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aging studies
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Abstract

Background: Despite the known role of mitosis in colorectal cancer, previous associations of long-term aspirin use
with suppressed cancer-related epigenetic aging did not involve epigenetic mitotic clocks. We investigated these
relationships using three epigenetic mitotic clocks developed for cancer risk prediction: EpiTOC, EpiTOC2, and
MiAge. We utilized publicly available HumanMethylationEPIC BeadChip data from 112 healthy colon (proximal and
distal) mucosal samples taken at baseline (T1) and at 10-years follow-up (T2) from a screening cohort of 28 Polish
women (11 non-users and 17 long-term [= 2 years] aspirin users). Mitotic clock values were divided by
chronological age at each timepoint to obtain intrinsic rates (IRs). We evaluated differences in residuals of the
mitotic clock IRs taken from linear mixed effects models adjusted for BMI, polyp status, and DNA methylation batch.

Findings: EpiTOC, EpiTOC2, and MiAge were significantly correlated with chronological age (P < 0.05) with
correlations ranging from 041 to 0.63. The EpiTOC, EpiTOC2, and MiAge clocks were strongly correlated with each
other in proximal and distal samples (r > 0.79, P < 0.0001). We observed proximal within group median clock IR
deceleration for EpiTOC (-0.0004 DNAm, P = 0.008), EpiTOC2 (— 16 cell divisions, P = 0.009), and MiAge (— 3 cell
divisions, P = 0.002) for long-term aspirin users from T1 to T2 but not for non-users. In distal samples, only the long-
term user MiAge IR was significantly deaccelerated (— 3 cell divisions, P = 0.009).
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Conclusions: Our observed findings support previously reported longitudinal associations of aspirin use with
deceleration of other epigenetic age measures in the proximal colon. Our mitotic clock results suggest that cell
proliferation could play a role in some aspirin relationships with epigenetic aging. Furthermore, the findings provide
added impetus for establishing gold standards for epigenetic aging and consensus guidelines for more
comprehensive reporting in future epigenetic aging cancer studies.
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Introduction

Existing data, including evidence from human random-
ized controlled trials, suggests that aspirin may be pro-
tective against colorectal cancer (CRC) in certain
populations [1-3]. In accordance with this evidence, the
United States Preventative Services Task Force
(USPSTF) has issued guidelines recommending the use
of low-dose aspirin for the primary prevention of CRC
in adults aged 50—59 years with a > 10% 10-year cardio-
vascular disease risk [4]. Despite the optimism surround-
ing the role that aspirin may play as a CRC
chemopreventive agent, issues of long-term patient drug
adherence, therapeutic contraindications, and CRC’s
existing immense morbidity—the third most common
cancer diagnosed globally with an estimated 1.8 million
new cases annually [5]—guarantee a continued need for
disease screening and surveillance [1]. For this reason, it
will be important to characterize the relationship of as-
pirin use with CRC screening and surveillance
modalities.

Measures of epigenetic aging are among the potential,
novel modalities for CRC screening and surveillance [6,
7]. These DNA methylation-based metrics, sometimes
called “epigenetic clocks,” are believed to represent bio-
logical, rather than chronological, aging and can offer
better insights regarding an individual’s present and fu-
ture morbidity and mortality risks [8, 9]. To date, blood
epigenetic age acceleration (Horvath’s pan-tissue metric
[10]) has been associated with future colon cancer devel-
opment [11], and survival associated epigenetic age ac-
celeration (Horvath metric) has also been demonstrated
in colon tumors [12]. Moreover, a more recent 10-year
study of healthy colon tissue in Polish women reported
epigenetic age deceleration (PhenoAge metric [13]) in
the proximal colon of long-term aspirin users when
compared to non-users [14]. Although these studies do
take advantage of the most well-known epigenetic age
measures, they do not include epigenetic aging measures
that estimate cell divisions—otherwise known as “mitotic
clocks.” Understanding aspirin and CRC relationships
with mitotic clocks is particularly important given that
deviations from chronological age captured by many of
the other epigenetic clocks are independent of cell pro-
liferation [14]. This may result in the conclusion that as-
pirin’s relationship with epigenetic aging processes is

solely proliferation independent when this may not be
the case. Studying these relationships may also offer in-
sights for furthering the mechanistic understanding of
aspirin’s chemopreventive potential. The known role of
mitosis in CRC provides additional impetus for this mi-
totic clock analysis [15].

We identified three mitotic clock measures in the lit-
erature: Epigenetic Time to Cancer (EpiTOC), Epigen-
etic Time to Cancer-2 (EpiTOC2), and Mitotic Age
(MiAge) [16—-18]. EpiTOC is the average DNA methyla-
tion over its 385 component CpG sites and represents
the age-cumulative increase in DNA methylation due to
putative cell-replication errors at these sites [16]. Fur-
thermore, EpiTOC leverages CpG sites localized to Poly-
comb group target genes, which are generally
unmethylated in many fetal tissues but gain methylation
during aging and ontogeny. The value it provides is a
relative estimate of the number of stem cell divisions per
stem cell. The EpiTOC2 biomarker is more robust than
EpiTOC because it estimates the cumulative number of
stem cell divisions in a tissue—yielding direct mitotic
count estimates [17]. Increases in EpiTOC and EpiTOC2
have been demonstrated in various cancers, pre-invasive
cancer lesions (including colorectal adenomas), and nor-
mal buccal tissues exposed to cigarette smoke (a known
carcinogen) [16, 17]. MiAge is designed to represent the
total number of lifetime cell divisions of a tissue and was
found to be universally accelerated in 13 cancer types
(including colon adenocarcinoma) when tumors were
compared to adjacent normal tissues [18]. Accelerated
MiAge was also found to be associated with worse can-
cer survival [18].

In the present analysis, we utilize the aforementioned
Polish healthy colon dataset [14] and explored relation-
ships of long-term aspirin use with EpiTOC, EpiTOC2,
and MiAge. Additionally, we take an inventory of exist-
ing CRC epigenetic aging studies and provide recom-
mendations for future work in this area.

Methods

Study population and data collection

We conducted analyses using a publicly available NCBI
GEO MethylationEPIC BeadChip healthy colon mucosa
dataset (Series GSE142257, updated on “https://www.
ncbi.nlm.nih.gov/geo” on November 9, 2020). The
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dataset is comprised of 124 normal cecum (proximal)
and sigmoid (distal) colon mucosa biopsies from 31
healthy Polish women and was collected for a previous
longitudinal analysis of aspirin use and epigenetic aging
[14]. Colonoscopies with mucosa biopsies were per-
formed on the women at baseline (T1) and during
follow-up 10 years later (T2). In total, each study partici-
pant had four biopsies, proximal and distal biopsies at
T1 and proximal and distal biopsies at T2. Aspirin use
at baseline (T1) and follow-up (T2) was assessed via a
self-administered questionnaire and was classified as
non-user or long-term user (> twice per week for > 2
years). Of the 31 study participants, 17 were long-term
users at T1 and 20 were long-term users at T2—three
non-users from T1 switched to long-term users at T2.
Given that this study aimed to examine the longitudinal
relationship of aspirin use with epigenetic mitotic clocks
over the ten year study period, those three individuals
with cross-over aspirin use were excluded from the ana-
lyses leaving 28 subjects (112 mucosa samples). The
dataset also contained information on participant
chronological ages, BMIs, DNA methylation batch, and
if any type of polyps were observed on T1 or T2 colon-
oscopies (yes versus no). Additional details about study
participants as well as informed consent and ethical con-
duct of study information regarding the collection of this
data can be found in the original publication of the data
[14].

DNA methylation data and epigenetic mitotic clocks

Per the initial publication of this dataset, high-definition
colonoscopy with narrow-band imaging was used to ob-
tain normal mucosa biopsies and genomic DNA was ex-
tracted from these fresh biopsies. Genome-wide DNA
methylation profiling was then performed using the Illu-
mina Infinium MethylationEPIC BeadChip [14]. Minfi
preprocessed and normalized DNA methylation data
was downloaded from NCBI by the authors of the
present manuscript. From a literature review, we identi-
fied three robust epigenetic mitotic clocks designed to
use MethylationEPIC BeadChip data: EpiTOC [16], Epi-
TOC2 [17], and MiAge [18]. EpiTOC and EpiTOC2
were calculated from the downloaded methylation beta
values using instructions and R code available at https://
doi.org/10.5281/zenodo.2632938. Similarly, MiAge was
also calculated from the downloaded methylation beta
values using instructions and R code available at http://
www.columbia.edu/~sw2206/softwares.htm.

Statistical analysis

We conducted our primary analyses using age-
independent intrinsic rates (IRs) for each mitotic clock.
As described in the literature [17], these IRs were calcu-
lated by dividing the mitotic clock values for each
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participant by their respective chronological age. To
then examine if mitotic clock IRs varied between non-
users and long-term users between our two timepoints,
independent of other covariates, we created acceleration
residuals for each measure. More specifically, IR resid-
uals were obtained by regressing IRs for each mitotic
clock from all 112 samples on baseline and follow-up
BM]I, polyp status, and DNA methylation batch in linear
mixed effects models. The models also included a ran-
dom intercept for participants to account for repeated
measures from each participant. We then conducted
within group, paired Wilcoxon signed rank tests of Epi-
TOC, EpiTOC2, and MiAge IR residuals between T1
and T2 timepoints for non-users and long-term aspirin
users respectively. Lastly, we performed analyses to de-
termine if there were between group, statistically signifi-
cant differences in mitotic clock IR changes from T1 to
T2 (comparing non-users to long-term aspirin users).
For non-users and long-term aspirin users respectively
we subtracted mitotic clock values at T1 from T2. We
then performed Wilcoxon rank sum tests to compare
these “difference” values between the two groups of as-
pirin use. All analyses were repeated for EpiTOC, Epi-
TOC2, and MiAge residuals (not divided by
chronological age). All statistical analyses were per-
formed using R Version 3.6.3 (R Core Team, Vienna,
Austria), and a P value < 0.05 was used as the threshold
for statistical significance.

Results

Table 1 presents the baseline (T1) and follow-up (T2)
clinical and mitotic clock characteristics of the study
participants. All participants were women and 39% (11)
were non-users of aspirin throughout the 10-year dur-
ation of the study. At baseline and follow-up, non-users
had a mean (SD) age of 53.8 (6.7) and 63.8 (6.7) years re-
spectively. At baseline and follow-up, long-term aspirin
users had a mean (SD) age of 60.2 (5.7) and 70.2 (5.7)
years respectively. Baseline median chronological ages
for non-users and long-term aspirin users were 50 and
60 years respectively (Wilcoxon rank sum test P = 0.01).
At baseline, the majority of non-users had polyps ob-
served on colonoscopy (64%) and had a high BMI (> 26
kg/m?) (55%). At follow-up, the majority of non-users
did not have polyps on colonoscopy (91%). At baseline,
the majority of long-term aspirin users had a normal
BMI (between 8.5 to 25 l(g/mz) (59%) and did not have
polyps on colonoscopy (76%). Similar patterns were ob-
served for long-term users at follow-up.

All median EpiTOC, EpiTOC2, and MiAge values for
non-users were lower when compared to values for
long-term users at each timepoint, not accounting for
baseline age. In non-users from T1 to T2, proximal and
distal colon EpiTOC, EpiTOC2, and MiAge median
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Table 1 Study participant clinical and mitotic clock characteristics
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Timepoint 1 (N = 28)

Timepoint 2 (N = 28)

Non-user (N =11)

Long-term user (N =
17)

Non-user (N =11)

Long-term User (N =
17)

Age (years), mean (SD) [median, range]
Body mass index (BMI), N (%)

Normal (18.5-25 kg/m?)
High (= 26 kg/m?)
Polyps, N (%)

Yes

No

Proximal EpiTOC (DNAmM), mean (SD)

[median, range]

Proximal EpiTOC2 (cell divisions), mean

(SD) [median, range]

Proximal MiAge (cell divisions), mean

(SD) [median, range]

Distal EpiTOC (DNAm), mean (SD)

[median, range]

Distal EpiTOC2 (cell divisions), mean

(SD) [median, range]

Distal MiAge (cell divisions), mean (SD)

[median, range]

53.8 (6.7) [50, 50-67]

5 (45)
6 (55)

7 (64)
4 (36)

0.15 (0.02) [0.15, 0.12—
0.20]

7861.8 (1139.1) [7922.8,

5974.4-10495.8]

17519 (2734) [17236,
1298.6-21464]

0.15 (0.02) [0.15, 0.11—
0.17]

7657.6 (878.1) [7573.1,
5929.1-8909.5]

1733.9 (230.1) [1671.9,
1463.8-2080.3]

60.2 (5.7) [60, 51-69]

10 (59)
7 (41)

4 (24)
13 (76)

0.17 (0.03) [0.18, 0.12—
0.24]

8810.8 (1013.2) [9092.2,

7356.9-10777.2]

19954 (296.4) [1989.1,
1615.3-2767.3]

0.16 (0.03) [0.17, 0.11—
0.21]

85894 (1422.9) [8611.8,

5963.6-10889.0]

1877.5 (316.2) [1980.9,
1281.2-2306.2]

63.8 (6.7) [60, 60-77]

3 (26)
8 (73)

109
10 91)

0.17 (0.02) [0.17, 0.14—
0.21]

7356.9 (1013.4) [9051.5,
7356.9-10777.2]

12986 (207.3) [1955.7,
1546.2-2258.8]

0.16 (0.02) [0.15, 0.12—
0.20]

8249.8 (1306.0) [8104.9,
6355.3-10751.5]

1877.5 (316.2) [1901.2,
1281.2-2306.2]

70.2 (5.7) [70, 61-79]

9 (53)
8 (47)

7(47)
10 (59)

0.18 (0.03) [0.18, 0.14~
0.24]

9391.2 (1548.6) [9400.8,
7186.9-12625.6]

2041.0 (269.0) [1983.7,
1531.8-2467.3]

0.18 (0.03) [0.18, 0.13—
0.22]

9516.0 (1460.0) [9638.1,
6612.1-11683.2]

21709 (307.4) [2157.2,
1643.2-2713.5]

values increased. In long-term aspirin users from T1 to
T2, proximal MiAge median values decreased. All other
median values for long-term aspirin users increased
from T1 to T2. Figure 1 presents the correlations of Epi-
TOC, EpiTOC2, and MiAge with chronological age for
proximal and distal samples at each timepoint in non-
users and long-term users. All correlations were statisti-
cally significant (P <0.05) with correlation coefficients
ranging from 0.41 to 0.63. The strongest correlations
with chronological age were observed with EpiTOC and
MiAge in the distal colon samples. All correlations be-
tween EpiTOC, EpiTOC2, and MiAge were strong in
proximal (r >0.89, P <0.0001) and distal (r >0.79, P <
0.0001) samples at T1 and T2. All correlations between
EpiTOC and EpiTOC2 were particularly strong in both
colon locations and at both time points (r >0.99, P <
0.0001).

Table 2 presents the median mitotic clock IR residuals
by timepoint, aspirin use, and colon location. On com-
parison, median T2 IR residuals were lower than median
T1 IR residuals for both colon locations and in both
non-users and long-term aspirin users. Nevertheless, this
deceleration was statistically significant in the proximal
colon of long-term aspirin users. We observed median
clock IR deceleration for EpiTOC (- 0.0004 DNAm, P =
0.008), EpiTOC2 (- 16 cell divisions, P = 0.009), and
MiAge (- 3 cell divisions, P = 0.002) in long-term as-
pirin users from T1 to T2. We also observed median
clock IR deceleration for distal colon MiAge (- 3 cell

divisions, P = 0.009) in long-term aspirin users from
T1 to T2. Figure 2 graphically depicts these results
using boxplots of the mitotic clock IR residuals by
timepoint and long-term aspirin use. In results of
EpiTOC (0.013 DNAm, P = 0.002), EpiTOC2 (796
cell divisions, P = 0.003), and MiAge (207 cell divi-
sions, P = 0.007) residuals not accounting for chrono-
logical age, the opposite trend of mitotic clock
acceleration in distal long-term wuser colon was
observed (Table S1). There was also a general trend
of higher median T2 residuals when compared to
median T1 residuals in these results.

Table 3 presents the baseline versus 10-year follow-up
comparisons of median mitotic clock IR residual differ-
ences between non-users and long-term aspirin users.
For all clocks and in proximal colon, long-term users
had a more negative median difference in T2 minus T1
IR residuals when compared to non-users. Nonetheless,
none of these relationships meet the threshold for statis-
tical significance. Figure 3 graphically depicts these re-
sults using boxplots. Table S2 presents the results for
the same analysis using EpiTOC, EpiTOC2, and MiAge
residuals not accounting for chronological age. Here, the
results do not meet statistical significance and trends are
less discernable.

Discussion
In this analysis of healthy colon DNA methylation data
spanning a 10-year follow-up period, we examine
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Fig. 1 Mitotic clock correlations by colon location. The chronological age and mitotic clock correlation coefficients at both timepoints and colon
locations for EpiTOC (A), EpiTOC2 (B), and MiAge (C)

relationships of long-term aspirin use with epigenetic
mitotic clocks. We observed trends of mitotic clock IR
deceleration in the proximal (cecum) colon samples of
long-term aspirin users but not non-users.

Our rationale for conducting this analysis stemmed
from the observation that many studies of epigenetic
aging and CRC did not examine relationships with epi-
genetic mitotic clocks. This gap in biomarker utilization
potentially stems from a lack of researcher familiarity.
Both Hannum [19] and Horvath [10] epigenetic aging
measures were first described in the literature in 2013
while MiAge [18], EpiTOC [16], and EpiTOC2 [17] were
introduced in 2018, 2016, and 2020 respectively. Never-
theless, given the known relationships of mitosis with
cancer [20], we hypothesized that the mitotic clocks may
be more sensitive for detecting cancer relationships. Our
data from this analysis of long-term aspirin use suggests
that mitotic clocks may reflect similar physiology that is
also captured by other epigenetic age markers.

In their original analysis of this data, Noreen et al
(2020) observed epigenetic age deceleration trends (via
Hannum, Horvath, and PhenoAge metrics) in proximal
but not distal colon samples [14]. Our observed,

statistically significant and robust pattern of clock IR de-
celeration in the within group, long-term user analysis of
proximal colon samples is consistent with their findings.
Moreover, when comparing T2 minus T1 mitotic clock
IR changes between non-users and long-term aspirin
users, we observe more negative median IR differences
in the proximal tissue of long-term users. Although not
statistically significant, this is in line with prior observa-
tions of significant IR deceleration in the proximal tissue
of long-term users at T2 compared to the proximal tis-
sue of long-term users at T1. Unlike our within group
comparisons, the between group, “difference,” compari-
sons were not paired. Thus, it is likely that our between
group analyses did not meet statistical significance due
to our sample size and a lack of statistical power. We hy-
pothesized that analyses of differences within aspirin use
groups are able to account for the within person vari-
ability yielding robust estimates.

Furthermore, given that the mitotic clocks demon-
strated strong, positive associations with chronological
age, we were not surprised to see increases in mitotic
clock residuals not accounting for chronological age be-
tween T1 and T2 for each aspirin use group. These



Nwanaji-Enwerem et al. Epigenetics Communications

(2021) 1:5

Page 6 of 11

Table 2 Baseline versus 10-year follow-up within group comparisons of median mitotic clock intrinsic rate (IR) residuals for non-

users and long-term aspirin users

Measure Median P value Min Max IQR
Proximal EpiTOC IR (DNAm)

Non-user T1 0.0001 - — 0.0002 0.0005 0.0004
Non-user T2 0.000005 0.12 — 0.0004 0.0002 0.0003
Long-term user T1 0.0002 - — 0.0005 0.001 0.0004
Long-term user T2 — 0.0002 0.008 — 0.0006 0.0005 0.0002
Distal EpiTOC IR (DNAm)

Non-user T1 0.0001 - — 0.0005 0.0003 0.0003
Non-user T2 - 0.0001 0.08 — 0.0005 0.00006 0.0003
Long-term user T1 0.0001 - — 0.0007 0.0007 0.0004
Long-term user T2 0.00001 0.21 — 0.0006 0.0004 0.0003
Proximal EpiTOC2 IR (cell divisions)

Non-user T1 54 - -113 258 189
Non-user T2 -02 0.28 - 174 156 14.2
Long-term user T1 7.5 - - 260 538 204
Long-term user T2 -85 0.009 — 363 239 149
Distal EpiTOC2 IR (cell divisions)

Non-user T1 6.4 - - 254 16.0 15.1
Non-user T2 - 47 0.07 - 289 33 15.7
Long-term user T1 73 - - 365 355 183
Long-term user T2 -23 0.10 - 322 14.1 16.3
Proximal MiAge IR (cell divisions)

Non-user T1 0.1 - - 31 79 37
Non-user T2 - 04 0.24 - 46 2.5 25
Long-term user T1 0.6 - - 26 12.1 4.1
Long-term user T2 -27 0.002 - 65 34 1.1
Distal MiAge IR (cell divisions)

Non-user T1 04 - - 38 44 33
Non-user T2 -10 0.24 -82 28 35
Long-term user T1 22 - - 45 6.5 35
Long-term user T2 - 07 0.009 - 60 3.1 42

P values are from paired Wilcoxon signed rank tests comparing T2 and T1 within aspirin use groups

P values < 0.05 are italicized
T1, timepoint 1 (baseline). T2, timepoint 2 (10-year follow-up)

observations in addition to baseline differences in the
ages of the two aspirin use groups (long-term users hav-
ing a 10-year higher median chronological age than non-
users) provide added impetus for focusing on the IR re-
sults—which take chronological age into account—for
interpretation.

The fact that we observe significant IR deceleration in
all three mitotic clocks suggests a good sensitivity of mi-
totic clocks to long-term aspirin relationships. However,
in reviewing the literature, it remains unclear if sensitiv-
ity of mitotic clocks to CRC cancer processes is greater
than that of other epigenetic clocks. The difference in
robustness and sensitivity of epigenetic aging markers

may be due to the amount of data used to create them.
For instance, the Horvath metric was developed using
approximately 8000 samples and the PhenoAge metric
was developed using nearly 10,000 samples [10, 13]. In
contrast, EpiTOC was developed using over 650 samples
[16]. MiAge and EpiTOC2 were developed using ap-
proximately 4000 and 3000 samples respectively [17, 18].
Furthermore, we have observed this pattern in differen-
tial sensitivity to biological aging processes in an inde-
pendent analysis. In a previous study of simulated long-
duration space travel, we observed decreases in both
PhenoAge and EpiTOC2, but only the PhenoAge decel-
eration remained statistically significant at the end of the
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520-day simulated space travel mission [21]. In another
study of healthy left colon samples from 334 individuals
assigned to low, medium, or high risk groups based on
personal history of adenomas or CRC, researchers ob-
served significant PhenoAge deceleration in high risk in-
dividuals compared to low risk individuals; meanwhile,
the relationships of Horvath, Hannum, and EpiTOC
measures followed a similar trend but were not statisti-
cally significant [22]. Although these latter findings go
against the paradigm of much of the CRC epigenetic
aging literature—that higher cancer risk is associated

with age acceleration—it provides added impetus for
recommendations to help standardize future studies in
an effort to reach a consensus on which epigenetic aging
markers are best for studying CRC relationships. Con-
sensus guidelines can also help facilitate meta-analyses
which can further help in elucidating the true relation-
ships and sensitivities of CRC-related biology with epi-
genetic clocks.

Though the data in this field is still in its nascency, we
will reach a point where the field must establish a con-
sensus for a biological aging gold standard [9]. Even if
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Table 3 Baseline versus 10-year follow-up comparisons of median mitotic clock intrinsic rate residual differences between non-users

and long-term aspirin users

Measure Median P value Min Max IQR
Proximal EpiTOC IR (DNAm)

Non-user T2-T1 - 0.0001 — 0.0005 0.0003 0.0004
Long-term user T2-T1 - 0.0003 0.26 - 0.001 0.0004 0.0003
Distal EpiTOC IR (DNAm)

Non-user T2-T1 - 0.0003 - 0.0008 0.0004 0.0005
Long-term user T2-T1 — 0.00007 0.71 — 0.0009 0.0004 0.0004
Proximal EpiTOC2 IR (cell divisions)

Non-user T2-T1 - 11 - 228 14.1 18.8
Long-term user T2-T1 — 148 0.19 - 69.1 20.7 234
Distal EpiTOC2 IR (cell divisions)

Non-user T2-T1 - 110 - 403 20.7 26.8
Long-term user T2-T1 -62 0.75 - 425 23.1 14.8
Proximal MiAge IR (cell divisions)

Non-user T2-T1 - 05 =77 1.5 5.1
Long-term user T2-T1 - 40 023 - 148 36 4.0
Distal MiAge IR (cell divisions)

Non-user T2-T1 -05 -77 1.5 5.1
Long-term user T2-T1 -16 0.96 -85 2.8 43

P values are from Wilcoxon rank sum tests comparing differences between the two aspirin use groups

P values < 0.05 are italicized
T1, timepoint 1 (baseline). T2, timepoint 2 (10-year follow-up)

one general biological aging gold standard is not feasible,
gold standards for particular domains or health out-
comes (i.e., CRC) may be more plausible. As such, all
studies within a particular domain will be expected to
include certain standard markers even if more novel
markers are the main focus of the study. Moving for-
ward, we recommend that all epigenetic aging studies of
CRC include traditional epigenetic aging markers (at
minimum Hannum, Horvath, and PhenoAge) as well as
mitotic clocks (at minimum MiAge, EpiTOC, and Epi-
TOC2 measures) to help the field reach a consensus on
the already existing data. Likewise, the observation that
epigenetic aging may differ based on colon location may
be related to differential embryonic origins but is not
fully understood [14, 23]. The pathways of tumor initi-
ation are also known to differ between the right and left
colon. Mutations in DNA mismatch repair pathways are
more prevalent in right colon tumors whereas chromo-
somal instability pathway-related mutations are more
prevalent in left colon tumors [23]. These distinct differ-
ences in molecular characteristics could have important
relationships with epigenetic aging in CRC. Moreover,
and potentially related to differences in embryologic ori-
gin and molecular characteristics, it is documented that
some chemopreventive interventions like aspirin may be
more robust in proximal colon versus distal colon [24].
Ultimately, additional research will be necessary to fully

understand all of these relationships in the context of
epigenetic aging. As such, we also recommend that epi-
genetic aging studies continue to provide colon location-
specific results when possible. Finally, the racial dispar-
ities in colon cancer are well documented with African
Americans suffering a greater CRC morbidity and mor-
tality when compared to their peers [25]. A recent study
reported age acceleration (Horvath metric) in the right
colons of African Americans and deceleration in the
right colons of their European American peers. The au-
thors stated, “our results provide novel insight of epigen-
etic aging potentially underlying racial disparities in
CRC [26].” We recommend that future studies of epigen-
etic aging in CRC—and otherwise—continue to be mind-
ful of suggesting that disparities are solely due to
ancestry. Devall et al. (2020) conducted a differential
methylation position (DMP) analysis with race and
found that 18.4% of DMPs overlapped with markers of
ancestry; however, mentions of lifestyle and social fac-
tors as the potential drivers of their observed findings
are lacking. We encourage researchers to outline and
differentiate the role of racism and not ancestry
among these biomarkers. This is particularly import-
ant given the reported associations of epigenetic aging
with social factors including diet [13, 27], racial dis-
crimination [28], neighborhood deprivation [29], and
violence [30].
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This study has some important limitations including
its small sample size and limited generalizability given
that the cohort was comprised of only Polish women. It
is also critical to highlight the study’s observational de-
sign with no specifications on dose of aspirin taken dur-
ing the follow-up period and limited covariates (we were
only able to adjust for chronological age, BMI, polyp

status, and methylation batch). Hence, we cannot dir-
ectly speak to causality due to aspirin. Even in this spe-
cific instance where we are calculating metrics in colon
tissue, associations of aspirin use with mitotic clocks and
other epigenetic aging measures may be correlative and
driven by other mechanisms such as immune system in-
teractions. Future investigations in larger and more
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diverse populations as well as experimental studies will
be necessary to confirm our findings more broadly. We
believe that our proposed recommendations will also be
important for improving the quality of these future
studies.

Conclusion

Epigenetic aging measures, including mitotic clocks,
demonstrate sensitivity for detecting CRC relationships.
We specifically observed mitotic clock IR deceleration in
the proximal colon mucosa of long-term aspirin users.
Future studies that (1) include traditional epigenetic age
as well as mitotic clock measures, (2) provide colon
location-specific results, and (3) explore genetic as well
as social drivers for racial epigenetic aging disparities
will be critical for better characterizing epigenetic aging
relationships in CRC.
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