
Colorectal cancer (CRC) is the third most 
common cancer worldwide and the second 
most common cause of cancer death, 
accounting for an estimated 1.8 million 
new cancer diagnoses and >880,000 deaths 
in 2018 (ref.1). The age- standardized 
incidence rates of CRC vary substantially 
across continents2,3 and are highest in 
Australia (36.9 cases per 100,000 persons) 
and New Zealand (35.3 per 100,000) and 
lowest in Africa (8.2 per 100,000) and 
South- Central Asia (4.9 per 100,000)1. 
These variations might be attributable 
to differences in genetic susceptibility, 
socioeconomic status, environmental 
exposures, diet, other lifestyle factors and/or 
screening practices4,5. Over the past two 
decades, the incidence of CRC has generally 
remained stable or declined in high- income 
countries, while low- income and middle- 
 income countries with historically lower 
rates of CRC have witnessed increases 
in the incidence of this disease2. These 

drawing contrasts with ‘later- onset CRC’ 
in patients ≥50 years of age, as well as 
the current evidence relating to potential 
aetiological mechanisms and future research 
strategies. A better understanding of these 
aspects of early- onset CRC will facilitate 
the development of effective prevention, 
early detection and treatment strategies. 
Of note, while we discuss differences in 
epidemiological, clinical, pathological and 
molecular features between early- onset 
and later- onset CRC, a sharp dichotomy 
between the features of CRC occurring 
in patients aged 49 years versus those aged 
50 years is unlikely. Indeed, the characteristics 
of CRC might vary in many ways depending 
not only on age at diagnosis but also  
on other key variables, such as tumour 
location. Accordingly, the heterogeneity 
among patients with early-onset CRC  
and among those with later-onset CRC must 
be acknowledged.

Current knowledge of early- onset CRC
Epidemiology. Over the past few decades, 
the incidence of early- onset CRC has been 
increasing in both men and women across 
many countries7,9–11. The average annual 
percentage change in the incidence of 
early- onset CRC during 2008–2012 was 
4.0% in New Zealand, 2.8% in Canada and 
Australia, and 2.2% in the USA7. In the 
USA, the incidence of early- onset CRC 
has been increasing since the mid-1990s, 
and the age- adjusted incidence increased 
from 5.9 to 8.4 cases per 100,000 persons 
between 2000 and 2017 (ref.12). Increases 
in the incidence of early- onset CRC have 
also been documented in most European 
countries8. Across 20 countries in Europe, 
the incidence per 100,000 persons increased 
from 0.8 to 2.3 cases in individuals aged 
20–29 years during 1990–2016, from 2.8 to 
6.4 cases in those aged 30–39 years during 
2006–2016, and from 15.5 to 19.2 cases in 
those aged 40–49 years during 2005–2016; 
the average annual percentage change in the 
incidence of early- onset CRC within these 
three age groups was 7.9%, 4.9% and 1.6%, 
respectively, during 2004–2016 (ref.8). Taken 
together, these data indicate that early- onset 
CRC now constitutes a substantial cancer 
burden among younger adults.

The increase in the incidence of 
early- onset CRC in the USA was initially 

increases might reflect changes in the 
prevalence of certain risk factors for CRC. 
Established CRC risk factors include 
(but are not limited to) red and processed 
meat consumption, alcohol intake, obesity, 
inflammatory bowel disease (IBD), a family 
history of CRC and CRC- predisposing 
genetic variants, whereas protective factors 
include aspirin use, high systemic levels of 
vitamin D, high levels of folate intake and 
physical activity5.

CRC is most often diagnosed in elderly 
individuals6. In the USA, the median age at 
diagnosis of CRC was 67 years in 2013–2017, 
and 68% of estimated new cases in 2020 
will occur in individuals >65 years of age6. 
Notably, the incidence of early- onset CRC, 
which is generally defined as CRC diagnosed 
in individuals <50 years of age, is increasing 
worldwide7,8. The reasons for this global 
increase are poorly understood.

In this Perspective, we discuss the 
salient characteristics of early- onset CRC, 
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driven largely by cases of rectal cancer12. 
The average annual percentage change 
in the incidence of rectal cancer was 4.3% 
among individuals aged <50 years during 
1995–2010, while that of proximal colon 
cancer was 1.6% during 1995–2003 and 
that of distal colon cancer was 2.4% during 
1995–2016 (ref.6). Since 2012, however, 
the incidence has increased similarly for 
both early- onset colon and rectal cancers, 
with an average annual increase of ~1.8%6. 
In Europe, the increase in the incidence of 
early- onset CRCs since 2005 seems to have 
been more prominent for colon cancer than 
for rectal cancer8.

The upward trend in the incidence of 
early- onset CRC in most Western countries 
since the 1980s seems to reflect a birth-  
cohort effect8,12–15, suggesting that temporal 
changes in certain risk factors might have 
differentially affected each birth cohort, 
with increased risk being carried forward to 
a later time. Otherwise, the increase in the 
incidence of early- onset CRC would have 
been expected to parallel that of later- onset 
CRC. This birth- cohort effect might reflect 
secular trends in risk factor exposures 
during early life, typically defined as the 
prenatal to adolescent period (in contrast to 
adulthood) and their delayed effects on CRC 
incidence12,16. Considering that increases in 
CRC incidence have generally followed the 
westernization of lifestyle, early- onset CRC 
will probably become an emerging issue 
in regions where Western lifestyles have 
only recently been widely adopted. Indeed, 
an increasing incidence of early- onset CRC 
has already been documented in Taiwan, 
Japan and Hong Kong since 1995 and in 
South Korea since 1999 (ref.17). Moreover, 
the incidence of early- onset cancers of other 
anatomical sites that share risk factors with 
CRC might also increase18,19.

Most epidemiological investigations 
that have examined the potential risk 
factors for early- onset CRC were case–
control studies20–22; only a few studies have 
prospectively examined exposure data 
collected before CRC diagnosis23,24 (Table 1). 
The potential risk factors for early- onset 
CRC identified in the case–control studies 
include male sex21, Black and Asian 
ethnicities21, a family history of CRC20,21, 
weight loss of ≥5 kg (within the 5- year 
period preceding colonoscopy)22, a high 
intake of alcohol or processed meat20, and 
IBD21. On the contrary, aspirin use22 and a 
high intake of vegetables, citrus fruits, fish, 
β- carotene, vitamin C, vitamin E or folate20 
have been associated with a lower risk of 
early- onset CRC. In the two published 
prospective studies, a sedentary lifestyle 

(measured according to hours per week 
of TV watching time)23 and obesity24 were 
associated with an increased incidence of 
early- onset CRC. However, the association 
between obesity and early- onset CRC 
remains inconclusive, with some studies 
revealing positive associations18,24 and 
another providing opposite results22.

Certain socioeconomic factors, such 
as Black ethnicity, lower household 
income and educational levels, and rural 
(as opposed to urban) residence, have been 
associated with increases in CRC incidence 
or mortality25. While the incidence of 
early- onset CRC has been relatively high 
but stable among Black individuals, it has 
increased sharply in white individuals7,26. 
Comparing the periods 1992–1996 and 
2010–2014, the incidence of early- onset 
CRC increased from 11.7 to 12.7 cases per 
100,000 in Black individuals and from 7.5 
to 11.0 per 100,000 in white individuals26. 
Notably, African- American children and 
adolescents have a high prevalence of obesity 
and type 2 diabetes mellitus relative to white 
individuals27,28. Nonetheless, the reasons 
for the rapid increase in the incidence of 
early- onset CRC among white people but not 
African- American people remain unclear6,26. 
In terms of prognosis, early- onset CRC has 
been associated with a higher mortality in 
African- American patients than in white 
patients, and this difference seems to be less 
clear among patients with later- onset CRC29.

In general, epidemiological case–control  
studies have used selected case and  
control groups, and the nature of the 
population (which is typically unknown  
to investigators) from which the cases 
originate is likely different from that of the 
population from which the controls are  
selected. Thus, the findings of studies 
are likely to have been affected by differences 
between the background populations of cases 
and controls. Furthermore, recall bias among 
patients with CRC remains an intractable 
problem when exposure data are collected 
subsequent to diagnosis. Reverse causation 
is also an issue, irrespective of study design, 
given that the occult underlying illness 
preceding a CRC diagnosis might affect 
exposure data through changes in physical 
wellbeing, appetite, weight and other 
parameters. To mitigate reverse causality  
and recall bias, data on exposures should 
ideally be collected long (years to decades) 
before the diagnosis of CRC.

Clinical features. Early- onset CRCs 
most commonly occur in the rectum 
(42%), followed by the distal colon (31%) 
and proximal colon (27%)30, whereas 

later- onset CRCs occur at similar 
frequencies across these sites (34%, 32% 
and 34%, respectively)30. Certain risk factor 
associations with later- onset CRC and their 
effect sizes seem to differ between anatomical 
sites31. For example, BMI and waist 
circumference have stronger associations 
with colon cancer than with rectal cancer, 
and associations with height and physical 
inactivity seem to be confined to colon 
cancer31. By contrast, smoking is more 
strongly associated with rectal cancer than 
with colon cancer31. However, whether these 
differences extend to early- onset colon and 
rectal cancers remains unclear. Considering 
the sharp increase in the incidence of  
early- onset rectal cancer compared  
with early- onset colon cancer observed  
in the USA, epidemiological analyses 
stratified by colorectal subsites should be 
conducted31.

Patients with early- onset CRC 
are more likely to be diagnosed with 
advanced- stage (stage III–IV) disease 
than those with later- onset CRC32–34. 
The prevalence of stage III–IV disease in 
patients with early- onset versus later- onset 
CRC was reported to be 62% versus 
46% in one study32, 53% versus 41% in a 
second study33 and 72% versus 63% in 
a third study34. Correspondingly, patients 
with early- onset CRC have been reported to 
have substantially longer times to diagnosis 
and longer symptom durations than older 
patients34–36. These characteristics might 
reflect not only the higher prevalence of 
advanced- stage disease in patients with 
early- onset CRC but also possible differences 
in tumour biology. Early- onset CRC has 
been associated with a higher prevalence of 
both synchronous and metachronous CRCs 
than that observed with later- onset CRC37.  
Among patients with early- onset CRC, 
a lower awareness of the disease, a lack 
of screening, an under- appreciation of 
symptoms and a reluctance to seek medical 
care might all contribute to delayed 
diagnosis and the high frequency of 
advanced- stage disease at diagnosis38.

Germline genetics. The germline genetic and 
somatic molecular features of early- onset 
CRC have been investigated in numerous 
studies, revealing various associations 
(Table 2). Notably, approximately 30% of 
patients with early- onset CRC have a family 
history of CRC in at least one first- degree 
relative39–41. Indeed, a number of heritable 
conditions can manifest as early- onset CRC 
(reviewed in detail elsewhere39).

Lynch syndrome, which is caused 
by germline mutations in certain DNA 
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mismatch repair (MMR) genes (MLH1, 
MSH2, MSH6 or PMS2), often manifests 
as early- onset CRC with a high level of 
microsatellite instability (MSI)42. Studies 
have revealed that 16–35% of patients 
with early- onset CRC had hereditary 
cancer- predisposing syndromes, and 34–71% 
of this subgroup had Lynch syndrome; 
45–59% of all patients with early- onset, 
MSI- high CRC had Lynch syndrome39,41.

Familial adenomatous polyposis (FAP) is 
a well- known syndrome characterized by the 

presence of numerous colorectal adenomas 
in affected individuals5. In a typical FAP 
family, carriers of a germline pathogenic 
mutation in APC have a nearly 100% risk 
of developing CRC by 40 years of age5. 
Therefore, increased adoption of genetic 
testing and prophylactic colectomy has been 
recommended for FAP families43.

A spectrum of cancer predisposition 
exists, spanning from single- gene Mendelian 
conditions to polygenic influences plus 
gene- by- environment (GxE) interactions. 

A study including >50,000 patients with 
CRCs and >58,000 individuals without this 
disease revealed that a polygenic risk score 
based on 95 common CRC risk variants was 
more strongly associated with early- onset 
CRC than with later- onset CRC, particularly 
in the absence of family history of CRC30 
(Table 1). In comparison to individuals with 
a polygenic risk score in the lowest quartile, 
those with scores in the highest quartile 
had higher risks of early- onset and 
later- onset CRC with odds ratios of 3.7 

Table 1 | Epidemiological studies of early- onset CRC and early- onset colorectal adenoma

Study Country Study design Participants (age at 
diagnosisa)

Risk factorsb, OR or HR (95% Ci)

Rosato et al. 
(2013)20

Italy and 
Switzerland

Case–control 
study

329 with EOCRC (≤45 years) vs 
1,361 age- matched controls

Family history of CRC in first- degree relatives (yes vs no), 4.5 
(2.6–7.7); alcohol intake (≥14 drinks per week vs never drinking), 1.6 
(1.1–2.2); processed meat consumption (highest vs lowest tertile), 
1.6 (1.1–2.2); vegetable consumption (highest vs lowest  
tertile), 0.40 (0.3–0.6); citrus fruit consumption (highest vs  
lowest tertile), 0.61 (0.45–0.84); fish consumption (highest  
vs lowest tertile), 0.78 (0.60–1.00); β- carotene intake (highest vs  
lowest tertile), 0.52 (0.37–0.72); vitamin C intake (highest  
vs lowest tertile), 0.68 (0.49–0.94); vitamin E intake (highest vs 
lowest tertile), 0.38 (0.26–0.58); and folate intake (highest  
vs lowest tertile), 0.59 (0.40–0.86)

Kim et al. 
(2016)124

South Korea Cross- sectional 
study

564 with advanced colorectal 
adenoma and EOCRC vs 59,782 
control individuals from the 
Kangbuk Samsung Health Study

Age (per year), 1.08 (1.07–1.10); male sex (vs female), 1.3 
(1.0–1.6); smoking (current vs never/former): 1.4 (1.2–1.6); family 
history of CRC (yes vs no), 1.5 (1.0–2.1); diabetes mellitus- related 
factors (yes vs no), 1.3 (1.1–1.5); obesity (BMI ≥25 kg/m2 vs 
<25 kg/m2), 1.2 (1.0–1.5); LDL- cholesterol level (per mg/dl), 1.01 
(1.01–1.02); carcinoembryonic antigen level (per ng/ml), 1.04 
(1.01–1.09)

Nguyen et al. 
(2018)23

USA Prospective 
cohort study

118 with EOCRC among 89,278 
females enrolled in the Nurses’ 
Health Study II

Sedentary TV viewing time (>14 vs ≤7 hours per week),  
1.7 (1.1–2.7)

Gausman et al. 
(2019)21

USA Case–control 
study

269 with EOCRC vs 2,802 with 
LOCRC or 1,122 age- matched, 
cancer- free individuals

EOCRC vs LOCRC: male sex (vs female), 1.4 (1.1–1.9); 
non- Hispanic Black ethnicity (vs non- Hispanic white), 1.7 
(1.1–2.7); non- Hispanic Asian ethnicity (vs non- Hispanic white), 
2.6 (1.6–4.2); IBD (yes vs no), 3.0 (1.2–6.6); family history of CRC 
(yes vs no), 2.9 (1.9–4.3)

EOCRC vs cancer- free individuals: male sex (vs female),  
1.9 (1.4–2.5); family history of CRC (yes vs no), 8.6 (4.8–15)

Kim et al. 
(2019)163

South Korea Cross- sectional 
study

622 advanced colorectal 
adenoma and EOCRC  
(20–39 years) vs 71,734 controls 
individuals from the Kangbuk 
Samsung Health Study

Diagnosed at age 20–29 years: obesity (BMI ≥25 kg/m2 vs 
<25 kg/m2), 2.5 (1.2–4.9); waist circumference (>90 cm vs ≤90 cm 
in men and >80 cm vs ≤80 cm in women), 2.3 (1.1–4.5); elevated 
triglyceride levels (≥150 mg/dl vs <150 mg/dl), 3.0 (1.4–6.2)

Diagnosed at age 30–39 years: age (per year), 1.09 (1.06–1.13); 
smoking (current/former vs never), 1.3 (1.1–1.6); alcohol intake 
(≥20 g/day vs <20 g/day), 1.3 (1.1–1.6); obesity (BMI ≥25 kg/m2  
vs <25 kg/m2), 1.3 (1.1–1.6); waist circumference (>90 cm vs 
≤90 cm in men and >80 cm vs ≤80 cm in women), 1.3 (1.1–1.6)

Liu et al. 
(2019)24

USA Prospective 
cohort study

114 with EOCRC among  
85,256 women in the Nurses’ 
Health Study II

Obesity (BMI ≥30 kg/m2 vs 19−23 kg/m2), 2.0 (1.2–3.3); BMI 
≥23 kg/m2 vs 18.5–21 kg/m2 at 18 years of age, 1.6 (1.0–2.6); 
weight gain since 18 years of age (≥40 kg vs loss or gain <5 kg), 
2.2 (1.0–4.6)

Low et al. 
(2020)22

USA Case–control 
study

651 with EOCRC and 67 ,416 
control individuals

Age (per year), 1.05 (1.03–1.07); male sex (vs female), 2.2 
(1.7–2.9); aspirin use (yes vs no), 0.7 (0.5–0.8); overweight  
(BMI 25–30 kg/m2 vs normal weight (BMI 18.5–25 kg/m2)),  
0.69 (0.55–0.87); obesity (BMI ≥30 kg/m2 vs normal weight), 0.69 
(0.55–0.86); weight loss ≥5 kg within 5- year period preceding 
colonoscopy (yes vs no), 2.2 (1.8–2.8)

Studies with ≤200 patients are not listed, except for studies examining key features. BMI, body mass index; CI, confidence interval; CRC, colorectal cancer;  
EOCRC, early- onset colorectal cancer; HR, hazard ratio; IBD, inflammatory bowel disease; LOCRC, later- onset colorectal cancer; n, number of patients; OR, odds ratio. 
aEOCRC and LOCRC defined by ages at diagnosis of <50 years and ≥50 years, respectively, unless otherwise noted. bStatistically significant using two- sided P < 0.05.
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Table 2 | Published studies of germline genetic and somatic molecular characteristics of early- onset CRC

Study Country n (age at diagnosisa) n with MSi- high 
tumours

n with 
pathogenic 
germline 
mutations

n with 
lynch 
syndromeb

notes

Liang et al. 
(2003)37

China 138 with EOCRC  
(<40 years) vs 339 with 
LOCRC (≥60 years)

37 of 126 (30%)  
vs 8 of 126 (6.3%)

NA NA MSI- high tumours (30% vs 6.3%; P < 0.001) 
and synchronous CRC (6% vs 1%; P = 0.007) 
more frequent in EOCRC vs LOCRC

Baba et al. 
(2010)61

USA 196 with CRC  
(<60 years) vs 673 with 
LOCRC (≥60 years)

NA NA NA LINE1 hypomethylationc was more 
prevalent in CRCs in younger patients 
(P = 0.006); frequencies of tumours with  
a LINE1 methylation level <50% were  
22% and 11% (P = 0.08)d

Berg et al. (2010)51 Norway 23 with EOCRC vs 17 
with LOCRC

0 (0%; MSI- high  
tumours were 
excluded)

NA NA Ten genomic loci were more often found 
to be altered in EOCRC: gains of 2q35, 
10q21.3–22.1, 10q22.3 and 19q13.2–13.31; 
losses of 1p31.3, 1q21.1, 2q21.2, 
4p16.1–q28.3, 10p11.1 and 19p12

Antelo et al. 
(2012)59

Argentina 185 with EOCRC vs 
135 with LOCRC

25 of 115 (22%)  
vs 46 of 135 (34%)

NA NA Mean LINE1 methylation level 57% in 
EOCRC vs 67% in MSI- high LOCRCs and 
65% in non- MSI- high LOCRCs (P < 0.0001 
for both comparisons)

Perea et al. 
(2014)50

Spain 82 with EOCRC vs 97 
with LOCRC

12 of 81 (15%) vs 9 
out of 97 (9.3%)

NA 10 (12%) Non- MSI- high EOCRCs had a different 
prevalence of tumour locations relative to 
non- MSI- high LOCRCs: right colon 20% vs 
35%; left colon 42% vs 23%; rectum 38% vs 
42% (P = 0.02)

Non- MSI- high EOCRCs were more often 
associated with a family history of cancer 
vs non- MSI- high LOCRCs (54% vs 18%,  
P < 0.001)

Mork et al. 
(2015)41

USA 193 with EOCRC  
(≤35 years)

45 (23%) 67 (35%) 23 (12%) Identifiable hereditary cancer syndromes 
other than Lynch syndrome were as 
follows: familial adenomatous polyposis 
(in 16 patients; 8%), constitutional MMR 
deficiency (2 patients; 1%), biallelic 
MUTYH mutations (2 patients; 1%) and 
Li- Fraumeni syndrome (1 patient; 0.5%)

Arriba et al. 
(2016)52

Spain 60 with EOCRC vs 86 
with LOCRC

NA NA NA Losses at 1p36, 1p12, 1q21, 9p13, 14q11, 
16p13 and 16p12 were significantly more 
frequent in EOCRCs, whereas gains at 
7q11 and 7q22 were more frequent in 
LOCRCs

Pearlman et al. 
(2017)40

USA 450 with EOCRC 48 (11%) 72 (16%) 37 (8.2%) Germline mutations associated with 
hereditary cancer syndromes (except 
Lynch syndrome) were found in the 
following genes: APC (9 patients; 2.0%), 
ATM (4 patients; 0.9%), BRCA1 (2 patients; 
0.4%), BRCA2 (4 patients; 0.9%), CDKN2A 
(1 patient; 0.2%), CHEK2 (1 patient;  
0.2%), MUTYH (9 patients; 2.0%),  
PALB2 (2 patients; 0.4%) and SMAD4  
(1 patient; 0.2%)

Stoffel et al. 
(2018)39

USA 315 with EOCRC  
(who underwent 
clinical germline 
sequencing)

41 (9.5% of a total  
of 430 patients)

79 (25%) 56 (18%) Germline mutations associated hereditary 
cancer syndromes (except Lynch syndrome) 
were found in the following genes: APC  
(10 patients; 3.2%), BRCA1 (1 patient; 0.3%), 
CHEK2 (1 patient; 0.3%), MUTYH (8 patients; 
2.5%), SMAD4 (2 patients; 0.6%) and TP53  
(1 patient; 0.3%)

Lieu et al. (2019)58 USA 1,420 with EOCRC 
(<40 years), 3,248 with 
EOCRC (40–49 years) 
vs 13,550 with LOCRC

NA NA NA TP53 (FDR <0.01) and CTNNB1 (FDR = 0.01) 
mutations were more prevalent in EOCRCs 
occurring in patients aged <40 years than 
in LOCRCs

In the MSI- high cohort, APC (FDR <0.01) 
and KRAS (FDR <0.01) mutations were 
more prevalent in EOCRC occurring in 
patients aged <40 years vs LOCRCs
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(95% CI 3.3–4.2) and 2.9 (95% CI 2.8–3.0), 
respectively; among individuals without a 
first- degree family history of CRC, these 
values were 4.3 (95% CI 3.6–5.0) and 2.9 
(95% CI 2.7−3.0), respectively30. These 
findings warrant further investigation into 
the cumulative effects of genetic variants 
and their interactions with environmental 
exposures to clarify the aetiology of 
early- onset CRC, a better understanding  
of which could help to guide prevention, 
early detection and treatment strategies.

Molecular pathology. CRC encompasses 
a pathologically and molecularly 
heterogeneous group of cancers, all of 
which are influenced by exogenous and 
endogenous factors44. The continuum 
of molecular characteristics of CRC 
across bowel subsites is compatible with 
the interactive roles of the microbiota 
and the immune system in colorectal 
carcinogenesis45–47. Evidence indicates 
that early- onset CRCs are also genetically, 
pathologically and molecularly 
heterogeneous37,39–41,48–52 (Table 2).

Pathological features associated with 
early- onset CRC include poor tumour 
cell differentiation and the presence of 
signet ring cells53–55, which might reflect 
the underlying molecular characteristics 
of the disease. Signet ring cell carcinoma 

(defined as carcinoma with a >50% signet 
ring cell component56,57) accounts for 
6.1–6.4% of CRCs in patients <30 years of 
age and for 2.3–2.4% of CRCs in patients 
aged 30–39 years48,49, compared with 
only 1.0% in patients aged 40–49 years49; 
1.0–1.6% of later- onset CRCs are signet ring 
cell carcinomas32,49,57.

Data indicate that 10–30% of early- onset 
CRCs are MSI- high37,39–41, compared with 
~15% of CRCs overall40. In a study of mostly 
stage IV CRCs, early- onset CRCs less often 
harboured the BRAF c.1799T>A (p.V600E) 
mutation, were more often MSI- high and 
had a lower prevalence of somatic mutations 
in MAPK pathway genes than later- onset 
CRCs49 (Table 2). In another study of mostly 
advanced- stage CRCs58, non- MSI- high 
tumours in patients <40 years of age had 
a lower prevalence of APC mutations 
(66% versus 80%; P < 0.01) and of KRAS 
mutations (46% versus 52%; P < 0.001)  
than those in patients >50 years of age. 
By contrast, MSI- high CRCs in patients 
<40 years of age had a higher prevalence 
of both APC (70% versus 34%; P < 0.001) 
and KRAS mutations (49% versus 24%; 
P <0.001) as well as a lower prevalence 
of BRAF mutations (5.2% versus 49%; 
P < 0.001)58 (Table 2). Other analyses have 
revealed differences in chromosomal 
aberrations between early- onset and 

later- onset CRCs regardless of MSI status52 
or specifically in the non- MSI- high 
subset51. With regard to epigenetic changes, 
early- onset CRCs have a higher prevalence 
of long- interspersed nucleotide element 1 
(LINE1) hypomethylation (Table 2) but 
a lower prevalence of the CpG island 
methylator phenotype (CIMP) than 
later- onset CRCs59–61.

The consensus molecular subtype 
(CMS) distribution of CRC also seems to 
differ by age of disease onset. The CMS 
system was defined by an international 
consortium for the classification of CRCs 
through comprehensive gene- expression 
profiling62. The CMS subtypes are associated 
with the following predominant features: 
CMS1, a MSI- high status and strong 
immune reaction; CMS2, activation of 
WNT and MYC signalling pathways; CMS3, 
a specific metabolic signature; and CMS4, 
epithelial- to- mesenchymal transition62. In a 
study involving two independent cohorts, 
patients with early- onset CRC and those 
aged ≥70 years had a higher prevalence of 
CMS1 (22% and 23%, respectively) and a 
lower prevalence of CMS2 (43% and 43%) 
and CMS4 (22% and 20%) relative to 
patients aged 50–69 years (11% CMS1, 50% 
CMS2 and 27% CMS4)49. The proportion 
of CMS3 disease was similar across all three 
subgroups (12–13%)49. The high frequency 

Study Country n (age at diagnosisa) n with MSi- high 
tumours

n with 
pathogenic 
germline 
mutations

n with 
lynch 
syndromeb

notes

Willauer et al. 
(2019)49

USA 1,162 with EOCRC vs 
2,583 with LOCRC in 
the combined MDACC 
Molecular (all stage IV) 
and AACR Project 
GENIE (mostly  
stage IV) cohorts

38 (NA) vs 30 (NA) 
among a total of 
1,525 patients 
in the MDACC 
Molecular cohort

NA NA EOCRCs had a lower prevalence of BRAF 
c.1799T>A (p.V600E) mutations (4.8% vs 
8.1%; P < 0.0001) and were more often 
MSI- high (7.4% vs 3.0%; P = 0.04)

82 with EOCRC vs 544 
with LOCRC in the 
combined MDACC 
and TCGA cohorts 
(stage I–IV)

NA NA NA EOCRCs and LOCRCs in patients  
≥70 years old (n = 260) had similar CMS 
distributions, with a higher frequency of 
CMS1 (22–23%) and lower frequencies 
of CMS2 (43%) and CMS4 (20–22%), 
compared with LOCRCs in patients aged 
50−69 years (11% CMS1, 50% CMS2 and 
27% CMS4)

Archambault et al. 
(2020)30

USA 5,479 with EOCRC vs 
44,544 with LOCRC

NA NA 37 of 574 
(6.4%) vs 
54 of 2,525 
(2.1%)

The association with CRC per standard 
deviation of a polygenic risk score based 
on 95 CRC- associated common genetic 
risk variants was stronger for EOCRC than 
for LOCRC (Pinteraction = 0.01)

Studies with ≤100 patients with available tumour tissue data are not listed, except for studies examining key features. AACR, American Association for Cancer 
Research; CMS, consensus molecular subtype; CRC, colorectal cancer; EOCRC, early- onset colorectal cancer; FDR, false- discovery rate; GENIE, Genomics Evidence 
Neoplasia Information Exchange; LINE1, long- interspersed nucleotide element 1; LOCRC, later- onset colorectal cancer; MDACC, MD Anderson Cancer Center; 
MMR, mismatch repair; MSI, microsatellite instability; n, number of patients; NA, not available; TCGA, The Cancer Genome Atlas. aEOCRC and LOCRC defined by 
ages at diagnosis of <50 years and ≥50 years, respectively, unless otherwise noted. bLynch syndrome was defined by the presence of a germline pathogenic mutation 
in MLH1, MSH2, MSH6 or PMS2. cLINE1 methylation level (described as 0–100) was calculated as the average number of methylated cytosine bases after bisulfite 
conversion at four CpG islands; LINE1 hypomethylation was defined as methylation level of <40%. dS. Ogino, unpublished data.
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of CMS1 in early- onset CRCs might reflect 
an enrichment for Lynch syndrome- related 
MSI- high disease; this hypothesis is 
supported by an even higher proportion 
of CMS1 tumours (44%) in patients 
aged <40 years49.

Prognosis and treatment. The prognostic 
associations of early- onset CRC are 
inconsistent (Table 3); the results of some 
studies suggest unfavourable survival 
outcomes63–66, whereas others suggest 
a similar67–72 or better prognosis32,55,73–78 
relative to that reported for late- onset 
CRC. Notably, more aggressive treatment 
of early- onset CRC has consistently been 
documented32,55,70,72,75,78–80. In a study using 
the US Military Health System database, 
patients with early- onset CRC received, 
on average, 2–8 times more courses of 
postoperative systemic chemotherapy 
than those aged 65–75 years, across all 
disease stages72. The results of some 
studies suggest that aggressive treatment 
of early- onset CRC improves survival55,81, 
whereas data from other studies suggest 
otherwise32,72,79. The prognostic features, 
clinical management schemes and 
predictive biomarkers for specific treatment 
regimens have yet to be established for 
early- onset CRC. Notably, findings across 
studies are often incomparable owing to 
the heterogeneity in study designs and 
populations.

Causes for the rise of early- onset CRC
Epidemiological factors. Exposure to the 
aforementioned risk factors (such as alcohol 
intake, consumption of processed meat, 
a sedentary lifestyle, obesity and IBD) 
during adulthood cannot fully explain the 
recent increase, beginning in the 1980s, 
in the incidence of early- onset CRC12,14,15. 
Otherwise, the incidence of early- onset CRC 
should have started to increase much earlier, 
around the 1950s or 1960s (concurrent 
with the rise of later- onset CRC5), when 
the populations of many Western countries 
started to adopt the lifestyle changes 
associated with increased exposure to many 
established CRC risk factors. Hypothetically, 
‘westernizing’ lifestyle changes (starting 
around the 1950s) might have affected 
individuals who were in the early stages 
of life during the 1950s to 1980s; those 
individuals became young adults around the 
1980s to 2010s, generally coinciding with 
the observed increase in incidence of early- 
onset CRC. The hypothesis that early- life 
exposures are risk factors for early- onset 
CRC16,82 might therefore explain the delayed 
increase in the incidence of early- onset 

CRC since the 1980s. If this hypothesis is 
true, the reported associations between 
adulthood exposures and early- onset CRC 
might in fact be attributable to unmeasured 
confounding by early- life exposures. Most 
epidemiological studies focused on early- 
onset CRC have utilized data on exposure to 
risk factors during adulthood and generally 
lack early- life information, which precludes 
the evaluation of such confounding factors.

Existing evidence implicates early- life 
exposures as risk factors for CRC83–87, 
including early- onset CRC24. Data from the 
NIH AARP Diet and Health Study83 and 
the Boyd Orr Cohort84 indicate that a high 
intake of vitamin A and vegetables during 
adolescence have been associated with a 
lower risk of colon cancer, whereas a high 
intake of dairy products during childhood 
has been associated with a higher risk of 
CRC. Energy restriction during childhood 
and adolescence (due to the Dutch Hunger 
Winter of 1944–1945) has also been 
associated with a lower incidence of CRC87. 
Analyses of data from the Nurses’ Health 
Study II (NHS2) in the USA24 and from a 
prospective cohort of 230,000 Norwegian 
adolescents85 have revealed that obesity  
in adolescence is associated with an 
increased incidence of early- onset CRC 
and increased mortality from colon 
cancer, respectively. In addition, studies 
of childhood radiation exposure resulting 
from the atomic bombings in Japan88, 
the Chernobyl nuclear accident85 or 
radiotherapy for paediatric cancers89 provide 
evidence of early- life insults as risk factors 
for cancers arising in adulthood. However, 
studies focused on the associations between 
early- life exposures and adulthood cancers, 
including 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. 
In particular, the early- life period is 
characterized by major physiological and 
metabolic changes90,91. Considering the high 
rates of cell division and turnover, early 
life might encompass periods of increased 
susceptibility to the deleterious effects of 
risk factors (for example, a Western diet, 
smoking, alcohol intake, radiation exposure, 
antibiotics use and obesity) linked with 
hyperinsulinemia, increased levels of 
growth factors, DNA damage, inefficient 
DNA repair and/or an altered microbiota. 
Conceivably, changes in physiology during 
growth in early life could cause time- varying 
cellular vulnerability to insults (risk factors).

Considering the possibly decades- long 
latency in the transition from non- neoplastic 
cells to malignant neoplasms92,93 and the 
salient birth- cohort effect observed in  
the incidence of early- onset CRC, evaluating 
early- life exposures in relation to future 
risk of early- onset CRC would be prudent. 
For example, a global change in diet started 
around the 1950s, with a shift towards a 
higher consumption of processed meat, 
fast foods, edible oils, refined grains, 
high- fructose corn syrup and sugar94,95. Since 
1975, the global prevalence of childhood 
and adolescent obesity has increased more 
than fivefold96, approximately concurrent 
with reductions in levels of physical 
activity94. Exposure to substances such as 
antibiotics have become increasingly more 
prevalent over the past several decades97,98. 
Prenatal and perinatal practices have also 
changed, with increased use of reproductive 
technologies, caesarean sections and bottle 
feeding, which might have unforeseen 
long- term effects on offspring99–101. 
In adolescents, the incidence of IBD, 
an established risk factor for CRC, has 
increased dramatically worldwide (average 
annual percentage changes in the incidence: 
Crohn’s disease, 4.3% during 1988–2011; 
ulcerative colitis, 2.7% during 1988–1999 
and 11% during 2000–2011)102,103. Moreover, 
the incidence of type 2 diabetes has 
increased sharply, by 7.1% annually among 
youths aged 10–19 years in the USA during 
2002–2012 (ref.27).

The continuum of cancer predisposition 
extends from high- penetrance genetic 
conditions to syndromes caused by 
moderately penetrant variants with 
interactive influences of the environment 
to low- penetrant polygenic conditions with 
larger contributions of GxE interactions. 
Near-100% penetrant risk variants for 
hereditary CRC can certainly cause 
early- onset CRC but are unlikely to fully 
explain its increasing incidence. The 
prevalence of high- penetrance germline 
mutations (such as those in MLH1 and APC) 
is unlikely to have changed dramatically in 
successive generations of the population 
over the past several decades104. In addition, 
hereditary CRCs caused by these highly 
penetrant mutations account for <20% 
of early- onset CRC40,105. Therefore, 
low- to- moderately penetrant variants with 
GxE interactions (especially in early life) 
might contribute to the increasing incidence 
of early- onset CRC (fig. 1).

Considering the apparent health 
disparities surrounding early- onset 
CRC26–28, future studies should investigate 
how ethnicity, other sociodemographic 
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Table 3 | Published studies of the prognosis and treatment of early- onset CRC

Study Country n (age at diagnosis) Findings regarding prognosis or treatment

O’Connell et al. (2004)77 USA 1,334 with EOCRC (20–40 years) vs 
46,457 with LOCRC (60–80 years)

5- year CSS: 93% vs 95% (NS) for stage I, 89% vs 83% (P = 0.01) 
for stage II, 59% vs 57% (NS) for stage III and 18% vs 6%  
(P < 0.001) for stage IV disease

Quah et al. (2007)75 USA 68 with EOCRC (≤40 years) vs  
1,259 with LOCRC (>40 years),  
of stage I–III

5- year CSS: 86% vs 87% (NS); 5- year OS: 84% vs 73% 
(P = 0.001); patients with EOCRC were more likely to receive 
adjuvant chemotherapy, especially among those with  
stage II disease: 39% vs 14% (P = 0.003) among those  
with stage II disease

McMillan et al. (2009)71 UK 99 with EOCRC (<45 years) vs  
1,978 with LOCRC (≥45 years)

No significant difference in hazard ratios for CSS

Sultan et al. (2010)64 Jordan 159 with EOCRC (4–20 years) 
among 550,622 with CRC

SEER: 5- year relative survival of patients with EOCRC vs 
LOCRC: 40% vs 60% (P < 0.001); 10- year relative survival: 
31% vs 54% (P < 0.001)

Blanke et al. (2011)67 Multiple countriesa 793 with EOCRC (<50 years) vs 
5,491 with LOCRC (≥50 years),  
all of stage IV

Results from phase III trials suggest similar response rates 
and OS; PFS was marginally worse in the EOCRC cohort  
(6.0 months vs 7.5 months; P = 0.02)

Hubbard et al. (2012)78 USA 5,817 with EOCRC (<50 years) vs 
27 ,757 with LOCRC (≥50 years)

Patients aged <40 or <50 years with stage II and III colon 
cancer had longer DFS and OS than older patients;  
patients aged <40 or <50 years with stage II and III colon 
cancer derive similar benefit from adjuvant therapy as  
older patients

Schellerer et al. (2012)73 Germany 244 with EOCRC (<50 years) vs 
1,718 with LOCRC (≥50 years)

5- year CSS: 89% vs 80% (P = 0.01) for M0 rectal cancer,  
21% vs 12% (P = 0.06) for M1 rectal cancer, 84% vs 89% (NS) 
for M0 colon cancer and 13% vs 15% (NS) for M1 colon 
cancer

Yang et al. (2012)70 China 530 with EOCRC (≤44 years) vs 
2,626 with LOCRC (>44 years)

Young patients more often received chemotherapy  
(P < 0.001); no statistically significant differences in DFS, 
CSS or OS were found

Lieu et al. (2014)63 USA 3,051 with EOCRC (<50 years) 
among 20,023 with stage IV CRC

Relative to patients with middle- age- onset CRC, patients 
with EOCRC had a 22% (95% CI 10–35%) increased risk of 
disease progression and a 19% (95% CI 7–33%) increased 
risk of death; this effect did not differ by sites of metastatic 
disease, year of enrolment, types of therapy received or 
biomarker status

Kneuertz et al. (2015)32 USA 13,102 with EOCRC (18–49 years) vs 
37 ,007 with LOCRC (65–75 years)

Adjusted 5- year relative survival: 91% vs 90% for stage II 
disease overall, 95% vs 95% for low- risk stage II and 88% vs 
86% for high- risk stage II disease; adjuvant chemotherapy 
was administered to 51% vs 9% of patients; almost 
6% of patients with stage I EOCRC received adjuvant 
chemotherapy

Orsini et al. (2015)81 Netherlands 1,102 with EOCRC (≤40 years) vs 
35,954 with LOCRC (41–70 years)

Young age was a prognostic factor for better survival among 
patients with stage I–III disease; adjuvant chemotherapy 
was administered to 24% vs 14% (P < 0.001) of patients  
and was associated with improved OS in patients with  
stage III and pN1 EOCRC

Wang et al. (2015)74 Sweden and USA 43,821 with EOCRC (<50 years) vs 
466,113 with LOCRC (≥50 years)

5- year CSS: 67% vs 61% (P < 0.001) in SEER database and 
75% vs 63% (P = 0.25) in Linköping Cancer database

Abdelsattar et al. 
(2016)80

USA 37 ,847 with EOCRC (<50 years) vs 
220,177 with LOCRC (≥50 years)

SEER: patients with EOCRC and distant metastasis were 
more likely to undergo primary tumour resection (adjusted 
probability 72% vs 63%; P < 0.001) and receive radiotherapy 
(adjusted probability 53% vs 48%; P < 0.001)

Boyce et al. (2016)76 Australia 2,001 with EOCRC (<50 years) vs 
30,177 with LOCRC (≥50 years)

5- year CSS: 69% vs 66% (P < 0.001)

Holowatyj et al. (2016)29 USA 28,145 with EOCRC (<50 years) SEER: 5- year OS: 55% among non- Hispanic Black individuals, 
68% among non- Hispanic white individuals and 63% among 
Hispanic individuals (P < 0.001)

Kim et al. (2016)65 South Korea 693 with EOCRC (≤45 years) vs 
1,823 with LOCRC (56–65 years)

5- year CSS: 81% vs 88% (P < 0.001); no significant difference 
in OS for any disease stage

Chou et al. (2017)66 Taiwan 3,395 with EOCRC (≤40 years) 
among 61,789 with CRC

Patients with EOCRC had unfavourable OS and CSS 
compared with those of patients aged 41–50 or 51–60 years, 
although this trend was reversed in comparison with the 
71–80 and >80 year age groups
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factors and their interplay relate to early- life 
exposures and the aetiology of early- onset 
CRC. Characterizing the generational 
shifts in early- life exposures might provide 
additional insights into the aetiologies of 
early- onset CRCs as well as of childhood  
and other early- onset cancers.

Tumour molecular features. Accumulating 
evidence indicates that exposure to dietary, 
chemical and environmental factors can 
cause cellular epigenetic and genetic 
alterations106, which are in turn associated 
with certain molecular subtypes of cancer107. 
Individuals who experienced severe famine 
in childhood or adolescence owing to 
the Dutch Hunger Winter have a lower 
incidence of CIMP- positive CRC but not  
of CIMP- negative CRC than those who did 
not experience famine86. Thus, epigenetic 
and genetic alterations caused by certain 
early- life exposures could potentially 
contribute to the increase in early- onset 
CRC incidence.

LINE1 hypomethylation, a surrogate 
biomarker of a genome- wide DNA 
hypomethylation phenotype, is occasionally 
observed in CRCs59,60,108. A variety of factors, 
including ionizing radiation109, a high 
BMI110, physical inactivity110, cigarette 
smoking111, and exposure to pesticides111 
or benzene111, have been associated with 
low LINE1 methylation levels in blood 
cells. The association between younger 
age at CRC diagnosis and tumour LINE1 
hypomethylation59,61 suggests that exposure 

to these factors (together with GxE 
interactions), especially early in life,  
might have an aetiological role in early- onset  
CRC. Of note, an experimental analysis  
of organoids derived from paired non- 
malignant tissue and early- onset CRC 
samples has demonstrated the potential  
of this approach to elucidate the signalling 
pathways involved in the pathogenesis of 
early- onset CRCs112. The development of an 
organoid model for early- onset CRC in this 
study constitutes an important advance112, 
although further studies are needed to clarify 
the pathogenesis of early- onset CRC.

The microbiota and antitumour immunity.  
Ample evidence indicates that the gut 
microbiota can contribute to CRC 
evolution113–115. Indeed, several bacterial 
species, such as Fusobacterium 
nucleatum116,117, Escherichia coli carrying 
the polyketide synthase (pks) island118 
and enterotoxigenic Bacteroides fragilis119, 
as well as overall dysbiosis have been 
implicated in this process. The composition 
of the microbiota varies according to the 
anatomical location in the colorectum120, 
and this variation might be reflected in the 
epidemiological, microbial and molecular 
differences between CRCs arising at distinct 
colorectal subsites5,46,47,121. F. nucleatum 
might contribute to CRC development via 
effects on cell proliferation and antitumour 
immunity122, although the link between this 
bacterium and early- onset CRC remains 
underexplored. In addition, Bifidobacterium 

bacteria in CRC tissue have been associated 
with the presence of signet ring cells123, 
a feature that has been associated with  
early- onset CRC48,49.

Prenatal, perinatal and/or neonatal 
exposures, such as maternal diabetes124, 
alcohol intake20, cigarette smoking124, 
caesarean delivery125, bottle feeding125 and 
use of antibiotics126–128, can all 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 
responses according to developmental 
needs129. With regard to antibiotics, which 
can result in systemic and intestinal 
dysbiosis throughout the life course, 
long- term use has been associated with an 
increased risk of colorectal adenoma and 
CRC130–132. Any substances ingested during 
pregnancy, including foods, antibiotics 
and chemicals (such as colourants and 
preservatives added to food products133), 
could potentially alter the relative 
abundances of intestinal microbes and 
their metabolic profiles and/or could 
be metabolized by the microbes, which 
might subsequently affect fetal physiology 
through factors transferred via the 
umbilical circulation, amniotic fluids and 
breastfeeding134. The long- term effects of 
these ingestants and the associated microbial 
features during pregnancy and the early- life 
period need to be better investigated.

Study Country n (age at diagnosis) Findings regarding prognosis or treatment

Manjelievskaia et al. 
(2017)72

USA 671 with EOCRC (<50 years),  
1,599 with middle- age- onset  
CRC (50–64 years) and 873 with 
LOCRC (≥65 years)

Patients with EOCRC and middle- age- onset CRC were 
more likely to receive multiagent chemotherapy than 
those with LOCRC (EOCRC: OR 2.5, 95% CI 1.4–4.3; 
middle- age- onset CRC: OR 2.7 , 95% CI 1.7–4.2); among 
patients who received surgery and postoperative systemic 
chemotherapy, no significant differences in OS were 
observed between the age groups

Pokharkar et al. (2017)68 India 351 with EOCRC (≤45 years) vs  
427 with LOCRC (>45 years)

No statistically significant difference in OS

Rho et al. (2017)69 Multiple countriesb 224 with EOCRC (≤44 years) vs  
274 with LOCRC (>44 years)

Mortality analysis revealed no significant difference; 
longitudinal treatment patterns were similar, although 
biological therapy was more often used for patients  
with EOCRC

Kolarich et al. (2018)79 USA 9,126 with EOCRC (<50 years) vs 
33,980 with LOCRC (50–75 years)

Radiotherapy used in 42% vs 32% of those with stage I rectal 
cancer (P < 0.001); chemoradiation therapy was used in 94% 
vs 88% of those with stage II–III rectal cancer

Rodriguez et al. (2018)55 Canada 107 with EOCRC (≤40 years) vs 
5,364 with LOCRC (>60 years)

Adjuvant chemotherapy used in 50% vs 13% of those  
with stage II disease (P <0.001) and 92% vs 57% of  
those with stage III (P < 0.001); OS and CSS were  
superior for the patients with EOCRC vs LOCRC

Studies with ≤100 patients or cohorts that overlap with those of another study (for example, SEER database) are included at the authors’ discretion. CI, confidence 
interval; CRC, colorectal cancer; CSS, CRC- specific survival; DFS, disease- free survival; EOCRC, early- onset colorectal cancer; LOCRC, later- onset colorectal 
cancer; n, number of patients; NS, not significant; OR, odds ratio; OS, overall survival; PFS, progression- free survival; SEER, Surveillance, Epidemiology and End 
Results. aFrance, Germany, UK and USA. bBulgaria, Canada, Czech Republic, Georgia, Ireland and Italy.
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www.nature.com/nrclinonc

P e r s P e c t i v e s

https://seer.cancer.gov/csr/1975_2017/


The complex interactions between 
exposures (dietary factors, antibiotics, 
chemicals, smoking, alcohol and others), 
the microbiome and host factors, all of 
which might have important roles in CRC 
aetiology, are challenging to decipher. 
Prospective (and ideally longitudinal) 
collection of early- life information and 
biospecimens, such as stool samples from 
pregnant mothers and children, is needed 
to examine the effects of these interactions 
on the risk of early- onset CRC.

Primary and secondary prevention
Strategies to prevent early- onset CRC, 
if successful, will be of substantial value 
considering the additional decades of 
life expectancy that would result. The 
avoidance of risk factors is always a major 
means of primary prevention; thus, further 
research is needed to establish the risk 
factors for early- onset CRC. In addition, 
germline sequencing of MMR genes is 
recommended for patients with MSI- high 
and/or MMR- deficient, early- onset CRCs 
to identify those with Lynch syndrome, 
thereby providing opportunities for the 

prevention of future CRC among their 
family members42.

Screening through stool- based tests 
and colonoscopy can be useful for the 
secondary prevention of early- onset CRC, 
although methods of screening as well as 
the recommended age to start screening 
in individuals with an average or higher 
risk of this disease have yet to be widely 
agreed upon135,136. A systematic review on 
the prevalence of adenoma in colonoscopy 
cohorts, which included 19 studies 
comprising a total of 19,295 individuals, 
demonstrated a summary prevalence of 
early- onset adenoma of 11% (95% CI 
8.5–14%)137. The US Multi- Society Task 
Force (USMSTF) has defined ‘average- risk’ 
individuals as persons without a high- risk 
family history of colorectal neoplasia138. 
Otherwise, ‘high- risk’ groups were defined 
as follows: (1) individuals with a genetic 
diagnosis of FAP; (2) individuals with 
suspected FAP but no genetic testing 
evidence; (3) patients with a genetic or 
clinical diagnosis of Lynch syndrome; 
(4) individuals at increased risk of Lynch 
syndrome; and (5) individuals with IBD  

(such as ulcerative colitis or Crohn’s disease)139.  
For individuals with high- risk family 
histories not associated with polyp 
syndromes, the latest USMSTF guidelines 
recommend screening as follows: (1) 
individuals at risk of (first- degree relatives 
of an affected individual) or with Lynch 
syndrome should begin endoscopy at 
20–25 years of age or 2–5 years before 
the youngest age at diagnosis of CRC 
in the family if <25 years of age140; (2) 
patients with Lynch syndrome and MMR 
germline mutations should undergo annual 
colonoscopy; (3) individuals in families 
that meet the clinical criteria for hereditary 
non- polyposis CRC but have non- MSI- high 
CRCs (that is, familial colorectal cancer 
type X) should undergo colonoscopy at least 
every 3–5 years, beginning 10 years before 
the age at diagnosis of the youngest relative 
with CRC; (4) individuals with a first- degree 
relative diagnosed with CRC before 60 years 
of age should undergo colonoscopy every 
5 years beginning at age 40 years or 10 years 
before the age at which the affected relative 
was diagnosed, whichever is earlier; and 
(5) individuals with an advanced adenoma 
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Fig. 1 | Examples of life-course exposures with potential effects on CRC tumorigenesis. The exposome describes the totality of exposures and inter-
actions thereof. The exposome can influence disease processes at any time from early life (the prenatal to adolescent periods) to adulthood. 
Gene- by- environment (GxE) interactions during the life- course might have important roles in the aetiology of early- onset colorectal cancer (CRC). Early- life 
biospecimens, such as blood, stool, saliva, urine, cord blood and placental tissue collected from either mothers or their offspring (at various timepoints 
during childhood), or both, might provide information on the early- life exposome when analysed in future studies of the aetiological factors underlying 
early- onset CRC. Of note, the composition of the gut microbiota can be influenced by various life- course exposures and might, in turn, influence GxE 
interactions that affect the development of CRC.
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(defined as a lesion either ≥1 cm in size, 
with high- grade dysplasia or with villous 
histology) in a single first- degree relative 
diagnosed at age ≥60 years should begin 
screening at 40 years of age138.

In 2018, the American Cancer Society 
(ACS) defined individuals with an increased 
or high risk of developing CRC as those 
with any of the following characteristics: 
(1) a personal history of adenomatous 
polyps or CRC; (2) a family history of 
CRC or adenomatous polyps diagnosed 
in a relative before 60 years of age; (3) a 
personal history of IBD; (4) a confirmed or 
suspected hereditary CRC syndrome; 
or (5) a history of abdominal or pelvic 
radiation for a previous cancer. The ACS 
recommended that screening for CRC 
with either a high- sensitivity stool- based 
test or a structural (visual) examination 
(colonoscopy, flexible sigmoidoscopy or 
CT colonography) should be initiated at 
age 45 years for individuals with an average 
risk of the disease141. Screening strategies 
for the high- risk individuals were not 
defined in the latest ACS guidelines. In a 
nationally representative sample of US 
individuals aged 45–49 years, past- year CRC 
screening rates increased from 4.8% to 12% 
within 2018, coinciding with the release 
of the ACS guidelines142. The 2018 ACS 
recommendation to begin CRC screening 
at 45 years of age is based on the population 
disease burden, results of microsimulation 
modelling and the reasonable expectation 
that screening will be similarly effective 
in adults aged 45–49 years compared to 
screening in the older population141. Similar 
to prior modelling that supported the US 
Preventive Service Task Force guidelines143, 
the microsimulation modelling studies 
used to support the ACS guideline captured 
(1) observed and projected changes in 
cancer incidence; (2) the benefits and harms 
of each screening modality; and (3) the 
balance between the benefits and the burden 
of screening144. Specifically, the modelling 
data indicated that screening every 10 years 
between 45 and 75 years of age could 
achieve an efficiency ratio of incremental 
burden (number of colonoscopies) to 
benefit (life- years gained) of 32. This 
strategy was selected because it was on 
the ‘efficient frontier’ and had the highest 
estimated number of life- years gained 
among the strategies with efficiency ratios 
of <45. In comparison with the previous 
recommendation of colonoscopy screening 
every 10 years between 50 and 75 years 
of age, screening from 45 years of age 
was predicted to result in 25 additional 
life- years gained per 1,000 40 year olds 

(an increase of 6.2%), with an additional 
810 colonoscopies per 1,000 40 year 
olds (17%)144.

Screening should ideally be tailored 
for each person according to their risk 
of the disease; however, individualized 
risk assessment has not yet been adopted 
in CRC screening recommendations. 
The assessment of genetic germline 
polymorphisms, early- life exposures and 
associated GxE interactions will improve 
risk prediction at an individual level 
and thereby enable improvements in the 
efficiency of screening and early detection 
of early- onset CRC. Currently, however, 
evidence in this area is scarce and additional 
studies are needed.

Transdisciplinary epidemiology
Since the 1980s, the integration of molecular 
biology methods into epidemiological 
studies has become increasingly common 
under the umbrella term of ‘molecular 
epidemiology’107. More recently, the field 
of molecular pathological epidemiology 
(MPE) has grown substantially with 
the increasing availability of tumour 
tissue resources and molecular assays 
for use in population- based studies107,145. 
While somewhat overlapping with the 
concepts of molecular epidemiology as 
well as systems epidemiology, MPE places 
particular emphasis on tumour tissue 
analyses to obtain a better pathobiological 
understanding of cancers. The strengths 
of MPE have been most apparent when 
an association between an exposure and 
a disease entity had not previously been 
established with certainty. Using the MPE 
approach, putative risk factors can be 
linked to particular molecular pathological 
features, which can provide insights into 
disease aetiology107,145. Moreover, when 
such an aetiological link exists, a stronger 
association with a specific disease subtype 
than with the broader disease entity 
consisting of pathogenetically heterogeneous 
subtypes would be expected107,145. Thus, MPE  
research can contribute to the establishment 
of causality107,145. Accordingly, studies 
and articles utilizing the concept of MPE 
have been increasingly reported in the 
literature146–155.

MPE approaches might have an 
important role in early- onset CRC research 
owing to the ability to reveal previously 
unknown risk factors and establish 
causality, specifically by linking putative 
risk factors with specific pathogenic 
signatures. Through the discovery of hidden, 
previously unrecognized risk factors, MPE 
research could potentially also inform 

the development of primary prevention 
strategies for early- onset CRC.

Challenges and opportunities
Epidemiological studies of exposures 
occurring during adulthood and early- onset 
CRC have thus far not successfully identified 
the root causes of the increasing incidence 
of this disease. As discussed, if adulthood 
exposures were indeed risk factors for 
early- onset CRC, the increase in the 
incidence of early- onset CRC would have 
been observed even during the 1950s, 
similar to the trend reported for later- onset 
CRC. The severe paucity of reliable early- life 
data is one of the major limitations of 
published studies focused on early- onset 
CRC. Notably, data on early- life exposures 
need to be obtained predominantly 
from early- life biospecimens or parents 
(especially mothers).

Existing data from large- scale prospective 
cohort studies can be utilized to expedite 
research on early- onset cancers and examine 
early- life risk factors. The Growing Up 
Today Study (GUTS)156 has been following 
16,882 children (aged 9–14 years at the time 
of enrolment in 1996) of female participants 
in the NHS2. The Growing Up Today 
Study 2 (GUTS2) was initiated to follow 
an additional cohort of 10,923 children 
(aged 10–17 years at the time of enrolment 
in 2004) of the NHS2 participants. 
The NHS2 itself comprises 116,430 women 
who were 25–42 years old at the time of the 
study initiation in 1989, with prospective 
collection of data on various exposures and 
outcomes, including reproductive health 
and chronic diseases such as cancer24. 
Cohorts of parent–offspring pairs involved 
in these studies can provide information 
on the prenatal, perinatal, neonatal and 
childhood periods, which might present 
novel evidence for the roles of various 
early- life exposures in diseases arising 
through the life course. The Nurses’ Health 
Study 3 (NHS3), which currently includes 
45,000 US nurses and nursing students aged 
≥18 years, has entered another recruitment 
phase to reach a target of 100,000 
participants. The NHS3 aims to examine 
the effects of long- term dietary, lifestyle, 
environmental and other exposures from 
adolescence to adulthood on health and 
disease. The NHS3 is expected to contribute 
to the investigation into how adolescent 
exposures affect the risk of early- onset CRC.

The Colon Cancer Family Registry 
(CCFR) Cohort157, which includes 42,489 
participants from 15,049 families, was 
established in 1997 by an international 
consortium of six centres in North America 
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and Australia. The CCFR is used to collect 
information from patients diagnosed with 
CRC and their family members regarding 
family history of cancer and CRC risk 
factors, as well as biospecimens (blood 
samples and paraffin- embedded tumour 
tissue specimens). During a second 
phase of recruitment to this registry 
(2002–2007), the population- based 
recruitment efforts were targeted at patients 
with early- onset CRC. In total, the CCFR 
contains data on >2,400 patients with 
early- onset CRC157. In the future, data 
from the CCFR will be used to clarify the 
genetic and environmental aetiologies of 
early- onset CRC.

The Child Health and Development 
Studies (CHDS)158, which include >15,000 
women and >19,000 of their children, 
were 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 and adult exposures collected 
in the CHDS over the past 60 years 
provide a unique resource to evaluate the 
relationships between early- life exposures 
and long- term health outcomes.

The National Children’s Study was an 
ambitious project with the goals of recruiting 
and following 100,000 children in the USA 
from the prenatal to adulthood periods in 
order to study environmental influences on 
child health and development, including 
analyses of biospecimens according to 
the molecular epidemiology and MPE 
concepts. The study was closed in 2014, 
but reactivation of the study or collection of 
additional follow- up data from the former 
participants has been suggested159.

Growing Up in New Zealand160 is a 
longitudinal study involving >6,000 children 
and their families and designed to recruit and 
follow a cohort of children from the prenatal 
period onward. Data from this study might 
provide yet more evidence on early- life 
exposures and early- onset cancers. Similarly, 
several other studies have the potential to 
provide new insight into early- onset CRC159. 
These studies include the Millennium Cohort 
Study161 in the UK and the ORIGINS Project 
in Australia, which will provide opportunities 
to clarify the effects of early- life exposures 
on long- term health outcomes, including 
cancer. Importantly, these valuable datasets 
and any other relevant studies could be 
harmonized, combined and/or integrated to 
increase the validity of findings and provide 
further information on the aetiologies of a 
multitude of health conditions throughout 
the life course, including (but not limited to) 
early- onset CRC.

Conclusions
The causes of the increasing incidence of 
early- onset CRC remain unclear; however, 
several measures can be deployed and 
implemented expediently with the aim 
of countering this trend. These measures 
include (1) education of physicians, other 
health- care workers and the general public 
regarding the disease; (2) re- evaluation of 
screening guidelines for early- onset CRC; 
(3) aetiological research to identify genetic 
and epidemiological risk factors; and 
(4) better coordination of clinical care and 
improved communication with patients with 
early- onset CRC82 (Table 4). In particular, 
greater awareness of the increasing incidence 
of early- onset CRC among health- care 
providers, patients and the general public 
might lead to increased use of preventative 
measures and/or facilitate early detection 
of the disease. Ideally, researchers 
should acknowledge the importance of 
longitudinal life- course cohort studies 
combined with prospective biospecimen 
collections that might ultimately enable the 
development of improved preventative or 
screening strategies.

To date, attempts to identify adulthood 
exposures as risk factors for early- onset 
CRC have resulted in only limited success. 
Clues might emerge when we carefully 

consider (1) the probably long development, 
dormancy and growth times of colorectal 
neoplasms (lasting years to decades); (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 with 
later- onset CRC. Conceivably, currently 
unknown aetiological factors, possibly 
those that occur early in life (from the 
prenatal to adolescent periods), might 
be drivers of the increasing incidence of 
early- onset CRC. Challenges include the 
paucity of large- scale longitudinal studies 
that can provide accurate information 
on long- term exposures from early life to 
adulthood. Thus, life- course epidemiological 
studies must be initiated and should be 
combined with prospective biospecimen 
collections (of stool, blood, saliva, urine, 
placental tissue, amniotic fluid, cord blood 
and other substances), state- of- the- art 
omics techniques (including genomic, 
metagenomic and metabolomic studies) and 
analyses of molecular pathology, immunity 
and the tumour microenvironment162. 
Importantly, such prospective cohorts, once 

Table 4 | Roadmap of strategies to reduce the public health burden of early- onset CRC

Theme Strategy note

Education Educate physicians, other health- care  
workers and the general public in order to  
raise awareness of early- onset colorectal 
cancer (CRC)

This strategy can be 
implemented immediately

Screening Expand the use of genetic testing among 
individuals with a family history of CRC; 
conduct research to create and refine prediction 
models for early-onset CRC; evaluate the 
available evidence and screening guidelines 
for early-onset CRC to improve screening 
programmes; develop personalized  
screening strategies

Further research, including 
comparative effectiveness 
research, is needed to support 
implementation

Aetiological 
research

Utilize existing resources to study the 
aetiologies of early- onset CRC; design 
additional studies, including life- course 
cohort studies, combined with biospecimen 
collections and omics analyses; study genetic 
and epidemiological risk factors, including 
early- life exposures as well as gene- by- 
 environment interactions for early- onset 
CRC; study aetiological mechanisms using 
experimental model systems

Determination of risk factors 
and their effect sizes can help 
to improve primary, secondary 
and tertiary prevention 
strategies

Clinical care 
and research

Set up specialized centres, units and/or 
clinics focused on early- onset CRC in order 
to deliver optimal care; conduct clinical 
trials to evaluate personalized treatment 
strategies; communicate with patients with 
early- onset CRC regarding treatment options 
and considerations as well as the implications 
of potential familial risks for their relatives

Randomized clinical trials 
integrated with assessments 
of tumour characteristics 
(including the tissue microbiota 
and immune microenvironment) 
are needed; genetic, fertility and 
social counselling might be 
indicated for patients
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established, can be utilized to elucidate the 
aetiologies not only of early- onset CRC 
but also of many other diseases, including 
childhood cancers and other early- onset 
malignancies. Consider the following 
scenario: if the necessary resources were 
available, should they be invested in 
establishing ten parent–offspring paired 
prospective cohorts or a hundred case–
control studies? Using the former strategy, 
not only early- life exposures but also 
dozens of diseases of children and adults 
can be studied; with the latter strategy, 
each study can assess only one disease of 
interest and, when studying adult diseases 
such as early- onset CRC, cannot adequately 
evaluate the potentially relevant early- life 
exposures. From this perspective, it seems 
quite evident which approach can provide 
the most benefit in the long run. Hence, 
prudent investment of our finite resources, 
funds and efforts into building longitudinal 
prospective cohort infrastructure, including 
biobanks, should be a key priority. In the 
meantime, astute use of existing datasets 
and resources, including large- cohort 
prospective studies, to examine early- life 
information offers a relatively low cost and 
time- efficient means to advance aetiological 
research on early- onset CRC and other 
early- onset cancers.
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