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                 Human mitochondrial DNA (mtDNA) is a maternally inherited 
genome consisting of a 16   569 – base-pair circular double-stranded 
DNA molecule that encodes 13 polypeptides of the respiratory 
chain, 22 transfer RNAs, and 2 ribosomal RNAs ( 1 ). Each mito-
chondrion contains 2 – 10 mtDNA molecules. The number of 
mtDNA copies in a cell ranges from several hundred to more than 
10   000 copies, depending on the cell type. For example, the 
mtDNA copy number per cell is 223 – 854 in peripheral blood 
mononuclear cells ( 2 ), 323 – 1111 in human progressive spermato-
zoa ( 3 ), 1075 – 2794 in muscle cells ( 4 ), 1200 – 10   800 in neurons ( 5 ), 
and up to 25   000 in liver cells ( 6 ). Cao et al. ( 7 ) reported that the 
mtDNA copy number in primordial germ cells of mice fi ts a nor-
mal distribution at each developmental stage. However, Mizumachi 
et al. ( 8 ) found that mtDNA content follows a higher skewed dis-
tribution in prostate cancer cells than in normal cells. Moreover, 
two previous studies ( 9 , 10 ) reported a non-normal copy number 
distribution of mtDNAs extracted from human peripheral leuko-
cytes or whole blood (only leukocytes in whole blood contain 

mtDNA). However, because different assays were used to quantify 
mtDNA copy number, the absolute values reported in those stud-
ies are not comparable. The mtDNA content normally has a 
steady-state level in each specifi c tissue that is related to the energy 
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   Background   The extent to which mitochondrial DNA (mtDNA) content (also termed mtDNA copy number) in normal 
human cells is influenced by genetic factors has yet to be established. In addition, whether inherited varia-
tion of mtDNA content in normal cells contributes to cancer susceptibility remains unclear. Renal cell car-
cinoma accounts for 85% of all renal cancers. No studies have investigated the association between 
mtDNA content and the risk of renal cell carcinoma.  

   Methods   We first used a classic twin study design to estimate the genetic contribution to the determination of 
mtDNA content. mtDNA content was measured by quantitative real-time polymerase chain reaction in 
peripheral blood lymphocytes from 250 monozygotic twins, 92 dizygotic twins, and 33 siblings (ie, individ-
ual siblings of a pair of twins). We used biometric genetic modeling to estimate heritability of mtDNA con-
tent. We then used a case – control study with 260 case patients with renal cell carcinoma and 281 matched 
control subjects and multivariable logistic regression analysis to examine the association between mtDNA 
content in peripheral blood lymphocytes and the risk of renal cell carcinoma. All statistical tests were 
two-sided.  

   Results   The heritability (ie, proportion of phenotypic variation in a population that is attributable to genetic varia-
tion among individuals) of mtDNA content was 65% (95% confidence interval [CI] = 50% to 72%;  P  < .001). 
Case patients with renal cell carcinoma had a statistically significantly lower mtDNA content (1.18 copies) 
than control subjects (1.29 copies) (difference = 0.11, 95% CI = 0.03 to 0.17;  P  = .006). Low mtDNA content 
(ie, less than the median in control subjects) was associated with a statistically significantly increased risk 
of renal cell carcinoma, compared with high content (odds ratio = 1.53, 95% CI = 1.07 to 2.19). In a trend 
analysis, a statistically significant dose – response relationship was detected between lower mtDNA content 
and increasing risk of renal cell carcinoma ( P  for trend <.001).  

   Conclusions   mtDNA content appears to have high heritability. Low mtDNA content appears to be associated with 
increased risk of renal cell carcinoma.  
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demand of the host cells ( 11 ). Interindividual variations of mtDNA 
copy number in cells exist in the general population ( 12 ). 

 The factors that regulate mtDNA homeostasis are not fully 
understood. It is likely that both environmental and genetic fac-
tors play important roles. Over the past decade, several nucleus-
encoded mtDNA-regulating factors have been identifi ed, 
including DNA polymerase  �  subunits A and B, mitochondrial 
RNA polymerase, mitochondrial transcription factor A, and sin-
gle-stranded DNA-binding protein ( 13 ). The classic twin study, 
by comparing similarities between monozygotic twins (who are 
genetically identical) and dizygotic twins (who share half their 
genes on average), is an ideal model to determine the relative 
contribution of genetic and environmental factors to interindi-
vidual variability in a given phenotypic biomarker. This model 
has been previously used to investigate the genetic heritability of 
recognized phenotypic markers for cancer and other complex 
diseases ( 14 , 15 ). Therefore, one of the primary objectives of our 
study was to apply the classic twin study design to determine the 
heritability of mtDNA content in peripheral blood lymphocytes. 

 In recent years, a decrease in mtDNA copy number (termed 
mtDNA depletion) has been reported in many types of cancers, 
including ovarian ( 16 ), gastric ( 17 ), hepatocellular ( 18 ), and breast 
( 19 ) cancers, indicating that the decreased mtDNA copy number 
may contribute to tumorigenesis. Renal cell carcinoma is the most 
common adult malignant disease of the kidney and has been 
increasing worldwide for the past several decades ( 20 ). A variety of 
genetic defects may be involved in the initiation and progression of 
renal cell carcinoma, including deletions and translocations of 
chromosome 3p and alteration of mtDNA ( 21 , 22 ). In a previous 
small study, Meierhofer et al. ( 23 ) reported a statistically signifi -
cant reduction of mitochondrial enzyme activities and mtDNA 
copy number in 34 of 37 renal cell carcinoma tissues as compared 
with adjacent noncancerous tissues. However, to our knowledge, 
no studies have evaluated the association between constitutive 
mtDNA content in peripheral blood lymphocytes and risk of renal 
cell carcinoma. Therefore, the second objective of our study was to 
provide proof-of-principle evidence within the context of an ongo-
ing case – control study of renal cell carcinoma for the hypothesis 
that individuals with lower mtDNA content are at increased risk of 
renal cell carcinoma. 

  Subjects and Methods 
  Study Population 

 We carried out this study with available blood samples collected 
in a twin study. This resource has been used to evaluate the 
genetic component of mutagen sensitivity, a phenotypic cancer 
susceptibility marker ( 24 ). The procedures for twin recruitment 
have been described elsewhere ( 25 , 26 ). Briefly, potential twins 
were identified from the Stanford Research Institute (SRI) 
Northern California Twin Registry and recruited by the Center 
for Health Sciences, SRI International. Self-reported zygosity 
was further verified by comparing members of each twin pair on 
10 – 12 highly polymorphic microsatellite markers, as described 
previously ( 27 ). Blood samples were collected at the Clinical 
Research Center, University of California, San Francisco. For 
each participant, a 20-mL blood sample was delivered to the 

Department of Epidemiology, The University of Texas M. D. 
Anderson Cancer Center, within 24 hours of blood collection for 
laboratory assay. A total of 375 individuals (including 250 mono-
zygotic twins, 92 dizygotic twins, and 33 siblings) were enrolled 
in this heritability analysis. The siblings were individual siblings 
related to the twins. Twins and siblings were free of renal cell 
carcinoma or any other form of cancer. The twin study was 
approved by the Institutional Review Boards of SRI International; 
The University of California, San Francisco; and M. D. Anderson 
Cancer Center. All study participants provided written informed 
consent. 

 For the case – control study of renal cell carcinoma, patients 
with histologically confi rmed renal cell carcinoma were consecu-
tively recruited at the Departments of Urology and Genitourinary 
Medical Oncology of The University of Texas M. D. Anderson 
Cancer Center by use of daily reviews of computerized appoint-
ment schedules. All case patients were diagnosed within 1 year of 
enrollment and had not received previous chemotherapy or radio-
therapy before enrollment. There were no age, sex, or disease-
stage restrictions on recruitment. Healthy control subjects without 
a history of cancer except nonmelanoma skin cancer were identi-
fi ed and recruited through random digit dialing methods. In this 
method, randomly selected household phone numbers were gen-
erated to select potential control volunteers in the same residency 
areas as the case patients according to telephone directory list-
ings. Control subjects were required to have lived for at least 1 
year in the same county or socioeconomically matched surround-
ing counties in which the case patient resided. The control 

  CONTEXT AND CAVEATS 

  Prior knowledge 

 The extent to which the mitochondrial DNA (mtDNA) content of 
normal human cells is influenced by genetic factors is yet to be 
established, and whether inherited variation of mtDNA content in 
normal cells contributes to cancer susceptibility remains unclear.  

  Study design 

 A classic twin study design was used to estimate the genetic contri-
bution of mtDNA content among individuals. A case – control study 
with 260 case patients with renal cell carcinoma and 281 control 
subjects used to examine the association between mtDNA content in 
peripheral blood lymphocytes and the risk of renal cell carcinoma.  

  Contribution 

 mtDNA content appears to have high heritability (ie, proportion of 
phenotypic variation in a population that is attributable to genetic 
variation among individuals). Low mtDNA content appears to be 
associated with increased risk of renal cell carcinoma.  

  Implications 

 Additional research into the association between mtDNA content 
and the risk of renal cell carcinoma and other cancers is warranted.  

  Limitations 

 The moderate sample size of the case – control study limits its 
statistical power. The case – control study was restricted to white 
individuals, which limits the generalizability of its results. 

  From the Editors    
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subjects were frequency matched to the case patients by age (±5 
years), sex, ethnicity, and county of residence. After written 
informed consent was obtained, all study participants completed 
a 45-minute in-person interview that was administered by M. D. 
Anderson Cancer Center staff interviewers. The interview elic-
ited information on demographics, smoking history, family his-
tory of cancer, occupational history and exposures, and medical 
history. At the conclusion of the interview, a 40-mL blood sample 
was drawn into coded heparinized tubes and delivered to the lab-
oratory for analysis. This analysis was restricted to white subjects 
because of small sample sizes of subjects of other ethnicities. A 
total of 260 case patients and 281 healthy control subjects were 
included in the case – control study.  

  Determination of mtDNA Content by Real-Time 

Quantitative Polymerase Chain Reaction 

 Genomic DNA was extracted from whole blood for all the samples 
by use of QIAamp DNA Mini kits (Qiagen, Valencia, CA). Relative 
mtDNA copy number was measured by a quantitative real-time 
polymerase chain reaction (PCR)-based method as previously 
described, with some modifications ( 28 , 29 ). In brief, two pairs of 
primers were designed and used in the two steps of relative quanti-
fication for mtDNA content. One primer pair was used for the 
amplification of the  MT-ND1  gene in mtDNA. The primer sequences 
were as follows: forward primer (ND1-F), 5 ′ -CCCTAAAACCCG
CCACATCT-3 ′ ; reverse primer (ND1-R), 5 ′ -GAGCGATGGTGA
GAGCTAAGGT-3 ′ . Another primer pair was used for the ampli-
fication of the single-copy nuclear gene human globulin (HGB). 
The primer sequences were as follows: forward primer (HGB-1), 
5 ′ -GTGCACCTGACTCCTGAGGAGA-3 ′ ; reverse primer 
(HGB-2), 5 ′ -CCTTGATACCAACCTGCCCAG-3 ′ . In the first 
step, the ratio of mtDNA copy number to HGB copy number was 
determined for each sample from standard curves. This ratio is 
proportional to the mtDNA copy number in each cell. The ratio 
for each sample was then normalized to a calibrator DNA in 
order to standardize between different runs. The calibrator DNA 
is a genomic DNA sample from a healthy control subject to be 
used for comparison of results of different independent assays. 
The PCR mixture in a total volume of 14  µ L contained 1× SYBR 
Green Mastermix (Applied Biosystems; Foster City, CA), 215 nM 
ND1-R (or HGB-1) primer, 215 nM ND1-F (or HGB-2) primer, 
and 4 ng of genomic DNA. The thermal cycling conditions for the 
mtDNA ( MT-ND1  gene) amplification were 95°C for 10 minutes, 
followed by 40 cycles of 95°C for 15 seconds, and 60°C for 1 
minute; and for the HGB amplification were 95°C for 10 minutes, 
followed by 40 cycles of 95°C for 15 seconds, and 56°C for 1 
minute. All samples were assayed in duplicate on a 384-well plate 
with an Applied Biosystems 7900 Sequence Detection System. 
The PCRs for mtDNA and HGB were always performed on sepa-
rate 384-well plates with the same samples in the same well posi-
tions to avoid possible position effect. A standard curve of a diluted 
reference DNA, one negative control, and one calibrator DNA 
were included in each run. For each standard curve, one reference 
DNA sample was serially diluted 1:2 to produce a seven-point 
standard curve between 0.3125 and 20 ng of DNA. The  R  2  for each 
standard curve was 0.99 or greater. Standard deviations for the 
cycle of threshold (Ct) value were accepted at 0.25. Otherwise, the 

test was repeated. To further assess intra-assay variation, we 
assayed nine blood DNA samples from healthy control subjects 
three times on the same day. To further evaluate interassay varia-
tion, we evaluated the same blood DNA samples from the nine 
control subjects on different days. All the laboratory personnel 
performing the experiments described above were blinded to the 
zygosity status of the twin pairs or the case – control status of the 
DNA samples.  

  Statistical Analysis 

 The distributions of mtDNA in both the twin study and the case –
 control study of renal cell carcinoma were unimodal but with mod-
erate deviation from a normal distribution. We performed the 
analyses with raw data and with log-transformed data. Because the 
results from these analyses were similar, we chose, for simplicity, to 
present the results from the raw data only. 

 In the twin study, the differences in mtDNA content in differ-
ent subgroups defi ned by age, sex, and smoking status were 
assessed by Student  t  test or analysis of variance. Generalized 
 estimating equations were used to account for dependence among 
family members ( 30 ). Intraclass correlations were determined for 
monozygotic twins and dizygotic pairs (including dizygotic twins 
and twin – sibling pairs). In families with both monozygotic pairs 
and siblings, we randomly picked one member of the pair to form 
a twin – sibling pair. The heritability of mtDNA content was esti-
mated by the methods of biometric genetic modeling as previously 
described ( 31 , 32 ). According to this model, the observed quantita-
tive trait of an individual (ie, mtDNA content) was modeled as a 
function of both fi xed and random components. The biometrical 
genetic model, in its simplest form, is used to partition variation of 
an observed phenotypic trait into three variance components: 
genetic, shared or common environment (ie, environmental 
infl uences shared by family members), and nonshared or unique 
environment (ie, environmental infl uences from a random envi-
ronmental component that is not shared by family members). In 
this study, we were particularly interested in the genetic effects of 
mtDNA, so both unrestricted and restricted models in which 
genetic variance ( �  2 ) was constrained to 0 were fi tted. The null 
hypothesis was that there is no genetic contribution to mtDNA 
content. The 95% confi dence intervals (CIs) of the heritability 
were obtained by applying a bootstrapping procedure with 1000 
repeated samplings. 

 In the case – control analysis, the Pearson  �  2  test was used to 
examine the differences in the distribution of case patients and 
control subjects in terms of sex, smoking status, hypertension his-
tory, and body mass index (<25,  ≥ 25 and <30, and  ≥ 30 kg/m 2 ). 
Student  t  test was used to test for differences in age, pack-years 
of smoking, and mtDNA content as continuous variables. To 
assess the association between mtDNA content and the risk of 
renal cell carcinoma, data were dichotomized by the use of the 
median from the distribution of the mtDNA content in control 
subjects. To assess the dose – response trend, we applied a spline 
modeling procedure implemented in R software (Version 2.5) 
to identify potential cutoff points at which optimal thresholds 
to assess dose – response pattern were identifi ed. A trend test was 
performed to test for a linear trend in the odds ratios (ORs) by 
use across these cutoff points. Unconditional multivariable logistic 
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regression analysis was performed to estimate the odds ratio and 
95% confi dence interval, adjusting for age, sex, smoking status, 
hypertension history, and body mass index. All statistical analyses 
were performed with the Stata 8.0 statistical software package 
(Stata Corp., College Station, TX). 

 Smoking status and pack-years of smoking were defi ned as pre-
viously described ( 33 ). A never smoker was defi ned as a person who 
had never smoked or smoked fewer than 100 cigarettes in his or 
her lifetime. A former smoker was defi ned as a person who had 
stopped smoking at least 1 year before the diagnosis of cancer (for 
case patients) or 1 year before the interview (for control subjects). 
A current smoker was someone who continued smoking or who 
had stopped smoking less than 1 year before the diagnosis of can-
cer (case patients) or before the interview (control subjects). The 
number of pack-years was calculated as the average number of cig-
arettes smoked per day divided by 20 cigarettes and then multi-
plied by smoking years. All statistical tests were two-sided with a 
statistical signifi cance level of .05.   

  Results 
  Reproducibility of mtDNA Content Assay 

 The quantitative real-time PCR technique was used to determine 
the mtDNA content of each sample. We assayed nine replicate 
samples to assess the reproducibility. To assess intra-assay varia-
tion, we assayed each of the nine blood DNA samples three times 
on the same day. The coefficient of variance for each sample ranged 
from 2.7% to 6.7%, with an average of 4.5%, suggesting high intra-
assay reliability. To further evaluate interassay variation, we assayed 
the same blood DNA samples from the same nine subjects on two 
separate days. The coefficient of variation ranged from 0.2% to 
7.6%, with an average of 5.5%, indicating high interassay reliabil-
ity. However, we were unable to evaluate the intra-individual vari-
ability of mtDNA content through serial blood samplings because 
we did not collect serial samples.  

  Heritability of mtDNA Content in Peripheral Blood 

Lymphocytes 

 The twin study population of 375 participants included 284 (75.7%) 
white subjects, 12 (3.2%) African American subjects, 46 (12.3%) 
Hispanic subjects, 16 (4.3%) Asian subjects, and 17 (4.5%) individu-
als of other ethnicities. The mean age was 42.4 years (range = 19 – 80 
years). There were 261 (69.6%) females and 114 (30.4%) males. The 
majority of subjects were never smokers (61.6%); the percentages of 
former and current smokers were 22.4% and 16%, respectively. The 
mean relative mtDNA content was 1.19 copies (95% CI = 1.16 to 
1.22 copies), and the median was 1.12 copies (range = 0.57 – 2.80 
copies). The mtDNA content was not associated with age, sex, or 
ethnicity (data not shown). However, ever smokers had a higher 
mtDNA content than never smokers (1.25 copies, 95% CI = 1.19 to 
1.31 copies, vs 1.15 copies, 95% CI = 1.12 to 1.19 copies). 

 The correlation between monozygotic twins and the correla-
tion between dizygote pairs was assessed by calculating intraclass 
correlation coeffi cients.  Figure 1, A and B , shows the scatter plots 
of the mtDNA content in monozygotic and dizygote pairs (pooled 
dizygotic twin pairs and monozygotic twin – sibling pairs). The 
intraclass correlation coeffi cient of mtDNA content for monozy-

gotic twins ( r  = 0.60,  P  < .001) was statistically signifi cantly higher 
than that for the dizygote pairs ( r  = 0.33,  P  < .01), indicating a 
strong genetic effect on mtDNA level. We then used biometric 
genetic modeling to estimate the heritability of mtDNA content 
( Table 1 ). The null hypothesis of no genetic contribution was 
rejected because the restricted model (which assumed no genetic 
infl uence) fi tted the data statistically signifi cantly worse than the 
full model ( P  < .001), indicating that the genetic component con-
tributed statistically signifi cantly to the determination of mtDNA 
content. The model generated a heritability estimate of 65% (95% 
CI = 50% to 72%,  P  < .001).          

  Risk Estimates for Renal Cell Carcinoma by 

mtDNA Content 

 The characteristics of the 260 case patients with renal cell carci-
noma and 281 control subjects are summarized in  Table 2 . The 
case patients and control subjects were well matched on sex ( P  = 
.35) and age (59.2 vs 59.5 years;  P  = .73). There were no statistically 

 Note: The straight lines in scatter plots are the 45 degree lines

.5

1

1.5

2

2.5

3

.5 1 1.5 2 2.5 3

r = 0.60, P < 0.001, N = 124

M
on

oz
yg

ot
ic

 tw
in

 2

.5

1

1.5

2

2.5

D
iz

yg
ot

ic
 p

er
so

n 
2

.5 1 1.5 2 2.5
Dizygotic person 1

r = 0.33, P < 0.01, N = 64

Monozygotic twin 1

B

A

 

 Figure 1  .    Intraclass correlation of mitochondrial DNA (mtDNA) content. 
 A)  Monozygotic twins.  B)  Dizygote pairs (pooled dizygotic twin pairs 
and monozygotic twin – sibling pairs). The fi rst person within the dizy-
gote pairs is defi ned as dizygotic person 1 and the second person 
within the pair is defi ned as dizygotic person 2. The  straight lines  in the 
scatter plots are the 45° line. All statistical tests were two-sided. The 
 x - and  y -axes represent mtDNA content for individuals 1 and 2, in both 
panels.    



1108   Articles | JNCI Vol. 100, Issue 15  |  August 6, 2008

significant differences between the case patients and the control 
subjects in terms of smoking status ( P  = .10) or pack-years of smok-
ing (29.0 vs 31.1 pack-years;  P  = 0.55), although the percentage of 
ever smokers was higher among the control subjects than among 
the case patients. However, the case patients had a statistically sig-
nificantly higher percentage of self-reported hypertension history 
(55% vs 40%;  P  < .001) and also a higher percentage of obese sub-
jects (for body mass index  ≥ 30 kg/m 2 ; 38% vs 31%;  P  = .006) than 

control subjects, which is not surprising because both hypertension 
and obesity are established risk factors for renal cell carcinoma.     

 The relative mean mtDNA content was statistically signifi -
cantly lower in case patients with renal cell carcinoma (1.18 copies) 
than control subjects (1.29 copies) (difference = 0.11 copies, 95% 
CI = 0.03 to 0.17 copies;  P  = .006). The median values among case 
patients and control subjects were 1.14 copies (range = 0.44 – 4.67 
copies) and 1.22 copies (range = 0.41 – 4.24 copies) ( Table 2 ), 
respectively. Men had a lower mtDNA content than women 
among both case patients (1.15 vs 1.25 copies;  P  = .07) and control 
subjects (1.23 vs 1.38 copies;  P  = .006). Never smokers had a sta-
tistically signifi cantly lower mtDNA content than ever smokers 
among both case patients (1.13 vs 1.23 copies;  P  = .057) and con-
trol subjects (1.23 vs 1.35 copies;  P  = .027) ( Table 3 ). The mtDNA 
content was not modifi ed by age, history of hypertension, family 
history of cancer (cancer in fi rst-degree relatives), or obesity.     

 After dichotomization at the 50th percentile value (or median) 
of mtDNA content among control subjects, individuals with low 
mtDNA content were at a statistically signifi cantly increased risk 
for renal cell carcinoma (adjusted OR = 1.53, 95% CI = 1.07 to 
2.19) ( Table 4 ). Spline modeling identifi ed two cutoff points (opti-
mal thresholds to assess a dose – response trend): 0.814 and 1.216. 
Subjects were then categorized by use of these two cutoff points. 
Compared with individuals with the highest category of mtDNA 
content, individuals in the medium and lowest categories were at 
an increased risk of renal cell carcinoma (adjusted OR for the 
medium and lowest categories = 1.43, 95% CI = 0.98 to 2.07, and 
4.15, 95% CI = 2.03 to 8.48, respectively), with a statistically sig-
nifi cant dose – response trend ( P  for trend <.001) ( Table 4 ).     

 Stratifi ed analyses by smoking status were also performed (data 
not shown). Among ever smokers, individuals with low mtDNA 
content (less than the median content in control subjects) were at 

 Table 2  .    Distribution of selected characteristics of case patients with renal cell carcinoma and healthy control subjects *   

  Variable Case patients (n = 260) Control subjects (n = 281)  P  value  †    

  Sex, No. (%)  
     Male 172 (66) 175 (62)  
     Female 88 (34) 106 (38) .348 
 Smoking status, No. (%)  
     Never 136 (52) 126 (45)  
     Former 93 (36) 107 (38)  
     Current 30 (12) 48 (17) .099 
 Hypertension history, No. (%)  
     Yes 144 (55) 111 (40)  
     No 116 (45) 170 (60) <.001 
 Body mass index, No. (%)  
     <25 kg/m 2 52 (20) 90 (32)  
      ≥ 25 and <30 kg/m 2 109 (42) 104 (37)  
      ≥ 30 kg/m 2 99 (38) 87 (31) .006 
 Age, mean (SD), y 59.20 (10.57) 59.52 (10.91) .730 
 Mean pack-years of smoking ‡  (SD) 28.95 (25.96) 31.08 (31.93) .547 
 mtDNA content, copy number  
 Mean (SD) 1.18 (0.43) 1.29 (0.44) .006 
 Median (range) 1.14 (0.44 – 4.67) 1.22 (0.41 – 4.24) .001  

  *   mtDNA = mitochondrial DNA.  

   †    Differences in the distribution of sex, smoking status, hypertension history, and body mass index were tested with the Pearson  �  2  test. Student  t  test was used 
to test for differences in age, pack-years of smoking, and mtDNA content. All statistical tests were two-sided.  

   ‡    Pack-years of smoking was assessed for ever smokers only.   

 Table 1  .    Contribution of genetic and environmental components 
to mitochondrial DNA content *   

  Full model Restricted model  

  Log likelihood value 281.895 274.855 
  �  2  statistic 12.775 
  df 1 
  P  value (two-sided) <.001 
 Smoking coefficient  †  0.033 0.043 
 Variances  ‡   
     Genetic 0.073 Fixed 
     Shared environmental 0.000 0.038 
     Nonshared environmental 0.038 0.056 
 Heritability, % (95% CI) 65 (50 to 72)   

  *   The biometric genetic model was used to determine the contribution of 
genetic and environment components to mtDNA content. In the full model, 
variation of mtDNA content was partitioned into three variance components: 
genetic, shared or common environment, and nonshared or unique environ-
ment. In the restricted model, the variance due to genetic component was 
constrained to zero. The null hypothesis was that there is no genetic contri-
bution to mtDNA content. CI = confidence interval; mtDNA = mitochondrial 
DNA.  

   †    Smoking coefficient represents the effects of smoking status, which is the 
covariate in the model.  

   ‡    The variance was partitioned into genetic, shared environment, and non-
shared environment in the full model, whereas the genetic component was 
constrained to zero in the restricted model.   
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a nonstatistically signifi cantly increased risk for renal cell carci-
noma (adjusted OR = 1.46, 95% CI = 0.87 to 2.43). When ever 
smokers were categorized by cutoff points identifi ed by the spline 
modeling, compared with the reference group with the highest 
mtDNA content, individuals in the medium and lowest categories 
were at increased risk (adjusted OR for the medium and lowest 
categories = 1.25, 95% CI = 0.74 to 2.11, and 6.26, 95% CI = 2.29 
to 17.09, respectively), with a statistically signifi cant dose – response 
trend ( P  for trend = .002). Among never smokers, when the median 
split was used to dichotomize the group, lower mtDNA content 
was associated with increased risk (OR = 1.67, 95% CI = 1.00 to 
2.81). In dose – response analysis, compared with the group of non-
smokers with the highest mtDNA content, the groups with the 
medium and lowest categories had increased risks (adjusted OR for 
the medium and lowest categories = 1.73, 95% CI = 1.01 to 2.96, 
and 2.29, 95% CI = 0.82 to 6.37, respectively). The interaction 
between mtDNA content and smoking was, however, not statisti-
cally signifi cant ( P  for interaction = .17).   

  Discussion 
 The three major findings of this study were as follows: 1) Using the 
classic twin study design, we demonstrated that genetic factors were 

statistically significantly associated with variation in mtDNA con-
tent in peripheral blood lymphocytes. 2) Using a case – control 
study, we found that low mtDNA content was associated with a 

 Table 3  .    mtDNA content by host characteristics of case patients with renal cell carcinoma and control subjects *   

  Variable

Case patients Control subjects 

 No. of patients mtDNA content (95% CI) No. of subjects mtDNA content (95% CI)  

  Sex  
     Male 172 1.15 (1.09 to 1.20) 175 1.23 (1.17 to 1.30) 
     Female 88 1.25 (1.15 to 1.37) 106 1.38 (1.29 to 1.46) 
      P  value  †  .070 .006 
 Age, y  
     <60 124 1.19 (1.12 to 1.29) 129 1.30 (1.22 to 1.38) 
      ≥ 60 136 1.17 (1.11 to 1.23) 152 1.27 (1.20 to 1.34) 
      P  value  †  .693 .535 
 Hypertension history  
     Yes 144 1.17 (1.11 to 1.23) 111 1.26 (1.19 to 1.32) 
     No 116 1.19 (1.11 to 1.29) 170 1.31 (1.23 to 1.38) 
      P  value  †  .702 .353 
 Family history of any cancer ‡  
     Yes 143 1.15 (1.07 to 1.23) 147 1.30 (1.23 to 1.37) 
     No 87 1.21 (1.13 to 1.29) 100 1.27 (1.18 to 1.37) 
      P  value † .327 .631 
 Family history of RCC  ‡   
     Yes 15 1.33 (1.09 to 1.58) 4 1.32 (0.84 to 1.81) 
     No 215 1.18 (1.12 to 1.24) 243 1.29 (1.23 to 1.35) 
      P  value  †  .179 .868 
 Body mass index, kg/m 2  
     <25 52 1.16 (1.09 to 1.58) 90 1.25 (1.16 to 1.33) 
      ≥ 25 to <30 109 1.22 (1.13 to 1.31) 104 1.35 (1.24 to 1.45) 
      ≥ 30 99 1.15 (1.09 to 1.23) 87 1.25 (1.18 to 1.33) 
      P  value  †  .481 .187 
 Smoking status  
     Never 125 1.13 (1.07 to 1.21) 155 1.23 (1.17 to 1.29) 
     Ever 134 1.23 (1.15 to 1.31) 126 1.35 (1.26 to 1.44) 
      P  value  †  .057 .027  

  *   RCC = renal cell carcinoma; CI = confidence interval; mtDNA = mitochondrial DNA.  

   †    Analysis of variance was used to test the differences in body mass index. Student  t  test was used to test differences in other variables. All statistical tests were 
two-sided.  

   ‡    Family history data were not available for some study subjects.   

 Table 4  .    Risk of renal cell carcinoma as estimated by mtDNA 
content *   

  mtDNA copy 

number

Case patients, 

No. (%)

Control 

subjects, 

No. (%)

Adjusted 

OR  †   (CI)  

  By median  ‡   
      ≥ 1.219 102 (39) 138 (49) 1.0 (reference) 
     <1.219 158 (61) 143 (51) 1.53 (1.07 to 2.19) 
 By spline modeling 
  cutoff points

 

      ≥ 1.216 102 (39) 143 (51) 1.0 (reference) 
     0.814 – 1.215 123 (47) 125 (44) 1.43 (0.98 to 2.07) 
     <0.814 35 (14) 13 (5) 4.15 (2.03 to 8.48) 
  P  for trend <.001  

  *   mtDNA = mitochondrial DNA; OR = odds ratio; CI = confidence interval.  

   †    Odds ratios were adjusted by age, sex, smoking status, hypertension history, 
and body mass index. The trend in odds ratios was tested by use of the test 
for linear trend. All statistical tests were two-sided.  

   ‡    Median is based on levels in control subjects.   
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statistically significantly increased renal cell carcinoma risk. These 
results indicate that mtDNA content may be useful to identify 
subsets of individuals at increased risk of renal cell carcinoma. 
3) Results of both case – control and twin studies indicated that 
mtDNA content is associated with smoking. 

 Although a number of protein factors encoded by nuclear genes 
have been shown to be involved in the replication, transcription, 
and maintenance of mtDNA, the extent to which mtDNA content 
is infl uenced by genetic factors has not been clearly established. 
Curran et al. ( 34 ) in a family-based study among Mexican 
Americans showed that mtDNA content has a genetic component. 
However, such a study design cannot distinguish between shared 
environmental and/or genetic factors ( 24 ). A twin study is the most 
powerful tool for direct assessment of a genetic component ( 35 ), 
and we have now demonstrated high heritability of mtDNA con-
tent with such a classic twin study design. 

 The genetic loci and biologic mechanisms that regulate mtDNA 
content remain to be elucidated. Curran et al. ( 34 ) found evidence 
that two genomic regions (10q11 and a small region on mtDNA) 
may harbor genes infl uencing variations in mtDNA content. 
Furthermore, they identifi ed a total of 829 genes that had a statisti-
cally signifi cant correlation with mtDNA content by analyzing 
genome-wide quantitative transcriptional profi les. In addition, a 
p53-binding sequence has been identifi ed in mtDNA, indicating 
that p53 might be involved in the regulation of mtDNA replication 
( 36 ). Other factors such as Ras and p66shc have also been reported 
to contribute to the regulation of mtDNA content ( 37 ). Further 
studies are warranted to identify genes that are responsible for 
mtDNA content regulation. 

 Although we estimated that the strong association between 
renal cell carcinoma and mtDNA content evident in twins was due 
solely to genetic factors, some of the additive genetic variance 
could refl ect stronger intrauterine association among monozygotic 
twins than among dizygotic twins. This possibility would have to 
be evaluated in a different design such as a half-sib study with dif-
ferent mothers. 

 In the case – control study of renal cell carcinoma, we found that 
lower mtDNA content was associated with a 1.56-fold increased 
risk of renal cell carcinoma. To the best of our knowledge, this is 
the fi rst molecular epidemiological study to evaluate mtDNA con-
tent in lymphocytes as a susceptibility biomarker for cancer. 
Reduced mtDNA content (or mtDNA depletion) has been previ-
ously detected in tumor tissue samples and has been associated 
with tumor progression. For example, Yamada et al. ( 38 ) reported 
that mtDNA content was statistically signifi cantly decreased in 
hepatocellular carcinoma as compared with the corresponding 
noncancerous liver tissues and that patients with low mtDNA 
c ontent had shorter 5-year survival rates than those with higher 
mtDNA content. Wu et al. ( 17 ) found that mtDNA depletion 
existed in gastric cancer and was associated with poor differentia-
tion of cancer cells. In addition, Meierhofer et al. ( 23 ) reported a 
decrease in mtDNA content in 34 (91%) of 37 renal cell carcino-
mas compared with control kidney tissue. Selvanayagam et al. ( 39 ) 
likewise noted a decrease of mtDNA content and mRNA coding 
for NADH dehydrogenase subunit 3 in eight (61%) of 13 renal cell 
carcinomas compared with adjacent normal tissue. This phenome-
non was also observed in fi ve of six renal carcinoma cell lines 

(ie, SKRC29, SKRC42, CAK11, CAK12, SW 839, and ACHN) 
( 39 ). Thus, mtDNA depletion may be an important phenotype 
associated with neoplastic transformation of renal cells. 

 The mechanism underlying the role of mtDNA depletion in 
tumorigenesis remains under investigation. Warburg ( 40 ) initiated 
research on the alteration of mitochondrial respiratory function in 
cancer more than half a century ago. He hypothesized that “injury” 
to the respiratory machinery was a critical event in carcinogenesis. 
Subsequently, a number of reports showed that mutations and 
depletion of mtDNA were common events in various types of 
malignancies ( 19 , 41 , 42 ). Chandel et al. ( 43 ) demonstrated that 
mtDNA depletion made cells resistant to apoptosis. Murine 
C2C12 skeletal myoblasts with depleted mtDNA exhibit an inva-
sive phenotype and the overexpression of several tumor-specifi c 
markers ( 34 ). Biswas et al. ( 44 ) reported that depletion of mtDNA 
activated nuclear factor-kappa B (NF � B) and/or Rel factors 
through inactivation of NF � B inhibitor  � . It has been demon-
strated that mtDNA depletion alters mitochondrial gene expres-
sion and causes defi ciency in oxidative phosphorylation and 
enhanced production of reactive oxidative species in aerobic 
metabolism, resulting in disruption of cellular functions ( 42 ). 
However, further studies are warranted to fully elucidate the func-
tional mechanism of mtDNA depletion. 

 Our case – control data indicated a non – statistically signifi cantly 
higher percentage of smokers among control subjects than among 
case patients and a non – statistically signifi cantly higher number of 
pack-years of smoking among control subjects. Although tobacco 
smoking is considered to be a risk factor for renal cell carcinoma, 
the data are still inconsistent. For example, a recent meta-analysis 
( 45 ) with 24 studies examining smoking and renal cell carcinoma 
observed 12 non – statistically signifi cant associations. Likewise, a 
systematic review ( 46)  of 11 studies examining risk factors for renal 
cell cancer found an association between smoking and renal cell 
carcinoma among only seven of the studies. More studies on smok-
ing intensity, duration, and duration since quitting are warranted 
to further elucidate the association between smoking and renal cell 
carcinoma. 

 In the current study, stratifi ed analyses indicated that mtDNA 
profi le may be modifi ed by sex or smoking status. Specifi cally, 
women had statistically signifi cantly higher mtDNA content than 
men among both case patients and control subjects. In the twin 
study, there was a similar trend (1.15 copies, 95% CI = 1.11 to 1.21 
copies, vs 1.20 copies, 95% CI = 1.17 to 1.24 copies), although 
statistical signifi cance was not reached ( P  = .169). The biologic 
plausibility of this association is not clear. In addition, our results 
also showed that ever smokers had higher mtDNA content than 
never smokers among both case patients with renal cell carcinoma 
and healthy control subjects, as well as in twin study participants. 
Consistent with our fi ndings, a previous study ( 47 ) reported 
increased mtDNA content in response to cigarette smoking. This 
increase was thought to be a compensatory mechanism for oxida-
tive damage to mtDNA and respiratory chain components caused 
by smoking. 

 Our study had several limitations. Although our data indicated 
that mtDNA content was associated with a statistically signifi cant 
increased risk for renal cell carcinoma, the cause – effect relationship 
between mtDNA content and cancer is subject to the scrutiny of 
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reverse causation. This is a limitation inherent in case – control 
study design. Future prospective epidemiological studies are needed 
to investigate the hypothesis that mtDNA depletion predisposes 
individuals to increased cancer risk. Another limitation of the cur-
rent case – control study is the moderate sample size, which limits 
the statistical power to detect interactions between mtDNA con-
tent and environmental risk factors in renal cell carcinoma etiology. 
Future studies with larger sample size are warranted to further 
investigate the complex interplay between mtDNA content and 
other risk factors. Finally, our analysis was restricted to white 
subjects; data from other ethnic groups would be valuable for 
comparison. 

 In summary, our study provides evidence that decreased 
mtDNA content is statistically signifi cantly associated with risk of 
renal cell carcinoma. Our study also demonstrates a strong genetic 
component for mtDNA content that warrants additional research 
into the utility of mtDNA content as a genetic marker for cancer 
susceptibility. These results also indicate that phenotypic screen-
ing for mtDNA content might be a useful screening test for renal 
cell carcinoma.     
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