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Abstract

Molecular features underlying colorectal cancer (CRC) disparities remain uncharacterized. Here,
we investigated somatic mutation patterns by race/ethnicity and sex among 5,856 non-Hispanic
White (NHW), 535 non-Hispanic Black (NHB) and 512 Asian/Pacific Islander (API) CRC
patients [2,016 early-onset:sequencing age<50]. NHB patients with early-onset non-hypermutated
CRC, but not API patients, had higher adjusted tumor mutation rates than NHW patients.

There were significant differences for LRP1B, FLT4, FBXW7, RNF43, ATRX, APC and
PIK3CA mutation frequencies in early-onset non-hypermutated CRCs between racial/ethnic
groups. Heterogeneities by race/ethnicity were observed for the effect of APC, FLT4and FAT1
between early-onset and late-onset non-hypermutated CRC. By sex, heterogeneity was observed
for the effect of £EP300, BRAF, WRN, KRAS, AXINZ and SMADZ. Males and females with
non-hypermutated CRC had different trends in £P300 mutations by age group. These findings
define genomic patterns of early-onset non-hypermutated CRC by race/ethnicity and sex, which
yields novel biological clues into early-onset CRC disparities.
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Introduction

The incidence of CRC among adults younger than age 50 years (early-onset CRC) has
continued to steadily increase over the last several decades, leading to approximately
18,000 new cases of early-onset CRC now diagnosed annually in the United States (1).

It is projected that one in ten colon cancer and one in four rectal cancer diagnoses

will occur among adults younger than age 50 years by 2030 (2). Thus, to uncover the
biological mechanisms that may be contributing to this alarming early-onset CRC epidemic,
numerous studies have undertaken investigations into molecular features of early-onset CRC
in comparison to colorectal tumors from adults diagnosed at ages 50+ years (late-onset
CRC). Recent evidence from one single institution study posited that CRCs in young
individuals may not biologically differ from late-onset tumors (3). However, findings from
other studies worldwide are accumulating to support that early-onset CRC may harbor a
distinct molecular phenotype and that tumor biology is a strong prognostic factor in early-
onset CRC (4-10). Despite these key biological clues into early-onset CRC, no definitive
causality has been derived for its etiology to date—which can be largely attributed to the
complex and multifactorial nature of this disease.

The complexity of early-onset colorectal carcinogenesis reflects an intricate interplay of
biology and genetics with health behaviors, early-life exposures, and social determinants

of health. Collectively, these factors are also posited to be major drivers of pronounced
disparities in the early-onset CRC burden—including by race/ethnicity as well as sex

(11). However, few studies have specifically examined early-onset colorectal tumor biology
across diverse populations, such that there remains a significant barrier in discovering
potential mechanisms for the development of precision therapeutic modalities that may

help mitigate a disproportionate disease burden. In the present study of 6,903 non-Hispanic
White (NHW), non-Hispanic Black (NHB) and Asian or Pacific Islander (API) patients
(2,016 early-onset; 29.2%) with colorectal adenocarcinoma as well as clinical-grade targeted
sequencing and clinicodemographic data from the American Association for Cancer
Research (AACR) Project Genomics Evidence Neoplasia Information Exchange (GENIE)
international consortium (12, 13) (Table S1), we investigated tumor mutational burden
(TMB) and somatic cancer gene mutation patterns of early-onset CRC by race/ethnicity and
Sex.

Results

TMB patterns in hypermutated colorectal tumors

In total, 9.5% of CRCs (653 of 6,903) in our cohort were hypermutated (=17.78
mutations/Mb) (Figures 1A/S1A-C and Table S1). Among patients with hypermutated
CRCs, young individuals (n=184) had a significantly higher TMB compared with late-onset
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cases (n=469) (~£=0.008) (Figure S2). While racial/ethnic patterns of TMB in hypermutated
colorectal tumors were unable to be analyzed due to limited sample sizes, we found

that males with early-onset hypermutated tumors had a higher TMB compared with

females (£=0.005). A similar sex-specific trend was noted among patients with late-onset
hypermutated colorectal tumors (P=0.003) (Figure S2). Given the distinct biology of tumors
with hypermutation (14), these 653 cases were excluded from further study.

Distinct genomic patterns of early-onset non-hypermutated CRC

Among 6,250 non-hypermutated CRCs, tumors from patients with early-onset disease
(n=1,832) had an overall lower TMB compared with late-onset non-hypermutated

CRCs (n=4,418; P=7.2x10710) (Figure 1B and Figure S3). The frequency of non-silent
somatic mutations for the most commonly mutated genes in early-onset and late-onset
non-hypermutated CRCs is presented in Figure S4. Overall, young patients with non-
hypermutated colorectal tumors had significantly higher odds of presenting with non-silent
mutations in 7P53, LRP1B, TCF7L2, and FBXWY7 versus late-onset cases after adjustment
for sex, race/ethnicity, tumor site and histology, sequencing assay, sample type and TMB
(Figure 1C and Table S2). In contrast, young patients had decreased odds of presenting
with KDR, FLT4 and AMER1 non-silent mutations in non-hypermutated tumors. Notably,
patterns for 7P53, LRPIB, and TCF7L2 persisted after adjusting for multiple comparisons
(all FDR<0.05). Together, these results suggest that young patients with non-hypermutated
CRCs harbor unique non-silent somatic mutation patterns compared with late-onset cases
—providing additional evidence to support distinct tumor characteristics of early-onset
non-hypermutated CRC in a large and diverse patient cohort.

Racial/ethnic differences in somatic cancer gene mutations among patients with early-
onset non-hypermutated CRC

Given the significant variation in early-onset CRC incidence and outcomes across

racial and ethnic groups (15, 16), we next sought to explore genomic patterns of early-

onset CRC between NHW, NHB and API individuals. Among young patients with non-
hypermutated colorectal tumors, NHB patients (n=157)—but not API patients (n=164)—had
a significantly higher TMB compared with NHW patients (n=1,511) (Pnms/mnHn~0.01)
(Figure 2A). A similar trend was also observed between NHB and NHW individuals with
late-onset non-hypermutated CRC (Pnmemnen~0.009) (Figure 2B). Together, the higher
TMB observed in non-hypermutated colorectal tumors of NHB individuals yields potential
clinical relevance given the emerging role of TMB as a predictive biomarker for therapeutic
response.

Among API patients with non-hypermutated CRCs (n=469), early-onset non- cases had
decreased odds of presenting with non-silent mutations in APC, RIF1and PIK3CA
compared with API individuals ages 50+ years at cancer sequencing in adjusted models
(Figure 2C and Tables 1/S3). In contrast, young APIs had increased odds of presenting with
non-silent mutations in FAT1, FLT4, FBXW7and MTOR versus API individuals with non-
hypermutated late-onset CRC. Young NHB patients with non-hypermutated CRCs (n=157)
had statistically significantly higher odds of presenting with A7RX non-silent mutations
versus late-onset cases in adjusted models (Figure 2D and Tables 1/S3). While the results
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observed across NHB and API populations did not persist after adjustment for multiple
testing, this may be in part attributable to limited sample size and warrants additional
and independent study in diverse cohorts. Within the NHW population, individuals with
early-onset non-hypermutated CRCs had higher odds of presenting with LRPIB, TP53,
TCF7L2, SMAD3and FBXIW7 non-silent mutations (all A<0.02) and decreased odds of
presenting with KDR, FLT4, RNF43and BRAF mutations (all A<0.04) versus late-onset
non-hypermutated CRC cases in adjusted models (Figure 2E and Tables 1/S3). We also
observed that the patterns for 7P53, LRPI1B, and 7TCF7L2in non-hypermutated colorectal
tumors from early-onset cases within the NHW population persisted after adjusting for
multiple comparisons (7253 Odds ratio [OR] 1.39, 95%Cl 1.20-1.61, AP=1.36x1075,
FDR=0.001; LRP1B: OR 4.75, 95%CI 2.21-10.23, P=6.77x107°, FDR=0.003; TCF7L2:
OR 1.45, 95%Cl 1.17-1.80, A=0.0008, FDR=0.02) (Tables 1/S3).

Of these fifteen identified genes, significant heterogeneities across racial/ethnic groups
were observed for the effect of APC, FLT4and FATI between early-onset and late-

onset non-hypermutated CRC cases (Cochran’s Q-test: P,,~=0.005, 0.01, and 0.048,
respectively) (Table 1). Moreover, statistically significantly different mutation frequencies
in non-hypermutated CRCs among young patients across racial/ethnic groups were observed
for seven genes, including: FL74 (Chi-square test: ~=0.0006), FBXW7 (P=0.04), RNF43
(P=0.046), LRP1B (P=2.45x10710), APC (P<0.0001), PIK3CA (P=0.003) and ATRX
(P=0.03) (Table 1). In summary, these findings point to unique somatic gene mutation
landscapes by race/ethnicity specifically within the population of individuals with early-
onset non-hypermutated CRC.

Sex differences in non-silent somatic gene mutation profiles of early-onset non-
hypermutated CRC

The biological features contributing to early-onset CRC disparities by sex remain presently
unknown (11). Therefore, we also sought to examine sex-specific differences in non-

silent somatic gene mutation profiles of early-onset non-hypermutated CRC cases in our
cohort. Investigation of TMB among 1,832 early-onset non-hypermutated CRC cases by
sex revealed that males presented with a lower TMB versus females after adjusting for
race/ethnicity, tumor site and histology, sequencing assay and sample type, although this
difference did not reach statistical significance (P=0.07) (Figure 3A). A significant pattern
was observed for TMB by sex among 4,418 patients with late-onset non-hypermutated CRC
in adjusted models (P=0.004) (Figure 3A).

Among females, young patients with non-hypermutated CRC had statistically significantly
lower odds of presenting with non-silent mutations in £P300, AXINZ, WRN, BRAF

and KDR compared with late-onset cases in adjusted models. In contrast, females with
early-onset non-hypermutated CRC had statistically significantly higher odds of presenting
with 7P53, SMADZ, APC, TCF7L2and LRPI1B non-silent mutations in adjusted models
(Figure 3B and Table S4). In particular, our observation that young female patients with non-
hypermutated CRC had 54% increased odds of presenting with a 7253 mutation persisted
after adjustment for multiple comparisons (OR 1.54, 95%CI 1.26-1.88, P=2.73x107°,
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FDR=0.002) (Table S4). Associations for BRAF and EP300reached marginal significance
after FDR adjustment (FDR=0.057 and 0.09, respectively).

Young males with non-hypermutated CRC were statistically significantly more likely to
present with non-silent mutations in 7CF7L2 and TP53, and less likely to present with
KRAS mutations, versus males with late-onset non-hypermutated CRC (Figure 3C and
Table S4). Although these findings did not remain significant after adjustment for multiple
comparisons, the patterns for 7CF7L2and TP53among young males are consistent with
our observations among young females. In contrast to the observation that females with
early-onset non-hypermutated CRC were 70% less likely to present with non-silent somatic
mutations in £P300 (females: OR 0.30, 95%CI 0.13-0.67, P=0.004; FDR=0.09), young
males were 59% more likely to present with £P300 non-silent mutations (OR 1.59, 95%ClI
1.04-2.43, P=0.03; FDR=0.64) (Figure 3D and Table S4).

Of these eleven identified genes, significant heterogeneities between males and females
were observed for the effect of EP300, BRAF, WRN, KRAS, AXIN2and SMADZ2 between
early-onset and late-onset non-hypermutated CRC cases in our cohort (Cochran’s Q-test:
Pre~0.0004, 0.002, 0.03, 0.03, 0.04, and 0.04; respectively) (Table S4). Moreover, unique
EP300 mutation frequencies were observed in non-hypermutated CRCs among young
patients by sex (Chi-square test: A=0.00003). Differences in KRAS, AXINZ, WRN, BRAF
and LRPIB mutation rates by sex were also noted in non-hypermutated colorectal tumors
of young patients (all P<0.03) (Figure 3B-D, Table S4). Together, these results indicate
that differences in the molecular landscape of early-onset non-hypermutated CRC persist
between males and females and may present potential targets for future validation and
mechanistic studies among early-onset non-hypermutated CRC patients by sex.

Discussion

Here, we defined distinct molecular patterns of early-onset non-hypermutated CRC by
race/ethnicity and sex using clinical-grade sequencing of colorectal adenocarcinoma. This
work was performed using a large cohort of 6,903 NHW, NHB and API individuals

from the AACR Project GENIE international consortium. Specific to non-hypermutated
colorectal tumors, we observed striking differences for APC mutation rates in young patients
across racial/ethnic groups—as 59% of API individuals, 76% of NHB individuals and

75% of NHW individuals with early-onset CRC harbored a non-silent APC mutation in
non-hypermutated tumors. We also found significant heterogeneity for the effect of APC
between early-onset and late-onset cases by race/ethnicity in non-hypermutated tumors.
Indeed, our observations for APC align with prior publications (17, 18), including a recent
study of early-onset CRC patients—including 137 non-Hispanic Asian, 128 NHB and 105
White Hispanic individuals, that explored tumor mutation patterns for 22 genes. Among
early-onset CRC patients with both non-hypermutated and hypermutated tumors, Hein and
colleagues noted differences in APC mutation rates when comparing racial/ethnic groups—
with lower rates of APC mutations observed among non-Hispanic Asian patients compared
with NHW patients (17). This study also revealed that 21% of tumors from young non-
Hispanic Asian individuals had FBXW7 mutations versus 15% of young NHW or 11.7%
of young NHB patients. Herein, mutation rates for FBXW?7 (17% of young API, 11%
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NHW, and 10% NHB patients), as well as for FL74, RNF43, LRP1B, PIK3CA and ATRX,
also significantly differed across racial/ethnic groups for early-onset non-hypermutated
tumors. One advantage to our approach was that we investigated approximately 4-fold more
genes and restricted all analyses to non-silent somatic gene mutations specific to patients
with non-hypermutated colorectal tumors. Moreover, our comparison of early-onset and
late-onset cases provided the opportunity to identify genomic features distinct to early-onset
non-hypermutated CRC across both race/ethnicity and sex.

While these findings provide novel clues into biological mechanisms that may be
underpinning the disproportionate early-onset CRC burden across racial/ethnic groups, one
important acknowledgement with respect to these findings is that race and ethnicity is a
social construct. It is vital to consider the role of several complex and related factors,
particularly genetic ancestry as a biological construct, in early-onset CRC disparities (19)
and in the interpretation of our results. It is equally important to compare our present
findings with recent work that explored genomic features of CRC by genetic ancestry (8).
Among 33,770 individuals of European ancestry and 5,301 individuals of African ancestry
diagnosed with CRC—including hypermutated tumors, Myer et al. (8) observed that among
all samples and specific to microsatellite stable, POLE/POL D-1 negative colorectal cancers
(TMB<10), the median TMB was significantly higher among individuals of African vs
European ancestry. While more than half of all cases in that cohort were ages 59 years

and older at cancer sequencing, in our present study we noted similar TMB patterns by
race/ethnicity for both early-onset and late-onset non-hypermutated CRCs. In particular,
we found that for young patients with non-hypermutated colorectal tumors, NHB patients
—but not API patients—had a significantly higher TMB compared with NHW patients.

As genomic patterns of CRC have not yet been explored among individuals of East/South
Asian ancestry to date, this also suggests that independent validation of our results in future
cohorts with diverse, well-annotated early-onset CRC cases and available genetic ancestry
data will be vital to accelerate the translation of these distinct early-onset CRC patterns by
race/ethnicity into clinical application and reduce marked disparities in this disease burden.

Beyond these racial/ethnic differences in somatic cancer gene mutations for early-onset
non-hypermutated CRCs, our study is the first to our knowledge to identify genomic patterns
specific to early-onset CRC by sex. As a biological variable, sex affects the function of

the immune system. The complex interplay and effects of genetics, hormones and the
environment (e.g. gut microbiome) can all contribute to sex differences in immune responses
(20) and to variations in the burden of CRC. This is supported by a comprehensive
untargeted metabolomics study of colon tumor and normal tissues from patients age

55+ years, where Cai and colleagues revealed sex-specific metabolic subphenotypes in

colon cancer (21). Here, we showed sex-specific differences for EP300, KRAS, AXINZ,
WRN, BRAFand LRPIB mutation rates specific to non-hypermutated colorectal tumors

of young patients. We also identified significant heterogeneity by sex for the effect of
EP300, BRAF, WRN, KRAS, AXINZ2 and SMADZ2 between early-onset and late-onset
non-hypermutated CRC cases. Together, these findings support a hypothesis that differences
in tumor biology may be contributing to a sex-specific disease burden in early-onset CRC
for further study. As males harbor a 12% to 18% increased hazard of disease-specific death
compared with females after early-onset CRC diagnosis (15), further investigation into the
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prognostic significance of these genes in early-onset CRC by sex may also yield significant
implications in the clinical setting.

Use of clinical-grade targeted sequencing and clinicodemographic data for nearly 7,000
pathologically-confirmed colorectal adenocarcinoma cases—of which nearly 30% had early-
onset disease—from AACR Project GENIE (12, 13) is a considerable strength of this
present study. It is also of value to draw on limitations of this work. As the present study
was limited to individuals who self-identified as NHW, NHB and API, we do not yet know
how diversity within these groups (e.g. Asian versus Pacific Islander individuals) or in

other populations (e.g. Hispanic, American Indian populations) contribute to the biology of
early-onset CRC disparities. GENIE data largely stems from tertiary care centers and may
not completely represent the target populations. Although the genomic data provided by
GENIE is clinical-grade and passed through stringent processing pipelines prior to release
(22), variant calling was not independently validated by orthogonal approaches. The data
released also precluded our ability to derive genetic ancestry or reliably define microsatellite
instability (MSI) status for CRC cases. Further, GENIE does not make available information
on clinical outcomes which limited our ability to investigate the possible prognostic value
of these genes in early-onset non-hypermutated CRC by race/ethnicity or sex. GENIE also
does not presently release tumor stage, grade, primary colon tumor site codes, or treatment
history data. Consequently, we adjusted for tumor site (colon vsrectum), histology and
primary sample type in our study. To consider that primary sample type (primary tumor
versus metastasis) may contribute to somatic mutation differences by race/ethnicity and sex
in early-onset non-hypermutated CRC, we also repeated our primary TMB analyses while
excluding patients with metastatic tissue used for clinical-grade sequencing with concordant
results. However, it is still possible that molecular patterns observed herein may be in

part related to disease stage and warrant validation in independent cohort studies. While

we were able to exclude 653 patients with hypermutated tumors to specifically focus on
non-hypermutated CRC, information on family history of cancer, as well as germline genetic
features, were also unavailable for query.

In conclusion, this study provides first-of-its-kind evidence to our knowledge that molecular
features of early-onset CRC may differ by both race/ethnicity and sex. We also defined sex
and racial/ethnic-specific differences in tumor mutational burden among early-onset CRC
patients that may begin to better inform treatment decision-making. Together, these findings
warrant subsequent epidemiologic and laboratory-based studies for validation from which
the knowledge gained could yield unprecedented mechanistic insights into the biology
underlying early-onset CRC disparities.

Study population

Next-generation clinical sequencing data from tumor tissues and associated pathology
reports have been released by the AACR Project GENIE consortium (12, 13). This study has
been granted data access through Database of Genotypes and Phenotypes (dbGap) project
#24541. Somatic cancer gene mutation data as well as clinicopathologic and demographic
data for CRC cases were downloaded from the GENIE project via Synapse (release 11.0)
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(http://www.synapse.org/genie). This study was exempt from IRB approval and informed
consent, as de-identified GENIE data are publicly available (12, 13, 22). A total of 6,903
pathologically-confirmed colorectal adenocarcinoma cases, with a unique patient record and
matched clinical and sequencing data who self-identified as NHB, NHW, or API, were
included in the present study.

Available clinical and pathologic data for CRC cases with clinical-grade targeted
sequencing in GENIE included: site (colon, rectum), histology (colon, rectal and colorectal
adenocarcinoma; colorectal mucinous adenocarcinoma), and sample type (primary tumor or
metastatic site). Demographic data included: sex, race and ethnicity (NHW, NHB, API),
age at sequencing—a surrogate for diagnosis age (23), and sequencing center and assay
(panel/platform).

Clinical-grade targeted sequencing data

Somatic mutation data from tumor tissues have been previously generated using clinical-
grade targeted sequencing panels from multiple sequencing centers (12, 13). Detailed
summaries of sequencing pipelines—including distributions of library selection, library
strategy, platform, and specimen tumor cellularity; coverage and alteration types per
panel/pipeline; preservation techniques; sequence assay genomic information; and genomic
profiling at each center; have been previously described and are publicly accessible in the
AACR GENIE Data Guide (22). Read depth for CRC tissues across the 10 sequencing
centers included in this study are listed in Table S5.

The bioinformatics pipelines used to detect mutations are also described in-depth in the
AACR GENIE Data Guide (22), including: data pre-processing and alignment of reads,
quality filters/controls, single nucleotide somatic mutation and small insertion and deletion
(indel) calls, and filtering of putative germline single nucleotide variants and indels. GENIE
has applied a stringent filtering pipeline to remove putative germline variants and minimize
artifacts (e.g. using pooled blood samples as controls, existing databases of known artifacts,
and common germline variants from the 1000 Genomes Project or Exome Sequencing
Project with allele frequencies>0.1%) to ensure consistent calling of somatic variations in
tumor tissues, as well as to minimize artifacts and germline events. GENIE has provided
extensive functional annotation for somatic mutations based on curated bioinformatics
analysis of functional genomic databases. To focus on putative functional mutations, we
limited our analyses to non-silent mutations (e.g. bin variable for mutation carrier vs non-
carrier), which includes missense, splicing, nonsense, truncating, frameshift insertion and
deletions, and non-frameshift deletions.

Tumor mutational burden and hypermutation status

We analyzed sequencing panel coverage for each sequencing assay (panel/platform)

based on relevant genomic information released by Project GENIE (Synapse) (http://
www.synapse.org/genie) with detailed covered gene regions for each sequencing assay (22).
We calculated the total covered genomic regions based on the intragenic regions included

in panels for each sequencing assay. Patients with sequencing assay coverage of less than
500kb target regions were excluded from our study. TMB for each CRC case was quantified
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by the total number of somatic mutations per 1Mb in tumor tissue. To focus our analyses
to non-hypermutated CRC cases, a total of 653 cases with =17.78 somatic mutations/IMb
(defined as hypermutated CRC) were removed based on our conserved inflection point
estimation of the TMB distribution (Figure 1A). Non-hypermutated CRCs were defined as
tumors with fewer than 17.78 somatic mutations/1Mb.

Statistical analysis

Clinical and demographic features of the study population were summarized by frequency.
Given the observed variation in TMB across individual sequencing assays (platforms/panels)
(Figure S3), all analyses were adjusted for sequencing assay in our study. Comparison of
TMB between groups (early-onset vs late-onset; sex; and race/ethnicity) was evaluated using
multivariable linear regression adjusted for patient sex, race/ethnicity, colorectal tumor site
and histology, sequencing assay, and sample type, as appropriate. Consequently, the residual
of adjusted mutation rates was presented as a proxy to visualize TMB using multivariable
linear regression models adjusted for patient sex, race/ethnicity, colorectal tumor site and
histology, sequencing assay, and sample type, as appropriate (Figures 1B, 2A-B, 3A and
S2).

The baseline mutation probability for each gene was estimated based on non-silent somatic
mutation frequency calculated from mutation carriers divided by total cases as we have
previously described (24). Overall comparison of non-silent somatic mutations between
early-onset and late-onset non-hypermutated CRC cases, as well as comparisons by racial/
ethnic groups and sex, was performed using multivariable logistic regression analyses
adjusted for patient sex, race/ethnicity, colorectal tumor site and histology, sequencing
assay, sample type and TMB, as appropriate. All co-variates were used as fixed effects. To
control for multiple comparisons, false discovery rate (FDR) correction was performed on
the nominal A-values derived from our association analyses.

Mutation frequencies for early-onset versus late-onset non-hypermutated CRC cases were
visualized using bar graphs. Differences in mutation frequencies for each gene of interest
by race/ethnicity and sex for early-onset non-hypermutated CRC cases were compared
using Chi-square tests. Heterogeneity tests were conducted using the Cochran’s Q-test.
All statistical tests were two-sided, with A<0.05 considered to be statistically significant.
Analyses were conducted using R software version 3.3.3 (R Project for Statistical
Computing).

Data availability statement

Data for AACR Project GENIE are available at http://www.synapse.org/genie,

with terms of access provided at https://www.aacr.org/wp-content/uploads/2022/03/
GENIE_data_guide_11.0-public.pdf. Data supporting the findings from this study are also
available from the corresponding authors upon reasonable request.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Statement of Significance

NHBs, but not APIs, with early-onset non-hypermutated CRC had higher adjusted tumor
mutation rates versus NHWs. Differences for FLT4, FBXW7, RNF43, LRP1B, APC,
PIK3CA and ATRX mutation rates between racial/ethnic groups and £P300, KRAS,
AXINZ, WRN, BRAFand LRP1B mutation rates by sex were observed in tumors of
young patients.
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Figure 1. Genomic landscape of early-onset vs late-onset non-hypermutated colorectal cancer:
AACR Project GENIE.

(A) Mutation rates among 6,903 tumor samples from CRC patients. Non-hypermutated
tumors were defined using a cutoff (red line) of 17.78+ mutations/Mb.

(B) Boxplot of adjusted mutation rates between early-onset and late-onset cases with non-
hypermutated CRC. The residual of adjusted mutation rates and P-value were derived from
models adjusted for race and ethnicity, sex, tumor site and histology, sequencing assay, and
sample type.

(C) Forest plot and mutation frequencies of genes differentially expressed between early-
onset and late-onset non-hypermutated CRCs in adjusted models that reached statistical
significance (P<0.05). Genes with FDR<0.05 are shaded in dark grey.
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Figure 2. Racial/ethnic patterns of non-silent somatic cancer gene mutations among patients with

early-onset non-hypermutated CRC.

API, Asian or Pacific Islander; NHB, non-Hispanic black; NHW, non-Hispanic white. (A-B)
Boxplots of adjusted mutation rate residuals (tumor mutational burden, TMB) across racial/
ethnic groups for (A) early-onset and (B) late-onset non-hypermutated CRC. The residual of
adjusted mutation rates and ~-values were derived from models adjusted for sex, tumor site

and histology, sequencing assay, and sample type.
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(C-E) Mutation frequencies between genes differentially expressed between early-onset vs
late-onset non-hypermutated CRC cases that reached statistical significance for (C) API, (D)
NHB, and (E) NHW patients.
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Figure 3. Tumor genomic profiles by sex among patients with early-onset non-hypermutated
CRC.

(A) Boxplot of adjusted mutation rate residuals (tumor mutational burden, TMB) by sex
for early-onset and late-onset non-hypermutated CRC. The residual of adjusted mutation
rates and A-values were derived from models adjusted for race and ethnicity, tumor site and
histology, sequencing assay, and sample type.

(B-C) Mutation frequencies between genes differentially expressed between early-onset

vs late-onset non-hypermutated CRC cases that reached statistical significance (P<0.05)
for (B) females and (C) males. </p/>(D) Inverse mutation frequencies for £P300in non-
hypermutated CRCs among young patients by sex.

Cancer Discov. Author manuscript; available in PMC 2023 September 01.



Page 17

Holowatyj et al.

'palsal alam dnoub ¢
195U0-3Je| pue 18SUO0-AJIea Uamiag SUOIRINW J1BWIOS JUS[IS-UOU J0} SUOIIRIo0sSe uedliubis yum sausb AjuQ "sdnoif a1uyia/jeroes ayy ssosoe Aylauab

"uapJng [euoneInw Jowny pue adA) sjdwes ‘Aesse Buiousnbas ‘ayis pue ABojolsiy ‘xas Juaired 1oy paisnipe S|apow Wolj Saus

‘8184 AI9A0DSIP 8S|ey ‘Y4 ‘[eAIBIUl BOUBPIUOD ‘|-

L00 6C'S €00 660 8.0 8€€ - 0Ov0 9TT %00 v0°0 v0'0 G66'0 GEO0  S6'6 60T 62€ 200 900 €00 9.0 60 YT 850
8700 109 2€0 TS0 L¥0O TL8T - 20T €% 100 500 200 G660 ¥I0  8TL 9,0 S€T €00 900 ¥00 260 890 €T 99°0
900 G9'S 860 TS0 ¥00 06¥9 - STT G998 100 200 T00 6660 860 S9°€ 20 660 200 €00 200 850 Nm.o 80'T 0S50
110 A% €000 TS0 €00 Y60 - €20 l¥0  9T0 L00 €T0 6660 660 OLT 850 00T 120 6T°0 0z0 €60 mm.o 0z'T 980
0T'0 19¥ €80 150 €00 850 - 000 TO0 ZT0 ¥0'0 600 6660 890 T9.E 600 88T 200 €00 €00  S80 mmo €5'T 6£°0
5000 85°0T T00000 €¥'0 9000 €80 - V¥E€0 €50 L0 650 690 6660 280 8ST 950 ¥60 6.0 9.0 8,0 6€0 @o ee'T 00'T
¥50 €T lT0 660 G0 TLT - 6v0 STT SO0 L00 900 6660 2.0 €S€ ro  1CT 100 00 ¥00  S€0 qwo 660 €90
120 60°€ 900 660 2§50 9€€ - ¥S0 GET SO0 900 G00 G660 0S0 99 oro 09T 200 €00 200 S€0 o 860 Sv'0
820 €52 v00 TS0 ¥00 8€€ - €0T 98T 20 LT0 vT'0 6660 9.0 08T S0 060  0T0 010 0T0 €20 m..Wo vS'T v0'T
v.0 090 160 660 690 TE€E - 9T0 €L0 €00 200 €00 G660 6T0 ¥8T G00 0€0 €00 100 €00 €20 Nmo 260 LE0
100 6T'6 90000 TS0 Y00 LETT - SOT G¥E 200 500 €00 G660 LTO  90C 200 6T0 €00 100 200 8T0 0 280 z€0
120 9T'e 00 €60 SE0 9% - 850 S9T %00 900 v00 G660 020  S0C €00 SZ0 900 100 v00  8T0 [0 TLT vT'T
Sv'0 09T vT'0 960 €0 €67 - €90 9T 200 800 800 6660 290 /6T 2€0 080 .00 900 L00 200 wooMo 08'T LTT
- - 01-3SK'C - - - - - - €70 010 1T°0 - - - - - 600 000 L00 €000 S0-3.F9 ETOT 12°¢C
8.0 670 G20 090 900 v¥8C - 160 99T 8.0 80 080 G660 620 YT 080 TET  2L0 L0 vL'0 T000 SO-39€T 19T 02T
tm.u e wmwow d ¥ad d ﬁm_mo RE[e] mew__w Hmomm_w au%w%“wﬁ dad d o,,_o Lo mew__w uwww_w buﬁwmﬁm da4d .mn_ L0
056 -9 -Ale3 auljeseg %56 -are1  -Aldeg auljaseg w %56

T AKieuaboaerey  Adusnbauy ~ buuenbes ~ buruesnbas m

uoneinin 189ued Je abe J180ued Je abe

Aqg Apgeqoud
uoneInw
auljeseq

Aq Aujigeqoud

uonenw
auljeseq

(1dV) 19pUE[S| 019ed 10 UEISY

(gHN) >2e|g d1uedsiH-UON

Author Manuscript

Author Manuscript

Author Manuscript

‘T olqeL

Author Manuscript

*J92URD [e193.10
-A11ea yum swuaired Buowre Aj191uya pue adel Ag suoneinw susb J11ewos JUs|IS-uou 193]9s Jo Allsuabolalay pue



	Abstract
	Introduction
	Results
	TMB patterns in hypermutated colorectal tumors
	Distinct genomic patterns of early-onset non-hypermutated CRC
	Racial/ethnic differences in somatic cancer gene mutations among patients with early-onset non-hypermutated CRC
	Sex differences in non-silent somatic gene mutation profiles of early-onset non-hypermutated CRC

	Discussion
	Methods
	Study population
	Clinical-grade targeted sequencing data
	Tumor mutational burden and hypermutation status
	Statistical analysis
	Data availability statement

	References
	Figure 1.
	Figure 2.
	Figure 3.
	Table 1.

