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ABSTRACT
◥

Background: Mitochondrial DNA (mtDNA) copy number in
peripheral blood has been found to be associated with risk of
developing several cancers. However, data on pancreatic ductal
adenocarcinoma (PDAC) are very limited.

Methods: To further our knowledge on this topic, we measured
relativemtDNA copy number by a quantitative real-time PCR assay
in peripheral leukocyte samples of 476 PDACcases and 357 controls
nested within the European Prospective Investigation into Cancer
and Nutrition (EPIC) cohort.

Results:We observed lower mtDNA copy number with advanc-
ing age (P ¼ 6.54 � 10�5) and with a high body mass index (BMI)
level (P¼ 0.004) and no associationwith sex, smoking behavior, and
alcohol consumption. We found an association between increased

mtDNA copy number and decreased risk of developing PDACwith
an odds ratios (OR) of 0.35 [95% confidence interval (CI), 0.16–
0.79; P¼ 0.01] when comparing the fifth quintile with the first using
an unconditional logistic regression and an OR of 0.19 (95% CI,
0.07–0.52; P¼ 0.001) with a conditional analysis. Analyses stratified
by BMI showed an association between high mtDNA copy number
and decreased risk in the stratum of normal weight, consistent with
the main analyses.

Conclusions: Our results suggest a protective effect of a higher
number of mitochondria, measured in peripheral blood leukocytes,
on PDAC risk.

Impact:Our findings highlight the importance of understanding
the mitochondrial biology in pancreatic cancer.
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Introduction
Pancreatic cancer is a relatively rare diseasewith an incidence of 17.8/

100,000 (crude rate) in Europe, and with a very high mortality rate,
considering a 5-year survival lower than 5% (1). Established risk factors
are few compared with other cancer types and include smoking,
diabetes mellitus, obesity, and chronic pancreatitis (2). In the last
decade, pancreatic ductal adenocarcinoma (PDAC) mortality has
continued to increase, and it has been estimated that by 2030 it will
be the second most frequent cancer for mortality in Europe (3). The
poor prognosis is caused by several factors, including the aggressiveness
of the disease, lack of effective treatments, and lack of knowledge about
biological markers for early detection and for risk prediction (4).

A better understanding of risk factors and availability of better risk
markers might lead to improved chances of stratifying the population
according to their risk and, in the long term, to a faster diagnosis (5–7).
In addition, the discovery of novel risk markers could further our
knowledge on the biology of this disease.

One such possible risk marker might be mitochondrial DNA
(mtDNA). Mitochondria are organelles involved in the regulation of
critical cellular functions such as apoptosis, calcium homeostasis, and
energy production via the oxidative phosphorylation reaction and are
responsible for the production of reactive oxygen species (ROS;
refs. 8, 9). Mitochondria possess own copies of DNA (mtDNA), which
are maternally inherited, and in each eukaryotic cell there can be
hundreds or thousands of copies of their genomes. mtDNA copy
number represents the number ofmitochondria contained in each cell,
and this number is in a constant range in order to sustain the energetic
needs of the cell (10). mtDNA copy number varies by cell type, but, in
general, there is a correlation between the amount of mtDNA in
different cell types (11). Therefore, mtDNA copy number measured in
circulating leukocytes could represent a good and noninvasive indi-
cator of the average amount of mtDNA copy number in other
tissues (11). In cells under normal physiologic conditions, the amount
of mtDNA is relatively stable. Several reports have highlighted that
mitochondrial copy number increases to compensate for mtDNA
damage and mitochondrial dysfunction (12), and in addition it could
also represent a marker of endogenous and exogenous stressors
including oxidative stress (13, 14). The number of epidemiologic
studies investigating the association of mtDNA copy number mea-
sured in leukocytes with cancer risk has been increasing in recent years,
summing up to about 30 studies across various tumor types, including
breast (11, 15–17), colorectal (18–20), prostate (21–23), lympho-
ma (24, 25), and pancreatic cancer (26). The results of these reports
are very heterogeneous, with some studies showing an association
between high number of mtDNA and increased risk while others
showing the opposite. For pancreatic cancer, only one prospective
study, performed in male smokers in Finland, reported an association

between high mtDNA copy number and increased risk to develop
PDAC (26).

Given the importance of finding new risk factors for pancreatic
cancer, we performed a case–control study nested in the European
Prospective Investigation into Cancer and Nutrition (EPIC) cohort
study (27) investigating the possible association betweenmtDNAcopy-
number variation in peripheral blood and risk of developing PDAC.

Materials and Methods
Study population

A full description of the EPIC cohort study has been given else-
where (27). Briefly, EPIC consists of about 520,000 volunteers, recruited
between 1992 and 2005 in 10 European countries. After providing
informed consent, diet, lifestyle, and personal medical history question-
naires were collected and blood was drawn from participants at recruit-
ment. Diagnosis of cancer determined after recruitment into the cohort
was identified through local andnational cancer registries (in Italy except
theNaples center, Spain, Sweden, theNetherlands, the United Kingdom,
Norway, Denmark) or by a combination of contacts with participants
and local tumor registries, national health insurances or physicians and
clinics within an active follow-up (in France, Germany, Greece, and the
Naples center in Italy). In this study, 476 incident pancreatic cancer cases
and 357 controls from eight countries (France, Germany, Greece, Italy,
Spain, Sweden, theNetherlands, and theUnitedKingdom)were used.Of
these 833 individuals, 483 and 350, respectively, werewomen andmen in
the same proportions in cases and controls. Cases were diagnosed
with exocrine pancreatic cancer, mainly PDAC (ICD-10, C25.0–25.3,
25.7–25.9). Due to the different etiology, endocrine pancreatic tumors
(CD-10 C25.4) were not included in this study. For a subgroup of cases
(n¼ 301) and an equal number of controls, we performed amatching by
center, sex, age at recruitment (�6 months), date at entry in the cohort,
and time between blood sampling and time of last consumption of food
or drinks (<3, 3–6, and �6 hours) using an incidence density sampling
protocol. The studywas conducted in accordancewith theDeclarationof
Helsinki andwas approvedby the ethics reviewboardof the International
Agency for Research on Cancer (IARC) in Lyon.

Sample preparation and DNA extraction
Blood samples fromFrance, Germany,Greece, Italy, theNetherlands,

Spain, and the United Kingdom were conserved in liquid nitrogen
(�196�C) in a central biorepository at IARC. Swedish samples were
stored in Sweden in freezers at �70�C. DNA was extracted from
leukocytes in batches of 96 with an Autopure instrument with Puregene
chemistry. To minimize any possible bias due to differential handling,
each sample was extracted using the samemethod. DNA concentration
and quality weremeasured usingQubit 4 Fluorometer (Thermo Fisher).

qPCR measurement of mtDNA copy number
mtDNA copy number was measured in 833 study subjects (476

cases and 357 controls). To measure mtDNA, we used a quantitative
polymerase chain reaction (qPCR) that quantifies the copy number of
themitochondrial geneNADHdehydrogenase, subunit 1 (ND1), using
as a reference the nuclear single copy gene albumin (ALB). Each
reaction was performed in triplicate, in an optical 384-well reaction
plate, in a 10-mL reaction volume using 2 mL of 5� HOT FIREPol
Probe qPCRMix Pluswith ROX (Solis Bio-Dyne), 1.5mmol/L of Syto 9
(Invitrogen), 5 ng of genomic dried DNA and 8 mL of water. Two
primers for ND1 copy number and two primers for quantifying
ALB copy number were used. Each ALB primer was modified adding
a GC-clamp to the 50 end in order to raise the melting temperature
(primer sequences are shown in Supplementary Materials; ref. 28).

Note: Supplementary data for this article are available at Cancer Epidemiology,
Biomarkers & Prevention Online (http://cebp.aacrjournals.org/).
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The real-time PCR experiments were carried out using a Viia-7
sequence detection system (Applied Biosystems) using two subsequent
(#1 ND1; #2 ALB) PCR cycling conditions performed in the same
plates, to acquire the respective cycle thresholds (Ct) values for copy
numbers of ND1 and ALB (control) gene.

The conditions for amplification of ND1 repeats were 95�C/5
minutes, 2 cycles of 94�C/15 seconds and 60�C/1 minute, followed by
30 cycles of 85�C/15 seconds with the signal acquisition at 65�C/1
minute. Thermal conditions for ALB gene were 35 cycles of 95�C/15
seconds, 85�C/30 seconds, with the signal acquisition at 84�C/30
seconds. The specificity of all amplifications was determined bymelting
curve analysis done at default settings (95�C/15 seconds, 60�C/1minute
with the continuous signal acquisition at 0.05�C/seconds ramping,
95�C/15 seconds). A serial dilution (1:2) from 20 ng to 0.3 ng of
genomic DNA pooled from 50 healthy individuals was included to
generate the standard curves for ND1 and ALB genes. The standard
curve was used to quantify theND1 repeats andALB gene, based on the
respective Ct values. For each data point, the obtained triplicate values
were averaged. Individual values that deviated from the average of the
triplicates by more than 5% of the standard deviation were discarded.

Standard curves were graphically represented as a semi-log regres-
sion line plot of Ct values and log of standardDNA concentration. The
real-time PCR efficiency (E) of each reaction was calculated using
standard curve points in the exponential phase according to the
equation: E ¼ 10[–1/slope]. Samples whose Ct average was not within
the standard curve range were discarded (26 samples) as "out of range"
and not included in the analyses.

ThemtDNA copy number was expressed as the ratio betweenND1/
ALB, using the Pfaffl method (29), which is best suited to the type of
data obtained from a qPCR with efficiencies not perfectly identical
between the amplification reactions of ND1 and ALB, using as a
calibrator theCt of the standard curve to the equivalent of 5 ng ofDNA.

Statistical analysis
Association between mtDNA copy number and potential confoun-

ders at baseline, i.e., age, body mass index (BMI, kg/m2), smoking
behavior, and alcohol consumption, was tested using a generalized
linear model in the control group.

The mtDNA copy number was categorized into quintiles based on
the distribution of mtDNA copy number in the controls and modeled
as a categorical variable. The phenotype (pancreatic cancer case or
control) was expressed as a dichotomic variable, age was expressed as a
continuous variable, the center of origin was expressed as a categorical
variable, the plate of PCR reactions was expressed as a categorical
variable, BMI was expressed as a categorical variable with four values
[underweight (BMI < 19); normal weight (19� BMI < 25); overweight
(25� BMI < 30); obese (BMI� 30)], smoking behavior was expressed
as a dichotomic variable (never, ever), and the same for alcohol
consumption (nondrinker, drinker).

Odds ratios (OR) and 95% confidence intervals (CI) of the asso-
ciation betweenmtDNA copy number and pancreatic cancer risk were
estimated using unconditional logistic regression adjusted by sex, age,
center, BMI, and plate.

Conditional logistic regression was also used on a subgroup of the
subjects (n ¼ 301 case–control pairs), using center, sex, age at recruit-
ment (�6 months), date at entry in the cohort, interval between blood
sampling, and time of last consumption of food and drink (<3, 3–6, and
�6 hours) as matching variables. The analysis was further adjusted for
BMI and plate. We also performed a conditional and an unconditional
analysis adjusting for diabetes and smoking status.However, we had this
information only in a subgroup of the subjects enrolled in the study.

Analyses were also performed by strata of lag time between blood
collection and diagnosis of pancreatic cancer (<7 years,�7 years). We
also performed analyses stratified by smoking, considering only males
(77 pancreatic cancer cases and 80 controls), and the two sexes
combined (142 pancreatic cancer cases and 134 controls). These two
analyses were performed to compare the results with those of Lynch
and collaborators (26). Finally, we performed analyses stratified by
classes of BMI and age, because these two covariates are associatedwith
mtDNA copy number, as reported in Supplementary Table S1.

A P < 0.05 was considered statistically significant. All statistical
analyses were two-sided.

Availability of data and materials
For information on how to submit an application for gaining access

to EPIC data and/or biospecimens, please follow the instructions at
http://epic.iarc.fr/access/index.php.

Results
A detailed description of the study population is shown in Table 1.
We tested in controls the possible association betweenmtDNA copy

number in leukocytes and age, BMI, smoking behavior and alcohol

Table 1. Participant characteristics.

Controls Cases Total

Country
France 11 10 21
Germany 55 90 145
Greece 21 32 53
Italy 33 56 89
Spain 37 49 86
Sweden 119 117 236
The Netherlands 39 58 97
The United Kingdom 42 64 106
Total 357 476 833

Sex
Men 155 (43%) 195 (41%) 350 (42%)
Women 202 (57%) 281 (59%) 483 (58%)

Mean age (years) 57 57 57
Median age at recruitment 60 58 59

(25th–75th percentile) 36–75 35–75 30–75
BMI, kg/m2 (median–mean) 25–25.95 26–26.76 26–26.41
BMI, kg/m2

Underweight (BMI < 19) 10 (3%) 1 (<1%) 11 (1%)
Healthy weight (19 < BMI < 25) 141 (42%) 182 (40%) 324 (41%)
Overweight (25 < BMI < 30) 131 (39%) 192 (42%) 323 (41%)
Obese (BMI > 30) 54 (16%) 85 (18%) 139 (17%)

Cigarette smokers
Never 130 (49%) 174 (45%) 304 (47%)
Ever 137 (51%) 211 (55%) 348 (53%)

Current 49 (18%) 109 (28%) 158 (24%)
Former 88 (33%) 102 (27%) 190 (29%)

Alcohol use
Nondrinker 41 (14%) 49 (18%) 90 (16%)
Drinker 251 (86%) 223 (82%) 474 (84%)

Diabetes status
Diabetic 13 (5%) 29 (8%) 42 (7%)
Nondiabetic 227 (95%) 317 (92%) 544 (93%)

Note: Distribution across countries and characteristics of the cases and controls
participating in the European Prospective Investigation into Cancer and Nutri-
tion (EPIC) study.

Mitochondrial DNA Copy Number and Pancreatic Cancer Risk

AACRJournals.org Cancer Epidemiol Biomarkers Prev; 29(3) March 2020 OF3

Research. 
on February 28, 2020. © 2020 American Association for Cancercebp.aacrjournals.org Downloaded from 

Published OnlineFirst January 13, 2020; DOI: 10.1158/1055-9965.EPI-19-0868 

http://epic.iarc.fr/access/index.php
http://epic.iarc.fr/access/index.php
http://cebp.aacrjournals.org/


consumption. We observed lower mtDNA copy number with advanc-
ing age (P ¼ 6.54 � 10�5) and with a high BMI level (P ¼ 0.004). For
sex, smoking behavior, diabetes status, and alcohol consumption, we
observed no statistically significant associations (Supplementary
Table S1).

The results from the unconditional logistic regression show an
association between high mtDNA copy number and decreased risk of
developing PDAC when analyzing mtDNA copy number categorized
in quintiles (Table 2). We compared the fifth quintile (highest) with
the first (lowest) and obtained OR ¼ 0.35 (95% CI, 0.16–0.79, P ¼
0.01). We also analyzed the quintiles of mtDNA copy number as
continuous variable (i.e., the unit of measurement was the increase of
one quintile) and obtained OR ¼ 0.79 (95% CI, 0.66–0.96, P ¼
0.019; Table 2).

We also performed a conditional logistic regression analysis using
mtDNA copy number categorized in quintiles on a subgroup of
matched subjects and the results support the previous observations
(OR¼ 0.74, 95% CI, 0.59–0.93, P¼ 0.008 for the quintiles of mtDNA
copy number analyzed as continuous variable, OR ¼ 0.19, 95% CI,
0.07–0.52, P ¼ 0.001 comparing the fifth quintile (highest) with the
first (lowest); Table 2]. The results of the analysis adjusted for diabetes
confirmed a protective effect of mtDNA, although reaching statistical
significance only in one of the quintiles. These analyses were done on a
much smaller number of individuals: a total of 447 subjects for the
unconditional analysis and 400 for the conditional analysis (Supple-
mentary Table S2). The results of the analysis performed on the
subgroup of individuals for which we had smoking history are in
general agreement with the unadjusted analyses (Supplementary
Tables S2 and S3).

We performed analyses stratified by lag time between blood
collection and diagnosis of pancreatic cancer (<7 years, �7 years)
and we did not observe any statistically significant association in
either of the strata (Supplementary Table S4). In addition, we also
conducted a sensitivity analysis considering smokers (males and
females alone and the two sexes combined); in the analyses of men

and both sexes, we observed nonsignificant increases of risk in the
highest quintiles (Supplementary Table S5). Analyses stratified by
BMI showed an association between high mtDNA copy number and
decreased risk in the stratum of normal weight (Supplementary
Table S6).

Discussion
The association of mtDNA copy number with cancer risk has been

studied in many cancer types with heterogeneous results (11, 15–26).
In the present study, we observed an association between a high level of
mtDNA copy number and reduced risk of developing the disease. The
association was consistent using both unconditional and conditional
analyses (in a subgroup of individuals) and considering mtDNA
quintiles as a continuous or categorical variable.

Lynch and colleagues in a nested case–control study performed
in 203 PDAC cases who were Finnish male smokers and 656 male
smoker controls within the prospective ATBC cohort found,
instead, an association between high mtDNA copy number and
increased PDAC risk (26). The differences in the results of the two
studies may be explained by the differences in study design. Both are
prospective studies; however, in the study by Lynch, there are only
male smokers, while ours is considerably larger and composed of
both genders and unselected for smoking status. We investigated
the association between mtDNA copy number and pancreatic
cancer risk in male smokers present in our study (77 pancreatic
cancer cases and 80 controls), but we observed nonstatistically
significant results, although we obtained ORs>1 for the highest
quintiles, which agrees with the results of Lynch and colleagues. In
addition, we also performed an analysis considering all the current
smokers and obtained broadly similar results as in the male
smokers.

Our study suggests that peripheral blood mtDNA copy number is
inversely associated with BMI and aging, in agreement with the
literature (30–32). We observed a nonstatistically significant

Table 2. Association between mtDNA copy number and PDAC risk using an unconditional and a conditional analysis.

Controls Cases Total OR 95% CI P value

Unconditional analysis
Continuous variable log-transformed 357 476 833 0.47 0.28, 0.79 0.004
Continuous variable divided in quintiles 357 476 833 0.79 0.66, 0.96 0.019
Analysis by quintiles

First quintile 76 126 202 ref — —

Second quintile 70 105 175 0.91 0.57, 1.56 0.809
Third quintile 68 117 185 0.85 0.51, 1.52 0.639
Fourth quintile 74 71 145 0.49 0.24, 1.08 0.077
Fifth quintile 69 57 126 0.35 0.16, 0.79 0.010

Conditional analysis
Continuous variable log-transformed 301 301 602 0.35 0.19, 0.64 0.001
Continuous variable divided in quintiles 301 301 602 0.74 0.59, 0.93 0.008
Analysis by quintiles

First quintile 61 68 129 ref — —

Second quintile 60 56 116 0.81 0.47, 1.40 0.448
Third quintile 55 69 124 0.94 0.52, 1.68 0.827
Fourth quintile 61 63 124 0.34 0.13, 0.87 0.025
Fifth quintile 64 45 109 0.19 0.07, 0.52 0.001

Note: Unconditional logistic regression performed using mitochondrial copy-number variable (Pfaffl) categorized in quintiles and analyzed as continuous variable
log-transformed, and continuous variable divided in quintiles (whereby the unit of measurement is a single quintile). Analyses were adjusted for sex, age, BMI, plate,
and recruitment center. Individual matching in conditional analysis was done by center, gender, age at recruitment (� 6 months), date at entry in the cohort, time
between blood sampling, and time of last consumption of food and drink (<3, 3–6, and�6 hours). This analysiswas adjusted for plate andBMI. Values in bold indicate
beyond 5% (P < 0.05) significant level.
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association between smoking behavior and lower mtDNA, as recently
reported by Wu and colleagues in an all-female population (33).

A possible biological explanation of our findings on PDAC risk
can be found in the central role that mitochondria have in regu-
lating global variability in gene expression at cellular level (34). In
particular, in a very recent study, Marquez-Jurado and colleagues
have shown that cells with an increased number of mitochondria
have a faster response to external stress, increasing apoptotic
protein synthesis and triggering the apoptosis process more quick-
ly (35). The authors also observed that high mitochondrial content
is associated with increased apoptotic inducers such as TNF alpha,
suggesting a key role for mitochondria in discriminating cell
fate (35). Additionally, Armstrong and colleagues showed a direct
effect of altered mitochondrial bioenergetics in pancreatic acinal
cells and in the regulation of apoptosis to necrosis switch (36).
Triggering a faster apoptotic response could be instrumental in
avoiding tissue necrosis, which can cause inflammation that can
degenerate into pancreatitis or acute pancreatitis and in turn lead to
PDAC development (37, 38). In addition, several authors observed
that there is a correlation between low blood mtDNA copy number
with high levels of circulating inflammatory markers such as IL6,
CRP, and neutrophil-to-lymphocyte ratio (39–41), which have been
investigated as PDAC risk and prognostic markers (42–44). Given
that mtDNA copy number measured in leukocytes is considered to
be a good proxy for mtDNA content in other tissues (10, 11), one
can speculate that low levels of mtDNA copy number, measured in
blood, may be associated with an increased level of inflammation,
which could increase the risk of developing PDAC (45).

This study has clear strengths, such as its prospective nature that
reduces the risk of reverse causation bias, and the fact that we have
taken into consideration potential confounding factors, such as BMI,
age, smoking, and alcohol consumption. A limitation is its rather small
sample size, even though it is the largest study on PDAC on mtDNA
copy number attempted so far. In addition, our study is based on a
single measurement of mtDNA that does not reflect the possible
fluctuation of mtDNA over long term. However, in a previous study,
we have shown that mtDNA copy numbers are stable over the
years (17).

In conclusion, several pieces of evidence, including our results,
suggest a protective effect of a higher number of mitochondria,
measured in peripheral blood leukocytes, on PDAC risk and highlight
the importance of understanding the mitochondrial biology in pan-
creatic cancer.

Disclosure of Potential Conflicts of Interest
No potential conflicts of interest were disclosed.

Disclaimer
Where authors are identified as personnel of the International Agency for Research

on Cancer/World Health Organization, the authors alone are responsible for the
views expressed in this article and they do not necessarily represent the decisions,
policy, or views of the International Agency for Research on Cancer/World Health
Organization.

Authors’ Contributions
Conception and design: A. Tjønneland, E. Weiderpass, R. Tumino, B. Bueno-de-
Mesquita, E. Ardanaz, M. Sund, L. Morelli, F. Canzian, D. Campa
Development of methodology: M. Gentiluomo, T. Johnson, M. Bergmann,
L. Morelli
Acquisition of data (provided animals, acquired and managed patients, provided
facilities, etc.):M. Gentiluomo, R. Kaaks, A. Tjønneland, G. Severi, M.-C. Boutron-
Ruault, E. Weiderpass, T. Johnson, M.B. Schulze, M. Bergmann, A. Trichopoulou,
A. Karakatsani, D. Palli, S. Grioni, S. Panico, R. Tumino, C. Sacerdote, B. Bueno-de-
Mesquita, R. Vermeulen, T.M. Sandanger, J.R. Quir�os, M. Rodriguez-Barranco,
P. Amiano, E. Ardanaz, M. Sund, K.-T. Khaw, N.J.Wareham, J.A. Schmidt, L.Morelli
Analysis and interpretation of data (e.g., statistical analysis, biostatistics,
computational analysis): M. Gentiluomo, T. Johnson, S. Colorado-Yohar,
E. Ardanaz, P. Jakszyn, F. Canzian
Writing, review, and/or revision of the manuscript: M. Gentiluomo, V.A. Katzke,
R. Kaaks, A. Tjønneland, G. Severi, V. Perduca,M.-C. Boutron-Ruault, E.Weiderpass,
P. Ferrari, M.B. Schulze, M. Bergmann, A. Trichopoulou, A. Karakatsani, C. La
Vecchia, D. Palli, S. Grioni, S. Panico, R. Tumino, C. Sacerdote, B. Bueno-de-
Mesquita, R. Vermeulen, T.M. Sandanger, J.R. Quir�os, M. Rodriguez-Barranco,
P. Amiano, S. Colorado-Yohar, E. Ardanaz, M. Sund, K.-T. Khaw, N.J. Wareham,
J.A. Schmidt, P. Jakszyn, L. Morelli, F. Canzian, D. Campa
Administrative, technical, or material support (i.e., reporting or organizing data,
constructing databases): M. Gentiluomo, A. Karakatsani, R. Tumino, C. Sacerdote,
J.R. Quir�os, E. Ardanaz, M. Sund, K.-T. Khaw
Study supervision: M. Gentiluomo, G. Severi, R. Tumino, E. Ardanaz, D. Campa
Other (interpretation of data): M.B. Schulze

Acknowledgments
We thank the National Institute for Public Health and the Environment (RIVM),

Bilthoven, the Netherlands, for their contribution and ongoing support to the EPIC
Study. This work was partially supported by intramural funds of University of Pisa
and DKFZ, by Fondazione Tizzi, and by Fondazione Arpa (www.fondazionearpa.it).
The EPIC-Potsdam study was funded by the Federal Ministry of Education and
Research (Germany), the German Cancer Aid, the German Cancer Research Center,
and the German Institute of Human Nutrition Potsdam-Rehbr€ucke. EPIC-Oxford
was supported by Cancer Research UK (C8221/A19170) and the Medical Research
Council UK (MR/M012190/1). EPIC-Greece was supported by the Hellenic Health
Foundation.

The costs of publication of this article were defrayed in part by the payment of page
charges. This article must therefore be hereby marked advertisement in accordance
with 18 U.S.C. Section 1734 solely to indicate this fact.

Received July 24, 2019; revised October 28, 2019; accepted January 7, 2020;
published first January 13, 2020.

References
1. Ferlay J, ColombetM, Soerjomataram I,Mathers C, Parkin DM, Pi~nerosM, et al.

Estimating the global cancer incidence and mortality in 2018: GLOBOCAN
sources and methods. Int J Cancer 2019;144:1941–53.

2. Maisonneuve P, Lowenfels AB. Risk factors for pancreatic cancer: a
summary review of meta-analytical studies. Int J Epidemiol 2015;44:
186–98.

3. Rahib L, Smith BD, Aizenberg R, Rosenzweig AB, Fleshman JM, Matrisian LM.
Projecting cancer incidence and deaths to 2030: the unexpected burden of
thyroid, liver, and pancreas cancers in the United States. Cancer Res 2014;74:
2913–21.

4. Cros J, Raffenne J, Couvelard A, Pot�e N. Tumor heterogeneity in pancreatic
adenocarcinoma. Pathobiology 2018;85:64–71.

5. Ilic M, Ilic I. Epidemiology of pancreatic cancer. World J Gastroenterol 2016;22:
9694–705.

6. Cooperman AM, Iskandar ME, Wayne MG, Steele JG. Prevention and early
detection of pancreatic cancer. Surg Clin North Am 2018;98:1–12.

7. Del ChiaroM, Segersv€ard R, LohrM, Verbeke C. Early detection and prevention
of pancreatic cancer: is it really possible today? World J Gastroenterol 2014;20:
12118.

8. Mills EL, Kelly B, Logan A, Costa ASH, Varma M, Bryant CE, et al. Succinate
dehydrogenase supportsmetabolic repurposing ofmitochondria to drive inflam-
matory macrophages. Cell 2016;167:457–70.

9. Zhou R, Yazdi AS, Menu P, Tschopp J. A role for mitochondria in NLRP3
inflammasome activation. Nature 2011;469:221–5.

Mitochondrial DNA Copy Number and Pancreatic Cancer Risk

AACRJournals.org Cancer Epidemiol Biomarkers Prev; 29(3) March 2020 OF5

Research. 
on February 28, 2020. © 2020 American Association for Cancercebp.aacrjournals.org Downloaded from 

Published OnlineFirst January 13, 2020; DOI: 10.1158/1055-9965.EPI-19-0868 

http://www.fondazionearpa.it
http://cebp.aacrjournals.org/


10. Veltri KL, Espiritu M, Singh G. Distinct genomic copy number in mitochondria
of different mammalian organs. J Cell Physiol 1990;143:160–4.

11. Shen J, Platek M, Mahasneh A, Ambrosone CB, Zhao H. Mitochondrial copy
number and risk of breast cancer: a pilot study. Mitochondrion 2010;10:62–8.

12. Lee HC, Yin PH, Lu CY, Chi CW, Wei YH. Increase of mitochondria and
mitochondrial DNA in response to oxidative stress in human cells. Biochem J
2000;348(Pt 2):425–32.

13. Chen XJ, Butow RA. The organization and inheritance of the mitochondrial
genome. Nat Rev Genet 2005;6:815–25.

14. Lee HC, Wei YH. Mitochondrial biogenesis and mitochondrial DNA mainte-
nance ofmammalian cells under oxidative stress. Int J BiochemCell Biol 2005;37:
822–34.

15. Thyagarajan B,WangR,NelsonH, BarceloH,KohWP, Yuan JM.Mitochondrial
DNA copy number is associated with breast cancer risk. PLoS One 2013;8:
e65968.

16. Lemnrau A, Brook MN, Fletcher O, Coulson P, Tomczyk K, Jones M, et al.
Mitochondrial DNA copy number in peripheral blood cells and risk of devel-
oping breast cancer. Cancer Res 2015;75:2844–50.

17. Campa D, Barrdahl M, Santoro A, Severi G, Baglietto L, Omichessan H, et al.
Mitochondrial DNA copy number variation, leukocyte telomere length, and
breast cancer risk in the European Prospective Investigation into Cancer and
Nutrition (EPIC) study. Breast Cancer Res 2018;20:29.

18. Thyagarajan B, Wang R, Barcelo H, Koh WP, Yuan JM. Mitochondrial copy
number is associated with colorectal cancer risk. Cancer Epidemiol Biomarkers
Prev 2012;21:1574–81.

19. Huang B, Gao YT, Shu XO,WenW, Yang G, Li G, et al. Association of leukocyte
mitochondrial DNA copy number with colorectal cancer risk: results from the
Shanghai Women's Health Study. Cancer Epidemiol Biomarkers Prev 2014;23:
2357–65.

20. Kumar B, Bhat ZI, Bansal S, Saini S, Naseem A, Wahabi K, et al. Association
of mitochondrial copy number variation and T16189C polymorphism with
colorectal cancer in North Indian population. Tumor Biol 2017;39:
1010428317740296.

21. Zhou W, Zhu M, Gui M, Huang L, Long Z, Wang L, et al. Peripheral blood
mitochondrial DNA copy number is associated with prostate cancer risk and
tumor burden. PLoS One 2014;9:e109470.

22. Tu H, Gu J, Meng QH, Kim J, Davis JW, He Y, et al. Mitochondrial DNA copy
number in peripheral blood leukocytes and the aggressiveness of localized
prostate cancer. Oncotarget 2015;6:41988–96.

23. Moore A, Lan Q, Hofmann JN, Liu C-S, ChengWL, Lin TT, et al. A prospective
study of mitochondrial DNA copy number and the risk of prostate cancer.
Cancer Causes Control 2017;28:529–38.

24. Hosnijeh FS, Lan Q, Rothman N, San Liu C, Cheng WL, Nieters A, et al.
Mitochondrial DNAcopy number and future risk of B-cell lymphoma in anested
case-control study in the prospective EPIC cohort. Blood 2014;124:530–5.

25. Lan Q, Lim U, Liu CS,Weinstein SJ, Chanock S, Bonner MR, et al. A prospective
study ofmitochondrial DNA copy number and risk of non-Hodgkin lymphoma.
Blood. 2008;112:4247–9.

26. Lynch SM, Weinstein SJ, Virtamo J, Lan Q, Liu CS, Cheng WL, et al. Mitochon-
drial DNA copy number and pancreatic cancer in the Alpha-Tocopherol Beta
Carotene Cancer Prevention Study. Cancer Prev Res (Phila) 2011;4:1912–9.

27. Riboli E, Hunt K, Slimani N, Ferrari P, Norat T, Fahey M, et al. European
Prospective Investigation into Cancer and Nutrition (EPIC): study populations
and data collection. Public Health Nutr 2002;5:1113.

28. Cawthon RM. Telomere lengthmeasurement by a novel monochromemultiplex
quantitative PCR method. Nucleic Acids Res 2009;37:e21.

29. Pfaffl MW. A new mathematical model for relative quantification in real-time
RT-PCR. Nucleic Acids Res 2001;29:e45.

30. Skuratovskaia DA, Sofronova JK, Zatolokin PA, Popadin KY, Vasilenko MA,
Litvinova LS, et al. Additional evidence of the link betweenmtDNAcopy number
and the body mass index. Mitochondrial DNA ADNAMapp Seq Anal 2018;29:
1240–4.

31. Meng S, Wu S, Liang L, Liang G, Giovannucci E, De Vivo I, et al. Leukocyte
mitochondrial DNA copy number, anthropometric indices, and weight change
in US women. Oncotarget 2016;7:60676–86.

32. Mengel-From J, Thinggaard M, Dalga
�
rd C, Kyvik KO, Christensen K,

Christiansen L. Mitochondrial DNA copy number in peripheral blood cells
declines with age and is associated with general health among elderly.
Hum Genet 2014;133:1149–59.

33. Wu S, Li X, Meng S, Fung T, Chan AT, Liang G, et al. Fruit and vegetable
consumption, cigarette smoke, and leukocytemitochondrial DNA copy number.
Am J Clin Nutr 2019;109:424–32.

34. Guantes R, Rastrojo A, Neves R, Lima A, Aguado B, Iborra FJ. Global variability
in gene expression and alternative splicing is modulated by mitochondrial
content. Genome Res 2015;125:633–44.

35. M�arquez-Jurado S, Díaz-Colunga J, Das Neves RP, Martinez-Lorente A,
Almaz�an F, Guantes R, et al. Mitochondrial levels determine variability in
cell death by modulating apoptotic gene expression. Nat Commun 2018;9:
389.

36. Armstrong JA, Cash NJ, Ouyang Y, Morton JC, Chvanov M, Latawiec D, et al.
Oxidative stress alters mitochondrial bioenergetics and modifies pancreatic cell
death independently of cyclophilin D, resulting in an apoptosis-to-necrosis shift.
J Biol Chem 2018;293:8032–47.

37. Criddle DN. Reactive oxygen species, Ca2þstores and acute pancreatitis; a step
closer to therapy? Cell Calcium 2016;180–9.

38. Gukovsky I, Pandol SJ, Gukovskaya AS. Organellar dysfunction in
the pathogenesis of pancreatitis. Antioxid Redox Signal 2011;15:2699–
710.

39. Knez J, Marrachelli VG, Cauwenberghs N, Winckelmans E, Zhang Z, Thijs L,
et al. Peripheral blood mitochondrial DNA content in relation to circulating
metabolites and inflammatory markers: a population study. PLoS One 2017;12:
e0181036.

40. Fisic E, Poropat G, Bilic-Zulle L, Licul V, Milic S, Stimac D. The role of IL-6, 8,
and 10, sTNFr, CRP, and pancreatic elastase in the prediction of systemic
complications in patients with acute pancreatitis. Gastroenterol Res Pract 2013;
2013:282645.

41. Imamura T, Tanaka S, Yoshida H, Kitamura K, Ikegami A, Takahashi A, et al.
Significance of measurement of high-sensitivity C-reactive protein in acute
pancreatitis. J Gastroenterol 2002;37:935–8.

42. Grote VA, Kaaks R, Nieters A, Tjønneland A, Halkjær J, Overvad K, et al.
Inflammation marker and risk of pancreatic cancer: a nested case-control study
within the EPIC cohort. Br J Cancer 2012;106:1866–74.

43. ArimaK,OkabeH,HashimotoD,ChikamotoA, Tsuji A, YamamuraK, et al. The
diagnostic role of the neutrophil-to-lymphocyte ratio in predicting pancreatic
ductal adenocarcinoma in patients with pancreatic diseases. Int J Clin Oncol
2016;21:940–5.

44. Sierzega M, Lenart M, Rutkowska M, Surman M, Mytar B, Matyja A, et al.
Preoperative neutrophil-lymphocyte and lymphocyte-monocyte ratios reflect
immune cell population rearrangement in resectable pancreatic cancer.
Ann Surg Oncol 2017;24:808–15.

45. Padoan A, Plebani M, Basso D. Inflammation and pancreatic cancer: focus on
metabolism, cytokines, and immunity. Int J Mol Sci 2019;20:676.

Cancer Epidemiol Biomarkers Prev; 29(3) March 2020 CANCER EPIDEMIOLOGY, BIOMARKERS & PREVENTIONOF6

Gentiluomo et al.

Research. 
on February 28, 2020. © 2020 American Association for Cancercebp.aacrjournals.org Downloaded from 

Published OnlineFirst January 13, 2020; DOI: 10.1158/1055-9965.EPI-19-0868 

http://cebp.aacrjournals.org/


 Published OnlineFirst January 13, 2020.Cancer Epidemiol Biomarkers Prev 
  
Manuel Gentiluomo, Verena A. Katzke, Rudolf Kaaks, et al. 
  
Cancer Risk in the Prospective EPIC Cohort
Mitochondrial DNA Copy-Number Variation and Pancreatic

  
Updated version

  
 10.1158/1055-9965.EPI-19-0868doi:

Access the most recent version of this article at:

  
Material

Supplementary

  
 http://cebp.aacrjournals.org/content/suppl/2020/01/11/1055-9965.EPI-19-0868.DC1

Access the most recent supplemental material at:

  
  

  
  

  
  

  
E-mail alerts  related to this article or journal.Sign up to receive free email-alerts

  
Subscriptions

Reprints and 

  
.pubs@aacr.orgDepartment at

To order reprints of this article or to subscribe to the journal, contact the AACR Publications

  
Permissions

  
Rightslink site. 
(CCC)
Click on "Request Permissions" which will take you to the Copyright Clearance Center's

.http://cebp.aacrjournals.org/content/early/2020/02/23/1055-9965.EPI-19-0868
To request permission to re-use all or part of this article, use this link

Research. 
on February 28, 2020. © 2020 American Association for Cancercebp.aacrjournals.org Downloaded from 

Published OnlineFirst January 13, 2020; DOI: 10.1158/1055-9965.EPI-19-0868 

http://cebp.aacrjournals.org/lookup/doi/10.1158/1055-9965.EPI-19-0868
http://cebp.aacrjournals.org/content/suppl/2020/01/11/1055-9965.EPI-19-0868.DC1
http://cebp.aacrjournals.org/cgi/alerts
mailto:pubs@aacr.org
http://cebp.aacrjournals.org/content/early/2020/02/23/1055-9965.EPI-19-0868
http://cebp.aacrjournals.org/


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings true
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 0
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 900
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ([Based on '[High Quality Print]'] Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides true
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        18
        18
        18
        18
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 18
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [792.000 1224.000]
>> setpagedevice


