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Simple Summary

Young-onset colorectal cancer (YO-CRC), defined as CRC diagnosed before age 50, is in-
creasing in incidence and often presents with advanced disease. This study was conducted
to provide comprehensive clinical and molecular characteristics in a cohort of 110 pa-
tients with YO-CRC using the institutional molecular and clinical database. We found
that most patients had de novo stage IV disease and had left-sided tumors harboring
predominantly exon-2 KRAS mutations (87%), while the overall rate of KRAS mutations
was relatively lower (36%) than the known incidence of KRAS mutations in the overall
population. Among patients presented with metastatic disease, the KRAS mutation was
associated with significantly shorter survival, revealing its prognostic role among those
with YO-CRC. These findings underscore the importance of molecular profiling and its
potential role in guiding personalized treatment strategies for younger CRC patients.

Abstract

Background: Young-onset colorectal cancer (YO-CRC) has emerged as a distinct clinical entity,
often presenting at advanced stages. Despite the increasing incidence, the molecular and
clinical underpinnings of YO-CRC remain underexplored. This study aims to characterize
the clinical and molecular features of YO-CRC and to evaluate their impact on OS. Methods:
We reviewed 110 patients diagnosed with YO-CRC at our institution who underwent next-
generation sequencing. Demographic, clinical, and molecular data, including age, gender,
race, tumor location, cancer stage, and mutation status (KRAS, NRAS, BRAF, POLE, ERBB-
2/HER2, microsatellite status), were collected by reviewing electronic medical records. For
OS analysis, we focused on patients diagnosed with de novo stage IV. Cox proportional
hazards regression and Kaplan–Meier survival analysis were utilized to assess the association
of these factors with OS, with statistical significance determined by a p-value threshold of
<0.05. Results: Among 110 patients, n = 44 (40%) presented with local disease (stage 1–3),
while n = 66 (60%) presented with de novo metastatic disease at the time of diagnosis. The
median age at diagnosis was 44.5 years. The cohort consisted of 64% males and 36% females,
with 84% of patients identified as White. Most tumors were left-sided (77%), including the
distal colon/sigmoid (44%) and rectum (33%). KRAS and BRAF mutations were present in
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36% and 5.5%, respectively. ERBB-2/HER2 amplification and microsatellite instability were
observed in 4.5% and 6.4%, respectively. Tumor mutation burden (TMB) was <10 in 57% of
patients, with 14% having TMB > 20. CNV analysis revealed that 14% of patients had copy
gains, 12% had concurrent gains/losses, and 31% had copy losses. Among 66 patients with
de novo metastatic disease, 44% had died by the time of analysis, with a median overall
survival (OS) of 43.6 months (95% CI, 28.7—not reached). KRAS mutations were found to be
significantly associated with worse survival outcomes. Cox regression analysis reveals the
prognostic significance of KRAS status, with a hazard ratio (HR) of 3.52 (95% CI: 1.59–7.76,
p = 0.002), indicating a significantly higher risk of death for KRAS-mutant YO-CRC patients.
Conclusions: Patients with YO-CRC are more likely to present with de novo metastatic
disease and left-sided tumors with distinct molecular characteristics. KRAS mutations are
a key prognostic factor in YO-CRC, highlighting the need for therapeutic interventions to
improve outcomes in this high-risk group.

Keywords: early-onset colorectal cancer; young-onset CRC; molecular profiling; KRAS;
BRAF; microsatellite instability; POLE; survival; next-generation sequencing; prognos-
tic biomarkers

1. Introduction
Colorectal cancer (CRC) is the third most commonly diagnosed cancer in the United States

and the second leading cause of cancer-related death [1]. While the overall incidence of CRC has
declined among older adults due to increased screening, the incidence of young-onset colorectal
cancer (YO-CRC), defined as CRC diagnosed before age 50, has been rising steadily [2]. In
the United States, the proportion of CRC cases occurring in individuals under 55 years has
nearly doubled since 1995, and by 2030, the incidence of CRC is projected to increase by
28–46% among individuals aged 35–49 and by 90–124% among those aged 20–34 [3,4].

Risk factors for YO-CRC are not well defined, and several risk factors that are linked
with regular-onset colorectal cancer were also associated with YO-CRC [1]. These risk
factors include sedentary lifestyle, excessive sugar and alcoholic beverage consumption,
increased body mass index and serum triglyceride levels, Western diet, increased red meat
consumption, and smoking [5–8]. Gut microbiome, which is associated with increased in-
flammation leading to carcinogenesis, was also identified to be linked to YO-CRC in cohort
studies [9]. It is, however, unclear why these traditional risk factors trigger carcinogenesis
early in some individuals, and further research is warranted to better understand whether
intrauterine and childhood exposures have any role in the early trigger of carcinogenesis
and its association with YO-CRC in Western countries [10].

Patients with YO-CRC are more likely to present with left-sided tumors, high-grade
histology, and advanced-stage disease at diagnosis [11,12]. Pathogenic germline variants
are identified in 16–20% of cases, most commonly involving mismatch repair genes (MLH1,
MSH2, MSH6, PMS2), APC, and MUTYH [13]. Somatic alterations in YO-CRC differ from
those observed in older adults: BRAF V600E mutations occur in <5% of cases; KRAS
mutations are found in 40–50%, primarily in exfon 2; microsatellite instability (MSI) is
present in 15–20%; POLE or POLD1 mutations are reported in 3–5%; and HER2 amplification
is observed in 2–3% [11,14–16]. However, it is important to note that various studies
reported highly different rates of KRAS mutations among patients with YO-CRC. In a
landmark study, the investigators reported increased rates of KRAS mutations among
patients with young-onset CRC [13]. Notably, another study suggested the lower rates of
KRAS mutations, indicating there is still a significant unmet need for research to better
define molecular and clinical characteristics of YO-CRC [15]
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Limited data on the prognostic significance of these molecular alterations in YO-CRC
are available. In this study, we describe the clinical characteristics and molecular profiles of
a cohort of patients with YO-CRC, including the distribution of KRAS, BRAF, microsatellite
instability (MSI), HER2 amplification, and other alterations. We also assess the association
between molecular features and tumor sidedness and evaluate survival outcomes.

2. Methods
2.1. Study Population and Data Collection

We performed a retrospective study of patients diagnosed with young-onset colorectal
cancer (YO-CRC) at the University of Pittsburgh School of Medicine and University of
Pittsburgh Medical Center, and its Network between 2010 and 2022. Eligible patients were
those diagnosed before age 50 and had available next-generation sequencing (NGS) results
from clinical genomic profiling (Figure 1). Clinical and molecular data were collected under
the University of Pittsburgh IRB-approved protocol (STUDY20070085).

Figure 1. Flow diagram.
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Demographic, clinical, and molecular variables were extracted from the electronic
medical records and institutional tumor registry. Variables of interest included age at
diagnosis, sex, race/ethnicity, tumor location, and stage at presentation. Tumor location was
categorized as right-sided (cecum, ascending colon), transverse, or left-sided (descending
colon, sigmoid, rectum). Staging was performed using AJCC 7th or 8th edition criteria by
treating physicians.

Molecular data included alterations in KRAS, NRAS, BRAF, POLE, POLD1, ERBB2
(HER2), microsatellite instability (MSI) status, tumor mutational burden (TMB), and copy
number variations (CNVs). KRAS mutations were subclassified by exon. HER2 amplifica-
tion was determined from copy number data, and MSI status was categorized as MSI-high
or microsatellite stable. TMB was calculated as the number of mutations per megabase
(mut/Mb) and stratified into <10, 10–20, and >20.

2.2. Statistical Analysis

Descriptive statistics were used to summarize baseline demographic and clinical char-
acteristics. Comparisons between groups were performed using the chi-square or Fisher’s
exact test for categorical variables and the Mann–Whitney U test for continuous variables.

Primary survival analyses focused on individuals with de novo Stage IV disease.
Kaplan–Meier curves were used to estimate OS, and the log-rank test was used for group
comparisons. Multivariable Cox proportional hazards regression was used to evaluate
associations between OS and clinical variables, including age, sex, and tumor sidedness.
The proportional hazards assumption was assessed using Schoenfeld residuals. Hazard
ratios (HRs), 95% confidence intervals (CIs), and two-sided p-values were reported.

2.3. Molecular Testing

We utilized in-house expanded targeted NGS-based testing from DNA and mRNA
(which includes 161 cancer-relevant driver genes and 760 fusion genes), and the samples
were analyzed in the MGP lab at UPMC using the Oncomine Comprehensive Assay v3
(Oncomine) DNA and RNA primer sets (Thermo Fisher Scientific; 168 Third Avenue,
Waltham, MA 02451, USA) by using the manufacturer’s protocol. In principle, genomic
material quantity and quality checks are routinely conducted using the 4200 TapeStation
(Agilent Technologies, Santa Clara, CA, USA). The complementary DNA is created from
mRNA by reverse transcription. Then the total DNA and reverse transcribed RNA are
subjected to PCR to amplify the genomic regions of interest for testing. Massive parallel
sequencing is performed by using an Ion GeneStudio S5 Prime System according to the
manufacturer’s instructions (Thermo Fisher Scientific), and data are then examined with
Variant Explorer (UPMC) for single-nucleotide variants, insertions, deletions, copy number
alterations, and RNA fusion genes.

3. Results
3.1. Patient Characteristics

In total, 110 young-onset CRC patients were included in this analysis. The median
age at diagnosis was 44 years (interquartile range [IQR] 40–47 years). There was a slight
male predominance, with 51.8% of patients being male. Most patients presented with
tumors in the left side of the colon: 63.6% had left-sided primaries, 28.2% had right-sided
primaries, and 8.2% had transverse colon tumors (Table 1). At diagnosis, 60.0% of patients
had synchronous metastatic disease (stage IV), whereas the remaining 40.0% presented
with localized Stage I–III disease. Performance status was generally good in this cohort:
among 91 patients with available ECOG performance data, 66 (72.5%) had an ECOG score
of 0–1 (the remaining 27.5% having ECOG score ≥ 2).
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Table 1. Clinical and pathologic characteristics of young-onset colorectal cancer patients (n = 110).

Characteristic Stage I–III (n = 44) Stage IV (n = 66) Total (n = 110)

Age at diagnosis (median, range) 44 (25–49) 45 (26–49) 44.5 (25–49)
Gender

Female 16 (36%) 24 (36%) 40 (36%)
Male 28 (64%) 42 (64%) 70 (64%)

Race/Ethnicity
White 33 (75%) 59 (89%) 92 (84%)
African American 9 (20%) 3 (4.5%) 12 (11%)
Asian 0 (0%) 2 (3.0%) 2 (1.8%)
American Indian/Alaska Native 1 (2.3%) 0 (0%) 1 (0.9%)
Pacific Islander 0 (0%) 1 (1.5%) 1 (0.9%)
Unreported/Not Disclosed 1 (2.3%) 1 (1.5%) 2 (1.8%)

Primary Tumor Location
Descending/Sigmoid Colon 18 (41%) 30 (45%) 48 (44%)
Rectum 16 (36%) 20 (30%) 36 (33%)
Ascending Colon 6 (14%) 10 (15%) 16 (15%)
Transverse Colon 4 (9.1%) 6 (9.1%) 10 (9.1%)

Stage at Diagnosis
Stage I 6 (14%) 0 (0%) 6 (5.5%)
Stage II 3 (6.8%) 0 (0%) 3 (2.7%)
Stage III 13 (30%) 0 (0%) 13 (12%)
Stage IV 22 (50%) 66 (100%) 88 (80%)

3.2. Molecular Findings

Molecular profiling revealed that KRAS mutations were the most common oncogenic
driver alteration, detected in 36.4% (40/110) of tumors. These KRAS mutations predomi-
nantly involved exon 2 (87%). This pattern was noted in both those with de novo metastatic
disease (83%) and those who presented with earlier stage at the time of diagnosis (93%).
BRAF mutations were identified in 5.5% (6/110) of patients, including four cases with
the V600E variant (3.6%). Pathogenic polymerase proofreading gene mutations (POLE or
POLD1) were found in 10.0% (11/110) of patients. ERBB2 (HER2) amplification was ob-
served in 4.5% (5/110) of tumors. A microsatellite instability-high (MSI-H) phenotype was
present in 6.4% (7/110) of cases, with the remainder being microsatellite stable (Table 2).

Table 2. Molecular and genomic characteristics of young-onset colorectal cancer (n = 110).

Molecular Characteristic Stage I–III (n = 44) Stage IV (n = 66) Total (n = 110)

KRAS mutation status – – –
Wild-type (no mutation) 30 (68%) 40 (61%) 70 (64%)
Mutant 14 (32%) 26 (39%) 40 (36%)

KRAS mutation codon (among KRAS-mutant)
Exon 2 (codon 12/13) 13 (93%) 22 (84%) 35 (88%)
Non-exon 2 (codon 61/146) 1 (7.1%) 4 (17%) 5 (13%)

NRAS mutation status
Wild-type 44 (100%) 65 (98%) 109 (99%)
Mutant 0 (0%) 1 (1.5%) 1 (0.9%)

BRAF mutation status
V600E mutant 2 (4.5%) 2 (3.0%) 4 (3.6%)
Non-V600E mutant 1 (2.3%) 1 (1.5%) 2 (1.8%)
Wild-type 41 (93%) 63 (95%) 104 (95%)
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Table 2. Cont.

Molecular Characteristic Stage I–III (n = 44) Stage IV (n = 66) Total (n = 110)

POLE/POLD1 mutation (pathogenic)
Mutant 1 (2.3%) 10 (15%) 11 (10%)
Wild-type 43 (97.7%) 56 (85%) 99 (90%)

ERBB2 (HER2) amplification
Positive 2 (4.5%) 3 (4.5%) 5 (4.5%)
Negative 42 (95%) 63 (95%) 105 (95%)

Microsatellite (MSI) Status
MSI-high 4 (9.1%) 3 (4.5%) 7 (6.4%)
MS-stable 39 (89%) 59 (89%) 98 (89%)
Equivocal/indeterminate 1 (2.3%) 4 (6.1%) 5 (4.5%)

Tumor Mutational Burden
<10 mutations/Mb 23 (52%) 40 (61%) 63 (57%)
10–20 mutations/Mb 12 (27%) 20 (30%) 32 (29%)
>20 mutations/Mb 9 (20%) 6 (9.1%) 15 (14%)

CNV profile (somatic copy number)
Gain only 7 (16%) 8 (12%) 15 (14%)
Loss only 11 (25%) 23 (35%) 34 (31%)
Both gain and loss 7 (16%) 6 (9.1%) 13 (12%)
No CNV (N/A) 19 (43%) 29 (44%) 48 (44%)

Oncogenic Fusions
NTRK fusion (ETV6–NTRK3) 0 (0%) 2 (3.0%) 2 (1.8%)

KRAS: Kirsten rat sarcoma virus, NRAS: neuroblastoma RAS viral oncogene homolog, BRAF: v-Raf murine
sarcoma viral oncogene homolog B, POLE: DNA polymerase epsilon, POLD1: DNA polymerase delta 1, ERBB2: hu-
man epidermal growth factor receptor, CNV: copy number variation.

Tumor mutational burden (TMB) ≥ 10 mut/Mb was observed in 42.7% (47/110)
of tumors, including approximately 14% (15/110) of patients with TMB > 20 mut/Mb.
NTRK gene fusions were rare, identified in only 1.8% (2/110) of patients. Copy number
variation analysis demonstrated that 14% (15/110) of tumors had focal copy number
gains, 31% (34/110) had copy number losses, and an additional 12% (13/110) showed a
combination of both gains and losses.

3.3. Survival Analysis

Survival outcomes were analyzed among the 66 patients who presented with de novo
stage IV disease at diagnosis (to minimize confounding by stage). At the last follow-up,
44% of patients with metastatic CRC had died. The median overall survival (OS) for the
Stage IV cohort was 43.6 months (95% confidence interval [CI]: 28.7—not reached, Figure 2).
KRAS mutation status was significantly associated with poorer OS. On univariate Cox
regression, patients with KRAS-mutant tumors had over a three-fold higher risk of death
(hazard ratio [HR] 3.52, 95% CI 1.59–7.76; p = 0.002, Table 3) compared to those with KRAS
wild-type tumors (Figure 3) and this remained significant in multivariate Cox regression
analysis (Table 4). In contrast, no significant differences in OS were observed based on
patient age (p = 0.47), sex (p = 0.65), primary tumor sidedness (left vs. right, p = 0.18), BRAF
mutation status (p = 0.22), or MSI status (p = 0.30) (Supplementary Figures S1–S4) likely
due to limited sample size.
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Figure 2. Kaplan–Meier overall survival curve for patients diagnosed with stage IV colorectal cancer.

Figure 3. Kaplan–Meier plot of overall survival by KRAS.
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Table 3. Univariable Cox regression analysis.

Characteristic HR 95% CI p-Value

Age at analysis/date at diagnosis 1.03 0.96–1.11 0.50
Gender (male vs. female) - - -
Female - - -
Male 0.87 0.41–1.86 0.70
Tumor location
DC/Sigmoid - - -
AC 1.38 0.48–3.93 0.50
Rectum 0.81 0.34–1.95 0.60
TC 0.94 0.21–4.26 >0.90
KRAS mutation
Absent
Present 3.52 1.59–7.76 0.002
MSI status
Stable - - -
Equivocal 3.55 0.77–16.3 0.10
High 0.52 0.07–3.90 0.50
TMB
≥10 - - -
<10 1.72 0.77–3.83 0.20

Table 4. Multivariable Cox regression analysis.

Characteristic HR 1 95% CI 1 p-Value

Age at analysis/date at diagnosis 1.00 0.92, 1.08 >0.9

Gender

Female — —

Male 1.53 0.62, 3.78 0.4

Location

DC/sigmoid — —

AC 1.05 0.33, 3.32 >0.9

Rectum 0.74 0.29, 1.88 0.5

TC 0.99 0.21, 4.69 >0.9

KRAS

Absent — —

Present 4.53 1.63, 12.6 0.004

MS

Stable — —

Equivical 3.18 0.62, 16.2 0.2

High 0.46 0.06, 3.61 0.5
1 HR = hazard ratio, CI = confidence interval.

4. Discussion
YO-CRC represents a molecularly distinct subgroup of the colorectal cancer popula-

tion with increasing incidence in Western countries. In our study, we identified clinical
and prognostic heterogeneity of young-onset colorectal cancer with distinct patterns of
molecular alterations. We identified an overall lower rate of KRAS mutation, while BRAF
V600E mutations were noted to be present in only 3.6% of patients. While KRAS mutation
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emerged as the strongest adverse prognostic marker, the presence of targetable alterations
such as HER2 amplification, POLE mutations, and MSI-H status in a subset of patients
points to actionable avenues for personalized treatment. Notably, the lack of survival dif-
ference based on tumor sidedness or BRAF mutation contrasts with patterns seen in older
populations, suggesting distinct disease biology in younger patients. Notably, although
KRAS mutations were relatively at lower rates, the vast majority of KRAS mutations were
exon-2 mutations, including patients who presented with non-metastatic disease at the
time of diagnosis.

The molecular underpinnings of YO-CRC are not well defined, with highly varied
data reporting distinct results and survival outcomes. For example, an original study
suggested an increased incidence of KRAS mutation among patients with YO-CRC [17].
In this study, investigators reported a 54% rate of KRAS mutations, which is above the
average KRAS mutation rate of 38–45% seen in the overall CRC population [18]. Another
study also suggested a higher incidence of KRAS mutations among young adults with
colorectal cancer, with an incidence of 50.5% [19]. Some studies suggest a lower incidence
of KRAS mutation but higher rates of exon 2 mutations among young adults [20–22]. Our
results align with these findings, as we observed a lower incidence of KRAS mutations
with a predominant pattern of exon-2 mutations, indicating a distinct pattern of KRAS
mutations in younger populations. These differences in incidence of KRAS mutations
among young adults can potentially be explained by heterogeneity of study populations
with distinct epidemiological risk factors and the impact of environmental factors on driver
oncogenic alterations. Another potential explanation could be sampling biases in different
academic institutions where patients from rural areas are likely to be included. In our
study, we included patients from an institutional network, which includes the underserved
population who live in rural areas.

A recent study from Australia suggested a significantly higher incidence of BRAF
V600E mutations among patients with colorectal cancer and age 40 or below [23]. It is
important to note that so far, the majority of the US-based cohort studies reported otherwise,
with decreased incidences of BRAF mutations among the younger population [24,25]. In
our study, we also identified a relatively lower incidence of BRAF mutations among patients
with YO-CRC, including class I BRAF mutations, which is consistent with the reported
evidence from US-based databases. Our data provides further evidence that the incidence
of BRAF mutations is less common in YO-CRC compared to patients with adult-onset CRC.
HER2 amplification in our study was seen in 4.5% of patients, and this is similar to the
overall rate of 3–5% seen in adult-onset CRC [26].

In our study, we also observed high rates of POLE/POLD1 mutations (~10%) among
patients with YO-CRC. The incidence of POLE/POLD1 mutations among the overall CRC
population has been reported to be 5–6% in various cohort studies, suggesting that patients
with YO-CRC may have higher rates of POLE/POLD1 mutations [27,28]. However, notably,
some of these patients did not have high-TMB, and only four patients (3.6%) had ultra-high
TMB (>30 mutations/Mb), indicating some of these alterations can be seen as passenger
mutations in the younger population. In our study, the rate of CNV was 56% which is
consistent with the increased rate of CNV seen in MSS CRC [29]. Further studies with
larger cohorts are warranted to better define the role and biological characteristics of
POLE/POLD1 mutations and CNVs among patients with YO-CRC.

Our study also reveals that KRAS mutations are an independent prognostic factor
for patients with YO-CRC, similar to those with adult-onset CRC [30–33]. Recently, drug
discovery research resulted in practice-changing developments in KRAS targeting with
novel covalent molecules that inhibit KRAS G12C oncoprotein [33–35]. Notably, further
research is ongoing with allele-specific inhibitors such as KRAS G12D as well as panKRAS
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and panRAS inhibitors [18,32,36,37]. Our study underscores the importance of KRAS
therapeutic development, as future discoveries will likely improve survival outcomes of
patients with colorectal cancer, particularly those with YO-CRC. It is, therefore, important
to perform molecular profiling early in the course of the disease and identify potentially
actionable molecular alterations, including KRAS oncogene and other driver oncogenes,
to develop strategies for clinical trial enrollment to improve outcomes of patients with
CRC [38,39].

Our study limitations include the retrospective nature of the study, the size of the
patient population, inherent limitations of retrospective data collection, and lack of precise
follow-up information; therefore, our findings should be interpreted cautiously. A major
strength of our study is that it represents a comprehensive molecular analysis of an under-
studied patient population with rigorous clinical and molecular data and the inclusion of
patients from the suburban network of the institution, which represents an understudied
population in the United States and Western Countries. Further prospective studies are
warranted to validate our findings and better define the molecular and epidemiological
underpinnings of YO-CRC.

5. Conclusions
In our study, we identified several distinctions in the genomic profile of patients

with YO-CRC, suggesting biological differences in this population. We identified KRAS
mutations as independent prognostic biomarkers for which drug development remains a
major unmet need. Comprehensive genomic analysis should be integrated into the routine
evaluation of YO-CRC to guide risk stratification and therapeutic decision-making, and
future studies should explore novel strategies for improving outcomes in KRAS-mutant
and other high-risk molecular subgroups.
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www.mdpi.com/article/10.3390/cancers17172763/s1, Figure S1: Kaplan-Meier overall survival curves
stratified by MS status (Stable, Equivocal, High). Figure S2: Kaplan-Meier overall survival curves
stratified by tumor mutational burden (TMB). Figure S3: Kaplan-Meier overall survival curves by
primary tumor site (DC/Sigmoid, AC, Rectum, TC). Figure S4: Kaplan-Meier overall survival curves
stratified by gender.

Author Contributions: E.N. and I.H.S. developed the concept of the study and all authors contributed
to data interpretation and writing. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Ethic Committee Name: University of Pittsburgh Institutional
Review Board Approval Code: STUDY20070085 Approval Date: 21 August 2020.

Informed Consent Statement: Patient consent was waived under IRB STUDY20070085.

Data Availability Statement: Data is not available due to institutional restrictions.

Conflicts of Interest: I.H.S. reports Advisory Board fees from Pfizer, Amgen, Seattle Genetics, GSK,
Guardant Health and Lumanity and research grant from BAYER, A.S. reports research grants (to
institution) from AstraZeneca, Bristol Myers Squibb, Merck, Clovis, Exelixis, Actuate therapeutics,
Incyte Corporation, Daiichi Sankyo, Five prime therapeutics, Amgen, Innovent biologics, Dragonfly
therapeutics, KAHR medical, Biontech, and advisory board fees from AstraZeneca, Bristol Myers
Squibb, Exelixis, Pfizer, and Daiichi Sankyo.

https://www.mdpi.com/article/10.3390/cancers17172763/s1
https://www.mdpi.com/article/10.3390/cancers17172763/s1


Cancers 2025, 17, 2763 11 of 12

References
1. Siegel, R.L.; Miller, K.D.; Wagle, N.S.; Jemal, A. Cancer statistics, 2023. CA Cancer J. Clin. 2023, 73, 17–48. [CrossRef]
2. Siegel, R.L.; Fedewa, S.A.; Anderson, W.F.; Miller, K.D.; Ma, J.; Rosenberg, P.S.; Jemal, A. Colorectal cancer incidence patterns in

the United States, 1974–2013. J. Natl. Cancer Inst. 2017, 109, djw322. [CrossRef]
3. Bailey, C.E.; Hu, C.Y.; You, Y.N.; Bednarski, B.K.; Rodriguez-Bigas, M.A.; Skibber, J.M.; Cantor, S.B.; Chang, G.J. Increasing

disparities in the age-related incidence of colon and rectal cancer in the United States, 1975–2010. JAMA Surg. 2015, 150, 17–22.
[CrossRef]

4. Araghi, M.; Soerjomataram, I.; Bardot, A.; Ferlay, J.; Cabasag, C.J.; Morrison, D.S.; De, P.; Tervonen, H.; Walsh, P.M.; Bucher, O.;
et al. Changes in colorectal cancer incidence in seven high-income countries: A population-based study. Lancet Gastroenterol.
Hepatol. 2019, 4, 511–518. [CrossRef]

5. Patel, S.G.; Karlitz, J.J.; Yen, T.; Lieu, C.H.; Boland, C.R.; Chung, D.C. The rising tide of early-onset colorectal cancer: A
comprehensive review. Lancet Gastroenterol. Hepatol. 2022, 7, 262–274. [CrossRef] [PubMed]

6. O’Sullivan, D.E.; Sutherland, R.L.; Town, S.; Goubran, R.A.; Gill, S.; Steel, M.; Shaw, A.; Demers, A.; Brenner, D.R. Risk factors
for early-onset colorectal cancer: A systematic review and meta-analysis. Clin. Gastroenterol. Hepatol. 2022, 20, 1229–1240.e5.
[CrossRef] [PubMed]

7. Gausman, V.; Dornblaser, D.; Anand, S.; Hayes, R.B.; Ferrucci, L.M. Risk factors associated with early-onset colorectal cancer. Clin.
Gastroenterol. Hepatol. 2020, 18, 2752–2759.e2. [CrossRef]

8. Low, E.E.; Demb, J.; Liu, L.; Earles, A.; Bustamante, R.; Williams, C.D.; Sosa, E.V.; Martinez, M.E.; Murphy, C.C.; Melkonian, S.C.
Risk factors for early-onset colorectal cancer. Gastroenterology 2020, 159, 492–501.e7. [CrossRef]

9. Dai, R.; Kelly, B.N.; Ike, A.; Xu, J.; Huang, Y.; Shah, S.C.; Shah, Y.; O’Neil, D.S.; Yu, J.; Abrams, J.A.; et al. The impact of the gut
microbiome, environment, and diet in early-onset colorectal cancer development. Cancers 2024, 16, 676. [CrossRef]

10. Hofseth, L.J.; Hebert, J.R.; Chanda, A.; Chen, H.; Love, B.L.; Pena, M.M.O.; Murphy, E.A.; Singh, K.P.; Hsu, L.-L.; Berger, F.G.;
et al. Early-onset colorectal cancer: Initial clues and current views. Nat. Rev. Gastroenterol. Hepatol. 2020, 17, 352–364. [CrossRef]
[PubMed]

11. Willauer, A.N.; Liu, Y.; Pereira, A.A.L.; Lam, M.; Morris, J.S.; Raghav, K.P.S.; Menter, D.G.; Broaddus, R.; Napolitano, S.; Eng, C.;
et al. Clinical and molecular characterization of early-onset colorectal cancer. Cancer 2019, 125, 2002–2010. [CrossRef]

12. You, Y.N.; Xing, Y.; Feig, B.W.; Chang, G.J.; Cormier, J.N. Young-onset colorectal cancer: Is it time to pay attention? Arch. Intern.
Med. 2012, 172, 287–289. [CrossRef]

13. Pearlman, R.; Frankel, W.L.; Swanson, B.J.; Zhao, W.; Yilmaz, A.; Miller, K.; Lee, L.A.; Bacher, J.; Huelsman, K.M.; Arnold, M.; et al.
Prevalence and spectrum of germline cancer susceptibility gene mutations among patients with early-onset colorectal cancer.
JAMA Oncol. 2017, 3, 464–471. [CrossRef] [PubMed]

14. Salem, M.E.; Weinberg, B.A.; Xiu, J.; El-Deiry, W.S.; Hwang, J.J.; Gatalica, Z.; Kim, R.D.; Marshall, J.L.; Shields, A.F.; Lenz, H.-J.;
et al. Comparative molecular analyses of early-onset and average-onset colorectal cancer. JCO Precis. Oncol. 2020, 4, PO.20.00032.

15. Yaeger, R.; Chatila, W.K.; Lipsyc, M.D.; Hechtman, J.F.; Cercek, A.; Sanchez-Vega, F.; Jayakumaran, G.; Middha, S.; Zehir, A.;
Kemeny, N.E.; et al. Clinical sequencing defines the genomic landscape of metastatic colorectal cancer. Cancer Cell 2018, 33,
125–136.e3. [CrossRef]

16. Cohen, R.; Hain, E.; Buhard, O.; Guilloux, A.; Bachet, J.-B.; Schulmann, K.; Bork, P.; Zaanan, A.; Duval, A.; Laurent-Puig, P.; et al.
Association of polymerase ε mutations with immunotherapy benefit in mismatch repair-deficient colorectal cancer. J. Clin. Oncol.
2021, 39, 686–697.

17. Watson, R.; Liu, T.-C.; Ruzinova, M.B. High frequency of KRAS mutation in early-onset colorectal adenocarcinoma. Hum. Pathol.
2016, 56, 163–170. [CrossRef]

18. Sahin, I.H.; Saridogan, T.; Ayasun, R.; Khan, U.; Keefer, L.; Zhao, Q.; Ning, Y.; Lenz, H.-J. Targeting KRAS oncogene for patients
with colorectal cancer. JCO Oncol. Pract. 2024, 20, 1336–1347. [CrossRef] [PubMed]

19. Lieu, C.H.; Golemis, E.A.; Serebriiskii, I.G.; Newberg, J.Y.; Kumar, A.; Liu, M.; Bowles, M.E.; Chung, J.H.; Do, K.; Raghav, K.P.S.;
et al. Comprehensive genomic landscapes in early and later onset colorectal cancer. Clin. Cancer Res. 2019, 25, 5852–5858.
[CrossRef] [PubMed]

20. Yantiss, R.K.; Goodarzi, M.; Zhou, X.K.; Black, D.; Renfro, L.A.; Shia, J.; Klimstra, D.S. Clinical, pathologic, and molecular features
of early-onset colorectal carcinoma. Am. J. Surg. Pathol. 2009, 33, 572–582. [CrossRef]

21. Aljehani, M.A.; Bien, J.; Lee, J.S.; Fisher, G.A.; Lin, A.Y. KRAS sequence variation in young vs. late-onset colorectal cancer. JAMA
Netw. Open 2023, 6, e2345801. [CrossRef]

22. Serebriiskii, I.G.; Connelly, C.; Frampton, G.; Newberg, J.; Cooke, M.; Miller, V.; Ross, J.S.; Handorf, E.; Alavi, K.; Chao, J.; et al.
Comprehensive characterization of RAS mutations in colon and rectal cancers. Nat. Commun. 2019, 10, 3722. [CrossRef]

23. Hitchen, N.; Wong, H.L.; Wong, R.; Shapiro, J.D.; Burge, M.E.; Nott, L.M.; Lee, B.; Lim, S.H.; Wong, S.F.; Caird, S.; et al. Real world
characteristics and outcomes of patients with BRAFV600E-mutant metastatic colorectal cancer in Australia: The COALA project.
J. Clin. Oncol. 2025, 43, 70. [CrossRef]

https://doi.org/10.3322/caac.21763
https://doi.org/10.1093/jnci/djw322
https://doi.org/10.1001/jamasurg.2014.1756
https://doi.org/10.1016/S2468-1253(19)30147-5
https://doi.org/10.1016/S2468-1253(21)00426-X
https://www.ncbi.nlm.nih.gov/pubmed/35090605
https://doi.org/10.1016/j.cgh.2021.01.037
https://www.ncbi.nlm.nih.gov/pubmed/33524598
https://doi.org/10.1016/j.cgh.2019.10.009
https://doi.org/10.1053/j.gastro.2020.01.004
https://doi.org/10.3390/cancers16030676
https://doi.org/10.1038/s41575-019-0253-4
https://www.ncbi.nlm.nih.gov/pubmed/32086499
https://doi.org/10.1002/cncr.31994
https://doi.org/10.1001/archinternmed.2011.602
https://doi.org/10.1001/jamaoncol.2016.5194
https://www.ncbi.nlm.nih.gov/pubmed/27978560
https://doi.org/10.1016/j.ccell.2017.12.004
https://doi.org/10.1016/j.humpath.2016.06.010
https://doi.org/10.1200/OP.23.00787
https://www.ncbi.nlm.nih.gov/pubmed/38739872
https://doi.org/10.1158/1078-0432.CCR-19-0899
https://www.ncbi.nlm.nih.gov/pubmed/31243121
https://doi.org/10.1097/PAS.0b013e31818afd6b
https://doi.org/10.1001/jamanetworkopen.2023.45801
https://doi.org/10.1038/s41467-019-11530-0
https://doi.org/10.1200/JCO.2025.43.4_suppl.70


Cancers 2025, 17, 2763 12 of 12

24. Sahin, I.H.; Xiu, J.; Khushman, M.D.; Palumbo, E.; Weinberg, B.A.; Goel, S.; Akce, M.; Singhi, A.D.; Gorantla, V.; Lou, E.; et al.
Investigating the clinical and molecular characteristics of class II and III BRAF mutations and their response to anti-EGFR therapy
in MSS CRC: A comprehensive analysis. J. Clin. Oncol. 2025, 43, 274. [CrossRef]

25. Ferrell, M.; Guven, D.C.; Gomez, C.G.; Sahin, I.H.; Kwon, M.; Chae, Y.K.; Shah, N.J.; Altan, M.; Hwang, J.J.; Dasari, A.; et al. WNT
and TGF-beta pathway alterations in young-onset colorectal cancer. Sci. Rep. 2024, 14, 17884. [CrossRef]

26. Karan, C.; Tan, E.; Sarfraz, H.; Singh, A.; McFarland, D.W.; Thomas, S.; Lieu, C.H.; Overman, M.J.; Sahin, I.H. HER2–targeting
approaches for colorectal cancer. JCO Oncol. Pract. 2022, 18, 545–554. [CrossRef] [PubMed]

27. Mosalem, O.; Coston, T.W.; Imperial, R.; Mauer, E.; Thompson, C.; Yilma, B.; Bekaii-Saab, T.S.; Stoppler, M.C.; Starr, J.S. A
comprehensive analysis of POLE/POLD1 genomic alterations in colorectal cancer. Oncologist 2024, 29, e1224–e1227. [CrossRef]

28. Wang, F.; Zhao, Q.; Wang, Y.-N.; Jin, Y.; He, M.-M.; Liu, Z.-X.; Wang, Z.-Q.; Luo, H.-Y.; Zhang, D.-S.; Wang, F.-H.; et al. POLE and
POLD1 mutations and immunotherapy outcomes. JAMA Oncol. 2019, 5, 1504–1506. [CrossRef]

29. Lin, C.-H.; Lin, J.-K.; Chang, S.-C.; Chang, H.-L.; Cheng, Y.-Y.; Lin, C.-C.; Lan, Y.-T.; Lin, H.-H.; Yang, S.-H.; Wang, H.-S.; et al.
Molecular profile of sporadic colorectal cancer in Taiwan. J. Biomed. Sci. 2011, 18, 36. [CrossRef]

30. Lievre, A.; Bachet, J.-B.; Boige, V.; Cayre, A.; Le Corre, D.; Buc, E.; Ychou, M.; Bouche, O.; Landi, B.; Louvet, C.; et al. KRAS
mutations as prognostic factor in colorectal cancer treated with cetuximab. J. Clin. Oncol. 2008, 26, 374–379. [CrossRef]

31. Kadowaki, S.; Kakuta, M.; Takahashi, S.; Arai, Y.; Nishimura, Y.; Yamaguchi, K.; Yamada, Y.; Shimosegawa, T.; Hamada, T.; Akagi,
Y.; et al. KRAS and BRAF mutations in resected colorectal cancer. World J. Gastroenterol. 2015, 21, 1275. [CrossRef]

32. Singhal, A.; Li, B.T.; O’Reilly, E.M. Targeting KRAS in cancer. Nat. Med. 2024, 30, 969–983. [CrossRef]
33. Benhattar, J.; Losi, L.; Chaubert, P.; Givel, J.-C.; Costa, J. Prognostic significance of K-ras mutations in colorectal carcinoma.

Gastroenterology 1993, 104, 1044–1048. [CrossRef] [PubMed]
34. Yaeger, R.; Weiss, J.; Pelster, M.S.; Spira, A.; Barve, M.; Fakih, M.; Lenz, H.-J.; O’Neil, B.; Price, T.J.; Falchook, G.S.; et al.

Adagrasib ± cetuximab in KRAS G12C CRC. N. Engl. J. Med. 2023, 388, 44–54. [CrossRef] [PubMed]
35. Fakih, M.G.; Salvatore, L.; Esaki, T.; Kim, T.W.; Muro, K.; Zayac, A.; Marabelle, A.; Helwig, C.; Oliner, K.S.; Zhang, S.; et al.

Sotorasib plus panitumumab in KRAS G12C CRC. N. Engl. J. Med. 2023, 389, 2125–2139. [CrossRef]
36. Kim, D.; Herdeis, L.; Rudolph, D.; Stransky, N.; Leong, S.; Jensen, M.; Tran, J.; Romero, R.; Gill, A.L.; Xu, Y.; et al. Pan-KRAS

inhibitor disables oncogenic signalling. Nature 2023, 619, 160–166. [CrossRef]
37. Moore, A.R.; Rosenberg, S.C.; McCormick, F.; Malek, S. RAS-targeted therapies: Is the undruggable drugged? Nat. Rev. Drug

Discov. 2020, 19, 533–552. [CrossRef] [PubMed]
38. Chawla, A.; Peeples, M.; Li, N.; Anhorn, R.; Ryan, J.; Signorovitch, J. Real-world utilization of molecular diagnostic testing and

matched drug therapies in the treatment of metastatic cancers. J. Med. Econ. 2018, 21, 543–552. [CrossRef]
39. Gambardella, V.; Lombardi, P.; Carbonell-Asins, J.A.; Gallego, J.; Roselló, S.; Tarazona, N.; Martínez-Ciarpaglini, C.; Roda, D.;

Cervantes, A.; Huerta, M.; et al. Molecular profiling and matched therapies: The MAST study. Br. J. Cancer 2021, 125, 1261–1269.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1200/JCO.2025.43.4_suppl.274
https://doi.org/10.1038/s41598-024-68938-y
https://doi.org/10.1200/OP.21.00904
https://www.ncbi.nlm.nih.gov/pubmed/35613416
https://doi.org/10.1093/oncolo/oyae098
https://doi.org/10.1001/jamaoncol.2019.2963
https://doi.org/10.1186/1423-0127-18-36
https://doi.org/10.1200/JCO.2007.12.5906
https://doi.org/10.3748/wjg.v21.i4.1275
https://doi.org/10.1038/s41591-024-02903-0
https://doi.org/10.1016/0016-5085(93)90272-E
https://www.ncbi.nlm.nih.gov/pubmed/8462792
https://doi.org/10.1056/NEJMoa2212419
https://www.ncbi.nlm.nih.gov/pubmed/36546659
https://doi.org/10.1056/NEJMoa2308795
https://doi.org/10.1038/s41586-023-06123-3
https://doi.org/10.1038/s41573-020-0068-6
https://www.ncbi.nlm.nih.gov/pubmed/32528145
https://doi.org/10.1080/13696998.2017.1423488
https://doi.org/10.1038/s41416-021-01502-x

	Introduction 
	Methods 
	Study Population and Data Collection 
	Statistical Analysis 
	Molecular Testing 

	Results 
	Patient Characteristics 
	Molecular Findings 
	Survival Analysis 

	Discussion 
	Conclusions 
	References

