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increasingly more common with decreasing age of colorectal cancer diagnosis and was associated
with higher colorectal cancer-specific mortality. Our findings support the “age continuum” model
that has substantial implications in research on cancers in not only the colorectum but also many
other body sites.

Abstract: Evidence indicates the pathogenic role of epigenetic alterations in early-onset colorectal
cancers diagnosed before age 50. However, features of colorectal cancers diagnosed at age 50-54
(hereafter referred to as “intermediate-onset”) remain less known. We hypothesized that tumor long
interspersed nucleotide element-1 (LINE-1) hypomethylation might be increasingly more common
with decreasing age of colorectal cancer diagnosis. In 1356 colorectal cancers, including 28 early-onset
and 66 intermediate-onset cases, the tumor LINE-1 methylation level measured by bisulfite-PCR-
pyrosequencing (scaled 0 to 100) showed a mean of 63.6 (standard deviation (SD) 10.1). The mean
tumor LINE-1 methylation level decreased with decreasing age (mean 64.7 (SD 10.4) in age >70,
62.8 (SD 9.4) in age 55-69, 61.0 (SD 10.2) in age 50-54, and 58.9 (SD 12.0) in age <50; p < 0.0001).
In linear regression analysis, the multivariable-adjusted { coefficient (95% confidence interval (CI))
(vs. age >70) was —1.38 (—2.47 to —0.30) for age 55-69, —2.82 (—5.29 to —0.34) for age 50-54, and
—4.54 (—8.24 to —0.85) for age <50 (Pyreng = 0.0003). Multivariable-adjusted hazard ratios (95% CI) for
LINE-1 methylation levels of <45, 45-55, and 55-65 (vs. >65) were 2.33 (1.49-3.64), 1.39 (1.05-1.85),
and 1.29 (1.02-1.63), respectively (Pyeng = 0.0005). In conclusion, tumor LINE-1 hypomethylation is
increasingly more common with decreasing age of colorectal cancer diagnosis, suggesting a role of
global DNA hypomethylation in colorectal cancer arising in younger adults.

Keywords: carcinogenesis; colorectal neoplasms; epigenomics; genomic instability; long interspersed
nuclear element; molecular pathology; retrotransposon; screening; transposable element; young-
onset cancer

1. Introduction

The past few decades have witnessed a rising incidence of early-onset colorectal cancer,
defined as colorectal cancer diagnosed before 50 years of age, in substantial parts of the
world, particularly high-income countries [1-3]. The causes underlying this phenomenon
remain unclear. The problem of the rising incidence of early-onset cancers in many body
sites (including the colorectum) [4] has ranked as the top 2020 Provocative Question of the
U.S. National Cancer Institute. Undoubtedly, there is a heightened interest in the biology
and drivers of early-onset colorectal cancer [5,6].

Most of the previous studies regarding early-onset colorectal cancer adopted the
dichotomy of age <50 vs. >50 years despite the lack of robust biological reasons to use age
50 as a cut point [7]. Only few studies examined tumor molecular features in relation to
young age at onset, using models beyond the simple dichotomy at age 50 [8,9]. Therefore,
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50-54 (intermediate-onset), and least common in those aged >70. We also hypothesized
that tumor LINE-1 hypomethylation might be associated with poor prognosis.

To test the primary hypothesis, we compared tumor LINE-1 methylation levels be-
tween age groups in a molecular pathological epidemiology database of 1356 colorectal
cancer cases, including early-onset and intermediate-onset cases. We further assessed the re-
lationship of age groups with tumor LINE-1 hypomethylation, controlling for lifestyle and
clinical factors as well as other tumor molecular characteristics (microsatellite instability
(MSI) status, CpG island methylator phenotype (CIMP), KRAS mutation, BRAF mutation,
and PIK3CA mutation) in multivariate-adjusted linear regression analysis. In addition, we
assessed the prognostic significance of the LINE-1 methylation level in multivariable Cox
regression models.

2. Materials and Methods
2.1. Study Population

We utilized two large prospective cohort studies in the United States, namely, the
Nurses” Health Study (with 121,700 women aged 30 to 55 years, followed up since 1976)
and the Health Professionals Follow-up Study (with 51,529 men aged 40 to 75 years,
followed up since 1986) [21] (Figure 1). In both cohorts, questionnaires were sent to
participants to update information on their lifestyle factors and medical history, including
diagnosis of colorectal cancer every two years. The response rate for each follow-up
questionnaire was more than 90% for both cohorts. We used data on colorectal cancer
family history, pack-years of smoking (using all available biennial questionnaires), and
body mass index (using the latest available questionnaire before diagnosis). The National
Death Index was used to identify unreported lethal cases of colorectal cancer. Participating
physicians, who were blinded to exposure data, reviewed the medical records of identified
colorectal carcinoma cases to confirm the disease diagnosis and to collect data on clinical
characteristics (e.g., tumor size, tumor location, and the American Joint Committee on
Cancer (AJCC) tumor, node, and metastases (TNM) classification). A single pathologist
(S5.0.) performed a centralized review of hematoxylin and eosin-stained tissue sections
from all colorectal carcinoma cases blinded to other data [22]. Tumor differentiation was
categorized as moderate or poor (>50% vs. <50% glandular area, respectively). As a result,
we utilized a molecular pathological epidemiology database of 1356 colorectal cancer cases,
which included 28 patients diagnosed before age 50 (early-onset cases) and 66 patients
diagnosed at age 50-54 (herein referred to as “intermediate-onset” cases), with available
tumor LINE-1 methylation data. On the basis of the colorectal continuum model, both
colon and rectal cancers were included [23].

Informed consent was obtained from all study participants at enrollment. This study
was approved by the institutional review boards of the Brigham and Women’s Hospital and
Harvard T.H. Chan School of Public Health (Boston, MA, USA), and those of participating
registries as required.



Cancers 2021, 13,2016 40f17

Original cohorts
NHS: Women enrolled in 1976 (n = 121,700)
HPFS: Men enrolled in 1986 (n = 51,529)

Followed-up from 1980/1986 to 2016
NHS (n = 87,998)
HPFS (n = 47,344)

Patients diagnosed with colorectal cancer until 2014
(n=4,578)

Patients without tumor tissue were excluded
(n =2,958)

Patients with available colorectal cancer tissue
(n=1,620)

Patients without tumor LINE-1 methylation
data were excluded
(n = 264)

Study population
Colorectal cancer patients with available tumor
molecular data (n = 1,356)

age <50 (early-onset, n = 28)

age 50-54 (intermediate-onset, n = 66)

age 55-69 (n = 614)

age 270 (n = 648)

Figure 1. Flow chart of case selection in the Nurses” Health Study and the Health Professionals Follow-
up Study. Abbreviations: HPFS, Health Professionals Follow-up Study; LINE-1, long interspersed
nucleotide element-1; NHS, Nurses” Health Study.
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bisulfite conversion of unmethylated cytosine based on evidence that the non-CpG cytosine
in LINE-1 repetitive sequences was rarely methylated [25].

We calculated the percentage of the amount of C nucleotides divided by the sum of
the amounts of C and T nucleotides at each CpG site. We calculated the average of the
relative amounts of C nucleotides in the 4 CpG sites in LINE-1. This average percentage
value (a unitless number on a scale of 0 to 100) was used as the LINE-1 methylation level
of each tumor. To avoid confusion with other % numbers, we did not use “%” in this
measure of the LINE-1 methylation level. Figure 3 shows the validation procedure to
assess the precision of bisulfite conversion and PCR-pyrosequencing. We performed PCR-
pyrosequencing seven times on each bisulfite-treated DNA and ensured a high precision
of the LINE-1 methylation pyrosequencing assay [24]. We previously showed that DNA
hypomethylation could be measured by using manual dissection without an LCM, and
that the precision of measurement by using manual dissection was superior to cancer cells
collected by LCM [24].
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2.3. Assessments of Other Tumor Characteristics

DNA was extracted from archival FFPE blocks of normal and carcinomatous colorec-
tal tissue. Methylation status of eight CIMP-specific promoters (CACNAIG, CDKN2A,
CRABP1, IGF2, MLH1, NEUROGI1, RUNX3, and SOCS1) was defined by the MethyLight
assay using bisulphite-treated DNA, as described previously [19,23,26] (following nomen-
clature recommendations for genes and products by an expert panel [27]). CIMP-high
was defined as >6/8 methylated markers using the 8-marker CIMP panel, CIMP-low as
1-5/8 methylated promoters, and CIMP-negative as 0/8 methylated promoters, according
to previously established criteria [19,23]. Microsatellite instability (MSI) status was defined
using PCR of 10 microsatellite markers (D25123, D55346, D175250, BAT25, BAT26, BAT40,
D18555, D18556, D18567, and D185487); MSI-high was defined as the presence of instability
in >30% of the markers, as previously described [23,26]. PCR and pyrosequencing were
performed for KRAS (codons 12, 13, 61, and 146), BRAF (codon 600), and PIK3CA (exons
9 and 20) [23,28].
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Figure 3. Validation procedure to assess precision of bisulfite conversion and PCR-pyrosequencing. Bisulfite conversion was
performed on seven aliquots (B1 to B7) from each specimen. PCR-pyrosequencing was performed for seven bisulfite-treated
specimens (B1 to B7) and was repeated seven times on two specimens (B1 and B2) on seven different days (P1 to P7).
Abbreviation: PCR, polymerase chain reaction.

2.4. Statistical Analyses

All statistical analyses were performed using the SAS software (version 9.4, SAS
Institute, Cary, NC, U.S.). All p values were two-sided. We used the stringent two-sided
« level of 0.005, as recommended by a panel of expert statisticians [29]. Our primary
hypothesis testing was an assessment of the association of age at diagnosis (age groups)
with LINE-1 methylation level. All other assessments were secondary analyses. Spear-
man’s correlation test was used to examine the association between four age groups and
catecorical data (or continuous values of LINE-1 methvlation level). To control for other
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covariate to limit the degrees of freedom of the models. Analyses using indicator variables
for missing data in the variables in the final model yielded similar results (Table S1).

In survival analyses, cumulative survival probabilities were estimated with the Kaplan—
Meier method, and a linear trend in survival probability across ordinal categories of LINE-1
methylation level was determined using the log-rank test for trend. Survival time was
defined as the period from diagnosis of colorectal cancer to death or the end of follow-up,
whichever came first. For the analyses of colorectal cancer-specific mortality, deaths due
to other causes were censored. Multivariable Cox proportional hazard regression anal-
yses were conducted for the colorectal cancer-specific survival according to the LINE-1
methylation level (<45 vs. 45-55 vs. 55-65 vs. >65). A p value for trend was calculated
using LINE-1 methylation level as a continuous variable with the same set of covariates.
In the multivariable Cox regression model, we initially included the following covariates:
age (continuous values), sex, body mass index (<30 vs. >30 kg/m?), pack-years of smok-
ing (0 vs. 1-39 vs. >40), family history of colorectal cancer in any first-degree relative
(present vs. absent), tumor location (proximal colon vs. distal colon vs. rectum), tumor
differentiation (well to moderate vs. poor), AJCC disease stage (I-II vs. III-IV), CIMP status
(CIMP-negative/low vs. CIMP-high), MSI status (non-MSI-high vs. MSI-high), KRAS
mutation (mutant vs. wild-type), BRAF mutation (mutant vs. wild-type), and PIK3CA
mutation (mutant vs. wild-type). A backward elimination was conducted with a threshold
p of 0.05 to select variables for the final models. Cases with missing data (body mass index
(0.4%), pack-years of smoking (4.4%), family history of colorectal cancer (0.7%), tumor
location (0.5%), tumor differentiation (0.6%), AJCC disease stage (9.1%), MSI status (2.8%),
CIMP status (4.9%), KRAS mutation (6.4%), BRAF mutation (2.2%), and PIK3CA mutation
(8.7%)) were imputed to the majority category of a given categorical covariate to limit
the degrees of freedom of the models. The proportionality of the hazard assumption was
assessed using a time-varying covariate, which is an interaction term of survival time and
LINE-1 methylation level. The proportionality of the hazard assumption was satisfied for
the analyses of cancer-specific survival (p = 0.34).

2.5. Use of Standardized Official Symbols

We use HUGO (Human Genome Organisation)-approved official symbols for genes
and gene products, including BRAF, CACNA1G, CDKN2A, CRABP1, IGF2, KRAS, MLH]1,
NEUROG]I, PIK3CA, RUNX3, and SOCS], all of which are described at www.genenames.
org accessed on 20 April 2021. The official symbols are italicized to differentiate from
non-italicized colloquial names that are used along with the official symbols.

3. Results

In this study, we utilized a database of 1356 colorectal cancer cases with available
tumor LINE-1 methylation data in the two prospective cohort studies, including 28 early-
onset cases (age <50) and 66 intermediate-onset cases (age 50-54). Tumor LINE-1 methyla-
tion levels (unitless values on a scale of 0 to 100; derived from percentage numbers) ranged
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LINE-1 methylation level of >65 was most common in patients aged >70, followed by those
aged 55-69 and those aged 50-54, and least common in those aged <50.

To adjust for other factors, we conducted multivariable-adjusted linear regression
analysis that could assess the association of age at diagnosis with the tumor LINE-1
methylation level as a continuous variable (Table 2). As shown in Table 1, early-onset
colorectal cancers in this dataset were associated with some clinical and tumor molecular
features, such as female sex, rectal location, non-MSI-high status, and CIMP-negative status.
There was evidence for a certain degree of confounding, manifested as a difference in the
B coefficients (i.e., difference in the mean LINE-1 methylation level by a given variable)
between the unadjusted and adjusted models. However, even after the adjustment in
the multivariable model, there was a highly significant association of four age groups
with the LINE-1 methylation level (Pyeng < 0.0001 across the age groups). Compared
to patients aged >70, the multivariable-adjusted [3 coefficient for the continuous LINE-1
methylation level was —1.38 (95% confidence interval (CI), —2.47 to —0.30) for age 55-69,
—2.82 (95% CI, —5.29 to —0.34) for age 50-54, and —4.54 (95% CI, —8.24 to —0.85) for
age <50 (Pyeng = 0.0003 across the age groups) (Table 2).

Table 1. Clinical, pathological, and molecular characteristics of colorectal cancer cases according to age at diagnosis.

Age at Diagnosis
Characteristics 2 (Ffl Oiai;\;zi <50 50-54 55-69 >70 p Value P
(n=28) (n = 66) (n=614) (n = 648)
Sex <0.0001
Female (NHS) 742 (55%) 21 (75%) 46 (70%) 378 (62%) 297 (46%)
Male (HPFS) 614 (45%) 7 (25%) 20 (30%) 236 (38%) 351 (54%)
Body mass index 0.42
<30 kg/m? 1099 (81%) 23 (82%) 54 (82%) 491 (80%) 531 (82%)
>30 kg/m? 251 (19%) 5 (18%) 12 (18%) 121 (20%) 113 (18%)
Pack-years of smoking 0.020
0 531 (41%) 14 (50%) 40 (63%) 233 (39%) 244 (40%)
1-39 547 (42%) 13 (46%) 24 (37%) 257 (43%) 253 (41%)
>40 219 (17%) 1 (3.6%) 0 103 (17%) 115 (19%)
Family history of colorectal 075
cancer
Absent 1077 (80%) 22 (79%) 51 (80%) 492 (81%) 512 (80%)
Present 270 (20%) 6 (21%) 13 (20%) 119 (19%) 132 (20%)
Tumor location <0.0001
Proximal colon 641 (48%) 6 (21%) 26 (39%) 258 (42%) 351 (54%)
Distal colon 410 (30%) 14 (50%) 26 (39%) 204 (33%) 166 (26%)
Rectum 298 (22%) 8 (29%) 14 (22%) 150 (25%) 126 (20%)
pT stage 0.76
pT1 143 (12%) 3 (11%) 4 (6.4%) 76 (13%) 60 (10%)
pT2 259 (21%) 8 (30%) 13 (21%) 105 (19%) 133 (23%)
pT3 773 (62%) 13 (48%) 41 (65%) 357 (63%) 362 (62%)
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Table 1. Cont.

Age at Diagnosis
Characteristics 2 (F:; oiai;\;z; <50 50-54 55-69 >70 p Value b
(n=28) (n = 66) (n=614) (n = 648)
LINE-1 methylation level 0.0005
<45 47 (3.5%) 5 (18%) 2 (3.0%) 21 (3.4%) 19 (2.9%)
45-55 206 (15%) 4 (14%) 15 (23%) 98 (16%) 89 (14%)
55-65 499 (37%) 10 (36%) 23 (35%) 245 (40%) 221 (34%)
>65 604 (45%) 9 (32%) 26 (39%) 250 (41%) 319 (49%)
MSI status <0.0001
Non-MSI-high 1101 (84%) 26 (100%) 56 (89%) 520 (87%) 499 (79%)
MSI-high 217 (16%) 0 (0%) 7 (11%) 80 (13%) 130 (21%)
CIMP status <0.0001
Negative 553 (43%) 17 (61%) 37 (58%) 270 (46%) 229 (38%)
Low 507 (39%) 10 (36%) 23 (36%) 240 (40%) 234 (39%)
High 230 (18%) 1 (3.6%) 4 (6.3%) 83 (14%) 142 (23%)
KRAS mutation 0.22
Wild-type 737 (58%) 16 (62%) 41 (66%) 346 (59%) 334 (57%)
Mutant 532 (42%) 10 (38%) 21 (34%) 245 (41%) 256 (43%)
BRAF mutation 0.024
Wild-type 1124 (85%) 24 (92%) 56 (89%) 522 (86%) 522 (83%)
Mutant 202 (15%) 2 (7.7%) 7 (11%) 83 (14%) 110 (17%)
PIK3CA mutation 0.63
Wild-type 1039 (84%) 22 (85%) 49 (86%) 463 (84%) 505 (83%)
Mutant 199 (16%) 4 (15%) 8 (14%) 87 (16%) 100 (17%)

2 Percentage indicates the proportion of patients with a specific clinical, pathological, or molecular characteristic among all patients or in
the strata of age at diagnosis. ® Spearman’s correlation test was used to examine the association between four age groups (>70, 55-69,
50-54, and <50) and categorical data (or continuous value of LINE-1 methylation level). Abbreviations: AJCC, American Joint Committee
on Cancer; CIMP, CpG island methylator phenotype; HPFS, Health Professionals Follow-up Study; LINE-1, long interspersed nucleotide
element-1; MSI, microsatellite instability; NHS, Nurses” Health Study; SD, standard deviation.

In the survival analyses, using a dataset of 1352 cases with available survival data,
we examined the prognostic impact of the LINE-1 methylation level. During the median
follow-up time of 9.8 years (interquartile range, 3.8 to 16.2 years), 945 all-cause deaths,
including 413 colorectal cancer-specific deaths, were observed. Kaplan—Meier analysis
showed that LINE-1 hypomethylation was associated with higher colorectal cancer-specific
mortality (log-rank p = 0.0001) (Figure 5 and Table 3). Multivariable Cox regression models
indicated that LINE-1 hypomethylation was associated with higher colorectal cancer-
specific mortality independent of tumor molecular features and patient characteristics.
Multivariable-adjusted hazard ratios (95% CI) for LINE-1 methylation levels of <45, 45-55,
and 55-65 (vs. >65) were 2.33 (1.49 to 3.64), 1.39 (1.05 to 1.85), and 1.29 (1.02 to 1.63),
respectively (Pyeng = 0.0005) (Table 4).
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Figure 4. Distribution of tumor LINE-1 methylation levels in different age groups. In the scatter
dot plot, the blue horizontal bar marks the mean and the red horizontal bar indicates the standard
deviation of tumor LINE-1 methylation levels in each age group. A significant difference was
observed between four age groups (>70, 55-69, 50-54, and <50) (Pirenq <0.0001). Abbreviation:
LINE-1, long interspersed nucleotide element-1.

Table 2. Linear regression analysis to predict LINE-1 methylation level (outcome) by four age groups (predictor).

B Coefficient 2
(Change in Mean LINE-1 Methylation Levels by a Given Variable)

Multivariable-Adjusted ®

Variables in the Final
Model Univariable (Unadjusted)

95% CI) p Value (95% CI) p Value
Age at diagnosis <0.0001 € 0.0003 €
<50 —5.87 (—9.65 to —2.09) —4.54 (—8.24 to —0.85)
50-54 —3.70 (—6.23 to —1.17) —2.82(—5.29 to —0.34)
55-69 —1.90 (—3.00 to —0.80) —1.38 (—2.47 to —0.30)
>70 Referent Referent
Family history of colorectal 013 0.029

cancer

A1 —~ o —~



Cancers 2021, 13,2016 11 of 17

i\ 1.0 1.0
A Log-rank B
,:-E'o.s P =0.0001 EO_B
) o)
Sos 806

o o

P T

Qo Q.
= %% LINE-1 methylation level ® 24| LINE-1 methylation Ievel;\_'“'—
> >
Tt —_— <45 - — =45

€02 4555 £ 0.2 4555
h —— 55-65 n —— 5565

0.0 >65 0.0 >65 |
0 2 4 6 8 10 0 2 4 6 8 10
Colorectal cancer-specific survival Overall survival
(years) (years)

Figure 5. Kaplan-Meier survival curves of colorectal cancer-specific survival (A) and overall survival (B) according to the
LINE-1 methylation level. The p values were calculated using the log-rank test for trend (two-sided).

Table 3. Number at risk of death during follow-up of patients according to tumor LINE-1 methyla-
tion levels

Years
LINE-1 Methylation Level
0 2 4 6 8 10
<45 46 33 28 22 20 17
45-55 206 164 141 132 122 108
55-65 498 407 358 314 279 242
>65 602 519 468 420 365 296

This table shows the number of patients who remained alive and at risk of death at each time point
after the diagnosis of colorectal cancer.

Table 4. Survival of colorectal cancer patients according to tumor LINE-1 methylation levels.

Colorectal Cancer-Specific Survival Overall Survival
LINE-1 No. of No. of Univariable Multivariable No. of Univariable Multivariable
Methylation Level Cases Events HR (95% CI) HR (95% CI) 2 Events HR (95% CI) HR (95% CI) 2
<45 46 22 2.26 (1.41 to 3.62) 2.33 (1.49 to 3.64) 34 1.09 (0.70 to 1.69) 1.63 (1.07 to 2.49)

45-55 206 80 1.60 (1.22 to 1.16) 1.39 (1.05 to 1.85) 150 1.01 (0.84 to 1.23) 1.10 (0.90 to 1.33)
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tion between early age of colorectal cancer diagnosis and tumor LINE-1 hypomethylation
provide evidence for a greater pathogenic role of global DNA hypomethylation in colorectal
cancers arising in younger age. Although the possible link between early-onset colorectal
cancer and tumor LINE-1 hypomethylation has been reported [16], it has been unclear
whether the link is independent of factors such as MSI status and CIMP. Furthermore, an
open question is whether colorectal cancers diagnosed at age 50-54 (i.e., not early-onset
cancer in the common definition, hence herein referred to as “intermediate-onset” can-
cer) have similar tumor characteristics to early-onset patients (or older patients). While
replication is needed, our results suggest that intermediate-onset colorectal cancer patients
(age 50-54) may exhibit tumor LINE-1 hypomethylation less commonly than early-onset
cancer patients (age < 50) but more commonly than older patients. These findings do not
suggest a sharp biological dichotomy of early-onset vs. later-onset colorectal cancer (with
age 50 as a cut point), but rather support an “age continuum” model, which has recently
been proposed [7].

The incidence of early-onset colorectal cancer has been increasing around the world [30].
Between 2000 and 2017, the age-adjusted annual incidence of colorectal cancer increased
from 5.9 to 8.4 cases per 100,000 persons in the USA [31]. Accumulating evidence indi-
cates that, compared to later-onset colorectal cancers (usually used for colorectal cancers
diagnosed at age 50 or above), early-onset colorectal cancers are associated with rectal
location, advanced stage at diagnosis, poor tumor differentiation, and signet ring cell
histology [9,32-36]. Previous studies reported a relatively high prevalence of specific
germline genetic features in young colorectal cancer patients [8,37,38]. Evidence indicates
that the molecular characteristics of early-onset and later-onset colorectal cancers might
differ [9,32-35,39]. Although certain early-life exposures, such as obesity, might be as-
sociated with early-onset colorectal cancer [11], the precise reason behind the increase
in the incidence of early-onset colorectal cancer remains unclear, in part because most
existing epidemiological studies lack precise early-life information [7]. A growing body of
epidemiological evidence suggests that potential risk factors associated with early-onset
colorectal cancer include male sex [40], family history of colorectal cancer [40,41], obe-
sity [11,40], diet such as processed meat [40,41], Black and Asian ethnicities [40], and high
intake of alcohol [41].

The genetic background of human populations is largely static over the short term.
It is conceivable that environmental factors and their influence on epigenetics may play a
role in the rise of early-onset colorectal cancer [7]. Evidence suggests that endogenous and
exogenous exposures may act on cellular epigenetic modulators that regulate gene expres-
sion [12,42]. Hence, epigenetics is considered to serve as a bridge between the environment
and phenotypes [7,14]. Hence, there is importance in investigating the association between
age of onset and epigenetic alterations in cancer [16,17]. Aberrant epigenetic processes,
which may be promoted by diet, lifestyle, and environmental exposures throughout the
life course, likely underlie the increasing incidence of various cancer types, which were
observed more commonly in old individuals in young adults.
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expression [52,53]. We have previously reported that CIMP-high tumors are associated
with proximal colon location, female sex, poor differentiation, MSI-high status, and BRAF
mutations [54]. To our knowledge, the current study is the largest to evaluate tumor
LINE-1 methylation in different age groups, including early-onset and intermediate-onset
colorectal cancers.

In this study, we examined whether the prevalence of LINE-1 hypomethylation
abruptly varied at age 50 or gradually changed according to age. Although age 50 is
usually defined as the cut point for early-onset vs. later-onset colorectal cancer, our current
study provides no evidence that the molecular characteristics abruptly change at the age of
50. Rather, our data provide support for the “age continuum” model [7], with regard to
tumor LINE-1 hypomethylation, which reflects global DNA hypomethylation. This age
continuum model in colorectal cancer has important biological and clinical implications.
It is possible that the recommended starting age of 50 for colorectal cancer screening in
the past provided the ready rationale of the dichotomy model (with the cut point at age
50) in colorectal cancer research. The past screening practice might have influenced the
incidence of colorectal cancer around age 50 in complex ways. Recently, the American
Cancer Society [55], the U.S. Preventive Services Task Force, and the American College
of Gastroenterology [56] recommended starting screening at the age of 45 instead of 50;
therefore, monitoring how colorectal cancer incidence will change accordingly is an impor-
tant element of early-onset colorectal cancer research moving forward. Our current study
highlights the importance of considering the plausible “age continuum” model in research
on cancers in not only the colorectum but also many other body sites.

Our study has limitations. First, the sample size of patients with early-onset colorectal
cancer analyzed in this study was limited. Nonetheless, a moderate number of intermediate-
onset cases and a large number of older patients in the molecular pathological epidemiology
database enabled us to detect the statistically significant trend across the ordinal age groups
of colorectal cancer. Second, there existed unmeasured and/or residual confounding in
this observational study. However, we attempted to adjust for a number of factors such
as body mass index, cigarette smoking, colorectal cancer family history, tumor location,
CIMP, and MSI status in our multivariable-adjusted linear regression analysis. Third,
most of the subjects in this study were non-Hispanic Whites. Therefore, a replication
of findings in other populations is needed. Fourth, the bisulfite sequencing could not
differentiate 5-methylcytosine from 5-hydroxymethylcytosine. Therefore, there was a
possibility that some of the methylated CpG sites identified in the study might be due to
5-hydroxymethylcytosines.

The primary strength of this study was the utilization of the molecular pathological
epidemiology approach [57-63], together with a large database of colorectal carcinoma
cases, which integrated epidemiological, clinical, pathological, and tumor molecular fea-
tures. This comprehensive database enabled us to conduct multivariable analysis adjusting
for an extensive group of covariates. Moreover, the study subjects of incident colorectal
cancer cases in the two prospective cohort studies were derived from over 100 hospitals
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