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Abstract

The human mitochondrial genome has an exclusively maternal mode of inheritance. Mitochondrial DNA (mtDNA) is particularly vulnerable to environmental insults due in part to an underdeveloped DNA repair system. Radiation exposure to the ovaries may cause mtDNA mutations in oocytes, which may in turn be transmitted to offspring.  We hypothesized that the children of female cancer survivors who received radiation therapy may have an increased rate of mtDNA heteroplasmy mutations, which conceivably could increase their risk of developing cancer and other diseases.  We evaluated 44 DNA blood samples from 17 Danish and 1 Finnish families (18 mothers and 26 children).  All mothers had been treated for cancer as children and radiation doses to their ovaries were determined based on medical records and computational models.  DNA samples were sequenced for the entire mitochondrial genome using the Illumina GAII system. Mother’s age at sample collection was positively correlated with mtDNA heteroplasmy mutations. There was evidence of heteroplasmy inheritance in that 9 of the 18 families had at least one child who inherited at least one heteroplasmy site from his or her mother. No significant difference in single nucleotide polymorphisms between mother and offspring, however, was observed.  Radiation therapy dose to ovaries also was not significantly associated with the heteroplasmy mutation rate among mothers and children. No evidence was found that radiotherapy for pediatric cancer is associated with the mitochondrial genome mutation rate in female cancer survivors and their children.  
1. Introduction    

Mitochondria play an important role in cellular energy metabolism, free radical generation, and apoptosis 1


[ ADDIN EN.CITE ,2]
. Mitochondrial DNA (mtDNA), located within the mitochondrial matrix, is distinct and replicates independently of nuclear DNA. mtDNA is a maternally-inherited, 16,569-bp, closed-circle, double-stranded molecule that encodes two rRNAs, 22 tRNAs, and 10 polypeptides. Although mtDNA represents less than 1% of total cellular DNA, its gene products are essential for normal cell function 3[]
. Mitochondrial dysfunction is one of the most prominent features of cancer cells and has been suspected of contributing to the development and progression of cancer 2


[ ADDIN EN.CITE ,3,4,5]
. Several approaches have been applied to investigate radiation exposure and subsequent mtDNA mutations. An analysis of pedigrees who reside in an area with a high level of natural radiation demonstrated a significantly increased rate of germ-line point mutations in mtDNA between mothers and their offspring 6[]
. Saliva samples were collected from the radiation-exposed population and the extracted mtDNA was then sequenced using the Applied Biosystems PRISM 310 Genetic Analyzer.  In another study somatic mutation levels were examined in 10 workers from a nuclear fuel facility with ionizing radiation doses >0.9 Sv cumulated over 20-37 years of employment and compared with the mutation levels in a control group of 10 individuals with negligible doses who worked at the same facility. The mtDNA was extracted from blood lymphocytes and sequenced with Beckman Coulter CEQ8000. No significant increase in mtDNA mutation was detected among the high dose radiation workers 7[]
. However, it is important to note that this study only examined somatic mutations, not the inheritance of germ line mutations. The exclusive maternal inheritance of mtDNA in mammals means that only maternal radiation exposure, and specifically the radiation exposure of the ovary, is significant for the possible formation of inherited mtDNA mutations. 


Mammalian cells typically contain over 1,000 mitochondria, and each mitochondrion harbors 2-10 copies of mtDNA 8[]
. Thus, mtDNA mutations are usually heteroplasmic, with a mixture of mutant and wild-type mtDNA copies within a cell 9[]
. Mitochondrial DNA mutations could either arise in the female germ line and predispose to cancer or arise in the mtDNAs of the tissues and participate in the tumor progression process. Various studies have shown that mutations in mtDNA can contribute to cancer etiology 
 ADDIN EN.CITE 
[10,11]
 and mtDNA mutations are associated with various types of cancer, including breast cancer 
 ADDIN EN.CITE 
[12]
, prostate cancer 
 ADDIN EN.CITE 
[13,14]
, head and neck cancer 
 ADDIN EN.CITE 
[15]
, and bladder cancer 
 ADDIN EN.CITE 
[16,17]
. It also has been shown that a mtDNA mutation does not need to reach homoplasmy, i.e., all copies of mtDNA within a cell are mutated, to promote tumor growth 18


[ ADDIN EN.CITE ,19]
. 

Previous studies evaluating mitochondria mutations and maternal radiation had a limited ability to detect low level heteroplasmy due to limitations in the available technology for sequencing at the time the studies were conducted. When the heteroplasmy mutation rate in mtDNA is low (less than 5%), mutations are not readily detected by conventional technologies such as Sanger Sequencing, Affymetrix's GeneChip Human Mitochondrial Resequencing Array 2.0, or real time polymerase chain reaction (RT-PCR). In recent years, high-throughput sequencing technologies have matured in step with reduced costs for the sequencing procedures.  The high coverage of a DNA sequence provides a powerful tool to study the heteroplasmy in mtDNA 20[]
. In our study we aim to answer the following question with the advantages of high-throughput and high-depth sequencing technology in the framework of a unique experiment design: whether the radiation received by mothers to their ovaries during treatments for childhood cancer can cause an increase in the mtDNA heteroplasmy mutation rate in their children. 
2. Material and Methods

2.1. Ethical Statement 


Written informed consent of the Danish Families and approval for the study was obtained from the Danish Scientific Ethical Committee and the Danish Data Protection Agency (2001-41-1113). Written informed consent of the Finnish family was obtained as was the approval from the Ethical Committee of the Hospital District of Varsinais-Suomi in Finland.

2.2. Study Cohort


The work is part of an ongoing international study investigating adverse reproductive outcomes in childhood and young adult cancer survivors 
 ADDIN EN.CITE 
[21]
 (www.gcct.org). Briefly, 44 blood samples from 17 Danish families and 1 Finnish family, a total of 26 mother-offspring pairs (some mothers have multiple children), were included in the study.  The samples from the Danish families have been used in a variety of previous studies 
 ADDIN EN.CITE 
[22,23,24,25]
 which describe in detail the sample collection and DNA extraction protocols.  All of the mothers were survivors of childhood and adolescent cancer who received radiotherapy as part of their initial treatments which resulted in scatter radiation to ovaries. The Danish families were identified from a Danish population-based cohort of 8,759 cancer survivors who had 13,894 children after their cancer diagnosis. The cohort comprised all patients notified to the Danish Cancer Registry with cancer at age < 35 years between 1943 (start of the registry) and 1996 (age < 20 years) or 2002 (age 20-34 years) who subsequently had children. Survivors had to be alive on or born after April 1, 1968, when the national Central Population Register (CPR) was established and a unique personal identification number was assigned for all citizens. All 18 participating families gave informed consent and to ensure anonymity, all family samples were coded at the time of collection. Medical records were retrieved and abstracted for chemotherapy and radiation therapy exposures. Ovarian doses for individual patients were reconstructed based on information available in radiation therapy records. The complete radiation therapy records were submitted to The University of Texas M. D. Anderson Cancer Center, Houston, Texas, USA, for data abstraction and estimation of radiation dose to the ovaries 
 ADDIN EN.CITE 
[26]
. Methods used for confirmation of maternity and sample identity for the 28 Danish families are described in Tawn et al 
 ADDIN EN.CITE 
[25]
. There were no exclusions based on non-maternity, though maternity was also tested in the current study by comparing mtDNA sequences. The Finnish family participated in an ongoing study of the genetic consequences of cancer treatments of similar design and following similar protocols as the Danish study 
 ADDIN EN.CITE 
[27]
. The mother received radiotherapy for bone marrow transplantation to treat acute myelogenous leukemia when 14 years of age and subsequently had two children.  The family was of interest because of the high ovarian dose (4.6 Gy).
2.3. Whole Mitochondrial Genome Sequencing
The entire mitochondrial genome was PCR amplified and sequenced using the Illumina GAII high throughput sequencing platform. The detailed methodology used is provided in the Supporting Information. The raw data were quality controlled, and aligned against the revised Cambridge mitochondrial reference sequence.  Genetic variants including SNPs, Indels, and heteroplasmy were computed. The detailed workflow of DNA sequence data processing can also be found in the Supporting Information.  

2.4. Analysis of heteroplasmy

Examination of the Illumina high-throughput sequencing data revealed that in a few cases the information extracted from forward and reverse strand sequencing was biased. This type of strand bias is observed when the allele frequency at a given position is inconsistent between the two strands. In extreme cases, one of the strands infers a homozygous genotype while the other strand infers a heterozygous genotype, causing an entire or nearly entire heteroplasmy mutation signal coming from one of the two strands. Such signals have been studied in other sequencing data and measurement of such signals has been implemented into Genome Analysis Toolkit (GATK). The filtering process used to eliminate strand bias is described in the supporting information. 

A previous study 9[]
 showed widespread heteroplasmy in human mitochondria cells using the Illumina GAII sequencer, however the strand bias issue was not addressed. To account for possible strand bias in our study of heteroplasmy that may be generated in the oocytes following  cancer treatments, we focused on heteroplasmy positions that satisfied the following three conditions in each sample: (1) the sequencing coverage of both forward and reverse strands of DNA had to have a depth of 200 or more, (2) the strand bias score had to be less than 1, and (3) the heteroplasmy mutation rate level of each strand had to be at least 1%. We calculated heteroplasmy per 1000 base pairs by dividing the number of positions that satisfy all three of the heteroplasmy conditions by the total number of qualified base pairs, i.e., all base pairs satisfy condition (1) and (2) and multiplied by 1000.  When the number of reads supporting heteroplasmy mutation exceeds roughly 20% of total reads (adjusting for prior probabilities based on known SNPs), the position was also considered as a SNP. 


We fit a mixed-effects model to estimate the effect of radiation therapy on heteroplasmy mutation rate change in children of childhood cancer survivors, adjusting for administered chemotherapy (yes/no) and mother’s age at sample collection. The heteroplasmic mutation rate was calculated per 1000 bps for each eligible sample. The difference in the heteroplasmy mutation rate between each pair of mother and child was used as the outcome in the model. Because some mothers had more than one child enrolled in the study and because siblings are potentially correlated with each other, a random effect was specified to address this correlation structure. This model was used to detect any significant increase of the heteroplasmic mutation rate of the child possibly caused by mother’s prior radiation therapy during childhood or adolescence.  


In addition, we examined the linear relationship between the heteroplasmy rate both of mother and child and explanatory variables such as mother’s age at treatment, mother’s age at sample collection, children’s age at sample collection, and radiation dose to ovaries. To evaluate the effect of strand bias, the same analysis was performed on data without controlling for strand bias, and on the same data after applying a strand bias (SB) filter with SB < 1.
3. Results

3.1. Data Quality

All 44 samples sequenced had 100 percent initial coverage of the whole mitochondria genome and an average of  97.51% coverage after filtering based on mapping and base quality score.  All 44 samples (18 families) were used for SNP, indel and heteroplasmy analyses. The clinical information for 18 female survivors of childhood and adolescent cancer and their 26 children who provided the 44 samples for this analysis can be found in Table 1. Fifteen out of the 17 Danish families (excluding T10 and T27) were previously studied for minisatellite mutation 
 ADDIN EN.CITE 
[25]
, Sixteen Danish families (excluding T16) were studied for chromosomal radiosensitivity 
 ADDIN EN.CITE 
[22,24]
 and 10 Danish families (T07,T10, T13, T16, T20, T21, T25,T26, T27, T28) were studied for genomic instability 
 ADDIN EN.CITE 
[23]
. Out of the 18 families with sufficient information for sequencing evaluation, the maternal ovarian doses ranged between 0.03 to 9.2 Gy (mean 1.12 Gy, median 0.285 Gy).  The ages of the mothers at radiotherapy ranged from 1 to 20 years and the ages at blood draw ranged from 25 to 61 years.
3.2. SNPs and Indels

SNPs and indels were called from GATK’s The Unified Genotyper 
 ADDIN EN.CITE 
[28]
 developed by Broad Institute, and glfMultiple developed by University of Michigan. From the consensus SNP list generated from The Unified Genotyper and glfMultiple, we observed near perfect consistency between mother and offspring in term of SNP and indel inheritance as shown in Fig. 1. If a SNP or indel is observed in a mother, it is almost always observed in all of her offspring. A discrepancy occurred only when there were too few reads to make a SNP or indel call at a given position or when there was merely a shift in the magnitude of heteroplasmy mutation level. For example, at position 15,355 of sample 1032QC25 (mother) and sample 1032QC26 (offspring) the heteroplasmy mutation rate of the mother is at 9% which is not considered as a SNP by either variance caller; however the offspring at the same site is considered as a SNP by the both variance callers with heteroplasmy mutation rate at 27%.  All of the SNPs observed have high quality confidence Phred scores. One hundred percent of the SNPs had Phred quality score greater than 100 (probability of being wrong is less than 1x10-10), 99% of the SNPs have a Phred quality score greater than 1000 (probability of being wrong is less than 1x10-100). We also obtained haplogroup information (Table S1) for each sample by checking the SNP result against phylotree.org's mtDNA phylogeny tree 29[]
. The haplogroup information provided evidence for the subjects' European ancestry and further confirmed the maternal relatedness.

We observed a total of 1031 SNPs across 44 sequenced samples; the ti/tv ratio was 38.65:1 (1005 transitions vs. 26 transversions), heavily favoring transitions. The dominance of transitions over transversions has long been documented in both human and animal mtDNA 30[]
. A previous study showed when considering homoplasmic polymorphisms appearing in over  0.1% of the human mtDNA sequences deposited in GenBank, the ti/tv ratio was 21.2:1 31[]
.  Our study shows, at least for heteroplasmy mtDNA variations within our study population, transitions are even more heavily biased than previously reported. We identified 17 SNPs that are not listed on the current MITOMAP database (www.mitomap.org). Eleven of 17 SNPs were reported by previous studies but in a very small number of  individuals 31[]
, while 6 are novel (Table 2). A majority of the 17 are unique to each pedigree.
3.3. Heteroplasmy and Inheritance 

Our findings of heteroplasmy mutation for each subject are summarized in Table 3. Out of the 18 families, 9 families (56%) showed evidence of heteroplasmy inheritance by having at least one offspring inheriting at least one heteroplasmy site from his/her mother. Furthermore, we calculated Spearman’s correlation coefficient for mutation levels at all positions of the mtDNA sequence of all possible pairs. The median correlation of mother-offspring pairs was 0.6474 while the median correlation of non-related pairs was -0.0456. 
While there is strong evidence showing heteroplasmy inheritance within the pedigrees, our data also suggests that heteroplasmy sites are usually unique to the pedigree. However, there were some exceptions where a heteroplasmy site is shared by more than one family. For example, the heteroplasmy site at position 316 appeared in 5 different families (6 individuals). One possible explanation is that position 316 is located right after a large poly-c tract (301-aaccccccctcccccgcttc-320). Poly-c tract has been reported to be unstable and to cause mutations that extend the poly-c tract
 ADDIN EN.CITE 
[32,33]
. All individuals observed with heteroplasmy at position 316 have the minor allele C.  We summarized the heteroplasmy positions shared between at least 2 families in Table 4. The position 316 is clearly affected by neighboring poly-c tracts, the other three were either located on other repetitive sequence or caused by low GC content. This leads us to believe that heteroplasmy in mtDNA is highly related to repetitive sequence features such as poly-c tracts. We also computed Ti/Tv ratio for all heteroplasmy sites and found that transitions were still highly favored over transversion with a transition transversion ratio of 14.56:1. 

Analysis using data without controlling for strand bias did not detect any significant difference between mother and child on heteroplasmy rate or any of the explanatory variables (Table 5).  After controlling for strand bias (SB<1), we found a marginal statistically significant association between mother's age at sample collection and the heteroplasmy mutation rate difference between mother and child (p=0.0712) (Table 5). No significant association was detected between heteroplasmy mutation rate difference and radiation dose among mother-child pairs where mother received childhood radiation therapy (p= 0.2705). Neither was a significant association found between chemotherapy (yes/no) and heteroplasmy mutation rate difference (p=0.8492).  We also performed the analyses restricted to children's heteroplasmy mutation rate and mother's heteroplasmy mutation rate as outcomes.  No significant associations were detected between radiation dose and outcomes (Table 5). Chemotherapy was not associated with heteroplasmy mutation rate when the analysis was restricted to children only. A significant p-value, however, was observed between chemotherapy and mother's heteroplasmy mutation rate using a linear model (Table 5). Fig. 2 shows the relationship between mother's age at sample collection and mother's heteroplasmy mutation rate. Among the total of 18 cancer survivors, 4 patients were above the age of 50 and 14 patients were below the age of 44 at the time of sample collection. Interestingly, all four older patients were not treated with chemotherapy and 13 out of the 14 younger (age<45) patients received chemotherapy. The results of multivariate analysis confirms  that the significant association between chemotherapy and mother’s heteroplasmy mutation rate is a result of the confounding effect of age at sample collection, rather than the effect of chemotherapy itself. This different age distribution in chemotherapy treatment may be due to the rapid development of chemotherapeutical drugs in the 1950s as well as differences in the types of malignancies being treated. 

We calculated Spearman's correlation coefficients between outcome variables (mother's heteroplasmy mutation rate, child's heteroplasmy mutation rate, and their rate difference) and explanatory factors (mother's age at sample collection, children's age at sample collection, mother's treatment age, and radiation dose) (Table 6). Using data without controlling for strand bias, no significant correlation was detected. However, for data filtered for strand bias, mother's age at sample collection was significantly correlated with mother's heteroplasmy mutation rate (r=0.5179 p=0.0277) There was also a significant correlation between child's age at sample collection and mother's heteroplasmy mutation rate (r=0.5656 p=0.0026).  

4. Discussion
The health and life style of childhood cancer survivors and their offspring has been a genuine concern in society and has been studied intensely over the past few decades. According to a review article published in Journal of Clinical Oncology in 2009,  numerous articles have been published in the scientific literatures by researchers devoted to the study of pediatric cancer treatment and its subsequent effect on health, including behavioral, socio-demographic outcomes, and the risk of developing cancer and other disease in offspring 
 ADDIN EN.CITE 
[34]
. Among all cancer patients, half receive some type of radiation therapy during the course of their treatment (www.nci.com). Radiation can both cure malignancies and also induce second primary tumors and chromosome aberrations. Inherited radiation-induced germline effects, whilst evident in animal studies, have yet to be confirmed in human studies 
 ADDIN EN.CITE 
[35]
. Minisatellite mutations have been reported in offspring of paternally irradiated populations in some but not all human studies 36[]
. The samples used in this study were taken as part of an ongoing international study investigating adverse reproductive outcomes in childhood and young adult cancer survivors 
 ADDIN EN.CITE 
[21]
. Analysis of eight hypervariable minisatellite loci in 100 families where one parent was a survivor of childhood and young adult cancer who had received radiotherapy revealed no evidence that preconceptional radiation exposure increased the germline minisatellite mutation rate 
 ADDIN EN.CITE 
[25]
. Moreover, preliminary findings on approximately 25,000 of cancer survivors and 6,500 offspring indicated that cancer treatments including radiation therapy did not carry a significant risk for inherited genetic disease in offspring born to a cancer survivor after therapy 
 ADDIN EN.CITE 
[21]
. 
Combined with the power of high depth sequencing technology and our unique experimental design we were able to study the heteroplasmy mutation in mtDNA to an extent not possible in years past. We found that mtDNA mutation rate is positively correlated with age of mother at sample collection which is consistent with previous finding by Sondheimer et al. 37[]
. This result indirectly supports the quality of our sequence data. Our study did not find SNP disagreement between mother and child, though a few heteroplasmy mutation rate level shifts were detected. There was no significant association found between the radiation therapy dose for the mother and the mtDNA heteroplasmy mutation rate in the child. It is possible that mtDNA heteroplasmy mutation rates differ among mature oocytes after radiation exposure to the ovaries when the primordial germ cell differentiates to oocytes 38[]
. Therefore, the level of mtDNA mutations in offspring may not highly correlate to the level of radiation exposure to the ovaries of the mother. Our analysis suggests childhood radiation therapy that results in ovarian exposures among female patients does not increase SNP or heteroplasmy mutation rate in mtDNA in women and in any future children they might have. 

The high-throughput sequencing technology is currently the best tool to study general mtDNA heteroplasmy (as opposed to targeting specific known heteroplasmic sites). However, it is not flawless.  There are two major areas we believe can be improved with high depth sequencing technology to enhance accuracy. First, the variances of raw read count of pooled and barcoded samples are high, which can cause uneven coverage between samples and subsequently result in inconsistent heteroplasmy call between samples. The large variance of raw read count is partially related to the variation of sample quality, but the major cause is the uneven amplification between pooled samples. A more sophisticated library preparation protocol is required to amplify each sample individually before barcoding and pooling, and then individually amplified samples should produce more evenly distributed read count. Second, because of strand bias produced from either sequencing errors or alignment errors, we cannot fully trust the allele frequency information when the forward strand and reverse strand are reporting inconsistent variance calls. Therefore, we were forced to define filter criteria in order to discard positions with high strand bias scores. We have observed similar strand biases in other types of high-throughput sequencing data such as exome sequencing, RNA-seq. 
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Fig. 1. Distribution of SNPs and Indel The SNP (upper) and indel (lower) are nearly 100 percent concordant within each family. The only exception is when the level of mutation observed is not strong enough to be called as a SNP. For example, in family T07, the offspring has one more SNP not found in mother, however heteroplasmy mutation of the same direction was observed in the mother at the same position. In this case the mutation level was not strong enough to be detected as a SNP by the variant calling programs.
Fig. 2. Mother's heteroplasmy mutation per 1000bp VS mother's age at sample collection Chemo is a confounder of age.  For patients who did not receive chemo therapy 4 out of 5 were over age 50, yet all patients who received chemo therapy were under age 45 at sample collection.
	Table 1. Clinical information for 18 female survivors of cancer in childhood and adolescence  

	Cancer survivor (mother)
	Cancer type
	Chemo therapy (yes/no)
	Radiation dose (Gy)
	Age at treatment
	Year of treatment
	Mother's age at sample collection
	Number of Children

	
	
	
	
	
	
	
	

	Fin
	Leukemia
	yes
	4.6
	15
	1985
	39
	1

	T07
	Hodgkin
	yes
	0.08
	19
	1991
	29
	1

	T10
	Wilms' Tumor
	yes
	0.69
	4
	1981
	25
	1

	T13
	Malignant Lymphoma
	no
	0.05
	20
	1992
	30
	1

	T16
	Hodgkin
	yes
	0.29
	20
	1988
	33
	1

	T20
	Hodgkin
	yes
	0.29
	17
	1987
	33
	2

	T21
	Hodgkin
	yes
	0.09
	19
	1986
	35
	1

	T25
	Neuroblastoma
	yes
	9.2
	1
	1967
	36
	1

	T26
	Hodgkin
	yes
	0.08
	19
	1985
	36
	2

	T27
	Wilms' Tumor
	yes
	1.2
	2
	1969
	36
	1

	T28
	Wilms' Tumor
	yes
	1.7
	2
	1971
	34
	1

	T37
	Hodgkin
	yes
	0.09
	14
	1985
	34
	2

	T38
	Hodgkin
	yes
	0.09
	15
	1980
	41
	2

	T39
	 Malignant Lymphoma
	no
	0.03
	10
	1954
	61
	1

	T41
	Hodgkin
	no
	0.48
	19
	1960
	61
	2

	T45
	 Malignant Lymphoma
	no
	0.1
	16
	1968
	55
	1

	T46
	Wilms' Tumor
	yes
	0.63
	3
	1977
	32
	2

	T54
	Hodgkin
	no
	0.24
	16
	1968
	54
	3


Fifteen out of the 17 Danish  families (excluding T10 and T27) were studied for minisatellite mutations by Tawn et al 
 ADDIN EN.CITE 
[25]
, Sixteen Danish  families (excluding T16) were studied for chromosomal radiosensitivity by Curwen et al 
 ADDIN EN.CITE 
[22]
 and 10 Danish families (T07,T10, T13, T16, T20, T21, T25,T26, T27, T28) were studied for genomic instability by Tawn et al [23]. 
	Table 2. Novel SNPs Observeda

	Family

	rCRS positionb
	Reference

	Alternative


	T41

	4135

	T

	C


	T27

	6434

	C

	T


	T13

	7313

	C

	T


	T26

	7749

	T

	C


	T37

	9629

	A

	C


	T10

	9631

	T

	G 

	a The SNPs were called using GATK's Unified Genotyper and glfMultiple. A consensus of list of SNPs was produced by taking the consensus of results from the 2 programs. 


	b Revised Cambridge Reference Sequence



	


	Table 3 Heteroplasmy Positions1

	Family ID
	Mother
	Offspring
	Mother heteroplasmy rCRS Positions2
	Offspring Heteroplasmy Positions2
	Inheritance

	Fin
	1032QC50
	1032QC51 
	574, 10599, 10677
	15692
	N

	T07
	1032QC25
	1032QC26
	195, 15355
	195, 234, 15355
	Y

	T10
	1032QC27
	1032QC28
	316
	1329, 3542, 5036, 7615, 11664, 15871
	N

	T13
	1032QC31
	1032QC32
	3649,13928, 16092
	72, 13928, 16519
	Y

	T16
	1032QC01
	1032QC02
	15734
	24,013,102,346,715,700
	

	T20
	1032QC03
	1032QC04
	NA
	16360
	N

	 
	1032QC03
	1032QC05
	NA
	NA
	N

	T21
	1032QC06
	1032QC07
	NA
	NA
	N

	T25
	1032QC11
	1032QC12
	16234
	NA
	N

	T26
	1032QC13
	1032QC14
	7762, 12973
	12973
	Y

	
	1032QC13
	1032QC15
	7762, 12973
	6131, 7279, 7346, 7762, 9173, 9762, 12973, 14554
	

	T27
	1032QC16
	1032QC17
	316, 8301
	316, 6182, 16192
	Y

	T28
	1032QC19
	1032QC20
	NA
	NA
	N

	T37
	1032QC22
	1032QC23
	310
	310, 316
	Y

	 
	1032QC22
	1032QC24
	310
	3243
	N

	T38
	1032QC37
	1032QC38
	608
	234, 16189
	N

	 
	1032QC37
	1032QC39
	608
	NA
	N

	T39
	1032QC40
	1032QC41
	4906, 12092, 14148, 14971
	12092
	Y

	T41
	1032QC42
	1032QC43
	4674, 4959
	316, 16129
	N

	
	1032QC42
	1032QC44
	4674, 4959
	5823
	N

	T45
	1032QC45
	1032QC46
	146, 316 2107, 6293, 7161, 14666
	146, 6293, 14178, 14299
	Y

	T46
	1032QC47
	1032QC48
	16399
	15218, 16256, 16270, 16399
	Y

	
	1032QC47
	1032QC49
	16399
	3645, 16399
	Y

	T54
	1032QC33
	1032QC34
	4227, 6876, 9967, 15872
	4227
	Y

	 
	1032QC33
	1032QC35
	4227, 6876, 9967, 15872
	195, 4227
	Y

	 
	1032QC33
	1032QC36
	4227, 6876, 9967, 15872
	4227, 8430
	Y

	1 The heteroplamy are filtered based on following criteria: a. Strand Bias score ≤1; b. Each strand has reads ≥ 200; c. Heteroplasmy Level is ≥1%

	2 Revised Cambridge Reference Sequence 


	Table 4. Common heteroplasmy sites observeda

	rCRS positionb
	Families 
	Individuals
	Sequence
	Function
	Occurence in 5140 GenBank sequencesc

	195
	2
	3
	gcgaacatacT/Ctactaaagtg
	D loop, HVS21
	973

	234
	2
	2
	tgtaggacatA/Tataataacaa
	D loop, HVS2
	19

	316
	5
	6
	cccctcccccG/Ccttctggcca
	D loop, HVS2
	73

	16256
	1
	1
	aactccaaagC/Tcacccctcac
	D loop, HVS1
	0

	aHeteroplamy positions that appeared in 2 different families.

	bRevised Cambridge Reference Sequence

	c5140 Mitochondrial sequences were studied by Pereira et al [8], denoting the number of appearances of each SNP in the GenBank database.


	Table 5. Association of heteroplasmy rate with radiation, chemotherapy, and age

	 
	SB cutoff

	Mixed model 1c
	NAa
	1b

	Outcome
	Rate difference between mother and children
	
	

	Covariates
	Received Chemotherapy 
	0.5220
	0.8492

	
	Radiation dose
	0.5838
	0.2705

	
	Mother's age at sample collection
	0.6323
	0.0712

	Mixed model 2

	Outcome
	 Child’s heteroplasmy mutation rate
	 
	 

	Covariates
	Received Chemotherapy
	0.2113
	0.4197

	
	Radiation dose
	0.9636
	0.3349

	 
	Mother's age at sample collection
	0.1247
	0.1514

	Linear model 1d
	 
	 

	Outcome
	Mother’s heteroplasmy mutation rate

	Covariates
	Received Chemotherapy 
	0.0215
	0.0292e

	
	Radiation dose
	0.4717
	0.8962

	 
	Mother's age at sample collection
	0.2047
	0.3731

	aNot controlling for strand bias

	bFiltering by strand bias ≤ 1

	c Mixed model was used when adjusting for correlation within family 

	d Linear model was used when there was no need to adjust for correlation within family

	e Mother's heteroplasmy rate is strongly associated with chemo status. However, it is likely due to a confounding effect of age at sample collection, the detail is shown in Fig. 2.
Table 6. Association between heteroplasmy rates and explanatory factorsa
SB cutoff

Mother’s age at treatment

Mother’s age at sample collection

Children age at sample collection

Radiation dose

Mother’s heteroplasmy rate

NAb
0.1850 (0.4623)

0.0725 (0.7750)

0.2424 (0.2327)

-0.0641
(-0.8003)

 

1c
0.2388 (0.3405)

0.5179 (0.0277)

0.5656 (0.0026)

-0.3340 (0.1755)

Child’s heteroplasmy rate

NAb
0.0228 (0.9120)

-0.1453 (0.4788)

0.0466 (0.8210)

0.0540 (0.7934)

 

1c
0.1749 (0.3929)

-0.3585 (0.0721)

-0.2202 (0.2798)

-0.0804 (0.6962)

1. Data presented are r (p values)

2. Not controlling for strand bias

3. Filtering by strand bias ≤ 1
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