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Abstract

Objectives: Early-onset colorectal cancer diagnosed before age 50 has been increasing. Likely
reflecting the pathogenic role of the intestinal microbiome, which gradually changes across

the entire colorectal length, the prevalence of certain tumor molecular characteristics gradually
changes along colorectal subsites. Understanding how colorectal tumor molecular features differ
by age and tumor location is important in personalized patient management.

Methods: Using 14,004 colorectal cancer cases including 3,089 early-onset cases, we examined
microsatellite instability (MSI), CpG island methylator phenotype (CIMP), and KRAS and BRAF
mutations in carcinomas of the cecum, ascending colon, transverse colon, descending colon,
sigmoid colon, and rectum, and compared early-onset cases to later-onset cases.
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Results: The proportions of MSI-high, CIMP-high, and BRA~mutated early-onset tumors were
lowest in the rectum (8.8%, 3.4%, and 3.5%, respectively) and highest in the ascending colon
(46% MSI-high; 15% CIMP-high) or transverse colon (8.6% BRAFmutated) (all Pyeng <0.001
across the rectum to ascending colon). Compared to later-onset tumors, early-onset tumors showed
higher prevalence of MSI-high status and lower prevalence of CIMP-high status and BRAF
mutations in most subsites. KRAS mutation prevalence was higher in the cecum compared to

the other subsites in both early-onset and later-onset tumors (P <0.001). Notably, later-onset
MSI-high tumors showed a continuous decrease in KRAS mutation prevalence from the rectum
(36%) to ascending colon (9%; Pyeng <0.001) followed by an increase in the cecum (14%), while
early-onset MSI-high cancer showed no such trend.

Conclusion: Our findings support biogeographical and pathogenic heterogeneity of colorectal
carcinomas in different colorectal subsites and age groups.

Keywords

colorectal continuum; colorectal neoplasm; epigenetics; mismatch repair; molecular pathological
epidemiology

Introduction

There is a growing concern on early-onset colorectal cancer diagnosed before age 50,
incidence of which has increased worldwide since around 1990 (1). Evidence suggests that,
compared to later-onset cases, early-onset colorectal cancers occur more frequently in rectal
location and less frequently in proximal colon location (2). Studies also indicate possible
heterogeneity of molecular characteristics between early-onset and later-onset colorectal
cancers (1-3). For instance, compared to later-onset cases, early-onset colorectal cancers
are more commonly microsatellite instability (MSI)-high and less commonly CpG island
methylator phenotype (CIMP)-high and BRA~mutated (3-10). Considering these findings,
it is of particular interest to examine molecular pathology of early-onset colorectal cancers
in comparison to later-onset tumors according to tumor location.

Colorectal cancer consists of biologically heterogeneous neoplasms with differing sets of
genetic and epigenetic alterations, influenced by the microbiome and immune system (10,
11) which may at least partly explain variable tumoral characteristics according to tumor
location (12, 13). Despite the pathophysiological importance of luminal contents and the
intestinal microbiota (which gradually change along the colorectal length) (14), numerous
studies have used a dichotomy model of proximal (right-sided) vs. distal (left-sided)
colorectum, and have shown the associations of proximal tumors with high-level MSI,
high-level CIMP, and BRAF mutations (15-19). In contrast, fewer studies have examined
tumor molecular features according to more detailed colorectal segments (with somewhat
limited case numbers in each subsite) (12, 20-22). Likely reflecting the pathogenic role
of the intestinal microbiome, which gradually changes across the entire colorectal length
(14), it is conceivable that the prevalence of certain tumor molecular features of early-onset
colorectal cancer might gradually change along colorectal subsites. However, molecular
features of early-onset colorectal cancer according to detailed sublocations remain to be
studied.
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This consortium pooled analysis was conducted to test our hypotheses that the prevalence
of major molecular features in early-onset colorectal cancer might change along detailed
colorectal locations, and that the trend might differ from that of late-onset colorectal

cancer. In addition, previous studies showed that cecal cancer had higher prevalence of
KRAS-mutated tumors than all other colorectal subsites (12, 20). Hence, another hypothesis
was that the association of cecal cancer with KRAS mutations might be different between
early-onset and later-onset colorectal cancers. We utilized 14,004 colorectal cancer cases
including, 3,089 early-onset cases, derived from The Cancer Genome Atlas (TCGA), and
participating studies in the Genetics and Epidemiology of Colorectal Cancer Consortium
(GECCO).

Study Population

We use the term “early-onset” for colorectal cancer diagnosed before age 50 years and the
contrasting term “later-onset” for colorectal cancer diagnosed at or after age 50 years. We
pooled data for 14,004 cases of colorectal cancer with available data on tumor location and
tumor molecular characteristics from the following 12 studies: the Colon Cancer Family
Registry (CCFR), the Cancer Prevention Study Il (CPS-I1) (23), the German Darmkrebs:
Chancen der Verhutung durch Screening Study (DACHS) (24), the Diet, Activity and
Lifestyle Study (DALS) (25), the Early Detection Research Network (EDRN) (26), the
European Prospective Investigation into Cancer - Sweden (EPIC_Sweden) (27), the Health
Professionals Follow-up Study (HPFS) (28), the Melbourne Collaborative Cohort Study
(MCCS) (29), the Newfoundland Familial Colorectal Cancer Registries (NFCCR) (30),

the Nurses’ Health Study (NHS) (31), the Northern Sweden Health and Disease Study
(NSHDS) (32), and the Cancer Genome Atlas (TCGA) (33). These studies, except TCGA,
have participated in the Genetics and Epidemiology of Colorectal Cancer Consortium
(GECCO). All study participants provided informed consent, and each study was approved
by their relevant research ethics committee or institutional review board. Details of the
studies were described in the previous publication from this consortium (34). All colorectal
cancer cases included in each study were confirmed and clinical and pathological data were
extracted through review of medical records, pathological reports, and/or death certificates.
Tumor location data was recorded using International Classification of Disease (ICD)
across studies. To harmonize the tumor location data, we included the hepatic flexure into
the transverse colon, the splenic flexure into the descending colon, and the rectosigmoid
junction into the rectum. Hence, we examined six anatomical subsites (the cecum, ascending
colon, transverse colon, descending colon, sigmoid colon, and rectum).

Table 1 lists pertinent clinical and pathological features in the combined dataset. Descriptive
characteristics of colorectal cancer cases in each study are shown in Supplementary Table 1.
In this study, patients with at least one biological parent or sibling affected with colorectal
cancer (at least by self-report) were considered to have positive (present) colorectal cancer
family history. As a pooled analysis, in many of the included studies, we could not obtain
further information on colorectal or other cancers in family members, including age of
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cancer diagnosis, cancers of non-colorectal organs, and the number of affected family
members.

Evaluation of Tumor Molecular Characteristics

Molecular marker testing for MSI, CIMP, BRAF, and KRAS statuses was conducted by each
study according to individual study protocols (18, 35) Details of methods and references

for tumor molecular testing are described in Supplementary Materials and Supplementary
Tables 2 and 3. A small fraction of the cohorts used loss of mismatch repair proteins
(MLH1, MSH2, MSHS6, and/or PMS2) as an acceptable surrogate of MSI-high status; we
use the standardized nomenclature of genes and gene products as recommended by the
expert panel (36). We compared results of MSI, BRAF, and KRAS statuses from each study
with results from centralized targeted sequencing. The tumor classifications from these two
approaches were highly (more than 90%) concordant (37).

We also defined tumor subtypes according to the Jass classification scheme (18, 38) as
follows: Type 1 (MSI-high, CIMP-high, BRAF mutant, KRAS wild-type); Type 2 (hon-
MSI-high, CIMP-high, BRAF mutant, KRAS wild-type); Type 3 (hon-MSI-high, CIMP-
nlow/egative, BRAF wild-type, KRAS-mutant); Type 4 (non-MSlI-high, CIMP-low/negative,
BRAF wild-type, KRAS wild-type); Type 5 (MSI-high, CIMP-low/negative, BRAF wild-
type, KRAS wild-type).

Statistical Analyses

All statistical analyses were conducted using STATA software (version 15.1, Stata
Corporation, College Station, TX), and all P values were two-sided. We compared the
prevalence (proportion among colorectal carcinoma cases) of a given molecular subtype
(MSI-high, CIMP-high, BRAF~mutated, KRAS-mutated, or each Jass subtype) in different
colorectal subsites.

Our primary hypothesis testing was an assessment of a statistically significant trend in

the prevalence of MSI-high, CIMP-high, or BRAFmutated tumors along the detailed
colorectal sublocations in early-onset and later-onset colorectal cancer. We calculated

the multivariable-adjusted odds ratio (OR) of molecular marker positivity (with its
corresponding Pireng) for one-subsite-unit increase from the rectum to ascending colon [the
ordinal categories of the rectum (1) to ascending colon (5)] in a logistic regression model
with a given molecular marker as an outcome variable, adjusted for sex (female vs. male),
family history of colorectal cancer (present vs. absent), and study (i.e., cohort). Missing
values for family history of colorectal cancer (N=509) were treated as separate indicator
variables in the logistic regression model. We also tested another primary hypothesis that the
trend of molecular marker prevalence from the rectum to ascending colon differed between
early-onset and later-onset colorectal cancers. We used the Wald test for an interaction term
between the subsite variable (ordinal; the rectum to ascending colon) and age (<50 vs. =50).
Because there were 12 primary hypotheses (four marker trends in each of early-onset and
later-onset groups and an interaction test between each marker (out of four markers) and age
groups, we used the stringent two-sided a level of 0.005 (= 0.05/12) considering multiple
comparisons (39).
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In secondary analyses, we assessed the difference in KRAS mutation prevalence between
cecum and other subsites, using multivariable logistic regression models (with the cecum
location variable; yes vs. no) that adjusted for sex (female vs. male), family history of
colorectal cancer (present vs. absent), and study (i.e., cohort). Other secondary analyses
included comparisons of the proportions of molecular alterations between early-onset and
later-onset cases (by the chi-square tests) in selected colorectal subsites. We also assessed
the relationships of the tumor location with each of the other variables listed in Table 1,
using the chi-square tests (or analysis of variance assuming equal variances for continuous
variables).

Table 1 summarizes the characteristics of 14,004 colorectal cancer cases including 3,089
early-onset (diagnosed before age 50) and 10,915 later-onset patients (diagnosed at or after
age 50) according to primary tumor location. The proportion of rectal cancer was higher in
early-onset cases (38%) than later-onset cases (27%).

We examined statuses of microsatellite instability (MSI), CpG island methylator phenotype
(CIMP), and KRAS and BRAF mutations in early-onset and later-onset colorectal cancers
according to detailed sublocations (Table 2, Figure 1). The proportions of MSI-high, CIMP-
high, and BRAFmutated early-onset tumors were lowest in the rectum (8.8%, 3.4%, and
3.5%, respectively) and highest in the ascending colon (46% MSI-high; 15% CIMP-high)
or transverse colon (8.6% BRAFmutated) (all Pyeng<0.001 across the rectum to ascending
colon), followed by declines in the cecum for MSI-high (36%) and BRAF mutation (4.6%)
but not much for CIMP-high (14%). Similar increasing trends in the prevalence of MSI-
high, CIMP-high, and BRAFmutated tumors from the rectum to ascending colon were
observed in later-onset colorectal cancer. Further age-stratified results on later-onset tumors
are shown in Figure 1 and Supplementary Table 4.

In addition, we tested a hypothesis that the trend of molecular markers from the rectum

to ascending colon differed between early-onset and later-onset tumors. The trends

of the prevalence of MSI-high, CIMP-high, and BRAF~mutated tumors according to
detailed sublocations significantly differed between early-onset and later-onset tumors (all
Pinteraction<0.001). Notably, compared to later-onset tumors, early-onset tumors showed
higher prevalence of MSI-high and lower prevalence of CIMP-high and BRAF mutations in
nearly all subsites (except for BRAFmutated rectal tumors).

The proportion of KRAS-mutated early-onset tumors was higher in the cecum (49%)

than in the other subsites (30-41%) [multivariable OR for the cecum vs. other subsites
combined, 2.12 (95% Cl, 1.57-2.86); P <0.001]. In later-onset tumors, cecal cancers showed
higher prevalence of KRAS mutation (44%) than cancers of other subsites (28-33%) [the
corresponding multivariable OR, 1.75 (95% CI, 1.56-1.97); P <0.001]. Stratified analyses
by sexes and family history of colorectal cancer are shown in Table 3, Supplementary Table
5, and Supplementary Figures 1-2.
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We also examined Jass tumor subtype classifications (38) according to detailed sublocations
(Supplementary Table 6). The proportions of type 1, 2, and 5 tumors increased from the
rectum to ascending colon.

We further conducted analyses stratified by tumor characteristics (Table 4, Figure 2,

and Supplementary Tables 7-9). In early-onset non-MSI-high cases, the proportion of
BRAFmutated tumors increased from the rectum to ascending colon (Pireng <0.001). In
later-onset cases of both MSI-high and non-MSI-high, we observed continuous increases
in the proportions of CIMP-high and BRAF~mutated tumors from the rectum to ascending
colon (all Pyeng <0.001). Remarkably, later-onset MSI-high tumors showed a continuous
decrease in KRAS mutation prevalence from the rectum (36%) to ascending colon (9%;
Pirend <0.001) followed by an increase in the cecum (14%). In contrast, early-onset MSI-
high tumors did not show such a trend (Pjnteraction = 0.038, for the rectum-ascending colon
trend in early-onset vs. later-onset MSI-high cases). Additionally, compared to later-onset
MSI-high tumors, early-onset MSI-high tumors showed lower prevalence of CIMP-high in
all subsites. We further conducted stratified MSI-high cases by family history of colorectal
cancer (Supplementary Table 10). Although the sample size was limited, our findings tended
to be consistent regardless of family history of colorectal cancer.

Lastly, we conducted stratified analysis by year of diagnosis (up to 2000 vs. after 2000) and
observed a similar trend in both strata (Supplementary Table 11).

Discussion

Colorectal adenocarcinoma represents a heterogeneous group of complex multifactorial
diseases with varying cellular molecular features influenced by local tissue
microenvironment. In this consortium pooled analysis using 3,089 early-onset and 10,915
later-onset cases, we found that the proportions of MSI-high, CIMP-high, and BRA~
mutated early-onset tumors were generally highest in the transverse and ascending colon and
lowest in the rectum. In addition, compared to later-onset tumors, early-onset tumors showed
higher prevalence of MSI-high and lower prevalence of CIMP-high and BRAF mutations

in most subsites. The prevalence of KRAS mutation in both early-onset and later-onset
tumors was consistently highest in the cecum. Notably, later-onset MSI-high tumors showed
a continuous decrease in KRAS mutation prevalence from the rectum to ascending colon
followed by an increase in the cecum, but such a trend was not observed in early-onset
MSI-high tumors. To our best knowledge, this study is the largest to date to investigate
tumor molecular characteristics of early-onset and later-onset colorectal cancers along the
detailed colorectal subsites.

Incidence of early-onset colorectal cancers in many organs diagnosed before age 50 years
has globally been rising in recent decades for unknown reasons (40). Notably most of
early-onset cancer types that have shown the recent rise relate to the digestive system,
potentially implicating the etiological role of the intestinal microbiota (40). Differences

in the stool microbiome have been reported between early-onset and later-onset colorectal
cancer patients (41). The intestinal microbiota, which likely gradually changes across the
entire colorectal length as luminal contents move toward the rectum, has been hypothetically

Am J Gastroenterol. Author manuscript; available in PMC 2024 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Ugai et al.

Page 9

linked with the continuous changes in the prevalence of tumor molecular features along

the colorectal segments (12-14). Early-onset colorectal cancer has been associated with
certain risk factor profiles, rectal location, signet ring cell histology, and specific tumor
characteristics such as high-level MSI, LINE-1 hypomethylation, low/negative CIMP,
BRAF wild-type, and lower tumor-infiltrating lymphocytes (1, 3-7, 42-46). Our current
study attests to biogeographical (colorectal subsite) heterogeneity in molecular pathological
features between early-onset and later-onset cases as well as even among early-onset cases.
This study also provides rationale for the multi-segmental design in the research of early-
onset and later-onset colorectal cancer.

The proximal-distal dichotomy design has prevailed in colorectal disease research for
decades and provided evidence for differences in molecular pathology between proximal

and distal colorectal tumors (17). However, this dichotomy approach cannot provide insight
into tumor characteristics in relation to more detailed subsites. On the other hand, previous
studies have demonstrated differences in etiologies, molecular pathologies, and prognostic
associations between the detailed anatomical subsites (12, 20-22, 47-49). Our current
findings further support the importance of the colorectal multi-segmental approach in
clinical, epidemiological, and pathological research (12, 13, 50). This study also indicates
that a large sample size is needed to examine tumors in each colorectal subsite with adequate
statistical power.

In the colorectal tumor microenvironment, there is a dynamic interactive network that
encompasses microorganisms and neoplastic, immune, and other cells, all of which are
likely influenced by diet, lifestyle, environmental exposures, and other host factors (10, 51).
Accumulating evidence indicates that the gut microbiota may influence the pathogenesis of
colorectal cancer through cellular molecular alterations and modulation of tumor immune
interactions (52, 53). An observational study has linked a certain dietary pattern with the
abundance of sulfur-metabolizing bacteria in stool, and shown that the pattern is associated
with an increased risk of distal and rectal cancers (54). Another study suggests that so-called
western dietary pattern rich in red and processed meat is associated with an increased risk of
colorectal cancer, particularly in the distal colon and rectum (55). Colonic epithelial cells are
constantly in contact with bowel contents, including food debris, microorganisms, and their
metabolites. Bowel contents and the gut microbiota likely vary across detailed anatomical
subsites in the colorectum (14, 56). Furthermore, we also showed that tumor immune
microenvironment differed by early-onset and later-onset colorectal cancers (42). Hence,
available pieces of evidence underscore the importance of the multi-segmental approach in
research on colorectal diseases including early-onset and later-onset colorectal cancer.

We found that later-onset MSI-high tumors exhibited a continuous decrease in KRAS
mutation prevalence from the rectum to ascending colon followed by an increase in the
cecum, whereas early-onset MSI-high tumors did not show such a trend. MSI-high tumors
are associated with distinct clinical and pathological features such as proximal tumor
location, vigorous immune response, and better prognosis (57, 58). In addition, there exists
heterogeneity in clinical and pathological features between early-onset and later-onset cases
(1, 3, 42-46). Early-onset MSI-high tumors tend to be related to Lynch syndrome with
germline mismatch repair gene mutations, while later-onset MSI-high tumors tend to be
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related to CIMP-high tumors with MLHI promoter hypermethylation (1, 59). The intriguing
difference in the KRAS mutation prevalence trend across colorectal subsites between early-
onset and later-onset MSI-high cancers further emphasize pathobiological heterogeneity in
colorectal cancer, which necessitates further investigations.

Cecal cancers appear to represent a unique subgroup of colorectal cancer, characterized

by high prevalence of KRAS mutations compared to cancers of the other sites in both
early-onset and later-onset tumors, in agreement with the previous studies (12, 20, 60).
Although the exact mechanism remains uncertain, the uniqueness of cecal cancers compared
to cancers in the other colorectal segments may possibly reflect the following facts: (1) that
the cecum is the first place where luminal contents enter into the large intestine; (2) that it
has a pouch-like shape with a tendency of its content retention; and (3) that it is in the close
proximity to the ileum and appendix, both of which are rich in lymphoid immune tissue. Of
note, appendiceal cancers have been shown to exhibit high prevalence of KRAS mutation
similar to proximal colon cancers (61, 62) (also similar to cecal cancers in the previous
study (12). Thus, both cecal and appendiceal cancers are characterized by high prevalence of
KRAS mutations. Further studies are needed to elucidate biogeographical characteristics of
the cecum distinct from the other colorectal segments.

We acknowledge the limitations of this study. First, we relied on tumor location information
derived from individual medical records. Nonetheless, recording of colorectal tumor location
has been standardized through the use of the ICD (International Classification of Disease)
code for each individual study. Second, tumor molecular analyses were performed using
variable protocols across studies in this pooled analysis. However, all of the molecular
pathological methods have been well established with good validity in the literature of
colorectal cancer research. Moreover, in a subset of cases, centralized targeted sequencing
has shown high concordance of molecular pathological statuses for MSI, KRAS, and

BRAF. Third, our patients were predominantly non-Hispanic Whites. Therefore, future
analyses need to be conducted in different populations. Fourth, although we adjusted for
multiple comparisons, false positive findings could not be excluded. In addition, statistically
significant but small differences may not be clinically important. Fifth, data on Lynch
syndrome were not available. However, we stratified all cases and MSI-high cases by family
history of colorectal cancer (Supplementary Tables 6 and 10). Our findings tended to be
consistent regardless of family history of colorectal cancer. Lastly, this analysis included
older cases diagnosed before 2000, which may not be the same as a contemporary cohort
given the changing incidence trend of early-onset colorectal cancer. However, stratified
analyses by year of diagnosis (up to 2000 vs. after 2000) yielded similar trends in both strata
(Supplementary Table 11).

The current study has unprecedented strengths. First and foremost, our consortium pooled
analysis design with the large sample size enabled us to robustly evaluate the prevalence

of the major tumor molecular features within each of the six subsites in strata of age,

sex, colorectal cancer family history, and tumor molecular biomarker status. Second, the
colorectal cancer cases in this study were drawn from several countries and based on
different study designs, including case-control studies, prospective cohort studies, and multi-
institutional case series, which likely increased generalizability.
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In conclusion, our current study showed substantial differences of tumor molecular
characteristics in early-onset and later-onset colorectal carcinomas arising in different
colorectal subsites. Our findings not only support biogeographical heterogeneity along
colorectal length that influences carcinogenic processes, but also provide compelling
rationale for designing large-scale studies to robustly investigate detailed subsite data in
colorectal disease research.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Study Highlights
WHAT IS KNOWN

. The incidence of early-onset colorectal cancer diagnosed before age 50 has
increased worldwide.

. Early-onset colorectal cancer commonly occurs in the rectum.

. Early-onset colorectal cancer has tumor characteristics different from later-
onset colorectal cancer.

. Tumor characteristics of colorectal cancer differ by primary tumor location.
WHAT IS NEW HERE

. Molecular characteristics of early-onset colorectal cancer changed gradually
along colorectal subsites.

. Compared to later-onset tumors, early-onset tumors showed higher MSI-
high prevalence and lower CIMP-high/ BRAF mutation prevalence in most
subsites.

. Tumor molecular features varied by both age at diagnosis and detailed tumor
location.
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Figure 1.

Proportion of positive cases

Prevalence of MSI-high status, CIMP-high status, BRAF mutations, and KRAS mutations

along sublocations by age groups.

Abbreviations: CIMP, CpG island methylator phenotype; MSI, microsatellite instability.
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Figure 2.
Prevalence of CIMP-high status, BRAF mutations, and KRAS mutations along sublocations

by MSI status in early-onset and later-onset cancers.
Abbreviations: CIMP, CpG island methylator phenotype; MSI, microsatellite instability.
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