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Abstract: Clinicopathological presentations are critical for establishing a postoperative treatment
regimen in Colorectal Cancer (CRC), although the prognostic value is low in Stage 2 CRC. We
implemented a novel exploratory algorithm based on artificial intelligence (explainable artificial
intelligence, XAI) that integrates mutational and clinical features to identify genomic signatures
by repurposing the FoundationOne Companion Diagnostic (F1CDx) assay. The training data set
(n = 378) consisted of subjects with recurrent and non-recurrent Stage 2 or 3 CRC retrieved from TCGA.
Genomic signatures were built for identifying subgroups in Stage 2 and 3 CRC patients according to
recurrence using genomic parameters and further associations with the clinical presentation. The
summarization of the top-performing genomic signatures resulted in a 32-gene genomic signature
that could predict tumor recurrence in CRC Stage 2 patients with high precision. The genomic
signature was further validated using an independent dataset (n = 149), resulting in high-precision
prognosis (AUC: 0.952; PPV = 0.974; NPV = 0.923). We anticipate that our genomic signatures and
NCCN guidelines will improve recurrence predictions in CRC molecular stratification.

Keywords: colorectal cancer; prognosis; FICDx repurposing; explainable artificial intelligence;
genomic signature

1. Introduction

Colorectal cancer (CRC) is responsible for approximately 900,000 deaths around the
world yearly, making CRC the second leading cause of death related to cancer [1]. Remark-
ably, patients with Stage 2 CRC have a different response to adjuvant chemotherapy [1-4]
and a different disease-free survival [2,4-7] to those with Stage 3 cancer. Therapeutic
indications, such as adjuvant systemic therapy (AST), have traditionally relied heavily
upon the concrete facts of clinicopathological presentations to structure the appropriate
course of treatment for patients [3]. However, the selection of the treatment in CRC can
be subjective, especially for Stage 2 patients, due to the lack of tools able to predict which
patients with early-stage cancers will benefit from the AST treatment [5,6,8].
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New technologies harnessing high-throughput molecular diagnostics have begun
to entertain alternative strategies to augment their patient selection process concerning
chemotherapy treatment regimens [9,10]. The FoundationOne Companion Diagnostic
(F1CDx, Roche) is a comprehensive genomic profiling platform, holding FDA-CMS ap-
proval, that can evaluate solid tumors for the benefit of additional targeted therapy for
patients already receiving AST [7,11-14]. The feasibility of repositioning this diagnostic
platform for calculating the probability of recurrence in CRC Stages 2 and/or 3 patients
has yet to be addressed. The extension of F1CDx towards the predictive capacities of
inferring cancer recurrence may improve treatment selection and prognostic assessments.
However, previous studies repurposing various companion diagnostics, including F1CDx,
have had limited success [11,15-17], suggesting that more robust computational methods
are required for the building of genomic signatures for patient stratification.

Exploratory data mining algorithms such as the one developed by iDAS lab (i.e.,
explainable artificial intelligence, XAI [18]) enable the collection of specific groups of
patients (i.e., subgroups) from different cohorts. The algorithm allows the interpretation of
machine learning analysis by employing a deep exploratory mining process that creates
and prioritizes potential subpopulations based on their explainable contrast patterns.
According to the analytical retentions from each observed subgroup outcome, the relational
elements consistent amongst both the clinical presentations and genetic mutations across
each subgroup can be assessed [18]. Pattern mining enables the discovery of the non-
intuitive relationships potentially able to uncover the missing link connecting cancer
progression, treatment resistance, and recurrence [3,15,19-21]. In this study, we aimed to
evaluate the translational capabilities of repurposing F1CDx and how it might examine
both the phenotypic and genomic aspects of patients to better assess their risk of recurrence,
particularly in CRC Stage 2 patients. To this end, we applied our novel XAI algorithm to
assess F1CDx test results to build a genomic signature for determining the risk of recurrence
in CRC stage 2 patients.

2. Results
2.1. Unsupervised Data Mining Algorithm Enables the Stratification of CRC Patients

Figure 1 presents an overview of the study design and analytical workflow. Our initial
dataset consisted of the F1ICDx marker panel (n = 324 genes, Supplementary Table S1)
corresponding to Stage 2 (n = 212) and 3 (n = 166) CRC patients. Each CRC stage included
patients with recurrent (1 = 61 and n = 51 for Stage 2 and 3, respectively) and non-recurrent
(n =151 and n = 115 for Stage 2 and 3, respectively) cancers. The patient characteristics are
provided in Supplementary Table S2. Mutations in each panel were combined with the
most relevant clinicopathological variables (Figure 1A). Panels were implemented with
the use of our unsupervised data mining algorithm (XAI) [18] to identify novel patient
groups according to stage and recurrence. We discovered a sizable collection of subgroups
of patients with Stage 2 and 3 CRC based on the pattern mining algorithm, which identified
the best-performing genomic signatures in each CRC population subgroup (i.e., CRC Stage
2, CRC Stage 3 and CRC Stages 2 and 3 combined) (Figure 1B).

Supplementary Table S3 contains the top subgroup for each of the three groups used
in this study. The CRC stage 2 primary population subgroup was identified as MG02PS04.
The class 01 genomic signature was defined by 56 gene mutations and class 02 comprised
30 gene mutations that were absent of all mutational elements. The CRC stage 3 primary
population subgroup was identified as MGO3PS19. Class 01 was defined by 11 gene
mutations and class 02 comprised 5 gene mutations absent of all mutational elements.
For CRC stages 2 and 3 combined, the primary population subgroup was identified as
MG23PS519. Class 01 was defined by 61 gene mutations and class 02 comprised 33 gene
mutations that were absent of all mutational elements. The gene composition of each
genomic signature is provided in Supplementary Table S4.
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Figure 1. Dataset overview and experimental design. (A) Training data set consisted of mutational and
clinical data from n = 378 subjects with recurrent and non-recurrent Stage 2 or 3 CRC retrieved from
TCGA for which genomic variables and clinical variables were available. (B) Mutational and clinical
features were analyzed using the XAI algorithm [18]. Subgroups were scored according to the pattern
definition (i.e., J-score), and genomic signatures identifying each subgroup were generated. The
performance of such genomic signatures was assessed via disease-free survival analysis, biological
interpretated via gene enrichment analysis and further validated using an independent dataset.

2.2. Assessment of Predictive Capacity for CRC Staging

Figure 2 depicts the performance of the top genomic signatures for classifying recurrent
and disease-free CRC patients in each subgroup in the training cohort (i.e., TCGA cohort).
For each genomic signature, the Receiver Operating Curve (ROC) curve analysis was con-
ducted using three different methods (i.e., empiric, binomial, and nonparametric) and the
Area Under the Curve (AUC) was calculated. The genomic signature MG02PS04 (Figure 2A)
showed high accuracy in distinguishing between recurrent and disease-free CRC Stage
2 patients (AUC = 0.9551, 0.9694, and 0.9466, for empiric, binomial, and nonparametric
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ROCs, respectively). In turn, genomic signatures MGO03PS19 (Figure 2B; AUC = 0.8899,
0.9169, and 0.8723) and MG23PS19 (Figure 2C; AUC = 0.8488, 0.8725, and 0.8369) displayed
high accuracy in distinguishing between recurrent and disease-free CRC Stage 3 patients
and CRC Stage 2 and 3 patients combined, respectively. Remarkably, the genomic signa-
ture produced from the CRC Stage 2 subgroup outperformed those from the other CRC
subgroups (i.e., Stage 3, and Stage 2 and 3 combined subgroups), and may have potential
clinical applications for supplementing diagnostic protocols for CRC Stage 2 patients.
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Figure 2. ROC-AUC analysis of genomic signatures. Performance assessment of the top genomic
signatures for each CRC group and their ability to infer a recurrence event in samples from the
training cohort (i.e., TCGA cohort). (A) Genomic signature MG02PS04 for CRC Stage 2 patients;
(B) Genomic signature MGO3PS19 for CRC Stage 3 patients. (C) Genomic signature MG23PS19 for
Stage 2 and Stage 3 CRC patients combined. ROC: Receiver Operating Curve. AUC: Area Under the
Curve. x- and y-axes represent the values for Specificity (False Positive Rate: FPR) and Sensitivity
(True Positive Rate: TPR) when distinguishing between recurrent and disease-free patients.
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2.3. Disease-Free Survival-Based-Predictions by CRC Stage

Supplementary Table S5 details the genomic signatures used for the disease-free
survival analysis of each of the three CRC groups, focusing on their putative clinical
indication. The gene composition of each genomic signature is provided in Supplementary
Table S4.

For Stage 2 subjects, the MG02PS03 and MG02PS04 mutation-negative genomic sig-
natures were associated with the occurrence of primary tumor and recurrence events in
non-CMSI1 subtype subjects, respectively, whereas mutation-positive MG02PS05 was asso-
ciated with disease-free survival. For CRC Stage 3, we identified two genomic signatures
with potential clinical indications: the mutation-positive MG03PS18 genomic signature was
associated with 30-60 months of disease-free survival and recurrence events regardless of
the CMS subtype, while the mutation-positive MG0O3PS18 genomic signature was associated
with recurrence events in CMS1 subjects. In addition, the MG03PS19 mutation-negative
genomic signature was associated with recurrence events in non-CMS1 subjects. When we
considered CRC Stage 2 and 3 combined, we identified the MG23PS19 in which recurrence
events are associated with mutation-positive and mutation-negative genomic signatures in
CMSI1 and non-CMSI1 subjects, respectively. In addition, the mutation-positive MG23PS20
genomic signature was associated with disease-free progression (Supplementary Table S6).

Next, we assessed the probability of disease-free survival in each subject associated
with each genomic signature independently and in combination with the CMS subtype
(Figure 3). For CRC Stage 2, subjects with the CMS1 subtype and mutation-positive (i.e.,
class 01, yellow line) or negative (i.e., class 02, red line) MG02PS04 genomic signature
(Figure 3A, left panel) presented a significantly higher probability of disease-free survival
(p = 0.047 and p = 0.0055 for class 01 and class 02, respectively) compared with non-CMS1
subjects bearing those genomic signatures. In turn, the CMS1 subtype subjects with the
mutation-positive (i.e., class 01, blue line) MG02PS05 or mutation-negative (i.e., class 02,
gray line) MG02PS03 genomic signatures (Figure 3A, right panel) had a significantly lower
probability of disease-free survival (p = 0.0021 and p = 0.0049, respectively) than non-CMS1
subjects. For CRC Stage 3, the CMSI1 subjects presented a lower probability of disease-free
survival regardless of the mutational status of the MG23PS19 and MGO03PS18 genomic
signatures (Figure 3B), although the differences were not statistically significant (p = 0.42
and p = 0.36 for class 01 and class 02 MGO03PS519 genomic signatures, and p = 0.45 and
p = 0.18 for class 01 and class 02 MG03PS18 genomic signatures and, respectively). Similarly,
we did not detect significant differences in the probability of disease-free survival when
CRC Stage 2 and Stage 3 subjects were considered together, regardless of the CMS subtype
or mutational status of the studied genomic signatures (p = 0.076 and p = 0.32 for class
01 and class 02 MG23PS19 genomic signatures, and p = 0.47 and p = 0.32 for class 02 of
MG23PS20 and MG23PS19 genomic signatures, respectively) (Figure 3C).
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Figure 3. Disease-free survival analysis of groups by CRC stage. Disease-free survival given the
presence and/or absence of these genomic signatures in conjunction with the clinical indications
of consensus molecular subtypes. (A) CRC Stage 2 genomic signatures produced the only statisti-
cally significant results, with results 3, 4, and 5 retaining prognostic potential. (Left) Kaplan-Meier
survival analysis of MG02PS04.class01 (Log-rank; p = 0.047) and MG02PS04.class02 (Log-rank;
p = 0.0055). (Right) Kaplan—-Meier survival analysis of MG02PS05.class01 (Log-rank p = 0.0021) and
MGO02PS03.class02 (Log-rank p = 0.0049). The purpose of the asterisks (*) was to emphasize the
statistical significance of these results in comparison to the other observed outcomes. (B) Disease-free
survival of CRC Stage 3 and the corresponding genomic signatures did not have statistically signifi-
cant results. (Left) Kaplan—-Meier survival analysis of MG03PS19.class01 (Log-rank; p = 0.42) and
MGO03PS19.class02 (Log-rank; p = 0.36). (Right) Kaplan-Meier survival analysis of MGO3PS18.class02
(Log-rank; p = 0.45) and MGO3PS19.class02 (Log-rank; p = 0.18). (C) CRC Stages 2 and 3 demonstrated
some promising results; however, they lack statistical significance and/or the stratification of the
identified patient populations were exceedingly small. (Left) Kaplan—-Meier survival analysis of
MG23PS19.class01 (Log-rank; p = 0.076) and MG23PS19.class02 (Log-rank; p = 0.32). (Right) Kaplan—
Meier survival analysis of MG23P520.class01 (Log-rank; p = 0.47) and MG23PS19.class02 (Log-rank;
p =0.32).

2.4. Analysis of Prognostic Capability by Sequential Combination of Genomic Signatures

Next, we constructed three distinct scenarios to examine the sequential combination
of these identified genomic signatures to assess their prognostic capability. Figure 4 depicts
the ROC-AUC analysis using disease-free survival-based-predictions according to the
CRC stage for each of these combinations. We defined three scenarios in CRC Stage 2
(Figure 4A) and Stage 3 (Figure 4B) based on the presence of the following distinctive
genomic signatures: (i) mGS02R3-class02 and mGS02R5-class01 (left panel); (i) mGS02R4-
class01, mGS02R4-class02, and mGS02R5-class01 (middle panel); and (iii) mGS02R3-class02,
mGS02R4-class02, and mGS02R5-class01 (right panel). The three scenarios provided high
discriminatory power between CRC Stage 2 subjects who were disease-free over 60 months
and those who showed recurrence (AUC > 0.90, Figure 4A). Noteworthy, scenarios (i) and
(iii) showed an identical accuracy in their predictive capacity, denoting an underlying
similarity amongst the two different combination sequences, most likely attributed to
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the genes that the genomic signatures share (Supplementary Table S4). However, the
discriminatory power was more moderate in CRC Stage 3 subjects (AUC < 0.90, Figure 4B).
When considering CRC Stage 2 and Stage 3 combined, we defined three scenarios different
to those defined for individual stages (Figure 4C): (i) mGS23R19-class01, mGS23R19-class02,
and mGS23R20-class02 (left panel); (ii) mGS23R18-class02 and mGS23R19-class01 (middle
panel); and (iii) mGS23R19-class02 and mGS23R20-class01 (right panel). These scenarios
also provided a more moderate discriminatory power than that observed in CRC Stage 2
individually (AUC < 0.90, Figure 4C).
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Figure 4. ROC-AUC analysis using disease-free survival-based-predictions according to CRC stage.
The sequential combination of genomic signatures resulted in different scenarios for the enhanced
predictive capability in CRC Stage 2 and 3 subjects considered separately or in combination. (A) ROC-
AUC analysis results for the CRC Stage 2 scenarios, for empirical, binormal, and nonparametric ROCs,
respectively: Scenario (i) (left) AUCs = 0.9584, 0.9747, 0.9381; scenario (ii) (middle) AUCs = 0.9267,
0.9323, 0.9150; and scenario (iii) (right) AUCs = 0.9584, 0.9747, 0.9381. (B) ROC-AUC analysis results
for the CRC Stage 3 scenarios: scenario (i) (left) AUCs = 0.8678, 0.8836, 0.8568; scenario (ii) (middle)
AUCs = 0.8654, 0.8860, 0.8568; and scenario (iii) (right) AUCs = 0.8282, 0.8586, 0.8240. (C) ROC-
AUC analysis results of the CRC Stages 2 and 3 scenarios: scenario (i) (left) AUCs = 0.8915, 0.8982,
0.8761; scenario (ii) (middle) AUCs = 0.8772, 0.8900, 0.8592; and scenario (iii) (right) AUCs = 0.8525,
0.8744, 0.8399. The combination of genomic signatures for each scenario is provided in the ROC and
described in the text. Empirical, binormal, and nonparametric ROCs are represented by black, red,
and blue lines, respectively.

2.5. Diagnostic Framework for Recurrence in CRC Stage 2 Using FICDX Genomic Signatures

We developed a hypothetical diagnostic framework for clinical application in which
we combined the three distinct genomic signatures identified as the top performers in CRC
Stage 2 subjects (Figure 5A). The CRC stage and CMS] subtype are determined by standard
procedures, whereas three genomic signatures (i.e., MG02PS03, MG02PS04 and MG02PS05)
can be assessed using the F1CDx assay. The comparison of the marker composition of these
genomic signatures revealed a high overlap between MG02PS03 and MG02PS04, being both
‘Mutation-Negative’ (Figure 2B), with 32 shared markers between them (Supplementary
Table S7 and Figure 5B). Hence, we reasoned that the shared markers in the MG02PS03
and MG02PS04 genomic signatures constitute a potential novel marker panel for tumor
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crosstalk represented in the 32-marker panel, we assessed the variable importance of each
contributing gene. We conducted a competing risks analysis for disease-free survival using
the CRC Stage 2 patients included in the AACR GENIE BPC CRC 2.0-PUBLIC dataset
(Figure 5D). Out of the 32 markers within this genomic signature, 25 were provided with
full clinicopathological information. For each subject, 2500 random forest survival trees
were generated. Subjects with progression-free survival events demonstrated higher error
rates than those exhibiting outcomes consistent with disease progression events. Of note,
the lower error rates in the disease progression events are associated with the high PPV
value registered for the 32-marker panel.
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Figure 5. Building and validating a diagnostic framework for tumor recurrence in CRC Stage
2 patients. The summarization of the top-performing genomic signatures resulted in a 32-gene
genomic signature that could predict tumor recurrence in CRC Stage 2 patients with high precision.
(A) Hypothetical diagnostic framework created by combining standard assessment (i.e., tumor staging
and CMS subtype) with the three top-performing genomic signatures in this study (MG02PS03,
MGO02PS04 and MGO02PS05). (B) Overlap analysis between the top-performing genomic signatures
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showed that 32 markers were shared between the MG02PS03 and MG02PS04 genomic signatures
representing a potential novel marker panel. (C) Validation of the 32-marker panel in an independent
dataset. ROC-AUC analysis showed high power to predict tumor recurrence in CRC Stage 2
subjects, with AUCs = 0.9524, 0.9524, and 0.9411 for empirical (black line), binormal (red line), and
nonparametric (blue line). (D) Random survival forests were implemented as a representation of the
32-marker panel using variable importance for AACR GENIE BPC CRC 2.0-PUBLIC according to the
outcomes for patients with either ‘Disease Progression’ (bottom) or those classified as ‘Progression-
Free’ (top). Left panel: y-axis represents the error rates for each iteration of survival tree generated,
while the x-axis represents the number of trees. Right panel: Variable importance is represented in
the x-axis. Positive (blue bars) and negative (red bars) represent upregulated and downregulated
genes in CRC, respectively.

3. Discussion

We have identified genomic signatures based on F1CDx to stratify the subgroups of
CRC patient populations. Our findings demonstrate the presence of diagnostic indications
on the genomic level that could address the lack of clinical presentations in the less aggres-
sive stages of CRC (i.e., Stage 2) that are more apparent in later stages, such as 3 or 4. Hence,
repositioning the F1CDx companion diagnostic to support clinical treatment decisions is
feasible, in the context of inferring the probabilities of recurrence and concerning indica-
tions for the scheduling of chemotherapeutics. The accuracy of the genomic signatures
ranges across CRC Stage 2, CRC Stage 3, and CRC Stages 2 and 3. Of note, we detected
the highest accuracy for the genomic signatures of CRC Stage 2, where clinicopathological
presentation does not suffice for treatment selection. Thus, genomic signatures provide a
usable tool for this clinical need by inferring recurrence with high precision.

Genomic signatures demonstrate the genomic differences between Stage 2 and Stage 3
in CRC and bear translational value in discerning the implementation of different treatment
approaches. This is analogous to previously published studies whereby recurrence rates
are investigated using circulating tumor DNA (ctDNA) primarily for CRC Stage 3 [13]. Our
work has focused primarily upon extending the diagnostic indications of the F1ICDx to
profile the presence and/or absence of specific mutation patterns in CRC Stage 2 rather
than Stage 3. While other studies focus on more aggressive components of cancer [7,23], our
research addresses the clinical inadequacies and ambiguities associated with the treatment
of less advanced forms of those cancer types. A limitation of this approach is the restriction
of the potential discoverability of the specific mutations associated with F1CDx as our
genomic template. One of the clinical limitations that exists within this study is the
sparsity of adjuvant chemotherapy treatment data, whereby the analysis of direct patient
responsiveness to treatment will require further investigation. Nevertheless, we showed
that the F1CDx diagnostic platform can be repositioned as a prognostic tool by identifying
the previously unreported association between the mutational profile and CRC treatment
responsiveness.

Importantly, we summarized the top-performing genomic signatures in a panel con-
sisting of 32 genes identified via the intersection of genomic signatures for CRC Stage
2, results 3 and 4, and class 02. Panel summarization and combination with clinical pre-
sentation has several advantages regarding increasing the translational potential of the
findings. First, it enables the identification of the most precise set of markers for a particular
clinical application in a determined patient stratum. In our case, this was the prediction
of recurrence in CRC Stage 2 CMS1 subtype patients. Second, it enables a transfer to
another analytical platform—for example, multiplexed qPCR or targeted sequencing—in
which only the relevant genomic variants are assessed, thereby reducing costs and avoiding
potential regulatory and ethical conflicts when analyzing variants with no clinical rele-
vance. Third, it significantly reduces the computational requirements for data analysis and
the reporting of results, improving the turnaround time for the test in a clinical setting.
Validation efforts using an independent dataset resulted in very high precision (over 95%
accuracy) during the identification of CRC Stage 2 patients in which the tumor will recur.
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Further validation in subgroups of CRC Stage 2 patients stratified by MSS/MSI-H, tumor
position and treatment type may be of interest. However, such information was not avail-
able for all the samples in the validation cohort, notably reducing the number of subjects
per stratum and therefore the power of the ROC analysis. Hence, further studies targeting
these populations are warranted. Of note, the recurrence rates for the CRC Stage 2 and
Stage 3 patients included in this study were higher than the reported national average [24].
This observation, however, has no major impact on the results since the genomic signature
represents a personalized prediction approach.

The 32-gene panel included several genes involved in cancer progression and its puta-
tive response to treatment [25,26]. Moreover, our enrichment analysis revealed findings
consistent with these 32 genes that were pertinent to the changes in copy number associated
with colorectal cancer development and progression [23], gene mutations important as
prognostic biomarkers for colorectal cancer screening and diagnosis [26], and the upregula-
tion of anti-apoptotic proteins that encourage epithelial-mesenchymal cellular transition
(EMT, [23,25-27]).

4. Materials and Methods

A detailed description of the datasets and analytical methods is provided in the
Supplementary Material.

Patient population and data set. We obtained the patient data employed in our study
from the cBioPortal for Cancer Genomics using TCGA Research Network data. These
data provided the clinical and molecular attributes detailed in Supplementary Table S8.
Supplementary Table S2 outlines the patients’ baseline characteristics by CRC Stage 2.
Disease-free survival averaged 29.10 months for CRC Stage 2 and 23.56 months for Stage
3. The F1CDx assay included cancer-related alterations across 324 genes in solid tumor
DNA (Supplementary Table S1). The molecular profiles of 321/324 F1CDx target genes
(Supplementary Table S1) for 378 CRC cases were generated using GISTIC 2.0 (Genomic
Identification of Significant Targets in Cancer, version 2.0.22) software [28].

Data Preprocessing and Implementation. The data preprocessing utilized the tidyverse
R-package (version 1.3.2). For proper XAl algorithm function, we applied ‘One-Hot En-
coding’ to limit the variable levels. The mice R-package (version 3.15.0) imputed missing
values for variables with <40% missing data or data tied to survival aspects. The XAI
algorithm generated the ‘J-index’ attribute, quantitatively scoring the subgroup populations
critical to DFS outcomes. The J-Index mathematically defines each subgroup’s composition.
The results with the highest J-value were identified as the primary population subgroup
and each population subgroup yielded two classes. Classes 01 and 02 were denoted as
‘Mutation-Positive” and ‘Mutation-Negative’, respectively. ‘Mutation-Positive’ was defined
as ‘present’ if a mutation exists in all the genes within that class 01 genomic signature.
‘Mutation-Negative’, or the class 02 genomic signature, was defined by the ‘absence’ of any
mutation of all the genes that define it. Following data preprocessing, multiple hypothesis
testing was performed using the Benjamini-Hochberg procedure with a false discovery
rate of Q < 10%. The genomic signatures for each subgroup population were identified by
matching the observed patterns to specific clinical variables and values. The genomic signa-
tures were sorted by ascending p-value and collected. The sqldf R-package (version 0.4.11)
assessed the presence or absence of mutations within a genomic signature, functioning as a
unit in patient subgroups.

Disease-Free Survival Analysis. Kaplan-Meier survival analysis was performed using
the corresponding feature vectors for both the clinical indications and identified genomic
signatures from the top subgroup collections to assess the “disease-free survival” (DFS),
commonly referred to as recurrence, using the R-packages survival (version 3.5.0), survminer
(version 0.4.9), and ggsurvfit (version 0.2.1). Survival probabilities were estimated using
DEFS as the event measured, and a p-value < 0.05 was considered significant.

ROC-AUC Analytical Validation. The identified genomic signatures were assessed for
their performance using Receiver Operating Characteristic (ROC) analysis, conducted with
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the R-package ROCit (version 2.1.1) in the R environment (version 4.2.2). We calculated the
empirical, binormal, and non-parametric test functions for each ROC analysis to determine
which genomic signature(s) was most able to determine recurrence. To ensure a fair
comparison, we reported Area Under the Curve (AUC) values for all three ROC functions,
minimizing bias. We evaluated the likelihood of recurrence among patients using the
top-performing genomic signatures in the training cohort (i.e., TCGA cohort) (Figure 2).
In addition, we validated the 32-gene marker panel in the validation cohort (i.e., AACR
GENIE BPC CRC 2.0-PUBLIC; http:/ /cbioportal.org/genie/ (accessed on 16 February
2024)) (Figure 5C).

Marker panel summarization and validation using independent cohort. CRC Stage 2 subjects
were compared according to the gene composition of their top three performing genomic
signatures (i.e., MG02PS03, MG02PS04, and MGO02PS05) using UpSet plots, implemented
with the R-package VennDetail (version 1.14.0). Additionally, we validated a marker panel
consisting of 32 genes in an independent dataset (AACR GENIE BPC CRC 2.0-PUBLIC)
(Supplementary Table S7). The validation included ROC-AUC analysis, following the same
methodology outlined above.

Enrichment Analysis. R-package randomForestSRC (version 3.2.3) selection was predi-
cated on its survival forest algorithm. The threshold of ntree is 2500 for 29/32 prognostic
genes when used to assess the competing risks and variable importance of the downstream
analysis of the validation dataset (AACR GENIE BPC CRC 2.0-PUBLIC) [22].

5. Conclusions

Using a combination of next-generation sequencing and ultramodern computational
techniques, we have demonstrated the translatability of the FDA-approved F1CDx com-
panion diagnostic tool used to examine patients according to both their phenotype and
genomic signatures to assess the risk of recurrence in CRC Stage 2 patients with over
95% precision. Future studies are warranted to formally assess the performance of these
genomic signatures in larger populations according to regulatory guidelines.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ijms25063220/s1, References [29-44] are cited in the Supplementary
Materials.

Author Contributions: Conceptualization, ].J.H., ].M. and R.C.; methodology, J.J.H., D.L., E.T. and
J.S.; software, J.J.H., D.L., E.T. and ].S.; validation, J.J.H. and R.C.; formal analysis, ].J.H. and R.C.;
investigation, ].J.H., ] M., WW.,, C-R.S. and R.C ; resources, ]. M., C.-R.S. and R.C.; data curation, J.].H.;
writing—original draft preparation, J.J.H.; writing—review and editing, R.C.; visualization, J.].H.;
supervision, ]. M., C.-R.S. and R.C.; project administration, ].M., C.-R.S. and R.C.; funding acquisition,
C.-R.S. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Ethical review and approval were waived for this study due
to the use of publicly available anonymized data.

Informed Consent Statement: Patient consent was waived due to the use of publicly available
anonymized data.

Data Availability Statement: CRC patient data for the training cohort were accessed using the
cBioPortal for Cancer Genomics (http:/ /cbioportal.org/ (accessed on 15 June 2023)) to collect the
appropriate molecular and clinical attributes for our study based upon data generated by the TCGA
Research Network under the Broad Institute GDAC TCGA Analysis Pipeline License. The clinical
attributes used to generate our collection of observed population subgroups are in Supplementary
Table S8. The molecular profiles of 321/324 of the F1CDx target genes (Supplementary Table S1),
extracted as copy—number alterations (CNAs) and represented as putative copy—number calls for
378 cases using GISTIC 2.0 (Genomic Identification of Significant Targets in Cancer, version 2.0.22),
are available from URL: (https://doi.org/10.1186/gb-2011-12-4-r41 (accessed on 15 June 2023)).
AACR GENIE BPC CRC 2.0-PUBLIC (http://cbioportal.org/genie/ (accessed on 15 June 2023)) was
used for validation, whereby 29/32 of the genes identified were available for analysis.


http://cbioportal.org/genie/
https://www.mdpi.com/article/10.3390/ijms25063220/s1
https://www.mdpi.com/article/10.3390/ijms25063220/s1
http://cbioportal.org/
https://doi.org/10.1186/gb-2011-12-4-r41
http://cbioportal.org/genie/

Int. J. Mol. Sci. 2024, 25, 3220 12 of 13

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Sung, H.; Ferlay, ].; Siegel, R.L.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. Global Cancer Statistics 2020: GLOBOCAN
Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer ]. Clin. 2021, 71, 209-249. [CrossRef]
Osterman, E.; Hammarstrom, K.; Imam, I.; Osterlund, E.; Sjoblom, T.; Glimelius, B. Recurrence Risk after Radical Colorectal
Cancer Surgery-Less than before, but How High Is It? Cancers 2020, 12, 3308. [CrossRef] [PubMed]

van den Berg, I.; Coebergh van den Braak, R.R.J.; van Vugt, ] L.A,; [jzermans, ].N.M.; Buettner, S. Actual Survival after Resection of
Primary Colorectal Cancer: Results from a Prospective Multicenter Study. World J. Surg. Oncol. 2021, 19, 96. [CrossRef] [PubMed]
National Comprehensive Cancer Network Rectal Cancer. Available online: https://www.ncen.org/ professionals/physician_gls/
pdf/colon.pdf (accessed on 25 August 2023).

Kim, S.K,; Kim, S.Y.; Kim, C.W.; Roh, S.A.; Ha, YJ.; Lee, ].L.; Heo, H.; Cho, D.H,; Lee, ].S.; Kim, Y.S.; et al. A Prognostic Index Based
on an Eleven Gene Signature to Predict Systemic Recurrences in Colorectal Cancer. Exp. Mol. Med. 2019, 51, 1-12. [CrossRef]
[PubMed]

Saso, K.; Myoshi, N.; Fujino, S.; Takenaka, Y.; Takahashi, Y.; Nishimura, J.; Yasui, M.; Ohue, M.; Tokuoka, M.; Ide, Y,; et al. A
Novel Prognostic Prediction Model for Recurrence in Patients with Stage II Colon Cancer after Curative Resection. Mol. Clin.
Oncol. 2018, 9, 697-701. [CrossRef]

Tie, J.; Cohen, ]J.D.; Wang, Y.; Christie, M.; Simons, K.; Lee, M.; Wong, R.; Kosmider, S.; Ananda, S.; McKendrick, J.; et al.
Circulating Tumor DNA Analyses as Markers of Recurrence Risk and Benefit of Adjuvant Therapy for Stage III Colon Cancer.
JAMA Oncol. 2019, 5, 1710-1717. [CrossRef]

Schell, M.].; Yang, M.; Teer, ].K,; Lo, EY.; Madan, A.; Coppola, D.; Monteiro, A.N.A.; Nebozhyn, M.V,; Yue, B.; Loboda, A.; etal. A
Multigene Mutation Classification of 468 Colorectal Cancers Reveals a Prognostic Role for APC. Nat. Commun. 2016, 7, 11743.
[CrossRef]

Angell, HK,; Bruni, D.; Carl Barrett, J.; Herbst, R.; Galon, J. The Immunoscore: Colon Cancer and Beyond. Clin. Cancer Res. 2020,
26, 332-339. [CrossRef]

Weiser, E.; Parks, P.D.; Swartz, R.K.; Van Thomme, ].; Lavin, P.T.; Limburg, P.; Berger, B.M. Cross-Sectional Adherence with the
Multi-Target Stool DNA Test for Colorectal Cancer Screening: Real-World Data from a Large Cohort of Older Adults. J. Med.
Screen. 2021, 28, 18-24. [CrossRef] [PubMed]

Milbury, C.A.; Creeden, J.; Yip, WK_; Smith, D.L.; Pattani, V.; Maxwell, K.; Sawchyn, B.; Gjoerup, O.; Meng, W.; Skoletsky, J.; et al.
Clinical and Analytical Validation of FoundationOne®CDx, a Comprehensive Genomic Profiling Assay for Solid Tumors. PLoS
ONE 2022, 17, €0264138. [CrossRef] [PubMed]

Dasari, A.; Morris, VK.; Allegra, C.J.; Atreya, C.; Benson, A.B.; Boland, P; Chung, K.; Copur, M.S.; Corcoran, R.B.; Deming, D.A;
et al. CtDNA Applications and Integration in Colorectal Cancer: An NCI Colon and Rectal-Anal Task Forces Whitepaper. Nat.
Rev. Clin. Oncol. 2020, 17, 757-770. [CrossRef]

Centers for Medicare & Medicaid Services. Next Generation Sequencing (NGS) for Medicare Beneficiaries with Advanced
Cancer [CAG-00450R]. Available online: https://www.cms.gov/medicare-coverage-database/view /ncacal-decision-memo.
aspx?proposed=N&NCAId=296 (accessed on 26 September 2023).

Rankin, A.; Klempner, S.J.; Erlich, R.; Sun, J.X.; Grothey, A.; Fakih, M.; George, T.J.; Lee, J.; Ross, ].S.; Stephens, PJ.; et al.
Broad Detection of Alterations Predicted to Confer Lack of Benefit From EGFR Antibodies or Sensitivity to Targeted Therapy in
Advanced Colorectal Cancer. Oncologist 2016, 21, 1306-1314. [CrossRef]

Allen, W.L,; Dunne, P.D.; McDade, S.; Scanlon, E.; Loughrey, M.; Coleman, H.G.; McCann, C.; McLaughlin, K.; Nemeth, Z.; Syed,
N.A,; et al. Transcriptional Subtyping and CD8 Immunohistochemistry Identifies Poor Prognosis Stage II/III Colorectal Cancer
Patients Who Benefit from Adjuvant Chemotherapy. JCO Precis. Oncol. 2018, 2, PO.17.00241. [CrossRef] [PubMed]

Liquet, B.; Cao, K.A.L.; Hocini, H.; Thiébaut, R. A Novel Approach for Biomarker Selection and the Integration of Repeated
Measures Experiments from Two Assays. BMC Bioinform. 2012, 13, 325. [CrossRef] [PubMed]

Wu, H.X,; Wang, Z.X.; Zhao, Q.; Wang, F.; Xu, R.H. Designing Gene Panels for Tumor Mutational Burden Estimation: The Need to
Shift from “correlation” to “Accuracy”. J. Immunother. Cancer 2019, 7, 206. [CrossRef]

Liu, D.; Baskett, W.; Beversdorf, D.; Shyu, C.R. Exploratory Data Mining for Subgroup Cohort Discoveries and Prioritization.
IEEE ]. Biomed. Health Inform. 2020, 24, 1456-1468. [CrossRef]

Schram, A.M.; Reales, D.; Galle, ].; Cambria, R.; Durany, R.; Feldman, D.; Sherman, E.; Rosenberg, J.; D’Andrea, G.; Baxi, S.; et al.
Oncologist Use and Perception of Large Panel Next-Generation Tumor Sequencing. Ann. Oncol. 2017, 28, 2298-2304. [CrossRef]
Hukku, A.; Pividori, M.; Luca, E; Pique-Regi, R.; Im, H.K.; Wen, X. Probabilistic Colocalization of Genetic Variants from Complex
and Molecular Traits: Promise and Limitations. Am. |. Hum. Genet. 2021, 108, 25-35. [CrossRef]

Wei, B.; Zheng, X.M.; Lei, PR.; Huang, Y.; Zheng, Z.H.; Chen, T.F; Huang, ].L.; Fang, ].E,; Liang, C.H.; Wei, H.B. Predictive Models
of Adjuvant Chemotherapy for Patients with Stage Ii Colorectal Cancer: A Retrospective Study. Chin. Med. . 2017, 130, 2069-2075.
[CrossRef]

Sweeney, S.M.; Cerami, E.; Baras, A.; Pugh, T.J.; Schultz, N.; Stricker, T.; Lindsay, J.; Del Vecchio Fitz, C.; Kumari, P.; Micheel, C.;
et al. AACR Project GENIE: Powering Precision Medicine through an International Consortium. Cancer Discov. 2017, 7, 818-831.
[CrossRef]


https://doi.org/10.3322/caac.21660
https://doi.org/10.3390/cancers12113308
https://www.ncbi.nlm.nih.gov/pubmed/33182510
https://doi.org/10.1186/s12957-021-02207-4
https://www.ncbi.nlm.nih.gov/pubmed/33820567
https://www.nccn.org/professionals/physician_gls/pdf/colon.pdf
https://www.nccn.org/professionals/physician_gls/pdf/colon.pdf
https://doi.org/10.1038/s12276-019-0319-y
https://www.ncbi.nlm.nih.gov/pubmed/31827074
https://doi.org/10.3892/MCO.2018.1733
https://doi.org/10.1001/jamaoncol.2019.3616
https://doi.org/10.1038/ncomms11743
https://doi.org/10.1158/1078-0432.CCR-18-1851
https://doi.org/10.1177/0969141320903756
https://www.ncbi.nlm.nih.gov/pubmed/32054393
https://doi.org/10.1371/journal.pone.0264138
https://www.ncbi.nlm.nih.gov/pubmed/35294956
https://doi.org/10.1038/s41571-020-0392-0
https://www.cms.gov/medicare-coverage-database/view/ncacal-decision-memo.aspx?proposed=N&NCAId=296
https://www.cms.gov/medicare-coverage-database/view/ncacal-decision-memo.aspx?proposed=N&NCAId=296
https://doi.org/10.1634/theoncologist.2016-0148
https://doi.org/10.1200/PO.17.00241
https://www.ncbi.nlm.nih.gov/pubmed/30088816
https://doi.org/10.1186/1471-2105-13-325
https://www.ncbi.nlm.nih.gov/pubmed/23216942
https://doi.org/10.1186/s40425-019-0681-2
https://doi.org/10.1109/JBHI.2019.2939149
https://doi.org/10.1093/annonc/mdx294
https://doi.org/10.1016/j.ajhg.2020.11.012
https://doi.org/10.4103/0366-6999.213432
https://doi.org/10.1158/2159-8290.CD-17-0151

Int. J. Mol. Sci. 2024, 25, 3220 13 of 13

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.
40.
41.
42.
43.

44.

Rooney, P.H.; Boonsong, A.; McFadyen, M.C.E.; McLeod, H.L.; Cassidy, J.; Curran, S.; Murray, G.I. The Candidate Oncogene
ZNF217 Is Frequently Amplified in Colon Cancer. J. Pathol. 2004, 204, 282-288. [CrossRef] [PubMed]

Tsikitis, V.L.; Larson, D.W.; Huebner, M.; Lohse, C.M.; Thompson, P.A. Predictors of Recurrence Free Survival for Patients with
Stage II and III Colon Cancer. BMC Cancer 2014, 14, 336. [CrossRef] [PubMed]

Shi, C; Tao, S.; Ren, G.; Yang, E.J.; Shu, X.; Mou, PK.; Liu, Y;; Dang, Y.; Xu, X; Shim, J.S. Aurora Kinase A Inhibition Induces
Synthetic Lethality in SMAD4-Deficient Colorectal Cancer Cells via Spindle Assembly Checkpoint Activation. Oncogene 2022, 41,
2734-2748. [CrossRef] [PubMed]

Shan, B.; Zhao, R.; Zhou, J.; Zhang, M.; Qi, X.; Wang, T.; Gong, J.; Wu, Y.; Zhu, Y.; Yang, W.; et al. AURKA Increase the
Chemosensitivity of Colon Cancer Cells to Oxaliplatin by Inhibiting the TP53-Mediated DNA Damage Response Genes. Biomed.
Res. Int. 2020, 2020, 8916729. [CrossRef] [PubMed]

Afolabi, H.A.; Salleh, S.M.; Zakaria, Z.; Ch'ng, E.S.; Mohd Nafi, S.N.; Abdul Aziz, A.A.B.; Irekeola, A.A.; Wada, Y.; Al-Mhanna, S.B.
A GNAS Gene Mutation’s Independent Expression in the Growth of Colorectal Cancer: A Systematic Review and Meta-Analysis.
Cancers 2022, 14, 5480. [CrossRef] [PubMed]

Mermel, C.H.; Schumacher, S.E.; Hill, B.; Meyerson, M.L.; Beroukhim, R.; Getz, G. GISTIC2.0 Facilitates Sensitive and Confident
Localization of the Targets of Focal Somatic Copy-Number Alteration in Human Cancers. Genome Biol. 2011, 12, R41. [CrossRef]
[PubMed]

Cerami, E.; Gao, J.; Dogrusoz, U.; Gross, B.E.; Sumer, S.0.; Aksoy, B.A.; Jacobsen, A.; Byrne, C.J.; Heuer, M.L.; Larsson, E.; et al.
The cBio cancer genomics portal: An open platform for exploring multidimensional cancer genomics data. Cancer Discov. 2012, 2,
401-404. [CrossRef]

Gao, J.; Aksoy, B.A.; Dogrusoz, U.; Dresdner, G.; Gross, B.E.; Sumer, S.O.; Sun, Y.; Jacobsen, A.; Sinha, R.; Larsson, E.; et al.
Integrative Analysis of Complex Cancer Genomics and Clinical Profiles Using the cBioPortal. Sci. Signal. 2013, 6, pl1. [CrossRef]
The Cancer Genome Atlas (TCGA) Research Network. Comprehensive molecular characterization of human colon and rectal
cancer. Nature 2012, 487, 330-337. [CrossRef]

Wickham, H.; Averick, M.; Bryan, J.; Chang, W.; McGowan, L.D.A.; Francois, R.; Grolemund, G.; Hayes, A.; Henry, L.; Hester, J.;
et al. Welcome to the Tidyverse. ]. Open Source Softw. 2019, 4, 1686. [CrossRef]

Van Buuren, S.; Groothuis-Oudshoorn, K. mice: Multivariate Imputation by Chained Equations in R. ]. Stat. Softw. 2011, 45, 1-67.
[CrossRef]

Borgan, &. Modeling Survival Data: Extending the Cox Model. Terry M. Therneau and Patricia M. Grambsch, Springer-Verlag,
New York, 2000. No. of pages: xiii + 350. Price: $69.95. ISBN 0-387-98784-3. Stat. Med. 2001, 20, 2053-2054. [CrossRef]
Grothendieck, G. sqldf: Manipulate R Data Frames Using SQL. Comprehensive R Archive Network (CRAN). Available online:
https:/ /cran.r-project.org/web/packages/sqldf/index.html (accessed on 4 March 2024).

Therneau, T.M.; Lumley, T.; Atkinson, E.; Crowson, C. A Package for Survival Analysis in R. R Package Version 3.5-3. Compre-
hensive R Archive Network (CRAN). Available online: https:/ /cran.r-project.org/web/packages/survival /index.html (accessed
on 4 March 2024).

Kassambara, A.; Kosinski, M.; Biecek, P; Fabian, S. survminer: Drawing Survival Curves Using ‘ggplot2’. R Package Version 0.4.9.
Comprehensive R Archive Network (CRAN). Available online: https://cran.r-project.org/web/packages/survminer/index.html
(accessed on 4 March 2024).

Sjoberg, D.D.; Baillie, M.; Fruechtenicht, C.; Haesendonckx, S.; Treis, T. ggsurvfit: Flexible Time-to-Event Figures. R package ver-
sion 0.2.1. Comprehensive R Archive Network (CRAN). Available online: https://cran.r-project.org/web /packages/ggsurvfit/
index.html (accessed on 4 March 2024).

CRAN-Package ROCit. Comprehensive R Archive Network (CRAN). 2023. Available online: https://cran.r-project.org/web/
packages/ROCit/index.html (accessed on 4 March 2024).

Pardo, M.; Franco-Pereira, A. Non Parametric ROC Summary Statistics. REVSTAT-Stat. . 2022, 15, 583-600. [CrossRef]

Guo, K.; McGregor, B. A package for visualization and extract details. VennDetail 2023. [CrossRef]

Ishwaran, H.; Gerds, T.A.; Kogalur, U.B.; Moore, R.D.; Gange, S.J.; Lau, B.M. Random survival forests for competing risks.
Biostatistics 2014, 15, 757-773. [CrossRef] [PubMed]

Ishwaran, H.; Kogalur, U. Fast Unified Random Forests for Survival, Regression, and Classification (RF-SRC). R Package Version
3.2.3. 2023. Available online: https://cran.r-project.org/package=randomForestSRC (accessed on 1 March 2024).

Ishwaran, H.; Kogalur, U.B.; Blackstone, E.H.; Lauer, M.S. Random survival forests. Ann. Appl. Stat. 2008, 2, 841-860. [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/10.1002/path.1632
https://www.ncbi.nlm.nih.gov/pubmed/15476264
https://doi.org/10.1186/1471-2407-14-336
https://www.ncbi.nlm.nih.gov/pubmed/24886281
https://doi.org/10.1038/s41388-022-02293-y
https://www.ncbi.nlm.nih.gov/pubmed/35393542
https://doi.org/10.1155/2020/8916729
https://www.ncbi.nlm.nih.gov/pubmed/32851091
https://doi.org/10.3390/cancers14225480
https://www.ncbi.nlm.nih.gov/pubmed/36428574
https://doi.org/10.1186/gb-2011-12-4-r41
https://www.ncbi.nlm.nih.gov/pubmed/21527027
https://doi.org/10.1158/2159-8290.CD-12-0095
https://doi.org/10.1126/scisignal.2004088
https://doi.org/10.1038/nature11252
https://doi.org/10.21105/joss.01686
https://doi.org/10.18637/jss.v045.i03
https://doi.org/10.1002/sim.956
https://cran.r-project.org/web/packages/sqldf/index.html
https://cran.r-project.org/web/packages/survival/index.html
https://cran.r-project.org/web/packages/survminer/index.html
https://cran.r-project.org/web/packages/ggsurvfit/index.html
https://cran.r-project.org/web/packages/ggsurvfit/index.html
https://cran.r-project.org/web/packages/ROCit/index.html
https://cran.r-project.org/web/packages/ROCit/index.html
https://doi.org/10.57805/revstat.v15i4.228
https://doi.org/10.18129/B9.bioc.VennDetail
https://doi.org/10.1093/biostatistics/kxu010
https://www.ncbi.nlm.nih.gov/pubmed/24728979
https://cran.r-project.org/package=randomForestSRC
https://doi.org/10.1214/08-AOAS169

	Introduction 
	Results 
	Unsupervised Data Mining Algorithm Enables the Stratification of CRC Patients 
	Assessment of Predictive Capacity for CRC Staging 
	Disease-Free Survival-Based-Predictions by CRC Stage 
	Analysis of Prognostic Capability by Sequential Combination of Genomic Signatures 
	Diagnostic Framework for Recurrence in CRC Stage 2 Using F1CDX Genomic Signatures 

	Discussion 
	Materials and Methods 
	Conclusions 
	References

