocytoma risk (Figure 6).
Estimates of Latent Nuclear Genes, Defective Mitochondrial Functions and Environmental Effects on Brain Tumor Outcomes: The nuclear genes, defective mitochondrial functions, genetic and environmental variables contribute to the differences in brain tumor outcomes as defined by the mechanistic hierarchical structure MCMC model. The model follows a hierarchical form since multiple parameter measures 
and environmental contributions are constrained to follow expectations by inheritance of maternal mtSNPs. The relationship between the variables in the dataset were specified by the biochemical and molecular processes that were thought to be related to the brain tumors. Given the network structures based on the observed and unobserved variables, we estimated the conditional probability distribution of each variable from both the latent and real life dataset. From the probability distribution, we deduced the best model by MCMC sampling in hierarchical Bayesian calibration of brain tumor models. This was achieved by using Gibbs Sampling with Markov Chain Monte Carlo (MCMC) method, whereby the search space was iteratively reduced resulting in the required convergence within a reasonable computation time. The network structures were evaluated by Gibbs Sampling (Figure 1). Significance was evaluated for the the main effects of interaction of latent and measured variables on the probability of producing brain tumors where the null model (H0) is defined as: the mtDNA variants, copy number, mtDNA damge and their interaction had no effect on the conditional probability of developing brain tumors, versus the alternative model (H1) which is defined as: one or more of the mtDNA variants, copy number, mtDNA damge and/or their interaction had an effect on the conditional probability of developing brain tumors. Based on the log-likelihood, we reject the null hypotheis with p = 0.000135 and the model 4 shown in Fig. 1 was 8.2 x 105 times better than that of model 5 (null, H0) (Table 6). This model suggested that female individuals who have the variant allele 10398A, 10010 C allele and allele 9952A, and high mtDNA copy number drastically increased probability of developing brain tumors compared to those who had no effect on the conditional probability of developing brain tumors from the mtDNA variants, copy number, mtDNA damage and their interaction. To further validate our findings of our model, we conducted individual analysis of following paired variants (represented as X and Y) - Environment → mtDNA copy number, Environment -> brain tumors, mtDNA copy number → brain tumors, and using P(X →Y| D, K) from the structures, which also showed that environment, and mtDNA copy number had a very significant contribution in the development of brain tumors (Table 7). 
Discussion
The molecular variables that would explain why pediatric brain tumor (pBT) behaves so differently from child to child is not clearly understood. Recent studies suggest that mitochondria dysfunction directly contributes to tumorigenesis  (Ohta 2006).  The somatic mtDNA mutations have been linked to several human cancers, including childhood tumors (Kunkle et al., 2010).  Depletion of mtDNA encoded OXPHOS genes supports the involvement of mtDNA alterations and depletion in tumorigenesis (Kulawiec et al., 2008). Given that interaction between mitochochdrial and nuclear genomes is essential for normal cellular function, variations in the mitochondrial redox state could be of tremendous importance for the fate of the cell, and ROS signaling could have a central role in communication between mitochondria and the nucleus. In this study, we examined the role of mitochondrial dysfunction in pBT and control samples by measuring changes in the female brain tumor tumor proteome and markers of mtDNA injury - mtDNA copy number, oxidative damage to mtDNA, and mtDNA vaiants. 
Using a 2D-DIGE approach, a total of 116 well-resolved up-regulated and down-regulated spots were identified. A limitation of the 2D approach is that it may miss small molecular weight and less abundant proteins, which may include important transcription regulatory molecules. Therefore, spots of interest were not chosen entirely on dramatic fold differences between treatments. From the 116 spots, we selected 15 spots for further protein identification analysis. The MALDI-TOF MS and LC-MS/MS analyses identified 14 of the 15 spots of interest with high confidence protein score C.I. that was greater than 99% (Table 2). Of the identified proteins in brain tumors, ANXA1, dihydropyrimidinase-like 2 (DPYSL2); glial fibrillary acidic protein isoform 2 (GFAP2); phosphoserine aminotransferase isoform 1 (PSAT1); NF-L;  NF-M, and C10orf2  are of particular interest because they are associated with regulating mitochondria, and brain damage and brain development (El-Hattab et al., 2013).To our knowledge, upregulation of C10ORF2, DPYSL2,  and PSAT1 associated with pediatric brain tumors has not been reported previously.The c10orf2 encodes mtDNA helicase , which works together with mtDNA polymerase gamma  in mtDNA replication. This protein is also important for mitochondrial DNA maintenance. Mutations in C10orf2 gene are associated with mtDNA depletion and several mitochondrial disorders-related neurological diseases (El-Hattab et al., 2013). Increased expression of this protein may explain the increased mtDNA copy number in brain tumor samples observed in this study. DPYSL2 is an isoform of dihydropyrimidinase-like proteins (DPYSLs) family of neurodevelopmental proteins. DPYSL2 plays an important role in neuronal development and polarity, as well as in axon growth and guidance, neuronal growth cone collapse and cell migration.  It has also been shown to play a role in multiple neurological disorders 
(Hashimoto et al. 2013). DPYSL2 is a redox sensitive mediator of the semaphorin-plexin signaling pathway and, through phosphorylation, DPYSL2 is also involved in pathways that regulate the proliferation of  cancer  cells. Hyperphosphorylation of DPYSL2 has been reported to occur in  tumors (Hashimoto  et al., 2013;  Tahimic et al., 2006). Although the role of DPYSL2 in BTs is not clear, based on its role in other tumors upregulation of DPYSL2 protein expression in BTs as observed previously suggest oncogenic activity of DPYSL2. It is known that PSAT1 is part of the serine biosynthetic process (Hart et al., 2007) and its aberrant expression has been reported in colon cancer ( Vie et al., 2008) and ovarian cancer (Toyama et al., 2012), yet its role as an oncogene remains to be fully elucidated. The serine biosynthesis pathway which converts the glycolytic intermediate 3-phosphoglycerate into serine has been recently implicated in cancer (Neil et al., 2012, Amelio et al., 2014). PSAT1 uses 3-phosphohydroxypyruvate to convert glutamate to α-ketoglutarate, which is an anaplerotic intermediate that refuels the TCA cycle and sustains cancer metabolism.  Serine is an amino acid and an important neurotransmitter but can also provide fuel for the synthesis of other amino acids and nucleotides. The serine biosynthesis pathway also provides another key metabolic intermediate, a-KG, from glutamate breakdown via the action of phosphoserine aminotransferase (PSAT1). This pathway couples glycolysis (via 3-phosphoglycerate) with glutaminolysis (via glutamate), thereby linking two metabolic pathways known to be involved in many cancers. Based on these findings, overexpression of PSAT1 may be contributing brain tumor metabolism. SIRT2 has been implicated to regulate mitochondrial trafficking (Guedes-Dias et al., 2013). Activation of SIRT2 promotes toxic effects, where as inhibition of SIRT2 inhibition modulates neuronal physiology, and plays a neuroprotective role in mitochondrial dysfunction associated diseases, such as PD and HD 
(Guedes-Dias et al., 2013). A member of the calcium-dependent phospholipid-binding protein family, ANXA1 with well-described anti-inflammatory properties in the peripheral system and is known to be associated with various cancers, was down regulated in our study (Garcia Pedrero et al., 2004). ANXA1 has been detected in the central nervous system and is constitutively expressed in brain glia cells, but its functions are still unclear (McArthur et al., 2010.). The suppression of Annexin A1 (ANXA1) observed in our study may presumably through regulate  the differentiation, apoptosis and phagocytosis processes may play a role in  BT development and progression. Three intermediate filament (IF) proteins, human glial fibrillary acidic protein (GFAP), medium molecular weight (160 kDa) neurofilament  (NF-M) and low molecular weight (68 kDa) neurofilament (NF-L) were differentially expressed in brain tumors in our study.  Both GFAP and NF-M were up-regulated, where as NF-L was down-regulated.  Recently, the overexpression of NFEL and GFAP has been reported in pediatric ependymoma (Barton et al., 2010, Andreiuolo et al., 2010; Hagel et al., 2013). GFAP is a brain injury as well as a glioma marker in individuals (Bodey et al., 1991, Shahim  et al., 2013). The predominance of neuronal markers in brain tumors, particularly NEFL, may be related to the different behavior of brain tumors, as it has been shown that a proneural molecular signature is associated with better prognosis in high-grade gliomas (Phillips et al., 2006, Varlet et al., 2004). The differential expression of these cytoskeletal IF proteins in childhood tumors may reflect a different stages/subtypes of brain tumor. Based on these findings, we postulate that these differentially expressed proteins may provide useful information for developing molecular markers of diagnostic or prognostic value of childhood brain tumors. 


To investigate further the role of mitochondrial dysfunction, we investigated the role of mt DNA copy number, oxidative damage to mtDNA, and mtDNA variants as independent or combined risk factors for the development of pBTs. Bayesian network and mechanistic hierarchical structure Markov Chain Monte Carlo (MCMC) modeling were used to analyze the relationship between these variables. We observed that the combined effects of mtDNA variants G3196A, G9952A, A10006G, and A100398G, and mtDNA copy number strongly modulated the probability of developing brain tumors in female individuals when compared to normal incidence of pediatric brain tumors. Comparing the mechanistic structure models also supported the finding that female individuals who have the variant allele 9952A, variant allele10398A, and high mtDNA copy number increased probability of developing pediatric brain tumors. Estimation of nuclear genes controlling mitochondrial biogenesis and development of brain, cortical dysplasia, and the effect of the environment using MCMC method showed that these latent variables had a very significant contribution in the development of pediatric brain tumors. Thus, our study produced several major novel findings, including identification of important proteins that contributed to the development of pBT, a key set of mitochondrial DNA single nucleotide polymorphisms that are highly associated with brain tumors, and identification of several key signature mitochondrial injury markers that are important to the development of brain tumors. These findings suggest that mitochondrial genome and tumor proteome play a significant role in the pathogenesis of brain tumor in children. The results of this study may guide the prospects for targeting mitochondria for therapeutic treatment of childhood brain tumor.  This study not only identified key important molecular determinants, it also proposes a new paradigm which may explain the pathway critical to the development of pediatric brain tumor that merits future validation of these our findings in a cohort population of a particular subtype of brain tumor with a bigger sample size to understand the exact role of mtDNA defects in childhood brain tumors. 
The role of mtDNA variants in mitochondrial injury and the pathogenesis of pediatric brain tumors are not well understood. The D-loop region of mitochondria is a region important for replication and mt nucleoid organization found mutated in many cancers.  Several BTs, including meningiomas, schwannomas, gliomatosis cerebri, neurofibroma, astrocytoma and GBMs have been shown to have mitochondrial genome instability in the hypervariable regions of the D-loop.  Mytochondrial DNA mutations have been identified in GBM patient tumors (Kirches et al., 2001). Somatic mtDNA mutations of this region have been found in tumors of NF1, a familial disease that predisposes the subject to development of pilocytic astrocytoma (Kurtz et al., 2004).  Astrocytic tumors themselves, in fact contain mutations in this region, as a recent study of 42 cases of malignant astrocytomas (39 GBMs, two anaplastic astrocytomas, and one anaplastic oligoastrocytoma) showed alterations in 36% of the cases in the D-loop region, including 16 different somatic alterations [three in the hypervariable 1 region (HV1) and thirteen in the D310 region] (Montanini et al., 2005).  This frequency is comparable to other reports of mtDNA instability in malignant gliomas (Kirches et al., 1999, Vega et al., 2004).  Furthermore, somatic mtDNA mutations have been observed in a series of chemically induced and spontaneous mouse brain tumors in regions that correspond to the hypervariable regions of human mtDNA, though they do not appear to alter the amino acid sequence, which may not affect disease status (Kiebish et al., 2005).  Studies have also found mitochondrial mutations in other regions of the mitochondria as well.  In our study, we found a mutation 9952 G>A in 33% (5/15) of brain tumor patients, which has been reported as pathogenic in a patient (Hanna et al. 1998). This point mutation is located in 3’ end of the gene for the subunit of COIII and is thought to result in the loss of the last 13 amino acids of the C-terminal region of this subunit. The mtDNA variant 9952A, which code for COIII, was found in higher frequencies in the intractable epilepsy patients. The G9552A variant was not detected in non-disease controls. It is believed that the majority of the ROS are generated by complexes III, likely due to the release of electrons by NADH and FADH into the ETC. Estimation of nuclear genes controlling mitochondrial biogenesis, cortical dysplasia and the effect of the environment using MCMC method showed that these latent variables had a very significant contributor to the development of brain tumors.  Brain tumor patients also showed signficant correlations with the following mtDNA SNPs: A1555G, G3196A, T3197C, A10006G, and A10398G. Comparision of mechanistic structure models suggested that female individuals who have the wild type allele 10398A, which codes for ND3, and variant allele 9952A have increased probability of developing brain tumors. Our results suggest that both COX III and ND3 are important factors in the development of brain tumors. The explanation for the pathological mechanism of the 10398 polymorphism is that the 10398A allele may cause a greater ROS production than 10398G. Complex I and III normally produces ROS during cellular activity; however, when these complexes are compromised or inhibited, generation of ROS is enhanced, leading to oxidative stress (Felty and Roy 2005). Macromolecules, lipids, proteins, and mtDNA within target tissue are particularly susceptible to oxidative damage by ROS. Excessive oxidative stress over time may be one of the mechanisms that contribute to the developmental of brain tumors. These data suggest that mitochondrial genetics play a significant role in the pathogenesis of brain tumors in individuals. However, these results highlight the difficulty in determining the pathogenicity of an mtDNA mutation and mtDNA variants because it is identified only in a small sample size of patients. Therefore, we suggest that a bigger sample size should be screened before the pathogenic nature of an mtDNA mutation can be verified in childhood brain tumors.
There are many studies that have addressed the change in mtDNA copy number as a marker of mitochondrial injury and cancer (Kunkle et al., 2010, 2011). Recently the importance of mtDNA to the establishment and maintenance of glioblastoma has been demonstrated by showing modulation of mtDNA copy number by increased mtDNA depletion reduces the frequency of tumor formation (Dickinson et al., 2013). We also observed pBT patients have significantly higher mtDNA copy number than controls. It is unclear how copy number of mtDNA and the abundance of mitochondria are regulated under different physiological and developmental conditions. The increase in mtDNA copy number observed in intractable pediatric tumor patients may be as a result of compensatory responses for defective mitochondria bearing impaired respiratory chain or mutated mtDNA. The increased mitochondrial copy number observed in this study may be an influence of phenotypic expression or a compensatory response to mitochondrial injury. In humans, 100-10,000 separate copies of mtDNA are usually present per cell. Mytochondrial DNA copy numbers can be modulated when physiological conditions are changed. Increase in mtDNA copy number has been found in other human cancers. Alterations in intracellular level of ROS are associated with changes in mitochondrial abundance, mtDNA copy number, and the expression of respiratory genes. Persistent oxidative stress in mitochondria not only contributes to the somatic mtDNA mutations but also alter mtDNA replication rate, leading to an overall decline in the mitochondrial respiratory function. Mytochondrial DNA copy number may be modulated according to the energy needs of the cell. Changes in mtDNA copy number in response to exercise and hormone treatment have been observed (Lee and Wei 2005; Roy et al. 2007). Treatment of human cells with H2O2 and buthionine suphoximine, which deplete intracellular glutathione, an anti-oxidant, induces an increase in mtDNA copy number and mitochondrial mass (Lee et al. 2000). Gamma-irradiated mice show an increase in relative mtDNA copy number in brain and spleen tissues, suggesting that the major mechanisms for maintenance of the mitochondrial genome is the induction of synthesis of new mtDNA copies as the repair systems in the mitochondria function at a low level efficiency (Malakhova, et al. 2005). Based on these findings it appears that mtDNA copy number and oxidative stress may contribute to the increased probability of developing brain tumors. Understanding the molecular mechanism of alterations in mtDNA copy number is important for the development of novel drugs to prevent and treat childhood brain tumors.
The molecular mechanisms of mitochondrial dysfunction responsible for the development of pediatric brain tumors are not fully understood. Given that mutations in mtDNA have been reported in most cancers (Modica-Napolitano et al., 2002), it appears important to consider their effect on tumorigenesis.  A key argument in cancer initiation to date, however, has been ‘what comes first, mitochondrial dysfunction or tumor formation?’  Until recently, most reports have suggested that mitochondrial dysfunction occurs after tumor formation.  However, research in 2000 and 2001 showing that inherited and sporadic cases of brain tumors (paraganglioma and pheochromocytoma) are caused by mutation of succinate dehydrogenase, a mitochondrial-specific protein of the Krebs cycle, provided support to the idea that mitochondria may control tumorigenesis.  Subsequently, mutations in another mitochondrial Krebs cycle protein, fumarase, was associated with the development of uterine fibroids, skin leiomyomata and renal cell cancer.  Though the specific mechanisms for tumor formation in these instances are yet to be determined, it has been suggested that accumulation of these proteins in the mitochondria could lead to a decrease in the ROS-scavenging activity of the respiratory chain, causing excess superoxide and tumor initiation (Rustin 2002).  Importantly, it appears that mutations in either the mitochondrial or nuclear genomes could lead to tumorigenesis, as alterations in both genomes have been shown to lead to mitochondrial diseases (Enns and Criddle, 1977, Larsson and Luft, 1999).   Alterations in the epigenome of both the nucleus and mitochondria may also play a role in tumorigenesis, as recent research demonstrating that depletion of mtDNA can regulate epigenetic modification in the nucleus suggests (Smiraglia et al., 2008).  These tumorigenic scenarios described above fit well with a model where both cell death and proliferation are in large part controlled by the functioning state of the mitochondria.  Importantly, research showing that mtDNA-depleted cells increased antioxidant levels (MnSOD) and resisted apoptosis, even in an elevated ROS environment, suggest that mitochondrial apoptosis pathways may often be blocked, even in dysregulated mitochondria, allowing for cellular transformation to occur (Park et al., 2004).  Mitochondrial function is compromised as a result of oxidative stress. Oxidative stress causes excess ROS production resulting in further oxidative damage, because the increase of ROS production from a defective respiratory chain plays a role in the increase of mitochondrial content. The increase of mtDNA copy number is also dependent on the level of oxidative stress, the capacity of intracellular antioxidant system, the quality of mitochondria and mtDNA. Another consequence of the oxidative stress is that damage to the mtDNA. The increase in mtDNA replication, as a response to oxidative damage, provides a propagation of mtDNA that has not been damaged by oxidative stress. The resulting mtDNA copies do not contain the damage (DNA adducts), presenting an overall lower oxidative mtDNA damage. Thus, the increase in undamaged mtDNA dilutes the presence of damage mtDNA.  Oxidative damage induces an increase in mitochondria and mtDNA to compensate for the decline in the function of mitochondrial respiration (Shen et al. 2008). In parallel, ROS act as a second messenger to trigger the expression of nuclear respiratory factors and mitochondrial transcription factor to induce mitochondrial biogenesis and mitochondrial proliferation (Felty and Roy, 2005). Oxidative stress stimulates mitochondrial proliferation to meet the energy needs for cell survival including repair of damage and synthesis of new proteins. ROS resulting from persistent oxidative stress also interact with signaling molecules to regulate cell cycle gene expression (Okoh et al. 2011), which may contribute to abnormal proliferative growth of neurons and non-neuronal cells leading to brain lesions. 
The strength of this study is the direct measurements of relative mtDNA copy number, oxidative mtDNA damage, and genotyping for mtSNPs from the lesioned brain tissues resected from the pediatric brain tumor patients. A major limitation of this study is the small sample size. However, results from this study provide the foundation for proper determination of sample size in pediatric intractable epileptics, such as the frequency of mtSNPs in pediatric epilepsy patients, and the mean and standard deviation for further research regarding measurement of oxidative mtDNA damage.  In order to better explore the oxidative mtDNA damage, mtDNA copy number, and mtSNPs in children with intractable epilepsy a bigger sample size from a multi-facility (and institution) study is needed. Findings from this study raise the possibility that inhibition of mitochondrial dysfunction may play a role in successful treatment of intractable epilepsy. 
In conclusion, the data reported here show that mitochondrial integrity controlled by both mitochondrial and nuclear genomes, mtDNA variants and mtDNA copy number are important contributors to pediatric brain tumor risk. The implication of these results can be far-reaching, taking into account the important role of the mitochondria in the celluar function of tumor cells and in the pathogenesis of brain tumors. However, further validation of these findings in a cohort population of patients with a particular type of brain tumor with a bigger sample size to understand the exact role of dysregulation of interaction between mitochochdrial and nuclear genomes in pediatric brain tumors may lay the ground for the development of new therapies. 
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Legends
Figure 1: Mechanistic hierarchical structure models of pediatric brain tumors. 
These models are based on prior knowledge and using observed variables.
Figure 2: A proteomic approach for brain tumors showing differentially expressed proteins.
A. Representativ image of cellular proteins from 3 paired brain tumors and control brain samples analyzed  by 2D-DIGE. Each sample was labeled with CyDye DIGE fluors. Three samples were simultaneously separated on a single 2D gel, using IEF in the first dimension using a linear pH 3-10 IPG strip, followed by a 12% SDS-PAGE in the second dimension. After electrophoresis, the gel was scanned using a Typhoon image scanner. ImageQuant software was used to generate the image presentation data:  Control (green) and Tumor (red).

B. The expression pattern in DIGE images based on the gel images of the overlapping image generated by overlaying images of 3 paired control and

brain tumor  samples. 
Upper panel: The intensity of greenness and redness is indicative of expression of the protein. Tumor cases are tagged with Cy5 (Red) and control  samples are tagged with Cy3 (Green). The overlap image,  greenish tinge  indicates that particular protein is under-expressed in brain tumor and the reddish tinge indicates its over-expression in tumor samples. The spots in yellow indicates no change in  the expression, irrespective of the sample type.
Lower Panel: Enlarged gel image from overlay of 3 paired  samples. ImageQuant software was used to generate overlay images which were subjected to DeCyder software analysis Version 6.0. The DeCyder spot detection algorithm calculated ratio (volume of a spot from the secondary image/volume of the corresponding spot from the primary image), and a threshold of 1.5 fold change was set. By using fold ≥ 1.5 as cutoff in the DeCyder analysis, a total of 96 well-resolved spots were selected. Those spots were circled and numbered in the large overlay gel images. (A) Gel image from overlay of Control (Green) and PCB153 (Red). (B) Gel image from overlay of Control (Green) and Estradiol (Red). (C) Gel image from overlay of PCB153 (Green) and Estradiol (Red).
Figure 3: Baysian network analysis of association between pediatric brain tumors, and mt DNA variants, cortical dysplasia, oxidative mtDNA damage and relative mtDNA copy number in female children.

Figure 4: Baysian network analysis of interaction between mt DNA variants, cortical dysplasia, oxidative mtDNA damage and relative mtDNA copy number in both male and female gender pediatric brain tumor  patients. 
Figure 5 Baysian network analysis of association between pediatric pilocytic astrocytoma, and mt DNA variants, oxidative mtDNA damage and relative mtDNA copy number in female children.

�Are these some of the proteins mentioned above (up or down-regulated)?


�I’m unsure if the writer meant to say “less than 2 years of age.” If not, individuals might be a better word to describe people under 20. 


�If in fact it was meant to say “20 years of age”, I would consider defining what age range is considered childhood. 


�I’m unsure what Ct values are


�People that are between the ages of 13-19 are deemed teenagers or adolescents. 


�I’m very confused as to what this portion of the sentence meant. Did you mean parameters that change with time?


�Neurological disroders like which one? I think it would be interesting to know


�I tried looking up what PD and HD was but I didn’t get anything. If possible, please spell it out.
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