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Abstract

Early-onset colorectal cancer (CRC), which occurs in individuals under 50 years of age, has been
increasing worldwide, especially in high-income countries, for unknown reasons. Plausible
hypotheses for this rise include exposure to potential risk factors such as western-style diet,
obesity, physical inactivity, and increased antibiotic use, especially in early life from prenatal to
adolescent periods. These exposures may not only cause genetic and epigenetic alterations in
colorectal epithelial cells, but also affect the gut microbiota and host immunity. When compared to
later-onset CRCs, early-onset CRCs exhibit differential clinical, pathological, and molecular
features. While certain existing resources can be utilized to elucidate the etiology of early-onset
CRC and inform the development of effective prevention, early detection, and therapeutic
strategies, there is a need for additional life-course cohort studies spanning the periods of early-life
to young adulthood integrated with prospective biospecimen collections, omics biomarker
analyses, and the molecular pathological epidemiology approach.

Introduction

Colorectal cancer (CRC) most often affects elderly individuals®. While overall CRC
incidence rates have remained stable or declined in many high-income countries, incidence
of early-onset CRC (generally defined as CRC diagnosed before the age of 50 years) has
recently been increasing worldwide?3. In this article, contrasting with “early-onset CRC”,
we use the term “later-onset CRC” in patients aged 50 years or above. The reasons
underlying this rise of early-onset CRC are poorly understood. This article discusses the
current evidence for salient characteristics of early-onset CRC and its potential etiological
mechanisms. A better understanding of the characteristics and etiology of early-onset CRC
can promote effective prevention, early detection, and treatment strategies.

While we discuss differences in epidemiological, clinical, pathological, and molecular
features between early-onset and later-onset CRC, there may not be a sharp dichotomy of
the features in CRC patients aged 49 vs. those aged 50. Those characteristics of CRC may
change in any way, with increasing age at diagnosis as well as changes in other key variables
such as tumor location. Accordingly, we need to consider heterogeneity within early-onset
CRC patients and within later-onset CRC patients.
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What is already known?

Epidemiology
CRC is the third most common cancer worldwide with 1.8 million new cases and the second
most common cause of cancer death with over 880,000 deaths in 2018%. CRC incidence
varies substantially across continents® with the highest in Australia/New Zealand and the
lowest in Africa and South-Central Asia®. These differences may be attributable to variations
in genetic susceptibility, socioeconomic status, environmental exposures, diets, other
lifestyle factors, and/or screening practices’-8. For the past two decades, CRC incidence has
remained stable or declined in high-income countries, while low/middle-income countries
with historically lower CRC rates have documented an increase in CRC incidence®.
Established CRC risk factors include (but are not limited to) red and processed meat,
alcohol, obesity, inflammatory bowel disease (IBD), CRC family history, and CRC-
predisposing genetic variants, whereas protective factors include aspirin use, high systemic
vitamin D level, high folate intake, and physical activity?8.

In recent decades, early-onset CRC incidence has been increasing in both men and women
across many countries?9-11, The average annual percent changes in early-onset CRC
incidence were 4.0% in New Zealand, 2.8% in Canada and Australia, and 2.2% in the U.S.
during 2008-20122. In the U.S., early-onset CRC incidence has been increasing since the
mid 1990s2, and the age-adjusted early-onset CRC incidence per 100,000 persons was 5.9
cases in 2000 and 8.4 cases in 2017. Increases in early-onset CRC have also been
documented in most European countries. Early-onset CRC incidence (per 100,000 persons)
increased from 0.8 to 2.3 cases in individuals aged 20-29 years during1990-2016, from 2.8
to 6.4 cases in those aged 30-39 during 2006-2016, and from 15.5 to 19.2 cases in those
aged 40-49 during 2005-2016. The average annual percent changes in early-onset CRC
incidence were 7.9% in individuals aged 20-29, 4.9% in those aged 30-39, and 1.6% in those
aged 40-49 during 2004-20163. Taken together, early-onset CRC now represents a
significant cancer burden among younger adults.

The increase of early-onset CRC incidence in the U.S. was initially largely driven by rectal
cancer12, The annual percent change of rectal cancer incidence was 3.2% for ages 20-39
during 1980-2013, and 2.3% for ages 40-49 during 1991-2013, while that of colon cancer
incidence was 2.4% for ages 20-29 during 1983-2013, 1.0% for ages 30-39 during
1988-2013, and 1.3% for ages 40-49 during 1996-201312, Since 2012 early-onset CRC
incidence has increased similarly for colon and rectum with the annual percent change of
approximately 1.8%?. The rise in early-onset CRC incidence appeared more prominent for
colon cancer than for rectal cancer in Europe3.

The upward trend of early-onset CRC incidence in most western countries since the
1980531215 seems to reflect a birth cohort effect, which means that temporal changes in
certain risk factors might have differentially affected each age-group (i.e., birth cohort) with
increased risk being carried forward to later time. There is a possibility that the observed
birth cohort effect might be caused by secular trends in risk factor exposures during early
life, typically referring to prenatal to adolescent life (in contrast to adulthood), and their
delayed effects on CRC incidencel216, Considering that the rise in CRC incidence has
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generally followed the westernization of lifestyle, early-onset CRC will likely become an
emerging issue in regions where western lifestyle had not been widely adopted until
recently. Indeed, increasing incidence of early-onset CRC has already been documented in
Taiwan, Korea, Japan, and Hong Kongl’. Moreover, incidence of early-onset cancers of
other body sites that share risk factors with CRC may also increase18:19.

Most epidemiological investigations that examined potential risk factors for early-onset CRC
were case-control studies?0-22, while relatively few studies prospectively examined exposure
data collected before CRC diagnosis?3:24 (Table 1). Potential early-onset CRC risk factors
shown in the case-control studies include male sex?, race (black and Asian ethnicities)??,
family history of CRC2%:21 alcohol?0, weight loss of =5 kg (within five-year period
preceding colonoscopy)?2, processed meat intake20, and inflammatory bowel disease
(1BD)2L, On the contrary, aspirin use?? and higher intake of vegetables??, citrus fruits2?,
fish20, B-carotene2?, vitamin C20, vitamin E20, and folate20 have been associated with lower
risk of early-onset CRC20:22, |n the two published prospective studies, sedentary lifestyle
(measured as TV watching time)23 and obesity2# were associated with higher incidence of
early-onset CRC. However, the association between obesity and early-onset CRC remains
inconclusive with some studies showing positive associations'8-24 and another showing
opposite results?2.

Certain socioeconomic factors, such as race/ethnicity, household income, education levels,
and rural vs urban residence, have been associated with increased CRC incidence or
mortality25. While African Americans have exhibited a relatively high but stable incidence
of early-onset CRC, non-Hispanic whites have experienced a sharp increase in early-onset
CRC incidence?26, African American children and adolescents have relatively high
prevalence of obesity and type 2 diabetes?”:28. Nonetheless, it remains unclear why whites
have shown such a rapid increase in early-onset CRC incidence but African Americans have
not1:26, In terms of prognosis, African Americans have been associated with higher mortality
compared to whites among early-onset CRC patients, and this difference appears to be
attenuated among later-onset CRC patients?°.

In general, case-control studies sample hospital-based controls or colonoscopy controls,
neither of which were random samples from the general population. There are likely
differences in background populations that have given rise to cases vs. controls in case-
control studies. Furthermore, differential recall between cases and controls remain an
intractable problem when exposure data in cases (but not controls) are recalled after CRC
diagnosis. Another issue in any study design is a reverse causation, as their underlying
iliness even before clinical detection may affect exposure data through changes in physical
well-being, appetite, weight, etc. To address the reverse causation problem, data on
exposures should ideally be collected long (years to decades) before CRC diagnosis.

Clinical features

Early-onset CRCs most commonly occur in the rectum (35-37%), followed by distal colon
(25-26%) and proximal colon (22-23%)130, while approximately 29%, 27% and 29% of
CRCs diagnosed in individuals aged =50 years (hereafter referred to as later-onset CRCs)
occur in rectum, distal colon, and proximal colon, respectively3C. Certain risk factor
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associations with later-onset CRC and their effect sizes appear to differ by anatomic sites3?.
For instance, BMI and waist circumference showed stronger associations with colon cancer
compared to rectal cancer, and the associations of height and physical inactivity appeared
confined to colon cancer3L. In contrast, smoking presented a stronger association with rectal
cancer in comparison to colon cancer3l. However, it remains unclear whether these
differences persist for colon and rectal cancer diagnosed under age 50. Considering the steep
rise of early-onset rectal cancer compared to early-onset colon cancer incidence,
epidemiological analyses stratified by colorectal subsites should be conducted3!.

Patients with early-onset CRC were more likely to be diagnosed at advanced stage (stage I11-
IV) compared to patients with later-onset CRC32-34, Early-onset CRC patients experienced
significantly longer time to diagnosis and longer duration of symptoms compared to older
patients34-36, Early-onset CRC has been associated with synchronous and metachronous
CRC?'. In early-onset CRC patients, lower awareness of CRC, lack of screening, an
underappreciation of symptoms, and reluctance to seek medical care may contribute to
delayed diagnosis and advanced stage at diagnosis3e.

Germline genetics

Table 2 summarizes the studies that have investigated the germline genetic and tumor
molecular features of early-onset CRC. Approximately 30% of early-onset CRC patients
have a family history of at least one first-degree relative with CRC3%-41. There are a number
of heritable conditions that can manifest as early-onset CRC (reviewed in detail
elsewhere39),

Lynch syndrome, which is caused by a germline mutation in a DNA mismatch repair
(MMR) gene (MLH1, MSHZ2, MSH6, or PMS2), often manifests as early-onset CRC with
high-level microsatellite instability (MSI)#2. Studies showed that 16-35% of early-onset
CRC patients had hereditary cancer-predisposing syndromes, and 34-71% of these were
Lynch syndrome cases39-41, while 45-59% of all MSI-high early-onset CRC patients had
Lynch syndrome3941,

Familial adenomatous polyposis (FAP) is a well-known syndrome characterized by
numerous colorectal adenomas in affected individuals®. In a typical FAP family, carriers of a
germline pathogenic mutation in APC have a nearly 100% risk of developing CRC by age
408. Increased adoption of genetic testing and prophylactic colectomy have effectively
decreased CRC incidence among FAP families*3.

There exists a spectrum of cancer predisposition from single-gene Mendelian conditions to
polygenic influences plus gene-by-environment (GXE) interactions. A study including over
50,000 CRCs and 58,000 controls showed that a polygenic risk score based on 95 common
CRC risk variants was more strongly associated with early-onset CRC than later-onset CRC,
particularly in the absence of CRC family history30. Compared to those with the lowest
quartile, individuals with the highest quartile polygenic risk score had higher risks of early-
and later-onset CRC with odds ratios of 3.7 (95% confidence interval: 3.3-4.2) and 2.9 (95%
confidence interval: 2.8-3.0), respectively3C. These findings warrant further investigation
into the cumulative effect of genetic variants and interactions with environmental exposures
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to clarify the etiology of early-onset CRC, and guide prevention, early detection, and
treatment strategies.

Molecular pathology

CRC represents a pathologically and molecularly heterogenous group of diseases, which are
influenced by exogenous and endogenous factors including the tumor immune
microenvironment*4. The continuum of molecular characteristics of CRC according to
bowel subsites is compatible with the interactive roles of the microbiota and immunity in
colorectal carcinogenesis*>47. Evidence also indicates genetic, pathological, and molecular
heterogeneity in early-onset CRC37:39-41:48-52 (Tape 2).

Early-onset CRC has been associated with certain pathological features such as poor tumor
differentiation and signet ring cell formation3-55, which may reflect underlying molecular
characteristics of early-onset CRC. Studies showed that signet ring cell carcinoma (defined
as carcinoma with more than 50% signet ring cell component>6:57) constituted 6.4%
(65/1,016)*8 and 6.1% (26/428)*° of early-onset CRCs in patients aged <30 years compared
t0 2.3% (101/4,334)*8 and 2.4% (42/1,751)*° in those aged 30-39 years; 1.0% (49/4,774)49
in those aged 40-49 years; and only 1.0-1.6% of later-onset CRCs3249.57,

Studies have shown that the prevalence of MSI-high tumors was 10-30% in early-onset
CRC37:3%-41 compared to approximately 15% in overall CRC#0. A study of mostly stage IV
CRC cases (n=2,583) reported that, compared to later-onset CRC, early-onset CRC had
fewer BRAF ¢.1799T>A (p.V600E) mutations, more MSI-high tumors, and fewer somatic
mutations involved in the MAPK (mitogen-activated protein kinase) signaling pathway*°.
Another study using mostly advanced CRCs (n=18,218)%8 showed that, compared to later-
onset CRC, early-onset CRC patients aged <40 years exhibited lower prevalence of APC
mutation (66% vs. 80%) and KRAS mutation (46% vs. 52%) in non-MSI-high tumors; as
for MSI-high CRC, patients under age 40 had lower BRAF mutation prevalence (5.2% vs.
49%) and higher prevalence of APC (70% vs. 34%) and KRAS mutations (49% vs. 24%)%8.
Other analyses revealed differences in chromosomal aberrations between early-onset and
later-onset CRCs in overall CRC®2 or the non-MSI-high subset®L.

With regard to epigenetic changes, early-onset CRC has been associated positively with
tumor hypomethylation of long-interspersed nucleotide elements-1 (LINE-1) and inversely
with high-level CpG island methylator phenotype (CIMP)39-61,

The distributions of consensus molecular subtypes (CMS) of CRC%2 may also differ by age
of onset. The CMS system was defined by an international consortium®2 to be a
classification based on comprehensive gene expression profiling. Each CMS subtype is
associated with following features: CMS1, MSI-high and strong immune reaction; CMS2,
activation of WNT and MYC signaling pathways; CMS3, specific metabolic signature; and
CMS4, epithelial-mesenchymal transition®2. In a study using two independent cohorts,
early-onset CRC patients (n=82) and >70-year-old CRC patients (n=260) showed higher
prevalence of CMS1 (22-23%) and lower prevalence of CMS2 (43%) and CMS4 (20-22%)
compared to CRC patients aged 50-69 years (n=284) (11% CMS1, 50% CMS2, and 27%
CMS4)49, The fraction of CMS3 was similar (12-13%) in early-onset and later-onset CRC4°,
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The high CMS1 fraction in early-onset CRC patients may reflect an enrichment of Lynch
syndrome MSI-high cases, supported by an even higher CMS1 fraction (44%; 11 of 25) in
patients aged <40 years?®.

Treatment & prognosis

Prognostic associations of early-onset CRC (compared to later-onset CRC) are mixed (Table
3); some suggested worse83-66 survival among early-onset CRC patients, while others
reported similar®7-72 or better32:55.73-78 prognosis. Particularly, more aggressive treatment in
early-onset CRC has consistently been documented32:55.70.72,75,78-80 | g study using the
Military Health System, early-onset CRC patients received on average 2-8 times more
courses of postoperative systemic chemotherapy than later-onset CRC patients (aged 65-75
years) across all stages’2. It remains unclear whether aggressive treatment for early-onset
CRC can improve survival®®81 or not32:72.79, Prognostic features, clinical management
schemes, and predictive biomarkers for specific treatment regimens in early-onset CRC
remain to be determined. Notably, findings across studies are often incomparable due to the
heterogeneity in study designs and populations.

Why is early-onset CRC increasing?

Epidemiological factors

It should be noted that the adulthood exposures to risk factors discussed in the preceding
part cannot fully explain the recent rise of early-onset CRC. If those had been risk factors for
early-onset CRC, the rise of early-onset CRC would have started much earlier around the
1950s-1960s (along with the rise of later-onset CRC8), when many western countries started
experiencing substantial lifestyle changes and increased exposure to many established CRC
risk factors. Hypothetically, the “westernizing” lifestyle changes (starting around the 1950s)
might have affected individuals in the early stages of life in the 1950s to 1980s. Those
individuals were young adults around the 1980s to 2010s, generally coinciding with the
observed rise of early-onset CRC incidence. The hypothesis that early-life exposures are risk
factors for early-onset CRC6:82 can explain the delayed rise in early-onset CRC incidence
since the 1980s. In fact, the observed rise in early-onset CRC did not happen in the
1950s-1960s when the rise in later-onset CRC incidence started8. If this hypothesis is true,
the reported associations of the adult exposures with early-onset CRC might possibly be due
to unmeasured confounding by early-life exposures. Most previous epidemiological studies
of early-onset CRC have utilized data on adulthood exposures but generally lack early-life
information, which precludes evaluation of confounding by early-life exposures.

There has already been evidence for early-life exposures as risk factors for CRC83-87
including early-onset CRC?4. Analyses using the NIH AARP Diet and Health Study®3 and
the Boyd Orr Cohort84 suggested that childhood and adolescent diet was associated with the
risk of CRC in general. Analyses using the Nurses’ Health Study I (NHS2)?4 and a
prospective cohort of 230,000 Norwegian adolescents8 showed that adolescent obesity was
associated with increased incidence of early-onset CRC and colon cancer, respectively.
Energy restriction during childhood and adolescent (due to the Dutch Hunger Winter) was
associated with lower incidence of CRC87. In addition, studies of childhood radiation
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exposure caused by atomic bombings in Japan®8, the Chernoby! nuclear accident8®, and
childhood radiotherapies®® provide evidence for early-life insults as risk factors of later
cancers. However, studies on early-life exposures and adult cancers such as early-onset CRC
remain scarce.

The importance of early-life information in early-onset CRC research should be recognized.
The life course of each individual starts from conception and encompasses the prenatal
period, infancy, childhood, adolescence, and adulthood. Early life is characterized by major
physiological and metabolic changes®®:91, Considering the acceleration of cell division and
turnover, early life may represent periods of higher susceptibility to adverse effects from risk
factors linked with hyperinsulinemia, increased growth factor levels, DNA damage,
inefficient DNA repair, and altered microbiome. Conceivably, changes in physiology during
growth in early life may cause time-varying cellular vulnerability to insults (risk factors).

Considering the possibly decades-long latency in the transition from normal cells to
malignant neoplasm2-93 and the salient birth cohort effect observed with early-onset CRC
incidence, it would be prudent to evaluate early-life exposures in relation to future risk of
early-onset CRC. Around the 1950s, a global shift started in diet toward higher consumption
of processed meat, fast foods, edible oils, refined grains, high-fructose corn syrup, and
sugar®495. The global prevalence of childhood and adolescent obesity has increased more
than five-fold in recent decades®, along with reductions in physical activity94. Exposure to
substances such as antibiotics was increasingly more prevalent in the past several
decades®”-%8. Prenatal and perinatal practices have also changed with increased use of
reproductive technologies, cesarean sections, and bottle feeding, which might have
unforeseen long-term effects on offspring®3-101, In adolescents, the incidence of
inflammatory bowel disease (IBD), an established CRC risk factor, has increased
dramatically (average annual percent changes in incidence: Crohn’s disease, 4.3% during
1988-2011; ulcerative colitis, 2.7% during 1988-1999 and 11% during 2000-2011)102.103,
The incidence of type 2 diabetes mellitus has sharply increased by 7.1% annually during
2002-2012 in youths aged 10-19 years104,

There exists a continuum of cancer predisposition from high-penetrance genetic conditions
to moderately-penetrant variants plus/minus interactive influences of environment and low-
penetrant variants to low-penetrant polygenic conditions with larger contributions of gene-
by-environment (GxE) interactions. Near 100% penetrance risk variants for hereditary CRC,
which certainly cause early-onset CRC, unlikely fully explain its recent rise. In contrast, low
to moderately-penetrant variants with GXE interactions (especially in early-life) might
contribute to the increase of early-onset CRC.

In addition, considering the apparent health disparities related to early-onset CRC26-28,
future studies should investigate how race/ethnicity, other sociodemographic factors, and
their interplay relate to early-life exposures and the etiology of early-onset CRC.

Characterizing the generational shifts in early-life exposures may provide insights into the
etiologies of early-onset CRC as well as childhood and other early-onset cancers. Figure 1
depicts several points for better understanding of the etiology of early-onset CRC.
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Tumor molecular features

Accumulating evidence indicates that exposure to diet, chemicals, and environmental factors
may cause cellular epigenetic and genetic alterations193, leading to certain tumor molecular
subtypes196, Compared to unexposed children and adolescents, those who had experienced
famine during the “Dutch Hunger Winter” experienced lower incidence of CIMP-positive
CRC but not CIMP-negative CRC86. Epigenetic and genetic alterations caused by certain
early-life exposures might potentially contribute to the increase in early-onset CRC
incidence.

LINE-1 hypomethylation, a surrogate marker of genome-wide DNA hypomethylation status,
is occasionally observed in CRC%9:60.107 A variety of exposures including ionizing
radiation198, high BMI109, physical inactivity199, cigarette smoking!10, pesticides!1?,
benzenell0, etc. have been associated with lower LINE-1 methylation levels in blood cells.
Considering the association between younger age at CRC diagnosis and tumor LINE-1
hypomethylation39-61, these exposures (together with gene-by-environment interactions),
especially in early life, may play an etiological role in early-onset CRC.

A recent experimental analysis using paired normal and early-onset CRC organoid models
has demonstrated its potential to reveal novel signaling pathways important in pathogenesis
of early-onset CRC111,

Microbiome & immunity

Ample evidence indicates that the gut microbiota may contribute to colorectal tumor
evolution112-114 and several species such as Fusobacterium nucleatunt'>118, Escherichia
coli carrying the polyketide synthase (pks) island'’, and enterotoxigenic Bacteroides
fragilist18 as well as overall dysbiosis have been implicated!12-114, The composition of
microorganisms changes according to the anatomical location in the colorectum1, which
may relate to the epidemiological, microbial, and tumor molecular differences in CRC
according to detailed colorectal subsites846:47.120 Although £ nucleatum may contribute to
CRC development via its effects on cell proliferation and anti-tumor immunity221, the link
between £ nucleatum and early-onset CRC remains underexplored. In addition,
Bifidobacterium in CRC tissue has been associated with signet ring cell formation122, a
feature that has been associated with early-onset CRC#8:49,

Prenatal, perinatal, and neonatal exposures such as maternal diabetes!23, alcohol?0,
smoking123, cesarean delivery124, bottle feeding!24, and antibiotics usel2>-127 may influence
the developing microbiota and immune system. Accumulating evidence indicates that
diverse immune cell types develop and mature at different gestational stages, and that these
processes are essential in establishing immune tolerance and response according to
developmental needs'28, With regard to increased antibiotic use which may result in
systemic and intestinal dysbiosis throughout the life course, studies have shown an
association of long-term antibiotic use with CRC and colorectal adenomal29-131, Any
ingested substances including foods, antibiotics, and chemicals (such as colorants and
preservatives in modern food products!32) may possibly alter intestinal microbes and their
metabolisms and/or could be metabolized by the microbes, which can then affect fetal
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physiology via umbilical circulation and amniotic fluids33. The long-term impact of these
ingestants and altered microbial features in pregnancy and early life needs to be studied.

It is challenging to decipher the complex interactions among exposures (diet, antibiotics,
chemicals, smoking, alcohol, etc.), microbiome, and host, all of which may play a significant
role in CRC etiology. To examine these interactions in early life, we need prospective (and
ideally longitudinal) collections of early-life information and biospecimens such as stool
from pregnant mothers and children.

Primary & secondary prevention

The impact of early-onset CRC prevention in young individuals, if successful, will be
substantial, considering the additional decades of life expectancy that would result. As the
avoidance of risk factors is always a major primary prevention measure, further research to
establish the risk factors of early-onset CRC is needed. In addition, it is recommended that
early-onset CRC patients with high-level MSI or MMR protein loss undergo germline MMR
gene sequencing to identify Lynch syndrome cases for prevention of future CRC in family
members*2.

Although screening with stool-based tests and colonoscopy may be useful for secondary
prevention of early-onset CRC, methods of screening as well as the recommended age to
start screening in average-risk or higher-risk persons have yet to be widely agreed
upon134.135 A recent systematic review on the prevalence of adenoma in colonoscopy
populations, based on 19 studies comprising 19,295 individuals, reported the summary
prevalence of early-onset adenoma of 11% (95% confidence interval, 8.5%—14%)136, The
U.S. Multi-Society Task Force recommends that persons with a family history of CRC in a
first-degree relative diagnosed before 60 years of age undergo colonoscopy every 5 years
beginning at age 40 or 10 years before the age the relative was diagnosed, whichever is
earlier!37. In 2018, the American Cancer Society (ACS) recommended that screening start at
age 45 years for average-risk persons!38. In a nationally representative sample of individuals
aged 45-49 years, past-year CRC screening rates increased from 4.8% to 12% within 2018,
coinciding with the ACS guideline releasel3°. The 2018 ACS recommendation to begin
screening at age 45 years is based on disease burden, results from microsimulation
modeling, and the reasonable expectation that screening will perform similarly in adults
aged 45 to 49 years as older population38, Similar to prior modeling work to support the
U.S. Preventive Service Task Force guidelinesl49, the microsimulation modeling studies
used to support the ACS guideline captured 1) observed/projected changes in cancer
incidence; 2) benefits/harms of each screening modality; and 3) balance between benefits
and the burden of screening. Specifically, the modeling suggests that screening every 10
years from ages 45 to 75 years achieved a ratio of incremental burden (humber of
colonoscopies) to benefit (life-years gained) of 32. This strategy was selected because it was
on the efficient frontier and had the highest number of life-years gained among the strategies
with ratios of less than 45141,

Although screening should ideally be tailored for each person according to one’s own risk,
individualized risk assessment has not yet been adopted to CRC screening
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recommendations. It is likely that the assessment of genetic germline polymorphisms, early-
life exposures, and their GXE interactions will improve the efficiency of screening and early-
detection of early-onset CRC. However, evidence is scarce and additional studies are
needed.

Transdisciplinary epidemiology

Integration of molecular biologic methods into epidemiology has become increasingly
common under the umbrella term of molecular epidemiology since the 19805196, More
recently, the field of molecular pathological epidemiology (MPE) has substantially grown
along with the increasing availability of tumor tissue resources and molecular assays in
population-based studiesl06142. The strengths of MPE research have been most apparent
when an association between an exposure and a disease entity has not been established with
certainty. Using the MPE approach, a putative risk factor can be linked to molecular
pathology, which can provide insight into etiological mechanisms106:142 Moreover, when
such an etiological link exists, we can expect to observe a stronger association with the
specific disease subtype than with the overall disease entity that contains pathogenetically
heterogeneous subtypest06:142 Therefore, MPE research can contribute to the establishment
of causality106.142 Recently, the concept of MPE has been increasingly recognized in the
literature43-152_ While somewhat overlapping with the concepts of “molecular
epidemiology” and “systems epidemiology”, MPE places particular emphasis on tumor
tissue analyses for better pathobiological understanding.

MPE can play an important role in early-onset CRC research due to its ability to unmask
previously unknown risk factors and establish causality. If a putative risk factor can be
linked to specific pathogenic signatures, the MPE approach can support it as a new risk
factor for early-onset CRC. Through the discovery of hidden risk factors, MPE research can
inform the development of primary prevention strategies for early-onset CRC.

Challenges & opportunities

Epidemiological studies of adulthood exposures and early-onset CRC have thus far not
successfully identified the root causes of its recent rise. As already discussed, if adulthood
exposures were indeed risk factors for early-onset CRC, we would have observed the rise of
early-onset CRC incidence even in the 1950s similar to the rise in later-onset CRC
incidence. One of the major challenges in existing studies of early-onset CRC is the severe
paucity of reliable early-life data. Notably, much early-life information needs to be obtained
from early-life biospecimens or parents (especially mothers).

To expedite research on early-onset cancers and examine early-life risk factors, existing
large-scale prospective cohort studies can be utilized. The Growing Up Today Study
(GUTS)1%3 has been following 16,882 children (9 to 14 years old at the time of enroliment
in 1996) of female participants in the Nurses’ Health Study Il (NHS2). The GUTS?2 started
to follow an additional cohort of 10,923 children (10 to 17 years old at the time of
enrollment in 2004) of the NHS2 participants. The NHS224, the parent cohort of these child
cohorts, has been following 116,430 participating women who were 25 to 42 years old at the
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time of the study initiation in 1989. The NHS2 has prospectively collected data on exposures
and various outcomes, including reproductive health and chronic diseases such as cancer.
Cohorts of parent-offspring pairs can provide information in the prenatal, perinatal, neonatal,
and childhood periods, which may contribute novel evidence to the study of the role of
various early-life exposures in diseases during the life course. The NHS3 (https://
www.nhs3.org/), which includes 45,000 U.S. nurses and nursing students aged 18 and above,
recently started another recruitment phase to reach a target population of 100,000.

The Colon Cancer Family Registry (CCFR) Cohort!>4, which includes 42,489 participants
from 15,049 families, was established in 1997 as an international consortium of six centers
in North America and Australia. The CCFR collected information regarding family history
of cancer and CRC risk factors, as well as biospecimens (blood and paraffin-embedded
tumor tissue). During phase Il recruitment (2002-2007), the population-based recruitment
efforts targeted early-onset CRC cases. They have identified over 3,000 early-onset CRC
cases®. In the future, this study will contribute to the clarification of the genetic and
environmental etiologies of early-onset CRC.

The Child Health and Development Studies (CHDS)%®, which includes over 15,000 women
and their 19,000 children, was initiated in 1959 to investigate the associations of biological,
genetic, and early-life factors with health outcomes in adults. The biospecimens and data on
early-life to adult exposures collected over the past 60 years will provide us with a unique
resource to evaluate the relationship between early-life exposures and long-term health
outcomes.

The National Children’s Study (https://www.nichd.nih.gov/research/supported/NCS) was an
ambitious project with goals to recruit and follow 100,000 children in the U.S. from prenatal
to adulthood periods, and to study environmental influences on child health and
development. Although the study was closed in 2014, a reactivation of the study or
following-up of the former participants has been suggested®®, which may provide
invaluable opportunities to study the etiologies of childhood and early-onset cancers.

Growing Up in New Zealand>7 is a longitudinal study that includes more than 6,000
children and their families. This study was designed to recruit and follow a cohort of
children from the prenatal period onward. Findings from this study may provide yet more
evidence on early-life exposures and early-onset cancers.

There are several other studies that have the potential to provide new insight into early-onset
CRC156: those include the UK Millennium Cohort Study®8 and the ORIGINS Project
(https://originsproject.telethonkids.org.au/) in Australia. These studies will provide
opportunities to clarify the effect of early-life exposures on long-term health outcomes
including cancer.

Importantly, these valuable datasets and any other relevant studies may be harmonized,
combined, and/or integrated to increase the validity of findings and illuminate further
information on the etiologies of a multitude of health conditions throughout the life course,
including (but not limited to) early-onset CRC.
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Conclusion & future direction

Although the causes of the rise of early-onset CRC remain uncertain, we can deploy and
implement several measures relatively fast. Those include (1) education of physicians, other
healthcare workers, and general individuals; (2) re-evaluation of screening guidelines for
early-onset CRC; (3) etiological research for identifying genetic and epidemiologic risk
factors; and (4) better coordination of clinical care and communication for early-onset CRC
patients®2, We advocate the roadmap of the general strategies in Table 4. Education of
healthcare providers, patients, and general individuals regarding the rise of early-onset CRC
may lead to prevention and early detection. It would be ideal that researchers learn the
importance of longitudinal life-course cohort studies combined with prospective
biospecimen collections.

Thus far, attempts to identify adulthood exposures as risk factors for early-onset CRC have
seen only limited success. Clues may emerge when we carefully consider (1) the likely long
(years to decades) growth / incubation time of colorectal neoplasms; (2) the environmental,
dietary, and lifestyle changes that have occurred over the past century; (3) the observed birth
cohort effects; (4) the drastic biophysiological changes that occur in each individual from
conception to adulthood; and (5) the differential clinical, pathological, and molecular
features of early-onset CRC compared to later-onset CRC. It is conceivable that currently
unknown etiological factors, possibly those that begin in early life (from the prenatal to
adolescent periods), may be driving the rise of early-onset CRC incidence. Challenges
include the paucity of large-scale longitudinal studies that can provide accurate information
on long-term exposures from early life to adulthood. We must develop life-course
epidemiological studies, which should be combined with prospective biospecimen
collections (stool, blood, saliva, urine, placenta, amniotic fluid, cord blood, etc.), state-of-
the-art omics (including genomic, metagenomic, and metabolomic research), and analyses of
molecular pathology, immunity, and the tumor microenvironment9, Importantly, such
prospective cohorts, once established, can be utilized to elucidate the etiologies of not only
early-onset CRC but also many other diseases including childhood cancers and other early-
onset malignancies. We can consider a following scenario: if we have resources, should we
invest to establish (A) 10 parent-offspring paired prospective cohorts vs. (B) 100 case-
control studies? In the former, we can study not only early-life exposures but also dozens of
diseases of children and adults. In the latter, each study can assess only one disease of
interest, and cannot fully evaluate early-life exposures from adult subjects, such as early-
onset CRC patients. It is quite evident which can benefit us more in the long run. Hence,
prudent investment of our finite resources, funds, and efforts into building longitudinal
prospective cohort infrastructure including biobanks should be our key priority.

In the meantime, astute use of existing datasets and resources including large prospective
cohort studies to examine early-life information offers a relatively cost- and time-efficient
means to expedite etiological research on early-onset CRC and other early-onset cancers.
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Figure 1.
Illustration of potential effects of various life-course exposures on tumor development from

early life (the prenatal to adolescent periods) to adulthood. The exposome indicates the
totality of exposures and interactions thereof. The gene-by-environment (GXE) interactions
during life-course may play an important role in the etiology of early-onset colorectal
cancer. Early-life biospecimens such as stool, blood, saliva, urine, cord blood, placenta, etc.,
which can be collected from either mother or fetus/neonate or both, may be able to provide
early-life information when analyzed in the future.

Abbreviations: GXE, gene-by-environment; wt, weight.
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