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Purpose—Colorectal cancer (CRC) incidence is increasing in adults <50 years old. We evaluated
clinical and molecular features to identify those unique to early-onset CRC that differentiates these
patients from those >50.

Methods—Baseline characteristics were evaluated based on CRC onset age using three
independent cohorts. A fourth cohort described the impact of age on Consensus Molecular
Subtype (CMS) prevalence.

Results—Our retrospective review of >36,000 CRC patients showed that early-onset patients
were more likely to have microsatellite instability (P=0.038), synchronous metastatic disease
(P=0.009), primary tumors in the distal colon or rectum (P<0.0001) and fewer BRAF V600
mutations (P<0.001) compared to patients aged =50 years. Patients aged 18-29 had fewer APC
mutations (OR 0.56, 95% CI 0.35-0.90, P=0.015) and increased prevalence of signet ring
histology (OR 4.89, 95% CI 3.23-7.39, P<0.0001) compared to other patients <50 years. In
patients <40 years, CMS1 was the most common subtype, while CMS3 and CMS4 were
uncommon (P=0.003). CMS2 was relatively stable across age groups. Early-onset patients with
inflammatory bowel disease were more likely to have mucinous or signet ring histology (OR 5.54,
95% CI 2.24-13.74, P=0.0004) and less likely to have APC mutations (OR 0.24, 95% CI 0.07-
0.75, P=0.019) compared to early-onset patients without predisposing conditions.

Conclusion—Early-onset CRC is not only distinct from traditional CRC, but special
consideration and further investigation should be given to both very young CRC patients (18-29
years) and those with predisposing conditions. The etiology of the high rate of CMS1 in patients
<40 deserves further exploration.

Condensed Abstract

In this manuscript, we demonstrate that early-onset CRC (<50 years of age) has distinct clinical
and molecular features including increased prevalence of synchronous metastatic disease,
microsatellite instability, primary tumors located in the distal colon or rectum, and CMS1 subtype
and fewer mutations in BRAF V600 compared to patients >50 years of age. Among early-onset
CRC patients, those aged 18-29 years and those with predisposing conditions were distinct from
the other age groups <50, suggesting that considering all CRC patients <50 together may not be
appropriate.

Keywords

colorectal cancer; early-onset; age; Consensus Molecular Subtypes; mutations; CIMP; hereditary;
inflammatory bowel disease

Introduction

Colorectal cancer (CRC) ranks among the top three most prevalent and lethal cancers for
men and women.! Incidence and mortality for individuals aged =50 years has decreased due
to preventive screening, however incidence has increased 1-3% annually for individuals <50
during the same time.23 Though an estimated 4-21% of early-onset CRCs are related to
hereditary nonpolyposis colorectal cancer (HNPCC), familial adenomatous polyposis (FAP),
or other genetic syndromes, the majority are sporadic.3-9 Given the discrepant trends in
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incidence between early (<50) and late-onset (=50) CRC and the large number of early-onset
patients without identifiable predisposing genetic conditions, further characterization of
early-onset CRC is required.

Early-onset CRCs are more likely to exhibit later stage of presentation, distal primary
tumors, signet ring histology, and presentation with or development of metastatic disease.
3-7.10.11 From a mutational perspective, early-onset CRC has a lower prevalence of BRAF
V600 and NRAS mutations (range 0-8% and 7%, respectively). Most reports describe a
lower prevalence of KRAS mutations (range 4—-27%) compared to late-onset CRC, however
Watson et. al. report a higher prevalence (54%).3-8:10 Though molecular characterization of
these limited gene sets in small populations is available, a comprehensive molecular
characterization of early-onset CRC in a large cohort is lacking and may help improve
outcomes and an understanding of the unique biology among these patients.

In order to provide a clearer landscape of the clinical and molecular features of early-onset
CRC, we performed a retrospective review of >36,000 patients across 4 distinct cohorts that
included a mixture of baseline characteristic annotation. Given recent guideline changes by
the American Cancer Society that now recommend starting average-risk CRC screening at
age 45, we also wanted to determine whether different biologic and clinical characteristics
may be present across the spectrum of early onset CRC.12 Patients were divided into the
following age groups and characteristics were compared: 18-29 years, 30-39 years, 40-49
years, 50-59 years, 60-69 years, and =70 years.

Patient cohorts

This study utilized 4 separate cohorts described in Figure 1. We retrospectively reviewed
1,877 consecutive metastatic CRC (mCRC) patients with a 46-gene next generation
sequencing panel (NGS) at MD Anderson Cancer Center (MDACC). In a second cohort,
clinical findings were confirmed in over 32,000 patients from 37 years of MDACC tumor
registry data. Patients were cross referenced to prevent duplication. Molecular features were
validated in a third cohort of 1,868 CRC patients from the American Association for Cancer
Research (AACR) Project Genomics Evidence Neoplasia Information Exchange (GENIE).13
Since MDACC is a contributing party of AACR GENIE, MDACC data was excluded from
GENIE. A fourth cohort including expression data from The Cancer Genome Atlas (TCGA)
and from MDACC was utilized to describe the impact of age on Consensus Molecular
Subtypes (CMS), which had 626 patients. TCGA CMS classification used the expression
platforms that were available in the public data set.14 Patients from MDACC had CMS
classification performed on Agilent microarray data, as previously presented.1> CMS
classification used a previously published and publicly available classifier.1®> Early-onset
CRC was defined as CRC diagnosed under the age of 50.

Molecular annotation

Tumor sequencing of the MDACC molecular cohort, AACR Project GENIE, and TCGA
cohorts have been previously described.1416-18 For comparison between cohorts, only genes
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sequenced on all panels were included in the analysis. For the MDACC molecular cohort,
microsatellite instability (MSI) status was retrospectively obtained from medical records for
patients who had testing as part of clinical care. MSI status was determined by
immunohistochemistry for mismatch repair (MMR) protein deficiency or PCR based
assessment of microsatellite status. If either method of detection was abnormal, the tumor
was classified as MSI-High (MSI-H).

Statistical methods

Results

Patients were divided into groups based on age at diagnosis. Right sided tumors occurred
between the cecum and up to but not including the splenic flexure. Left sided tumors
occurred from the splenic flexure to the rectum. Rectal tumors were considered
independently. Categorical variables were compared using the Chi-square or Fisher exact
tests as appropriate. Statistical significance was defined as P<0.05. A combined P-value for
variables in multiple cohorts was generated using Fisher’s method for overall significance
based on data from the independent cohorts.1® Odds ratios (OR) and the respective 95%
confidence intervals (Cl) were calculated for significant variables in very young patients
(aged 18-29) compared to other early onset patients (aged 30—49) and for early onset
patients with predisposing conditions (inflammatory bowel disease (IBD) or a hereditary
syndrome) compared to those without. Data was pooled from all cohorts for analysis of very
young patients compared to other early onset patients. Twenty-five of the 46 genes from the
NGS panel were not analyzed because <10 patients in the MDACC molecular cohort had
mutations in these genes. A generalized additive model was used to generate prevalence
estimates by age (Figures 2 and 3) in order to provide a visual representation of the
magnitude of differences across age ranges.

Statistical analyses were performed using Graph Pad Prism version 6.0 (La Jolla,
California), SPSS version 24.0 (Armonk, New York), and R studio version 3.4.1 (Boston,
Massachusetts).

Baseline characteristics

Baseline characteristics are summarized in Table 1 and Supplemental Table 1. More primary
tumors were left sided or rectal in patients <50 years of age (combined P<0.0001). Very
young CRC patients (aged 18-29) had a higher prevalence of signet ring histology compared
to all age groups (combined P=0.0003) and to other early-onset patients aged 30-49 (OR
4.89, 95% CI 3.23-7.39, P<0.0001). In the MDACC molecular cohort, patients <50 years
were more likely to have synchronous metastatic disease (P=0.009) and be MSI-H
(P=0.038), and much of this difference was driven by patients <40 (these variables not
available in other cohorts). Although the majority of patients were Caucasian in all cohorts,
a greater proportion of patients <30 years were Hispanic (combined P=0.0015).
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Mutational landscape (MDACC Molecular and AACR GENIE Cohorts)

Table 2 summarizes the mutation profile of the MDACC molecular and AACR cohorts, and
Figure 2 demonstrates mutation prevalence and 95% Cls in the MDACC molecular cohort
across the age spectrum.

Fewer APC mutations were observed in patients 18-29 years old compared to other early-
onset patients (OR 0.56, 95% CI 0.35-0.90, P=0.015,), and numerically fewer APC
mutations were observed in these very young patients in comparison across all age groups
(combined P=0.096). CTNNB1 mutations were more common in early-onset CRC patients
(combined P=0.008); these mutations peaked in 30-39 years (4%) compared to other age
groups (range 0-2%, P=0.02) in the MDACC cohort and were numerically higher in patients
<30 years (13%) compared to other groups (3—7%, P=0.054) in the AACR cohort. In the
AACR cohort, ATM mutations were highest in patients <30 years old (19%) compared to
those older than 30 (range 4-10%, P=0.004). The MDACC cohort, utilizing only partial
sequencing of the ATM gene, had lower ATM mutation prevalence (2% total) and no
association with age. Other key genes in CRC biology, TP53, FBXW?7, and SMAD4, were
not different by age.

BRAF V600 mutations increased with age from <4% in patients <30 years to a maximum of
14% in patients =70 (combined P<0.001). While not statistically significant, KRAS
mutation prevalence was numerically lower in patients <30 years (range 37-39%) compared
to patients =50 years (range 46-51%, combined P=0.41). NRAS mutations did not differ
between age groups. Because KRAS, NRAS, and BRAF mutations are mutually exclusive
and members of the mitogen-activated protein kinases pathway (MAPK), we evaluated the
prevalence of any mutation in this pathway. MAPK pathway mutations differed between
early and late-onset CRC (range 56-57% in patients <50 vs. range 60-63% in patients =50,
combined P=0.020). In both cohorts, these mutations were lowest in patients aged 18-29
(48%) and highest in patients =70 years when evaluated across all age groups (range 65—
70%, combined P=0.008).

CMS Subtypes

Figure 3 and Supplemental Table 3 shows CMS subtype prevalence by age in 626 stage I-1V
patients with expression data. Subtype significantly differed by age group (P=0.0003), with
CMS1 being present in the highest proportion for patients <40 (46%) and =70 years (23%)
compared to patients aged 40-70 years. CMS2 was relatively stable across age groups.
CMS3 and CMS4 were uncommon in patients <40 years (4% and 13%, respectively).
Patients <30 years of age were excluded due to limited sample size.

Patients with predisposing conditions

As shown in Supplemental Table 2, only 28/634 (4%) early-onset mCRC patients from the
MDACC molecular cohort had a predisposing condition. Eight patients (1%) had a
hereditary syndrome; six patients had HNPCC (Lynch Syndrome), and 2 patients had FAP.
The remaining 20 patients (3%) had IBD.
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Compared to early-onset mCRC patients without predisposing conditions, those with IBD
were more likely to have mucinous or signet ring histologic features (OR 5.54, 95% CI
2.24-13.74 P=0.0004) and had fewer APC mutations (OR 0.24, 95% CI 0.07-0.75,
P=0.019). Although not statistically significant, they had numerically fewer left-sided (25%
vs 52%, P=0.052) tumors, numerically more TP53 mutations (85% vs 65%, P=0.091), and
numerically fewer PIK3CA mutations (0% vs 15%, P=0.057) than other early-onset patients.

Patients with recognized hereditary syndromes were more likely to be MSI-H (OR 27.19,
95% CI 6.65-104.50, P<0.0001) compared to early-onset mCRC patients without
predisposing conditions, which is a diagnostic feature of HNPCC. These patients also had an
increased prevalence of PIK3CA mutations (OR 5.52, 95% CI 1.58-19.15, P=0.025) and
decreased TP53 mutation prevalence (OR 0.00, 95% CI 0.00-0.24, P=0.0002). Signet ring
or mucinous histology (38% vs 15%, P=0.11) and right-sided tumors (50% vs 24%, P=0.13)
were also numerically higher but not significant in these patients.

Discussion

This study identified unique clinical and molecular features of early-onset CRC from
>36,000 patients and demonstrates a novel continuum of changes that suggests not all
patients <50 years old are homogeneous, but that there are additional unique molecular and
clinicopathologic features in patients <30 years of age and in patients with predisposing
conditions. Early-onset patients were more likely to have synchronous metastatic disease,
MSI, and distal primary tumors and less likely to have BRAF V600 mutations compared to
patients aged =50. Similarly, patients <40 were predominantly CMS1 or CMS2. We noted
that very young patients (<30) were less likely to have mutations in APC and more likely to
have signet ring histology. Early-onset CRC also appeared to affect a greater number of
Hispanic patients <40. Taken together, early-onset CRC appears to have distinct
characteristics and further evaluation of the subgroups among these patients is important.

An important strength of our study was the ability to compare characteristics of early-onset
CRC stratified by predisposing conditions. Only a very small number of early-onset patients
with metastatic disease (28/634 or 4%) had a recognized hereditary syndrome or IBD in the
MDACC molecular cohort. Prior reports suggest that a minority of early-onset CRC is
attributed to hereditary syndromes or sporadic DNA MMR deficiency, a feature supported
by our study.3-6:8.9.11.23 gcreening of high-risk patients with predisposing hereditary
syndromes increases the likelihood of diagnosing cancer at earlier stages. Thus, our study
may have identified fewer of these patients because we evaluated patients with metastatic
disease in the MDACC molecular cohort. Among patients with early-onset mCRC with I1BD,
key findings included lower APC and PIK3CA mutation prevalence, yet more frequent
mutations in TP53. In IBD-associated cancers, prior literature has described that TP53
mutations occur early, while APC mutations occur later during development.22 Our findings
among patients with predisposing conditions highlights potentially unique biology among
these groups but also highlights that currently identified conditions are not present in the
vast majority of early-onset patients with metastatic disease.
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From a molecular standpoint, we identified unique signaling aberrations that highlight
important differences between early and late onset CRC. Although MAPK pathway
mutations are common in CRC, early-onset patients showed important differences within
this pathway. In patients aged 18-29, BRAF V600 mutations were significantly lower and
KRAS mutations were numerically but not significantly lower. Combined MAPK pathway
mutations were the lowest in patients aged 18-29 compared to other age groups.
Interestingly, we also noted important differences in the WNT pathway. CTNNB1 mutations
were more prevalent in early-onset CRC, while APC mutations were numerically lowest
among patients <30 and bordered on significance. Increased prevalence of CTNNB1
mutations in younger patients has been described in other cancers, including endometrioid-
type endometrial cancer?? and pediatric medulloblastoma.2! These findings suggest that
early-onset CRC may have alternative aberrations that drive pathogenesis, a feature further
highlighted by the differences in Consensus Molecular Subtypes we noted, where patients
<40 had a predilection for CMS1/CMS2. Across all ages of CRC, Guinney et al. reported
CMS subtype prevalence of 14% CMS1, 37% CMS2, 13% CMS3, and 23% CMS4.1% In
contrast to their combined cohort of 18 CRC data sets, our cohort of merged MDACC and
TCGA stage I-1V CRC patients suggested that patients <40 had higher prevalence of CMS1.
The CMSL1 (or MSI Immune) subtype is defined in part by MSI, CIMP, hypermutation, and
immune infiltration and activation. HNPCC is defined by high MSI and DNA MMR
deficiency, and IBD-associated CRC stems from long duration of colonic inflammation.22
Thus, predisposing features expected in younger patients may impact the expression patterns
within tumors and could contribute to the predilection for CMS1. Alternatively, the high rate
of CMS1 subtype may be driven by some yet unknown set of factors in early-onset CRC.

While our study represents one of the largest cohorts of early-onset CRC, it must be
interpreted in the context of its limitations. Besides the MDACC molecularly annotated
cohort, a number of clinical or molecular variables were missing from each of the 3
validation cohorts that limited our ability to cross compare results. For example, information
about predisposing conditions was only available for the MDACC molecular cohort, and it
was not feasible to obtain this data for the other cohorts. Additionally, there were only 28
patients with predisposing conditions in our analysis. Our analysis was also hindered by
potential false discovery from the investigation of a large number of variables. A Bonferroni
correction adjusted analysis for mutations would require P<0.002 for statistical significance
as 21 genes were tested. In this conservative analysis, only mutations in BRAF V600 would
be considered significantly different by age. Despite these limitations, this study utilized
multiple, large cohorts and evaluated a comprehensive panel of clinical and molecular
features, allowing one of the most complete analyses of tumor biology in early-onset CRC to
date.

Conclusion

Early-onset CRC has distinct clinical and molecular features, and it may be more
appropriate to consider age as a continuum when evaluating CRC. Early-onset CRC in
patients aged 18-29 years was shown to be unique and patients with IBD may also have
tumors with unique biology. These notable differences in very young CRC patients and
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those with predisposing conditions highlight that early-onset CRC has unique subsets within
the population of patients < 50 years of age.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Stages [-1V

Classification by CMS
subtype

Sub-caption: MDACC = MD Anderson Cancer Center. AACR = American Association for
Cancer Research. GENIE = Genomics Evidence Neoplasia Information Exchange. CMS =
Consensus Molecular Subtypes. TCGA = The Cancer Genome Atlas. CRC = colorectal

cancer.
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Figure 2:
Mutation prevalence in metastatic colorectal cancer patients according to age at diagnosis in

MDACC molecular cohort.
Sub-caption: CI = confidence interval. Total number (N) = 1,877.
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Figure 3:
Prevalence of Consensus Molecular Subtypes (CMS) by age.

Sub-caption: Cl = confidence interval. Total number (N) = 626; N for CMS1=110,
CMS2=287, CMS3=79, CMS4=149.
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