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Opinion statement

Colorectal cancer (CRC) is the third leading cancer diagnosed globally and an important
cause of cancer-related mortality. Of interest, while we have witnessed a declining
incidence trend over the past few decades in the older population, incidence rates for
adolescents and young adults have been increasing steadily. Several factors may well
explain this apparent epidemic in the young, namely a lack of routine screening and
emerging lifestyle issues such as obesity, lack of exercise, and dietary factors. It is known
that both environmental and genetic factors can increase the likelihood of developing
CRC. Although inherited susceptibility is associated with the most striking increases in
risk, and must always be considered in a young patient with CRC, the majority of CRCs are
in fact sporadic rather than familial. Early-onset CRC is a truly heterogeneous disease, with
mounting evidence to suggest that this patient population has a distinctive molecular
profile, very different to late-onset CRC cases. Currently, both younger and older patients
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with CRC are treated in essentially the same manner, but with a better understanding of
the molecular mechanisms underlying CRC in the young, we will have the opportunity to
specifically tailor screening and clinical management strategies in this unique patient
population in an effort to improve outcomes. The aim of this review is to outline our
current knowledge of the distinguishing features of early-onset CRC, the ongoing research
efforts, and the evolving evidence in this field.

Introduction

Colorectal cancer remains a common cancer worldwide
and a significant public health burden. The estimated
annual incidence is 1.2 million new cases per year [1].
While there has been a progressive steady decline of CRC
among the older population in recent decades, this con-
trasts sharply with a rising incidence in young adults
(Fig. 1). Early-onset CRC is a highly heterogeneous

disease, with hereditary genetic syndromes accounting
for only a minority of cases while the vast majority of
patients have so-called sporadic disease [2]. CRC in the
young tends to be associated with more advanced dis-
ease at presentation, adverse histologic features, and a
variability in molecular characteristics resulting in a dis-
tinct tumor biology compared to their older

Fig. 1. Incidence of colorectal cancer in the population younger and older than 50 years of age according to the SEER database from
1973 to 2013 [158].
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counterparts. Despite this, studies have shown that the
prognosis of patients with early-onset CRC, matched for
stage, is identical to and even surpasses that of older
patients [3]. Currently, all patients with CRC are treated
in a homogeneous fashion in terms of cytotoxic regi-
mens, regardless of the age of disease onset, with a trend

towards overtreatment in the young [4]. Efforts are on-
going to advance our understanding of the molecular
landscape of this early-onset disease, with the aim of
impacting how prevention, screening, and treatment
strategies are designed in the future to optimize out-
comes for this novel patient population.

Epidemiology

Although recent decades have witnessed steady declines in both incidence and
mortality rates from CRC overall [5, 6], the latest evidence points towards an
alarming rise in its occurrence among individuals younger than 50 years old [6–
12]. CRC is the second most common cancer and the third leading cause of
cancer-related death (1.51 per 100,000 in females and 1.67 per 100,000 in
males) in the USA, when assessed only in the population younger than 50 years
[10].

An analysis of the Surveillance, Epidemiology and End Results (SEER)
database from1973 to 1999 indicated that incidences of colon and rectal cancer
among young adults (20 to 40 years) increased by 17% and 75%, respectively
[13]. From 1992 to 2005, the incidence rates for CRC increased 1.5% per year in
men and 1.6% per year in women. For rectal cancer, the average increase was
3.5% per year in men and 2.9% per year in women [14]. A more recent
assessment of the SEER Database (from 1975 to 2010) analyzed 393,241
patients with pathologically confirmed CRC and found annual percentage
changes of 1.99, 0.41, −0.97, and −1.15, in the age groups of 20–34, 35–49, 50–
74, and 974 years, respectively. Despite a 0.92% global decline in overall CRC
incidence, the incidence rate in individuals aged 20–34 years is predicted to
increase by up to 90% for colon cancer and 124% for rectal cancer, by the year
2030 [9•].

Approximately three quarters of early-onset CRC occur between ages 40 and
49 years [15]. Both sexes are equally affected, as revealed in a retrospective
analysis (SEER Database, 1992 to 2005), which detected increased annual
incidence rates per 100,000 young adults of 1.5% in men and 1.6% in women.
However, another study highlighted a slight male predominance. In this study,
incidence rates were 4.9, 9.9, 16.4, and 30.8 in men and 4.2, 7.6, 15.3, and 25.9
in women, for age groups of 30–34, 35–39, 40–44, and 45–49 years, respec-
tively [10].

Racial disparities in the diagnosis and outcomes of CRC in the young have
been identified through observational studies [15–17]. CRC incidence in young
adults (20–44 years) was higher in African-Americans (7.9 per 100,000 indi-
viduals) when compared to non-HispanicWhites (6.7 per 100,000 individuals)
[18]. A retrospective analysis of the SEER Database found that African-
Americans with colon cancer had an increased hazard of cancer-specific death
(HR = 1.35, 95% CI 1.26 to 1.45), with an overall 5-year survival of 54.9%
among non-Hispanic Blacks versus 68.1% among Non-Hispanic Whites [19•].
The causal factors of these disparities are still a matter of debate but may result
from biological, cultural, or socioeconomic distinctions.
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Young patients diagnosed with CRC more commonly have symptomatic,
later stage, mucinous, and poorly differentiated tumors [20–22]. Teng et al.
analyzed 11,071 CRC cases in the adolescent and young adult population (15–
39 years) from17 registries of the SEER program (1998 to 2011) and found that
the rectum was the most common primary tumor site (25%) and 66.6% were
left-sided. Moreover, 72% were diagnosed with regional or metastatic disease,
although disease-specific and overall survival were comparable to the general
population (10 years = 57.3 and 52.4%, respectively) [23]. Accordingly, a
retrospective study by Abdelsattar et al. found that younger patients achieved
longer stage-adjusted disease-specific survival, although their disease was more
advanced [24]. In a retrospective study from Stanford Cancer Institute, 253
patients with young-onset CRC were compared with 232 patients diagnosed at
50 years or older. Advanced-stage tumors (72% vs. 63%), family history (25%
vs. 17%), and confirmed hereditary syndromes (7% vs. 1%) were observed in
higher proportions within the younger group [25].

Hereditary syndromes

Although the majority of CRCs are sporadic, up to 20–30% are thought to have
a hereditary component. Of those, only 3–5% have a well-characterized genetic
basis [26]. Lynch syndrome (LS) and familial adenomatous polyposis (FAP) are
the most common of the known hereditary CRC syndromes, with well-
characterized physiopathology (Table 1).

Lynch syndrome is the most common CRC hereditary syndrome, estimated
to account for 2–5% of CRC cases [27]. It is inherited in an autosomal domi-
nant fashion and results from germlinemutations in fourDNAmismatch repair
genes (MMR)—MLH1,MSH2, PMS2, andMSH6 [28]—or the EPCAM gene and
confers an estimated 50–80% lifetime risk of CRC development [29]. Clinically,
these tumors are diagnosed on average between 40 and 45 years of age, aremost
likely proximal in location, often with numerous synchronous and metachro-
nous lesions, have a lower stage at diagnosis, and better prognosis than sporadic
CRC [30, 31]. LS also predisposes to a wide range of other primary cancers,
including endometrial, gastric, small bowel, hepatobiliary and urinary tract,
and ovarian and CNS tumors.

The cumulative risk of developing cancer varies according to the different
mutations. MSH6 and PMS2 mutations, for example, have an overall lower
CRC risk as compared to MLH1 and MSH2 and possibly an attenuated phe-
notype with later age of cancer development and lower penetrance [32]. The
CRC risk appears to be similar inMLH1, MSH2, and EPCAM mutation carriers
but the risk of endometrial and other cancers seems to be higher in MSH2
mutated individuals [33]. Genetic evaluation for LS should be considered for
individuals with synchronous and metachronous CRC, those diagnosed at an
age younger than 50 years, with multiple Lynch-associated cancers, and also in
cases of familial clustering of Lynch-associated tumors.

FAP is the second most common hereditary CRC syndrome, accounting for
less than 1% of all CRC cases. It is characterized by the presence of multiple
colorectal adenomatous polyps (typically more than 100) and occurs in
1/10,000 to 1/30,000 live births [34]. Classic FAP has an autosomal dominant
inheritance pattern, resulting from a germline mutation in the adenomatous
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polyposis coli (APC) gene, with almost complete penetrance of colonic mani-
festations but variable penetrance of the extra-colonic features, which include
duodenal adenoma, gastric polyps, desmoid tumors, dental osteomas, soft
tissue tumors, and extra-intestinal cancers [35].

The age of onset of adenomas is variable, but by age 30, it is estimated that
90% ofmutation carriers present with FAP [36]. Individuals with germline APC
gene mutations generally have an exceedingly strong penetrance, with an esti-
mated 100% cancer risk by a median age of 39, if left without medical follow-
up or treatment [37, 38]. Very young onset of CRCs can also occur, with 7%
developing CRCs by age 21 [39]. Attenuated FAP is a phenotypically distinct
and less severe entity, presenting with fewer than 100 adenomas, typically 20–
30, and occurring at a later age. The mean age at diagnosis is 56 years [40].
Regular, systematic follow-up and supportive care should be offered to all
patients. Patients should also be considered for prophylactic CRC surgery by
their early twenties. Upper endoscopy is necessary for surveillance to reduce the
risk of ampullary and duodenal cancer.

Multiple colorectal adenomas can also be caused by mutations in the
human MutY homolog (MYH) gene, in an autosomal recessive condition
referred to as MutYH-associated polyposis (MAP). It causes a recessively

Table 1. Inherited genetic colorectal cancer syndromes

Syndrome Average age
at CRC diagnosis

Gene CRC risk Clinical characteristics

Lynch syndrome 40–45 MLH1, MSH2,
PMS2, MSH6,
EPCAM

50–80% Right-sided, locally advanced CRCs

FAP 39 APC (5q21) 100% 9100 adenomatous polyps with an
average onset before 20 years
old. Also possible upper GI polyps

AFAP 56 APC 80% Generally G100 polyps with a later
age of onset than FAP

MutYH-associated
polyposis

45–60 MutYH Biallelic = 80% 10–100 adenomatous polyps.
Serrated and hyperplastic polyps
possible

PJS 42 STK11/LKB1 39% Hamartomatous polyps in small
intestine, colon, and upper GI

JPS 42 SMAD4 (18q21)
BMPR1A
(10q23)

40–50% 5–200 juvenile hamartomatous
polyps, with an average age of
onset of 20. Besides GI, increased
risk for pancreatic and biliary
tract cancers

PHTS 57 PTEN 9% Lifetime risks for a variety of cancers
including breast, thyroid, kidney,
melanoma

SPS 48 BRAF Unknown Serrated polyps

FAP familial adenomatous polyposis, AFAP attenuated familial adenomatous polyposis, PJS Peutz-Jeghers syndrome, JPS juvenile polyposis
syndrome, PHTS PTEN hamartoma tumor syndrome, SPS serrated polyposis syndrome
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inherited polyposis condition, usually diagnosed between 40 and 60 years, with
a mean age of 45, which is characterized by a slightly increased risk of devel-
oping CRC and polyps/adenomas in both the upper and lower gastrointestinal
tract [41, 42]. Both biallelic and monoallelic mutations have been described in
MAP, and it appears that biallelic mutations carry an estimated CRC risk of 80%
[43]. The risk attributed to monoallelic mutations is still controversial.

Other rare conditions include the hamartomatous syndromes, which in-
clude Peutz-Jeghers syndrome (PJS), juvenile polyposis syndromes (JPS), he-
reditary mixed polyposis syndrome (HMPS), and PTEN hamartomatous tumor
syndrome. They are inherited in an autosomal dominant fashion and increase
the risk of young-onset CRC. PJS is a rare autosomal dominant syndrome
characterized by the presence of gastrointestinal polyps and mucocutaneous
pigmentation. Hamartomatous polyps are more frequently found in the small
intestine butmay occur anywhere in the gastrointestinal tract [35]. CRC appears
to be the most common PJS-associated malignancy with a mean age at diag-
nosis of 42 years [44]. Juvenile polyposis syndrome is characterized bymultiple
juvenile polyps (inflammatory hamartomatous polyps seen in childhood)
throughout the digestive tract. The risk of CRC is estimated to be 17–22%by age
35, and almost 68%by 60, with amedian age of CRC diagnosis of 42 years [45].
Germline PTEN mutations are also responsible for another rare group of
hamartoma syndromes. The two most frequently described are Cowden syn-
drome (CS) and Bannayan-Riley-Ruvalcaba syndrome (BRRS). It has been
suggested that they are part of a spectrum of the same disease, with an age-
related penetrance [46].

Serrated polyposis syndrome (SPS) is a rare condition where patients pres-
ent with multiple polyps with serrated architecture in the colorectum The
overall cumulative risk of CRC is still unclear as well as the age of onset of CRC.
In amulticenter report, the average age of CRC diagnosis was 48 years, and there
was an increase in the risk of CRC for first-degree relatives if the index case was
diagnosed under the age of 50, suggesting that there is an inherited component
[47]. The genetic basis for SPS has not yet been clarified.

Nonhereditary risk factors

Genetic predisposition alone is not a sufficient explanation as to why CRC
incidence is increasing in the young. Possible reasons could involve general
lifestyle changes. Sedentary habit, obesity, and diabetes mellitus, for example,
have risen in the general population over the past decades and may well have
influenced CRC rates [48, 49].

There is sufficient evidence to support a role for physical activity in pre-
venting cancers of the colon and breast and also strong links between obesity
and CRC risk [50]. Diet may play a significant role in young patients who
develop CRC [51–53]. It appears that for each 5-unit increase in body mass
index, there is an estimated 13% to 18% associated increase in CRC risk. A
systematic review and meta-analysis including data from 13 studies showed
that a weight gain between early adulthood and midlife was associated with a
significant increase in CRC risk [54]. Similarly, a meta-analysis study suggested
that regular physical activity is associated with a 24% to 31% reduction in CRC
risk when comparing the most versus the least active individuals [55]. Diabetes
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mellitus has been associated with increased CRC risk [56]. A meta-analysis
including data from 14 studies estimated that the risk of CRC among diabetics
was between 20% and 38% higher than nondiabetics, even when the analysis
was limited to studies that either controlled for smoking and obesity or for
smoking, obesity, and physical exercise [56]. The notable increased frequency of
obesity and diabetes seen in young adults for the past three decades is precisely
in parallel with the increase in CRC incidence in this age group.

Cigarette smoking has been linked to increased risk of CRC diagnosis and
mortality, with stronger association for rectal rather than colon cancer [57].
Moreover, smoking is also a risk factor for serrated, hyperplastic, and adeno-
matous colonic polyps [58, 59]. Several studies have also described an associ-
ation between alcohol consumption and CRC, with increased risk for moderate
(two to three drinks per day) and heavy drinkers (≥4 drinks per day) but not for
light drinkers (≤1 drink per day) [60–62].

However, all the of the listed risk factors alone do not fully explain the
observed trends in young-onset CRC since they are also common or increasing
in older age groups in which CRC incidence has decreased. Furthermore, they
are also highly influenced by ethnicity and related cultures, and on this matter,
it is known that African-Americans have high CRC rates with a 20% greater
mortality than Whites [63]. They tend to be diagnosed at a younger age with
higher frequency of CRC diagnosis under age 50. It is clear therefore that
additional epidemiologic research is warranted to better explain these trends.

Screening
Young adults at increased risk for CRC

The presence of a first-degree relative diagnosed with CRC or adenomas
increases the lifetime risk for CRC by up to fourfold [64–67]. Therefore, the
occurrence of CRC in ages younger than 60 years in a first-degree relative may
prompt screening of asymptomatic young adults either at age 40 or 10 years
earlier than the youngest age at CRC diagnosis in the index case [68, 69]. A
retrospective study found that the prevalence of adenomas and advanced
adenomas in 40- to 49-year-olds undergoing colonoscopies due to family
history of CRC was 15.4% and 3.9%, respectively [70]. However, the adherence
rate of physicians to colonoscopy recommendations for first-degree relatives of
young patients diagnosed with CRCwas previously reported as only 62.9% in a
cross-sectional study [71]. Another potential issue for adequate screening is low
patient adherence to family screening due to poor awareness of greater risk
among first-degree relatives of CRC patients [72, 73]. Conversely, there is still
uncertainty if screening first-degree relatives of patients with adenomas without
CRC history is cost-effective [74].

Patients with hereditary syndromes, such as LS, FAP, or any other, are at an
even higher risk for CRC development at earlier ages. Clinical follow-ups,
screening tests, and genetic counseling are fundamental pillars for the appro-
priate management of these hereditary conditions. Individuals with confirmed
or suspected Lynch syndrome should undergo periodical colonoscopies for
CRC screening every 1 to 2 years beginning at age 20 to 25 years [75–77], as
appropriate screening is associated with decreased mortality [78–80]. Because
colorectal adenomas and CRC occur later and at a lower risk in families with
MSH6 or PMS2mutations, screening may be started at 30 to 35 years or 5 years
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before the earliest CRC case in a first-degree relative [75]. Physicians should also
pay attention to the possible development of other primary cancers, such as
endometrial, ovarian, gastric, small bowel, and others, and additional screening
should be carried out with pelvic examination, endometrial biopsy, and gas-
troduodenoscopies [75, 81].

Patients with diagnosed FAP or at high-risk for FAP (first-degree relatives and
individuals diagnosed with ≥10 to 20 adenomas or adenomas in the presence
of extra-colonic characteristics of FAP) should start annual surveillance with
sigmoidoscopy or colonoscopy at 10 to 11 years. Due to the large number of
polyps and high CRC risk, virtually all individuals with classic FAP will ulti-
mately undergo colectomy in adulthood. Physicians should continue periodic
surveillance of the reminiscent rectal or ileal pouch every 6 to 12 months or
every 6 months to 5 years, respectively, depending on the polyp burden.
Families with attenuated FAP may begin surveillance at 18 to 20 years [76, 82–
84].

Additionally, young patients with inflammatory bowel disease (IBD), such
as Crohn’s colitis and ulcerative colitis (UC), may develop CRC at a young age
due to accelerated carcinogenesis resulting from chronic inflammation [85]. In
a cohort of IBD patients, the incidence ratio of CRC was 2.1 for Crohn’s colitis
and 5.6 for UC [86]. As expected, the higher risk for CRC is related to uncon-
trolled disease and early-onset of colitis [87]. Approximately two-thirds of
patients with IBD are aware of an increased CRC risk [88]. However, there is an
absence of prospective studies evaluating the role of surveillance for CRC in this
scenario and evidence to support this indication relies on case-controls and
retrospective cohorts [85]. Individuals with left-sided UC and Crohn’s disease
affecting at least one-third of the colon should perform periodic examinations.
According to the severity of colitis, societies have recommend colonoscopies at
intervals of 1 to 5 years [89–91]. Literature evaluating the role of chromoen-
doscopy with targeted biopsies for detection of neoplasia in patients with
intestinal bowel disease is still controversial [92, 93]. Random surveillance
biopsies have a low yield and should not be routinely indicated [94].

Young adults at average risk
Screening for CRC has been recommended for the average-risk population
between 50 and 74 years and has been shown to reduce CRC incidence and
mortality in up to 26% [95, 96]. Due to the recent increase in incidence of early-
onset CRC, questions have been raised if screening should be initiated earlier
[97].

Even though 10.9% to 15% of CRC cases are diagnosed in patients too
young for average-risk screening, current evidence is scarce and does not sup-
port a wide-scale recommendation to screen individuals younger than 50 years,
as the incidence of pre-neoplastic lesions is low in this age group and does not
justify the associated risks and costs [15, 24, 97]. However, considering possible
disparities in racial characteristics in CRC incidence, the consensus opinion of
the American College of Gastroenterology and American College of Gastroin-
testinal Endoscopy is to recommend initiating screening after 45 years in non-
Hispanic African-Americans [98, 99].

Previous work demonstrated that delayed diagnosis was a potential prob-
lem in the scenario of symptomatic CRC in young patients, possibly
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contributing to diagnosis at more advanced stages and with less favorable
outcomes [100, 101]. For instance, a recently published case-control study
including 1514 patients treated at University of Vermont Medical Center
showed the median time to treatment from symptom onset in rectal cancer was
217 days for patients under 50 years versus 29.5 days for patients older than
50 years [102]. Educational strategies to improve awareness of patients, primary
care physicians, and gastroenterologists on the increasing incidence of early-
onset CRC should perhaps prevail over universal recommendations for
screening asymptomatic patients to address this issue. Such an approach would
lead to better identification of high-risk families and red flag symptoms (such as
anemia without apparent cause, rectal bleeding, change in bowel habits, and
weight loss) and ultimately would trigger diagnostic investigation and appro-
priate, timely curative interventions.

Molecular characteristics

From a molecular perspective, early-onset CRCs represent a highly heteroge-
neous disease group. Marked biological diversity is evident not only when
comparing early- to late-onset CRC cases [103] but a divergence in molecular
features is also an inherent component within the early-onset group itself,
which includes known hereditary syndromes, familial cases, as well as sporadic
CRC.

The pathogenesis of early-onset CRC is well characterized in those individ-
uals with inherited CRC syndromes, in which an identifiable germline muta-
tion is present in a cancer susceptibility gene. Knowledge, however, regarding
genetic alterations and molecular mechanisms of sporadic early-onset CRC
remains somewhat limited, although it is increasing. Recent studies suggest that
sporadic young-onset CRC may have a unique molecular profile and is likely
attributed to the cumulative effect of multiple common/rare genetic variants
displaying variable penetrance [104].

Three critical mutational pathways implicated in CRC carcinogenesis in-
clude chromosomal instability (CIN), microsatellite instability (MSI), and the
CpG islandmethylator phenotype (CIMP). Each pathway is distinctive in terms
of its respective clinicopathological, familial, and prognostic features. While
these pathways are not mutually exclusive, whichever is the dominant pathway
determines the final phenotype in the individual patient [105].

The majority of sporadic CRC cases (80–85%) involve the CIN pathway,
which is associated with chromosomal number and structural alterations, and
loss of heterozygosity. CIN has also been found in cases of FAP with a germline
APC mutation. These tumors are microsatellite stable (MSS). Other molecular
characteristics include activation of the proto-oncogenes, KRAS and C-MYC;
inactivation of tumor suppressor genes,APC and p53; and loss of heterozygosity
for the long arm of chromosome 18 as well as TGFBR and PIK3CA mutations
[106–110]. The CIN pathway is the main driver in most early-onset tumors,
which are characterized by a lower right colon prevalence, fewer synchronous
andmetachronous tumors, higher rate of adverse histologic features, absence of
other primary neoplasms, and typically later stage at diagnosis [111, 112].
Compared with late-onset cases, early-onset tumors differ by the substantial
rate of left colon location and a significant familial component.
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The MSI pathway is implicated in 10–15% of all CRCs. Here, the MMR
system is unable to correct DNA replication errors, which is under the control of
several genes (includingMLH1,MSH2,MSH6, and PMS2). Other genes affected
in this CRC subgroup include the tumor suppressor genes, TGF-BRII, IGFIIR,
MSH3, and BAX [113]. Single nucleotide mutations accumulate and alterations
in the lengths of repetitive microsatellite nucleotide sequences also occur [28,
114]. MSI tumors are present both in the hereditary form such as Lynch
syndrome, due to a germlineMMR genemutation, and also sporadic CRC cases,
as a result of MLH1 hypermethylation [115]. Most Lynch syndrome tumors
(990%) areMSI-high [116]. Asmentioned previously, inactivation of one of the
MMR genes, MLH1, MSH2, MSH6, and PMS2, secondary to a germline muta-
tion, is the underlying mechanism. MLH1 and MSH2 mutations account for
∼90%, MSH6 mutations for ∼10%, and PMS2 mutations for 6% of all Lynch
syndrome tumors [117]. EPCAM gene deletions can also result in Lynch syn-
drome, with high risk of CRC, through epigenetic silencing ofMSH2 in tissues
expressing EPCAM [118].

A higher rate of microsatellite instability (MSI-H) has been demonstrated in
younger CRC patients [119]. In a series by Gryfe et al. of 607 CRC patients aged
≤50 years, high frequency MSI was found in 17% of cases [120]. Furthermore,
multivariate analysis identified a significant survival advantage independent of
all standard prognostic factors, including tumor stage (HR, 0.42; 95% CI, 0.27
to 0.67; p G 0.001) with reduced likelihood of regional lymph node and distant
metastasis (odds ratio, 0.33; 95% CI, 0.21 to 0.53; p G 0.001 and odds ratio,
0.49; 95% CI, 0.27 to 0.89; p = 0.02, respectively). Several other case series of
early-onset CRC indicate MSI-H rates ranging between 29.4 and 73%, with clear
evidence that MSI frequency is inversely proportional to age at diagnosis and
directly proportional to the Lynch syndrome component [2, 121–127].

MSI-H tumors correlate with improved survival, as shown in the study by
Gryfe et al. among others [120, 128]. Moreover, presence of a BRAFmutation in
the setting of MSI-H tumors does not infer a poor prognosis, unlike micro-
satellite stable or low tumors (MSS/MSI-L) [129]. Younger adults with CRC
have almost identical or even better survival when matched stage for stage to
older patients, which likely relates to this higher MSI-H frequency [100, 130].

A third pathway involved in CRC pathogenesis is CIMP which leads to
gene silencing and is responsible for ∼40% of all CRCs [131]. CIMP-high
tumors are typically found in a proximal colonic location, are poorly
differentiated, with higher frequency of MSI, and BRAF mutations, and also
association with p53 mutations [112, 132, 133]. A higher rate of CIMP-low
cases has been observed in the early-onset CRC population. One caveat to
this is an increased frequency of CIMP-high tumors within Lynch syndrome
patients with early-onset compared to late-onset CRC. Perea et al. evaluated
early-onset CRC relative to late-onset cases according to these three main
carcinogenic pathways [131]. This study reinforced an association between
early-onset CIMP-high CRCs and germline MMR gene mutations. On the
other hand, late-onset CIMP-high CRCs were more likely to be sporadic MSI
tumors, with high BRAFmutation rates. Predominant left colon location for
early-onset CRCs, with an increased frequency of CIMP-low cases and an
important familial component, was noted.

Another subset of CRCs identified most commonly in younger patients
is so-called microsatellite and chromosome stable CRC (MACS). These
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tumors are most frequently located in the distal colon and rectum, have
histologic features correlated with poor prognosis, present with metastases
at diagnosis, recur early, and have some familial aggregation for Lynch
syndrome neoplasms [134–136]. Understanding of the molecular land-
scape of MACS is limited. Various studies reveal that MACS tumors are
CIMP-low, have rare BRAF mutations, absent MLH1 expression, and a
different hypomethylation pattern compared to CIN and MSI CRC. One
possible explanation is that LINE-1 hypomethylation, a marker of
genome-wide hypomethylation and a unique feature of early-onset CRC,
is related to MACS [137–140]. LINE-1 hypomethylation is also associ-
ated with a family history of CRC. CIMP-high and MSI-high tumors are
inversely correlated, while MSS tumors are associated with LINE-1
hypomethylation [141].

Early-onset CRCs have been categorized into four molecular subtypes
according to age of onset: early-onset MSS, early-onset MSI/CIMP-high,
early-onset MSS/CIMP-high, and early-onset MSS/CIMP-low [131]. Each
subtype differs in tumor location, BRAF mutation status, and family
history. The first subtype, early-onset MSS, is characterized by CRCs
more commonly located in the left colon and proven family history as
compared with older patients. In the second subtype, MSI/CIMP-high
early-onset CRC cases are chiefly related to Lynch syndrome, whereas
BRAF V600E mutations were present in the late-onset cases. In the third
subtype, early-onset MSS/CIMP-high CRCs had increased frequency of
mucinous subtype and right-sided tumors compared to elderly cases.
Finally, the early-onset MSS/CIMP-low subgroup contrasted with the
older patients in terms of location, stage, incidence of primary neo-
plasms, and family history.

Regarding other hereditary syndromes involved in early-onset CRC,
knowledge about the dominant underlying mutations is in general better
characterized than in sporadic cases. FAP, as mentioned previously, is
caused by a germline mutation in the APC tumor suppressor gene [142].
Most commonly, a nonsense or frameshift mutation occurs which leads
to premature truncation of the APC protein [143]. A link between the
APC mutation location and the phenotype in FAP patients has been
documented [144]. MUTYH-associated polyposis is defined by an
MUTYH gene mutation, most frequently Y179C and G396D. Homozy-
gous Y179C mutation status is characterized by more severe phenotype
compared with the G396D allele [145]. Germline mutation of the
STK11/LKB1 tumor suppressor gene is known to be the underlying
defect in Peutz-Jeghers Syndrome, found in 70–80% of affected families,
with multiple mutations in STK11/LKB1 leading to phenotypic variabil-
ity [146, 147]. Juvenile polyposis syndrome is related to germline
mutations in SMAD4 and BMPR1A [148]. Cowden syndrome is caused
by germline alterations in the PTEN tumor suppressor gene found in
chromosome 10q23 [149].

Finally, a distinct subset of early-onset CRCs exists which have no-
tably more aggressive tumor biology, with resultant inferior outcomes
[150–152]. These tumors are typically mucin-producing, poorly differ-
entiated, with signet ring histology. The rate of mucin-producing tumors
is inversely proportional to the age at diagnosis. The underlying
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mechanisms responsible for the more aggressive tumor biology among
young patients remain unknown [103, 122, 153].

Implications for treatment

As outlined, early-onset CRC is characterized by more advanced stage, poorly
differentiated tumors, mucinous neoplasms, more distal location, and a unique
biomarker profile. Yet despite this, survival outcomes for young patients, stage
for stage, consistently match or even exceed that of older patients [3]. Given this
conflict, optimal treatment for early-onset CRC remains unclear.

A study by Kneuertz et al. explored treatment patterns and prognosis in
young CRC patients [4]. This review reinforced that younger age at onset
correlatedwith both advanced presentation andworse histologic characteristics.
Increased use of systemic chemotherapy in younger patients, especially multi-
agent regimens, was observed at all disease stages compared to those with late-
onset CRC. Despite more intensive treatment, young patients experienced only
minimal survival gain relative to older patients who received less treatment. In
the absence of clear superiority regarding efficacy, a considerable portion of
young patients are receiving unnecessary treatments with potential long-term
toxicity.

A better understanding of the underlying molecular landscape is critical to
help tailor prevention strategies and treatment options in this distinct subset of
patients with early-onset CRC. It is known that MMR-deficient tumors, both
sporadic and inherited, do not benefit from fluorouracil-based chemotherapy,
and stage II patients with MMR-deficient tumors may, in fact, have impaired
survival when treated with adjuvant therapy rather than surgery alone [154]. In
addition,MSI-H status, which as we know ismore common in early-onset CRC,
has relatively good prognosis, so chemotherapy is generally discouraged.
NCCN guidelines recommend that MSI/MMR testing be performed on stage II
patients if chemotherapy is being considered to avoid overtreatment [155].

In this new era of next-generation sequencing, we are learning more about
the molecular make-up of tumors, but further work is needed. Recent studies
have highlighted key differences in terms of somatic gene mutations and DNA
methylation in early-onset CRC cases relative to older patients [156•, 157].
Such ongoing efforts, with increased focus on tissue banking and multigene
assays, provide us with the opportunity to expand our understanding of the
molecular biology underlying these tumors. Currently, early-onset CRC patients
are treated in a similar fashion to late-onset cases, but with fundamental
differences in tumor biology, it is clear that continued research is critical to
translate knowledge of unique molecular alterations into new, meaningful
treatment options and provide individualized therapies in this novel patient
population to truly impact survival outcomes.

Conclusion

The rising incidence of CRC in younger patients, with consequent increasing
mortality, over the past few decades is well documented. This is a patient
population where use of screening is limited and often critical symptoms go
unrecognized.While we are continuing to learn and understandmore about the
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epidemiologic, clinicopathologic, genetic, and molecular factors leading to this
apparent epidemic, there remains a huge dearth of knowledge. Furthermore,
marked heterogeneity in the underlying mechanisms of early-onset CRC has
significant implications for the prevention, diagnosis, andmanagement of these
individuals.

From recent clinical studies, we appreciate more and more that early-onset
CRC is a separate entity to late-onset CRC, with a distinct tumor biology. While
current treatment paradigms do not differentiate based on age of disease onset,
it is clear that moving forward there is a need to focus on tissue banking and
tumoral mutational sequencing to untangle the hidden pieces of the puzzle to
refine therapies for this patient group. With a lack of evidence base currently to
inform us on whether certain molecular alterations merit a more specific
treatment approach, there is a definite role for clinical trials in this patient
population to adequately address this.
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