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ABSTRACT
Background: Mitochondrial DNA copy number (mtDNAcn) is considered a biomarker for
mitochondrial function and oxidative stress. Although previous studies have suggested a
potential relationship between mtDNAcn at the time of colorectal cancer (CRC) diagnosis and
CRC prognosis, findings have been inconsistent, and no study has specifically investigated the
association of pre-diagnostic mtDNAcn with CRC survival.
Methods: We examined the association of pre-diagnostic leukocyte mtDNAcn (measured by
qPCR) with overall and CRC-specific survival among 587 patients in Nurses’ Health Study and
Health Professionals Follow-Up Study. Cox models were constructed to estimate hazard ratios
(HRs) and 95% confidence intervals (95% CIs).
Results: During a mean follow-up of 10.5 years, 395 deaths were identified; 180 were due to
CRC. Overall, we did not observe significant associations between mtDNAcn and either overall
or CRC-specific survival among all cases or by cancer location, grade, or stage. In an exploratory
stratified analysis, a suggestive inverse association of mtDNAcn and overall death risk appeared
among current smokers [HR (95% CI) for 1 SD decrease in mtDNAcn = 1.50 (0.98, 2.32), P-
trend=0.06]. Reduced mtDNAcn and lower CRC-specific death risk was observed among
patients aged < 70.5 at diagnosis [HR (95% CI) for 1 SD decrease of mtDNAcn =0.71 (0.52,
0.97), P-trend = 0.03], <5 years from blood collection to diagnosis [HR (95% CI) for 1 SD

decrease in mtDNAcn = 0.65 (0.44, 0.96), P-trend = 0.03] and those consuming a low-
inflammatory diet [HR (95% CI) for 1 SD decrease in mtDNAcn = 0.61 (0.42, 0.88), P-trend =
0.009].

Conclusion: no significant associations between pre-diagnostic leukocyte mtDNAcn and either
overall or CRC-specific survival appeared but exploratory analysis identified potential sub-group

associations.
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Highlights

e Mitochondrial DNA copy number (MtDNAcn) is a biomarker for mitochondrial
function/oxidative stress.

e No study has examined the association of pre-diagnostic mtDNAcn with colorectal
cancer (CRC) survival.

e Opverall, we found leukocyte mtDNAcn may not be a significant biomarker for survival
among CRC patients.

e Subgroup analyses suggested an inverse association of mtDNAcn and overall death risk
among current smokers.

e MtDNAcn may have a prognostic value for CRC patients consuming a low-inflammatory

diet, diagnosed < 70.5 or < 5 years from mtDNAcn measurement.



INTRODUCTION

Colorectal cancer (CRC) is the fourth most common cancer and the second leading cause
of cancer deaths in the US.! The 5-year survival rate for CRC patients is 64.4%;> according to
the American Joint Committee on Cancer (AJCC) staging system,’ the survival rate is much
higher for patients with stage 1 (91%) or 11 (82%) cancers and much lower for patients with stage
IV (12%) cancers.* Exploring molecular markers that might be of predictive value for CRC
progression would benefit the development of new prevention strategies as well as the
identification of novel diagnostic and therapeutic targets.

Mitochondria are cytoplasmic organelles in eukaryotic cells and contribute to many
essential functions in cellular metabolism, including cellular energy production and regulating
apoptosis.> Mitochondria contain their own DNA, i.e., mitochondrial DNA (mtDNA), which is a
double-stranded, circular DNA molecule.’ The loop structure of mtDNA can be divided into two
chains: an outer heavy chain (H) and an inner light chain (L). MtDNA contains 37 genes and a
noncoding region named the displacement loop (D-loop).’ Usually, each cell contains hundreds
to thousands of copies of mtDNA, varying across different tissues.® Also many types of cancer
cells appear to have a lower mtDNA copy number (mtDNAcn) than cells in normal tissues.’ In
addition, many population studies have utilized mtDNAcn in peripheral blood leukocytes as a
surrogate marker for mitochondrial function and intracellular oxidative stress.®!'? Defects in
mitochondrial function and genome maintenance (including changes in mtDNAcn) have been
associated with many mitochondrial disorders, carcinogenesis, as well as aging and both
cognitive and overall health among the elderly.” 1313
Previously, several nested case-control studies have reported an association between pre-

diagnostic leukocyte mtDNAcn and CRC risk,® ' 1? including one from our group in which we



found an inverse association between pre-diagnostic leukocyte mtDNAcn and CRC risk.!? In
terms of CRC prognosis, a few clinical and epidemiologic studies have examined the relationship
between mtDNAcn at CRC diagnosis and survival among CRC patients, with inconsistent
findings.'* 16-2° For example, one study of 598 CRC patients reported that high mtDNAcn in
leukocytes at diagnosis was associated with worse survival after CRC.!? In contrast, evidence
suggesting an association between higher mtDNAcn in cancer tissue and better survival was
found by one hospital-based study (n= 60 CRC patients) and the population-based Netherlands
Cohort Study which included 655 CRC cases.'® ! Mixed evidence including positive, inverse
and null associations have also been reported for mtDNAcn and prognosis of many other
cancers.?!?*

To note, it is not possible to determine if differences of mtDNAcn measured at/after
diagnosis is a cause or consequence of the disease progression. Research has suggested that the
loss of mitochondria may occur prior to the development of dysplasia and CRC in ulcerative
colitis patients;?’ it is plausible that changes in mtDNAcn may modulate tumor behaviors and
characteristics that relate to survival prior to CRC diagnosis. Yet no study has investigated
whether pre-diagnostic leukocyte mtDNAcn can be a prognostic marker for CRC patients.
Therefore, we examined the association between pre-diagnostic leukocyte mtDNAcn and overall
as well as CRC-specific survival among 587 CRC cases, including 321 female subjects from the

Nurses’ Health Study (NHS) and 266 male subjects from the Health Professionals Follow-Up

Study (HPFS).

METHODS

Study Population



Colorectal cancer cases in the current study were identified from the NHS and the HPFS,
two US-based long-term prospective cohort studies.?® 2’ Begun in 1976, the NHS enrolled
121,700 female registered nurses aged 30-55 years at baseline. In 1986, the HPFS enrolled
51,529 male health professionals aged 40-75 years at baseline. During 1989-1990, a total of
32,826 NHS participants provided blood samples, and during 1993-1995, 18,225 HPFS
participants provided blood samples. In both cohorts, every two years, participants complete
follow-up questionnaires and report updated information about their lifestyles, disease status, and
usage of medications and supplements.?® Every 2 to 4 years, validated semi-quantitative food
frequency questionnaires (FFQ) are mailed to participants.?® 2’

In the current analysis, we included CRC cases from previous case-control studies nested
within the NHS and the HPFS.'? All CRC cases were incident cases diagnosed after blood
collection. A total of 587 patients with available mtDNAcn data and complete survival
information were included in the analysis, including 321 female patients from the NHS and 266
male patients from the HPFS. The study protocol was approved by the institutional review
boards of the Brigham and Women’s Hospital and the Harvard T.H. Chan School of Public
Health, and those of participating registries as required.

Case Diagnosis and Death Confirmation

Incident CRC cases were identified by self-report on biennial follow-up questionnaires,
then confirmed by physicians blinded to exposure data through reviewing medical records and
pathology reports, or cancer registry data. Deaths were ascertained from next of kin or by
notification from the Post Office when a questionnaire or newsletter mailed to a cohort member
was returned. Further, the National Death Index was searched for any unreported cancer deaths;

overall, this approach captures >98% of deaths.’® Causes of death were confirmed via contacting



next-of-kin, as well as data from medical records, death certificates, tumor registries, and the
National Death Index. Cohort investigators reviewed all information to determine the primary
cause of death. In the current study of 587 CRC patients, 395 deaths occurred during follow-up,
of which 180 were due to CRC.
Measurement of Leukocyte MtDNAcn

The measurement and validation of mtDNAcn in NHS and HPFS have been described in
detail previously,®' and shown in the Supplementary Methods. In summary, genomic DNA was
extracted from the buffy-coat fractions of leukocytes in peripheral blood by the QIAmp (Qiagen)
96-spin blood protocol, and DNA concentration was measured through pico-green quantitation
using a 96-well spectrophotometer. Relative mtDNAcn (the N/S ratio, or the ratio of
mitochondrial ND2 gene copy number to the number of the genomic single-copy gene AluYbS)
was determined by a qPCR-based assay using the high-throughout 384-well format (Applied
Biosystems 7900HT Real Time PCR). To adjust for inter-assay variability, a 10ng DNA standard
curve point was included on every 384-well plate as a calibrator DNA. The relative mtDNAcn
for each subject was calculated by dividing the exponentiated N/S ratio of each sample by the
exponentiated N/S ratio of the calibrator DNA. Log-transformation of the relative mtDNAcn
value was further performed to normalize its distribution.
Data Collection of Covariates

In this study, covariates adjusted in regression models included demographic information
(age at blood collection and diagnosis, race, sex), tumor characteristics (location, grade of
differentiation, AJCC TNM stage), CRC family history, and lifestyle habits (smoking status,
body mass index [BMI], total physical activity [metabolic equivalent (MET)-hours/week],

regular aspirin and non-aspirin NSAID use, and empirical dietary inflammatory pattern/EDIP



score). Tumor information was coded during the medical record and pathology report review.
Demographic and lifestyle factors were collected by self-administered questionnaires during
follow-up.?®?° The EDIP score is a weighted sum of 18 food groups that are most predictive of
three plasma inflammatory biomarkers: interleukin-6 (IL-6), C-reactive protein (CRP), and
tumor necrosis factor alpha - receptor 2 (TNFa-R2). Lower EDIP (more negative) scores indicate
anti-inflammatory diets, and higher EDIP (more positive) scores indicate pro-inflammatory diets.
Higher EDIP scores were significantly associated with increased risk of CRC in both NHS and
HPFS.*? The development and validation of the EDIP score has been previously documented.**
34 Covariate information for our analyses was derived from the pre-diagnostic questionnaire
cycle closest to blood collection (NHS: 1989-1990, HPFS: 1993-1995).
Statistical Analysis

We tested associations between pre-diagnostic leukocyte mtDNAcn and both overall as
well as CRC-specific survival among CRC patients. Overall survival represents the risk of death
from all causes. CRC-specific survival represents the risk of death from CRC. Survival time was
calculated from CRC diagnosis to death or last follow-up, whichever came first.

Cox proportional hazards regression models were used to estimate the Hazard Ratios
(HRs) and 95% confidence interval (Cls) for overall and CRC-specific mortality by mtDNAcn
quartile and then computed for overall and CRC-specific mortality by one standard deviation
(SD) decrease in mtDNAcn. The proportional hazards assumption was evaluated (and
determined to be satisfied) by evaluating a time-dependent variable in cox regression; the time-
dependent variable was the cross-product of quartile-specific median values of mtDNAcn
(continuous) and the time-to-event (in combined data: P =0.11 for overall survival, P =0.16 for

CRC-specific survival). Trend tests were conducted by treating the quartile-specific medians of



mtDNAcn as a continuous variable in the cox models; P values from the Wald test were used to
evaluate the significance of the trend. The primary analysis was performed in NHS and HPFS
separately, and the heterogeneity in the association between pre-diagnostic mtDNAcn and risk of
death from both all causes and CRC between the two cohorts was assessed by the Cochran’s Q
statistic*>. Without evidence of between-cohort heterogeneity, we further pooled data from NHS
and HPFS to enhance statistical power, and examined the associations of interest in the pooled
dataset.

In the primary analysis (Table 2), we built three models: 1). Model 1: adjusted for age at
blood collection and age at diagnosis (continuous), race (white, non-white), and sex/cohort
(female/male), 2). Model 2: Model 1 + tumor location (proximal colon, distal colon, rectum,
unspecified), grade of differentiation (well, moderate, poor, unspecified), and AJCC TNM stage
(0/1, 11, III, IV, unspecified), and 3). Model 3: Model 2 + smoking status (never, past, current),
BMI (in tertiles), physical activity (in tertiles), CRC family history (yes/no), regular aspirin use
(yes/no), regular non-aspirin NSAID use (yes/no), and empirical dietary inflammatory pattern
(EDIP) score (in tertiles).

We also examined the associations between pre-diagnostic mtDNAcn and either overall
or CRC-specific survival according to the location, grade of differentiation, and stage of cancer.
Exploratory stratified analyses were performed by selected covariates, including age at blood
collection and diagnosis, years from blood collection to diagnosis, smoking status, BMI, physical
activity, dietary inflammatory potential characterized by EDIP score, and regular aspirin use in
all cases. Potential effect modifications of these stratified covariates on the association of
mtDNAcn with death risk were assessed by including a cross-product term of mtDNAcn

(quartiles) and each stratified variable in the cox regressions; significance of the interaction term



was evaluated by likelihood ratio tests. All statistical analyses were conducted using SAS
statistical software (version 9.4, SAS Institute, Cary, NC). A two-sided P value < 0.05 was

considered statistically significant.

RESULTS

Baseline characteristics of CRC patients are presented in Table 1. Mean age at blood
collection was 62.0 years; male patients were on average older than female patients (mean age
65.8 vs. 58.8 years) at blood collection. Mean age at CRC diagnosis was 70.2 years, and the vast
majority (95.6%) of patients were white. Mean years from blood collection to CRC diagnosis
was 8.2 years. Mean time from CRC diagnosis to death or end of follow-up was 10.5 years.
Approximately 40% of all CRC cases were in the proximal colon, 30% in the distal colon, and
24% in the rectum. In terms of cancer differentiation grade, 12% of the cases were well
differentiated, 57% were moderately differentiated, and 15% were poorly differentiated.
Regarding TNM stages, 27% of cancers were at stage 0/1, 23% were at stage 11%, 22% were at
stage III, and 14% were at stage IV, which were accompanied by distant metastasis.

We examined the association between pre-diagnostic leukocyte mtDNAcn and risk of
death among CRC patients (Table 2). Overall, we observed no significant association between
mtDNAcn and either overall or CRC-specific survival in NHS and HPFS separately, or in the
pooled dataset combining all cases. Among all 587 cases, in the multivariable-adjusted model 3,
the HR (95% CI) associated with 1 SD decrease of mtDNAcn was 1.05 (0.92, 1.19) for overall
survival and 0.92 (0.76, 1.11) for CRC-specific survival. No statistical heterogeneity was
detected between results from NHS and HPFS (P for heterogeneity > 0.05). We further studied

the association of mtDNAcn with overall and CRC-specific survival among cancers by location,

10



grade of differentiation, and TNM stage and observed the non-significant status for the
associations between mtDNAcn and risk of death did not change (Table 3).

We did not observe significant interactions between pre-selected covariates and
mtDNAcn on overall or CRC-specific survival, including age at blood collection and diagnosis,
years from blood collection to diagnosis, smoking status, BMI, physical activity, empirical
dietary inflammatory pattern, and regular aspirin use (Tables 4-5). In the exploratory analysis
stratified by selected covariates, we observed a suggestive inverse association between
mtDNAcn and overall survival among current smokers [Per 1 SD decrease of mtDNAcn, HR
(95% CI) = 1.50 (0.98, 2.32), P for trend across mtDNAcn quartiles = 0.06] (Table 4).
Interestingly, the risk of CRC-specific death seemed to decrease with lower mtDNAcn among
subgroups, including those aged < 70.5 years (median age) at diagnosis [Per 1 SD decrease of
mtDNAcn, HR (95% CI) =0.71 (0.52, 0.97), P for trend across mtDNAcn quartiles = 0.03],
patients diagnosed within 5 years since blood collection[Per 1 SD decrease of mtDNAcn, HR
(95% CI) = 0.65 (0.44, 0.96), P for trend across mtDNAcn quartiles = 0.03], and participants
with diets of low inflammatory potential (i.e. lower EDIP score) [Per 1 SD decrease of
mtDNAcn, HR (95% CI) = 0.61 (0.42, 0.88), P for trend across mtDNAcn quartiles = 0.009]

(Table 5).

DISCUSSION
In an analysis of 587 CRC patients from NHS and HPFS, no significant association
appeared between pre-diagnostic leukocyte mtDNAcn and either overall or CRC-specific
survival. To the best of our knowledge, this is the first examination of pre-diagnostic mtDNAcn,

which is uninfluenced by disease status, in relation to CRC survival.
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Our null associations are consistent with a few previous studies that also found no
significant association between mtDNAcn in cancer tissues and CRC survival.'®2? In contrast,
significant associations between mtDNAcn at diagnosis and CRC prognosis were reported by
several other studies, though the direction of the association varied.!® '®17-1° For example, high
leukocyte mtDNAcn at diagnosis was associated with poorer CRC-specific survival in 598 CRC
patients [high vs. low mtDNAcn, HR (95%CI) = 1.96 (1.49, 2.59)].!° Also, among patients with
stage II/I1I cancers, adjuvant chemotherapy was of significant benefit to those with high, but not
low mtDNAcn.!'? Conversely, among 655 CRC patients, van Osch et al. identified lower risk of
death from CRC among patients with high mtDNAcn in cancer tissue [5" vs. 1% quintile, HR
(95%CI) = 0.63 (0.40, 1.01)].'® Evidence suggesting associations between lower mtDNAcn in

CRC tissue and poorer survival,'

as well as between lower mtDNAcn in peripheral blood and
higher all-cause mortality among older adults in general, have also been reported.'> 3

Changes in mtDNAcn in tumor tissues have been correlated with clinical-pathological
features of CRC. Compared to adjacent non-cancerous or normal colorectal tissue, reduced
mtDNAcn in CRC tissue have been detected in many studies.!® '3 Interestingly, Feng et al.
found higher mtDNAcn in CRC tissue than adjacent normal tissue only in stage I/II not in stage
III/IV cancers.*® In addition, Feng et al. reported that mtDNAcn was higher in tissues from stage
I/I1 cancers (n=26) than in tissues from stage III/IV cancers (n=18).3® Similarly, Lin et al. found
that mtDNAcn in CRC tissue decreased with advancing stage, that is, mtDNAcn was highest in
Stage I (n=22) cancer and lowest in Stage IV (n=32).*° In our previous study of mtDNAcn and

CRC risk, pre-diagnostic leukocyte mtDNAcn was lower in CRC cases than controls.'? In our

current study, mean (SD) of log-mtDNAcn in leukocytes was also lower in stage IV cancers |[-
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0.16 (0.35)] than in earlier-stage cancers [stage III: -0.14 (0.32), stage 0/I/11: -0.13 (0.33)]. These
lines of evidence suggest that mtDNAcn may decrease during the progression of CRC.

MtDNA is susceptible to excessive oxidative damage, which may be due in part simply
to its location in the mitochondria, which is in close proximity to the generation of reactive
oxygen species (ROS), an intrinsic source of DNA damage.*’ Moreover, in the context of
carcinogenesis, mtDNA may be a crucial target of mitochondrial ROS, and altered mtDNAcn
may affect cancer growth and/or metastatic behavior.*! Selective degradation of injured mtDNA
copies is among the natural mechanisms to counteract mtDNA damage*?. Research suggests that
when mtDNA encounters oxidative damage, its copy number may initially increase in response;
however, persistent damage would eventually lead to targeted mtDNA degradation and the loss
of mtDNAcn.*% 42

In addition, both cross-sectional and longitudinal data show that mtDNAcn in peripheral
blood declines during aging.' 3% 4% 44 Interestingly, similar age-related changes in mtDNAcn
were observed in two separate studies: mtDNAcn remains steady'” or slightly increased*® until
the fifth decade of life and significantly decreases thereafter. Lifestyle factors may also partially
influence changes in leukocyte mtDNAcn. Our previous studies have shown that several lifestyle
factors, including weight, waist, BMI, waist-hip ratio, trajectories of weight gain, smoking, less
fruit consumption, and hyperinsulinemic lifestyle potential (based on diet, physical activity, body
weight), were associated with reduced mtDNAcn in peripheral blood leukocytes.?!: 447

The damage tolerance mechanism of mtDNA may help explain the above-described
epidemiologic findings regarding variations with age and cancer stage. Mutated or injured copies
of mtDNA and dysfunctional mitochondria may accumulate with age and the progression of

cancer. In our stratified analyses, risk of CRC-specific death associated with one SD decrease of
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mtDNAcn was lower among those patients who are younger than 70.5 years (median) at
diagnosis [HR (95% CI) = 0.71 (0.52, 0.97)], patients diagnosed within 5 years since blood
collection [HR (95% CI) = 0.65 (0.44, 0.96)], and patients who had lower dietary inflammatory
potential [HR (95% CI) = 0.61 (0.42, 0.88)], although it was not statistically significant after
correcting for multiple testing (Table 5). Interestingly, among current smokers, a one SD
decrease in mtDNAcn seemed to be associated with elevated risk of overall death [HR (95%CI)
=1.50(0.98, 2.32)] (Table 4). One of the potential mechanisms underlying such an inverse
association is that poor lifestyle habits (e.g., smoking) may accelerate the exhaustion of mtDNA
repair and tolerance mechanisms, lead to reduced mtDNAcn (reflecting excessive oxidative
damage) which is further related to higher risk of mortality. However, this interpretation is
strictly speculative, and we cannot exclude the possibility that results from these stratified
subgroups could simply be the product of chance.

Interpreting the association between pre-diagnostic mtDNAcn and cancer survival could
be even more complicated, because complex changes in mtDNAcn may occur prior to the
development of cancer as well as during disease progression. Basic research has shown that
excessive mitochondrial oxidative stress may induce cancer initiation as well as death of both
normal and malignant cells.*! Previously, one retrospective case-control study reported a positive
association between leukocyte mtDNAcn measured at the time of diagnosis and risk of CRC.*®
However, prospective case-control studies nested within the NHS and the Shanghai Women’s
Health Study found inverse associations of pre-diagnostic leukocyte mtDNAcn with risk of
CRC, while a U-shaped association was observed in the Singapore Chinese Health Study.® ! 12

The leukocyte mtDNAcn was significantly inversely associated with the risk of CRC in our
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previous NHS study,'? but was not associated with CRC survival in our current study, suggesting
that pre-diagnostic leukocyte mtDNAcn may be a better marker for CRC risk than for prognosis.

As the first exploration of a possible relationship between pre-diagnostic mtDNAcn and
survival in CRC patients, our study has several strengths, including long-term follow-up, pre-
diagnostic assessment of exposure, as well as a comprehensive list of covariates. We also
acknowledge some limitations, one of which is the single measurement of mtDNAcn, which is
insufficient to reflect all aspects of functional alterations in mitochondria. Research has
demonstrated that in addition to changes in mtDNAcn, other mtDNA alterations, such as
common mtDNA genetic variants*’, mutations in the mitochondrial D-Loop,>® ! and mtDNA
microsatellite instability,>? are also associated with CRC risk and prognosis. In addition,
increased migration of mtDNA into the nuclear genome was observed in colorectal
adenocarcinomas in one study.’® Moreover, different mtDNA alterations may be interrelated. For
example, demethylation of the D-loop region was associated with elevated mtDNAcn in CRC
tissues,>* and the mtDNA mutation burden may lead to mitochondrial dysfunction.*! Therefore,
joint assessment of multiple markers of mitochondrial function (e.g., combining them into
indices) in relation to the risk and survival of CRC may be more sensitive and precise than
individual markers alone. Another potential limitation of our study is the lack of information on
the molecular characteristics of tumors, such as the status of KRAS, BRAF, or PIK3CA
mutations, though clinical-pathological information including tumor location, grade of
differentiation, and AJCC TNM stages were included. Lastly, future correlation analyses of
mtDNAcn in different tissues (e.g. leukocytes vs. tumor tissues) would help us better

understanding the relationship of mitochondrial biology and carcinogenesis. And repeated
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measurement of mtDNAcn over a longer period would further enable us to study longitudinal
changes in mtDNAcn and their relationship with cancer outcomes.

In conclusion, our study did not reveal significant associations between pre-diagnostic
leukocyte mtDNAcn and overall and CRC-specific survival among CRC patients. We did
observe some evidence suggestive of an inverse association between mtDNAcn and overall
survival among current smokers, and a positive association between mtDNAcn and CRC-specific
survival among the relatively younger patients in our cohort (< 70.5 years at diagnosis), patients
diagnosed within 5 years from blood collection, as well as patients with anti-inflammatory diets.
Additional population studies are warranted, especially among patients of a more diverse age
group (e.g. young adults with early-onset CRC). Additional functional studies are also needed to
explore the mechanisms underlying the behavior of mtDNAcn in the context of tumor

development and progression.
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Table 1. Baseline characteristics of patients with colorectal cancer

Characteristics NHS HPFS All
Number of cases, n 321 266 587
Age at blood collection, yrs, Mean(SD) 58.8(6.7) 65.8(8.1) 62.0(8.1)
Age at CRC diagnosis, yrs, Mean(SD) 67.8(7.6) 73.1(8.6) 70.2(8.5)
Log-mtDNAcn, Mean(SD) -0.08 (0.3) -0.2 (0.3) -0.1(0.3)
Sex, women% 100 0 54.7
Race, white% 98.1 92.5 95.6
Body mass index, kg/m2, Mean(SD) 25.7(5.0) 26.4(3.2) 26.0(4.3)
Physical activity, MET-hours/week, Mean(SD) 18.5(18.3) 29.6(27.6) 23.5(23.6)
Smoking status
Never% 43.9 429 43.4
Past% 38.3 51.1 441
Current% 17.8 6.0 12.4
Empirical dietary inflammatory pattern score, Mean(SD) -0.03(0.9) 0.04(0.9) 0.002(0.9)
Regular aspirin users% 393 42.5 40.7
Regular non-aspirin NSAID users% 13.4 8.3 11.1
CRC in a parent or sibling, % 17.8 18.4 18.1
Location of cancer
Proximal colon% 46.4 32.3 40.0
Distal colon% 27.7 33.1 30.2
Rectum% 22.4 25.6 23.9
Unspecified% 3.4 9.0 6.0
Differentiation grade of cancer
Well differentiated% 13.1 9.8 11.6
Moderately differentiated% 60.1 523 56.6
Poorly differentiated% 16.5 12.8 14.8
Unspecified% 10.3 25.2 17.0
AJCC TNM stage of cancer
Stage 0/1% 23.7 32.0 27.4
Stage 11% 28.0 16.5 22.8
Stage 111% 22.7 20.3 21.6
Stage [V% 13.7 14.7 14.1
Unspecified% 11.8 16.5 14.0
Years from blood collection to CRC diagnosis, Mean(SD) 8.9(5.2) 7.3(4.2) 8.2(4.8)
Years from blood collection to death/end of follow-up,
Mean(SD) 20.2(8.4) 16.7(7.0) 18.6(8.0)
Years from CRC diagnosis to death/end of follow-up, Mean(SD) 11.3(7.9) 9.4(6.7) 10.5(7.4)

Notes: Abbreviation: NHS, Nurses’ Health Study; HPFS, Health Professionals Follow-up Study; MET: metabolic
equivalent; NSAIDs, nonsteroidal anti-inflammatory drugs; AJCC: American Joint Committee on Cancer; TNM: T-
The extent (size) of the tumor, N-The spread to nearby lymph nodes, M-the spread (metastasis) to distant sites;

Values are means(SD) for continuous variables and percentages for categorical variables; Empirical dietary
inflammatory pattern (EDIP) scores were adjusted for energy intake using the residual method. Lower scores
indicate anti-inflammatory diets whereas higher scores indicate proinflammatory diets.
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Table 2. Associations of pre-diagnostic leukocyte mtDNAcn with overall and CRC-specific
survival by cohort-specific quartiles of mtDNAcn

Quartile Quartile Quartile Quartile Per 1 SD P for
4 3 2 1 decrease trend
Overall Survival (OS)
NHS
No. of cases/deaths 80/56 81/42 80/42 80/50
HR (95%CI)- Model 1 ref 0.65(0.44,0.98) 0.71(0.48,1.07) 0.87(0.59,1.29) 0.95(0.79,1.14)  0.57
HR (95%CTI)- Model 2 ref 0.74 (0.49,1.12) 0.74 (049, 1.12)  0.96 (0.64, 1.43) 0.97 (0.81,1.17)  0.76
HR (95%CI)- Model 3 ref 0.69 (0.45,1.07) 0.61(0.39,0.95) 0.90(0.59,1.36) 0.93(0.77,1.13) 0.47
HPFS
No. of cases/deaths 66/47 67/46 67/54 66/58
HR (95%CI)- Model 1 ref 0.92 (0.61,1.39) 0.93(0.63,1.39) 1.16(0.78,1.72) 1.06(0.90, 1.26)  0.47
HR (95%CI)- Model 2 ref 1.03 (0.67,1.58) 1.13(0.75,1.72) 1.25(0.84,1.86) 1.11(0.93,1.31) 0.24
HR (95%CTI)- Model 3 ref 1.04 (0.67,1.61) 1.18(0.78,1.81) 1.21(0.80,1.84) 1.10(0.92,1.31) 0.31
All
No. of cases/deaths 147/100 147/85 147/99 146/111
HR (95%CTI)- Model 1 ref 0.79 (0.59,1.05) 0.98(0.74,1.30) 0.97(0.74,1.29) 1.02(0.90,1.15) 0.79
HR (95%CI)- Model 2 ref 0.85(0.63,1.14) 1.00(0.75,1.33) 1.10(0.83,1.46) 1.06(0.94,1.21) 0.34
HR (95%CI)- Model 3 ref 0.88 (0.65,1.19) 1.03(0.77,1.38) 1.07(0.80,1.42) 1.05(0.92,1.19) 0.47
CRC-specific Survival
NHS
No. of cases/deaths 80/34 81/23 80/22 80/26
HR (95%CI)- Model 1 ref 0.65(0.38,1.12) 0.62(0.36,1.06) 0.82(0.49,1.40) 0.90(0.71,1.15) 0.39
HR (95%CI)- Model 2 ref 0.77 (0.45,1.33)  0.61(0.35,1.06) 0.79 (0.46,1.35) 0.87(0.68,1.10) 0.25
HR (95%CTI)- Model 3 ref 0.67 (0.38,1.20) 0.48(0.26,0.87) 0.78 (0.44,1.39) 0.84(0.65,1.09) 0.19
HPFS
No. of cases/deaths 66/19 67/19 67/17 66/20
HR (95%CI)- Model 1 ref 0.95(0.50,1.80) 0.75(0.39,1.46) 0.87(0.46,1.66) 0.92(0.70,1.21) 0.54
HR (95%CI)- Model 2 ref 1.26 (0.64,2.47) 1.22(0.60,2.50) 0.97(0.50,1.87) 0.98 (0.75,1.29) 0.90
HR (95%CI)- Model 3 ref 1.31(0.63,2.72) 1.08(0.51,2.29) 0.90(0.43,1.89) 0.94(0.69,1.27) 0.67
All
No. of cases/deaths 147/54 147/38 147/48 146/40
HR (95%CI)- Model 1 ref 0.70 (0.46,1.07)  0.95(0.64,1.40) 0.72(0.47,1.09) 0.90(0.75,1.08) 0.25
HR (95%CTI)- Model 2 ref 0.84 (0.55,1.28) 0.95(0.63,1.42) 0.85(0.56,1.31) 0.95(0.79,1.14)  0.56
HR (95%CI)- Model 3 ref 0.76 (0.49,1.18) 0.95(0.63,1.45) 0.77(0.49,1.19) 0.92(0.76,1.11)  0.37

Notes: Model 1: adjusted for age at blood collection and age at diagnosis (continuous), race (white, non-white), and
gender/cohort (women/men, for pooled dataset only); Model 2: Model 1 + tumor location (proximal colon, distal
colon, rectum, unspecified), grade of differentiation (well, moderate, poor, unspecified), and AJCC TNM stage
(Stage 0/1, 11, 11, TV, unspecified); Model 3: Model 2 + smoking status (never, past, current), BMI (in tertiles),
physical activity (in tertiles), CRC family history (yes/no), regular aspirin users (yes/no), regular non-aspirin NSAID
users (yes/no), Empirical dietary inflammatory pattern (EDIP) score (in tertiles); No significant statistical
heterogeneity was observed between NHS and HPFS (OS, P-heterogeneity = 0.22, CRC-specific survival, P-
heterogeneity=0.60, estimates for death risk per 1 SD decrease of mtDNAcn).
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Table 3. Associations of pre-diagnostic leukocyte mtDNAcn with overall and CRC-specific survival,
stratified by tumor location, grade, and stage

Multivariable HR (95% CI) for mtDNAcn quartiles

Characteristics No. of log-mtDNAcn  Quartile Quartile Quartile Quartile Per P
of tumor cases/deaths mean (SD) 4 3 2 1 1 SD decrease  for trend
Overall Survival (OS)
Location
Proximal colon 235/168 -0.14 (0.33) ref 0.93 (0.59,1.49) 1.13(0.70,1.84) 1.11(0.68,1.80) 1.07(0.87,1.32) 0.53
Distal colon 177/113 -0.12 (0.31) ref 1.35(0.73,2.50) 1.22(0.65,2.28) 1.72(0.89,3.34) 1.24(0.93, 1.66) 0.15
Rectum 140/87 -0.14 (0.35) ref 0.59(0.29,1.23) 0.77 (0.38,1.53) 0.80(0.42,1.56) 0.93 (0.68, 1.26) 0.62
Grade of differentiation
Well - Moderate 400/254 -0.13 (0.32) ref 1.11 (0.76,1.63) 1.14(0.78,1.66) 1.28(0.88,1.86) 1.11(0.94,1.31) 0.20
Poor 87/67 -0.11 (0.38) ref 1.52 (0.58,3.96) 0.71(0.28,1.75) 0.95(0.41,2.16) 0.93 (0.65, 1.34) 0.69
AJCC Stage
Stage 0/I/11 295/175 -0.13 (0.33) ref 0.70 (0.44,1.12) 0.86(0.54,1.36) 0.86(0.55,1.34) 0.97 (0.80, 1.19) 0.78
Stage 111 127/88 -0.14 (0.32) ref 1.22 (0.60,2.48) 0.73 (0.35,1.54) 1.24(0.65,2.39) 1.06(0.79, 1.43) 0.68
Stage IV 83/77 -0.16 (0.35) ref 1.02 (0.40,2.63) 1.26(0.52,3.04) 1.68(0.70,4.02) 1.27(0.86, 1.87) 0.23
CRC-specific Survival
Location
Proximal colon 235/77 -0.14 (0.33) ref 0.74 (0.38, 1.45) 0.68 (0.34,1.35) 0.66(0.31,1.41) 0.82(0.60, 1.13) 0.22
Distal colon 177/50 -0.12 (0.31) ref 2.17 (0.78, 6.00) 2.60 (0.90, 7.48) 2.29(0.68,7.73) 1.44(0.86,2.41) 0.16
Rectum 140/37 -0.14 (0.35) ref 0.29 (0.09, 0.99) 0.67 (0.23,1.94) 0.60 (0.20, 1.80)  0.80 (0.49, 1.33) 0.39
Grade of differentiation
Well - Moderate 400/103 -0.13 (0.32) ref 0.95(0.54,1.66) 1.06(0.59,1.90) 0.91(0.49,1.70) 0.98 (0.75, 1.28) 0.88
Poor 87/44 -0.10 (0.38) ref 0.78 (0.23,2.65) 1.20(0.41,3.51) 0.61(0.19,2.00) 0.87(0.53, 1.44) 0.58
AJCC Stage
Stage 0/I/11 295/32 -0.13 (0.33) ref 0.49 (0.18,1.35) 0.56(0.21,1.49) 0.44(0.14,1.37) 0.70(0.43,1.14) 0.15
Stage 111 127/44 -0.14 (0.32) ref 1.38 (0.56, 3.40) 0.71(0.26,1.94) 0.80(0.30,2.10) 0.85(0.56, 1.30) 0.46
Stage IV 83/74 -0.16 (0.35) ref 1.01 (0.39,2.59) 1.15(047,2.81) 1.50(0.62,3.62) 1.20(0.81,1.77) 0.36

Note: HRs (95% Cls) were adjusted for the following variables (except for the stratified covariate): age at blood collection and age at diagnosis (continuous),

race (white, non-white), and gender/cohort (women/men), tumor location (proximal colon, distal colon, rectum, unspecified), grade of differentiation (well,
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moderate, poor, unspecified), and AJCC TNM stage (Stage 0/1, I1, III, IV, unspecified), smoking status (never, past, current), BMI (in tertiles), physical activity
(in tertiles), CRC family history (yes/no), regular aspirin users (yes/no), regular non-aspirin NSAID users (yes/no), empirical dietary inflammatory pattern
(EDIP) score (in tertiles).
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Table 4.

Association of pre-diagnostic leukocyte mtDNAcn with overall survival, stratified by selected covariates

Multivariable HR (95% CI) for mtDNAcn quartiles

No. of log-mtDNAcn  Quartile Quartile Quartile Quartile Per 1 SD P for P for
Covariates cases/deaths (mean (SD)) 4 3 2 1 decrease trend  interaction
Age at blood collection* 0.97
< median (62.3 years) 293/140 -0.10 (0.33) ref 0.74 (0.44,1.25) 0.80(0.49,1.31) 1.32(0.79,2.19) 1.10(0.87, 1.38) 0.43
> median (62.3 years) 294/255 -0.17 (0.32) ref 1.03 (0.69, 1.55) 1.24(0.82,1.87) 1.07(0.74, 1.55)  1.04(0.89, 1.22) 0.64
Age at diagnosis* 0.80
< median (70.5 years) 295/161 -0.06 (0.32) ref 0.78 (0.49, 1.24)  0.57(0.36,0.90) 1.06 (0.64, 1.75)  0.92(0.73, 1.14) 0.43
> median (70.5 years) 292/234 -0.21 (0.32) ref 1.09 (0.70, 1.68) 1.46(0.96,2.21) 1.17(0.80,1.72) 1.08 (0.92, 1.27) 0.34
Years from blood collection to diagnosis 0.70
<5 years 168/138 -0.13 (0.34) ref 0.92 (0.51, 1.66)  0.53(0.29,0.95) 0.98(0.54,1.77)  0.92(0.71, 1.20) 168/138
<10 years 386/280 -0.11 (0.31) ref 0.92 (0.64, 1.33) 1.00(0.70,1.43) 1.12(0.78,1.59) 1.06(0.90, 1.24) 386/280
> 10 years 201/115 -0.18 (0.35) ref 0.82(0.45,1.52) 0.99(0.54,1.81) 1.18(0.68,2.04) 1.10(0.86, 1.41) 201/115
Smoking status 0.45
Never 255/164 -0.14 (0.32) ref 1.02 (0.64,1.62) 0.90(0.57,1.42) 1.25(0.80,1.95) 1.08 (0.88, 1.32) 0.45
Past 259/180 -0.12 (0.33) ref 0.64 (0.40,1.01) 1.08(0.70,1.68) 0.73 (0.46,1.16) 0.94 (0.77, 1.15) 0.54
Current 73/51 -0.15 (0.34) ref 1.12(0.38,3.26) 2.22(0.75,6.57) 2.27(0.84,6.14)  1.50 (0.98, 2.32) 0.06
BMI* 0.54
15.6 ~24.0 kg/m2 195/124 -0.09 (0.36) ref 0.83(0.47,1.46) 0.83(0.46,1.50) 0.87(0.51,1.48) 0.94(0.74, 1.19) 0.60
24.0 ~ 26.9 kg/m2 196/139 -0.16 (0.30) ref 0.78 (0.44,1.37) 1.14(0.69,1.90) 1.07 (0.69, 1.89) 1.07 (0.85, 1.36) 0.57
26.9 ~49.1 kg/m2 196/132 -0.16 (0.31) ref 0.78 (0.43,1.40) 0.90(0.49, 1.66)  0.96 (0.54,1.70)  1.02 (0.80, 1.31) 0.86
Physical activity* 0.35
0~ 9.2 METs-hours/wk 195/130 -0.14 (0.34) ref 1.23(0.70,2.16) 1.76(1.01,3.08) 1.27(0.75,2.15) 1.15(0.92, 1.43) 0.21
9.2 ~26.9 METs-hours/wk 196/127 -0.11 (0.32) ref 0.97 (0.57, 1.66)  0.89(0.53,1.49) 1.01(0.58,1.77)  0.99 (0.77, 1.26) 0.92
26.9 ~ 177.3 METs-hours/wk 196/138 -0.16 (0.32) ref 0.51(0.29,0.92) 0.69 (0.41,1.17) 0.86(0.52,1.42) 1.00(0.79, 1.25) 0.97
Dietary inflammatory potential*® 0.14
Low (-4.1 ~-0.3) 195/125 -0.11 (0.36) ref 1.04 (0.61,1.77) 1.08 (0.64,1.83) 0.62(0.34,1.11)  0.84 (0.66, 1.08) 0.17
Median (-0.3 ~ 0.3) 196/132 -0.14 (0.30) ref 0.68 (0.37,1.24) 0.63(0.37,1.10) 1.41(0.82,2.43) 1.13(0.88, 1.46) 0.33
High (0.3 ~3.9) 196/138 -0.16 (0.31) ref 0.92 (0.53,1.60) 1.74(1.02,2.98) 1.11(0.65,1.87) 1.12(0.90, 1.40) 0.31
Regular aspirin users 0.70
No 348/221 -0.12 (0.31) ref 0.62 (0.42,0.92) 0.98 (0.66,1.47) 0.85(0.57,1.27) 1.00 (0.83, 1.19) 0.96
Yes 239/174 -0.16 (0.35) ref 1.75(1.06,2.90) 1.05(0.65,1.69) 1.23(0.78,1.93) 1.04(0.86, 1.26) 0.70
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Note: Subgroups by BMI, physical activity, and dietary inflammatory potential were defined by the tertiles of BMI, total MET-hours/week, and empirical dietary
inflammatory pattern (EDIP) score, respectively. The EDIP scores were adjusted for energy intake using the residual method; lower scores indicate anti-
inflammatory diets whereas higher scores indicate proinflammatory diets. HRs (95% Cls) were adjusted for the following variables (except for the stratified
covariate): age at blood collection and age at diagnosis (continuous), race (white, non-white), and gender/cohort (women/men), tumor location (proximal colon,
distal colon, rectum, unspecified), grade of differentiation (well, moderate, poor, unspecified), and AJCC TNM stage (Stage 0/1, II, III, IV), smoking status
(never, past, current), BMI (in tertiles), physical activity (in tertiles), CRC family history (yes/no), regular aspirin users (yes/no), regular non-aspirin NSAIDs
users (yes/no), Empirical dietary inflammatory pattern (EDIP) score (in tertiles). * The covariate was further adjusted in each tertile as a continuous variable.
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Table 5. Association of pre-diagnostic leukocyte mtDNAcn with CRC-specific survival, stratified by selected covariates

Multivariable HR (95% CI) for mtDNAcn quartiles

No. of log-mtDNAcn  Quartile Quartile Quartile Quartile Per 1 SD P for P for
Covariates cases/deaths (mean (SD)) 4 3 2 1 decrease trend interaction
Age at blood collection* 0.64
< median (62.3 years) 293/80 -0.10 (0.33) ref 0.85(0.44, 1.67) 0.71 (0.37, 1.35) 1.00 (0.48,2.07)  0.94 (0.68,1.28)  0.68
> median (62.3 years) 294/100 -0.17 (0.32) ref 0.85(0.45, 1.62) 1.10 (0.58, 2.10) 0.76 (0.41,1.41) 091 (0.70,1.19)  0.49
Age at diagnosis* 0.33
< median (70.5 years) 295/87 -0.06 (0.32) ref 0.73 (0.40, 1.33) 0.45 (0.23, 0.85) 0.63 (0.30,1.35)  0.71 (0.52,0.97)  0.03
> median (70.5 years) 292/93 -0.21 (0.32) ref 1.20 (0.59, 2.48) 1.65 (0.86, 3.16) 0.96 (0.51,1.83)  1.00(0.76,1.31)  0.99
Years from blood collection to diagnosis 0.37
<5 years 168/67 -0.13 (0.34) ref 0.81(0.38, 1.73) 0.46 (0.21, 1.03) 0.43 (0.18, 1.06)  0.65 (0.44,0.96)  0.03
< 10 years 386/129 -0.11 (0.31) ref 0.87 (0.53, 1.43) 0.90 (0.54, 1.48) 0.70 (0.40,1.25)  0.87(0.69,1.11)  0.27
> 10 years 201/51 -0.18 (0.35) ref 0.34 (0.10, 1.10) 0.99 (0.37, 2.63) 0.93(0.35,2.43) 1.17(0.76,1.80)  0.47
Smoking status 0.91
Never 255/73 -0.14 (0.32) ref 0.88 (0.43, 1.84) 1.00 (0.53, 1.90) 1.21(0.62,2.37)  1.09(0.81,1.47)  0.58
Past 259/84 -0.12 (0.33) ref 0.69 (0.37, 1.27) 0.89 (0.48, 1.66) 0.47(0.23,098) 0.77(0.57,1.04)  0.09
Current 73/23 -0.15 (0.34) ref 0.78 (0.15,4.04) 2.42(0.44,13.42) 2.52(0.47,13.50) 1.71(0.82,3.55) 0.15
BMI* 0.89
15.6 ~ 24.0 kg/m2 195/68 -0.09 (0.36) ref 0.66 (0.30, 1.46) 0.63 (0.29, 1.34) 0.65(0.31,1.36) 0.81(0.58,1.13) 0.20
24.0 ~ 26.9 kg/m2 196/58 -0.16 (0.30) ref 0.99 (0.40, 2.47) 1.62 (0.70, 3.77) 0.92(0.33,2.59)  1.06(0.69,1.63)  0.79
26.9 ~49.1 kg/m2 196/54 -0.16 (0.31) ref 1.03 (0.43, 2.46) 1.01(0.41, 2.52) 0.65 (0.26, 1.68)  0.83 (0.56,1.23)  0.35
Physical activity* 0.68
0 ~ 9.2 METs-hours/wk 195/56 -0.14 (0.34) ref 1.01(0.41, 2.48) 1.76 (0.80, 3.89) 0.76 (0.33,1.74) 099 (0.71,1.37)  0.93
9.2 ~26.9 METs-hours/wk 196/67 -0.11 (0.32) ref 0.95 (0.45, 2.00) 0.93 (0.45, 1.91) 0.67(0.29,1.56)  0.86(0.61,1.22)  0.40
26.9 ~ 177.3 METs-hours/wk 196/57 -0.16 (0.32) ref 0.71 (0.28, 1.79) 0.90 (0.37, 2.16) 1.00(0.43,2.32)  1.04(0.72,1.51) 0.82
Dietary inflammatory potential* 0.45
Low (4.1 ~-0.3) 195/62 -0.11 (0.36) ref 0.77 (0.37, 1.62) 0.61 (0.27, 1.39) 0.29 (0.12,0.73)  0.61 (0.42,0.88) 0.009
Median (-0.3 ~ 0.3) 196/62 -0.14 (0.30) ref 0.47 (0.18, 1.22) 0.82(0.37, 1.82) 1.55(0.68,3.54) 1.26(0.86,1.85) 0.24
High (0.3 ~3.9) 196/56 -0.16 (0.31) ref 1.37 (0.56, 3.31) 2.55(1.11, 5.88) 0.41(0.14,1.19)  0.89(0.62,1.29)  0.55
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Regular aspirin users 0.83

No
Yes

348/106 -0.12 (0.31) ref 0.51(0.28,0.91)  0.78 (0.44, 1.39)  0.58(0.31,1.08)  0.83 (0.63, 1.10)  0.20
239/74 -0.16 (0.35) ref 1.75(0.84,3.60)  1.14(0.54,2.40)  0.80 (0.38, 1.67)  0.89 (0.66, 1.21)  0.46

Notes: Subgroups by BMI, physical activity, and dietary inflammatory potential were defined by the tertiles of BMI, total MET-hours/week, and empirical
dietary inflammatory pattern (EDIP) score, respectively. The EDIP scores were adjusted for energy intake using the residual method; lower scores indicate anti-
inflammatory diets whereas higher scores indicate proinflammatory diets. HRs (95% Cls) were adjusted for the following variables (except for the stratified
covariate): age at blood collection and age at diagnosis (continuous), race (white, non-white), and gender/cohort (women/men), tumor location (proximal colon,
distal colon, rectum, unspecified), grade of differentiation (well, moderate, poor, unspecified), and AJCC TNM stage (Stage 0/1, II, III, IV), smoking status
(never, past, current), BMI (in tertiles), physical activity (in tertiles), CRC family history (yes/no), regular aspirin users (yes/no), regular non-aspirin NSAIDs
users (yes/no), Empirical dietary inflammatory pattern (EDIP) score (in tertiles). * The covariate was further adjusted in each tertile as a continuous variable.
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