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Therapeutic Landscapes in Colorectal Carcinoma
Antonio Mario Scanu and Maria Rosaria De Miglio *

Department of Medicine, Surgery and Pharmacy, University of Sassari, 07100 Sassari, Italy; scanu@uniss.it
* Correspondence: demiglio@uniss.it; Tel.: +39-079-228016

Colorectal cancer (CRC) is a disease of major public health and socioeconomic con-
cern. According to GLOBOCAN 2020, in terms of incidence and mortality rates, CRC
classifies third and second, respectively; in 2020, over 1.9 million novel CRC cases and
935.000 deaths were reported to occur, accounting to 1 in 10 cancer cases and deaths [1].
Recently, a decreased CRC incidence in high-incidence countries has been reported, which
might be ascribed to population-level changes regarding healthier lifestyle choices, as well
as to increased colonoscopy screening and an improvement in therapies [1]. However,
more recurrent favorable prognosis affecting adults aged ≥50 years hides the increasing
rates of early-onset CRC and age at diagnosis <50 years in various countries. In 2018,
in fact, to alleviate the increasing burden of early-onset CRC, the recommended age for
screening initiation for individuals at average risk has been lowered from 50 to 45 years by
the American Cancer Society [2]. In October 2020, the US Preventive Services Task Force
issued a recommendation statement (https://uspreventiveservicestaskforce.org/uspstf/
recommendation/colorectal-cancer-screening, accessed on 18 May 2021).

Almost 20% of CRC patients show metastases at diagnosis, and metastatic CRC
(mCRC) is most often a non-curable disease [3]. The five-year survival rate is 90% at
stage I, severely decreasing to around 10% at stage IV [4]. Due to the high frequency of
metastases and drug resistance, it is still one of the hard-to-treat cancers, despite all the
advances in CRC biology knowledge and therapeutic improvements. Given that CRC
is a heterogeneous and multifactorial disease with extremely different prognoses and
responses to treatment, it is crucial to understand specific pathway abnormalities in order
to improve diagnosis, prognosis, and therapeutic approaches. The ability to identify specific
biomarkers and detect unequivocal molecular targets associated with early cancer signs will
provide valuable support to achieve new targeted therapies and decrease CRC mortality
rates. Even though different crucial genes and pathways have already been associated with
CRC biology, the prognostic and predictive roles of many of these genomic alterations are
unknown and have no influence on treatment decisions in metastatic patients. Recently,
the identification of KRAS and NRAS gene mutations has been adopted as an extensively
recognized molecular test in mCRC clinical treatment [5]. In order to identify patients
with a more aggressive clinical outcome, BRAF V600E mutation has been approved as a
prognostic biomarker [5]. Moreover, a relationship between MSI-high CRC and an effective
response to the immune checkpoint blockade through anti-PD1 therapy has been proven in
mCRC patients [6].

Accordingly, interpreting more effectively available data and further investigating
molecular mechanisms triggering CRC pathogenesis are vital steps in order to achieve a
higher level of prevention, outcome, and therapy in patients affected by CRC.

This Special Issue, entitled “Therapeutic Landscapes in Colorectal Carcinoma”, pro-
vides us with 11 really opportune articles, 9 original articles and 2 reviews, which may
provide us with a deeper insight into the latest advances involving knowledge on CRC
from scientific, translational, and clinical points of view. Through this Special Issue, our
main purpose was to shed light on some state-of-the-art research on CRC. Here, the reader
will find papers on prognostic factors, as well as on responses to neoadjuvant and adjuvant
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CRC treatments. Finally, we discuss the research trends and hotspots for CRC therapies that
emerged during the COVID-19 pandemic, such as the potential achievement of a transition
from CRC clinical research to precision medicine, together with a special emphasis given to
new single-cell-based techniques.

The most important cause of death in CRC is disease progression due to metastasis
and drug resistance. Therefore, the identification of unambiguous molecular biomarkers
to predict disease aggressiveness and drug response is needed. Interestingly, it has been
observed that a higher expression of RIPK2, which acts as a critical mediator necessary
in different immune and inflammatory pathways, was associated with a high expression
of VEGFA and increased mortality in CRC patients, suggesting its promising role as a
prognostic tool [7].

Neoadjuvant chemotherapy (NAC) for locally advanced CRC has become progres-
sively more commonly administered in clinical settings; however, its applicability is cur-
rently under debate. Zeng et al. demonstrated that a combination of NAC and adjuvant
chemotherapy was not only safe, but also caused a noteworthy reduction in the primary
tumor size and stage; in addition, in a lower percentage of patients, a complete pathological
response (pT0) was observed. Eventually, long-term outcomes were similar to results in
patients who after diagnosis directly underwent surgery.

CRC can be distinguished as mismatch repair-deficient (dMMR), with high levels of
microsatellite instability (MSI-H), mismatch repair proficiency (pMMR), and microsatellite
stability (MSS). Approximately 15–30% of CRC patients are affected by MSI-H [8], which
has emerged as an important predictor of sensitivity to immune checkpoint inhibitors
(ICIs). Considering that the European Medicines Agency (EMA) has recently approved
pembrolizumab as the first ICI in the treatment of dMMR–MSI-H mCRC, Lungulescu
et al. assessed the regional variability of MSI-H CRC in Romania, observing a higher
regional MSI-H prevalence (21%) compared to the literature; they suggested that analyzing
both geographical variations and clinical features in CRC patients is essential as advanced
therapies, diagnostic tools, and innovative methods of treatments delivery are regularly
being developed [9].

For instance, the study of patients’ clinical course after the diagnosis of de novo
CRC after liver transplantation, with an emphasis on the influence of immunosuppressive
management, showed a significantly enhanced survival rate when the immunosuppressive
therapy was reduced in an individualized manner, leading to an optimal oncological
therapy and higher survival rates [10].

Chen et al. conducted a nationwide, large-scale, retrospective cohort study to compare
the effectiveness of adjuvant chemotherapy based on uracil and tegafur (UFT) in patients
with stage II CRC; the study showed that, in the 15-year follow-up cohorts, UFT did not
induce differences compared to the observation group in terms of disease-free survival
(DFS) and overall survival (OS) rates. However, DFS notably increased in patients with
stage IIA CRC treated with UFT as postoperative adjuvant chemotherapy compared with
DFS in the observation group [11].

Seeing the scarce responses to standard systemic treatment in BRAF-mutated mCRC
patients, through a single-center case series that included patients with BRAF-mutated
mCRC in Asia, Yeh et al. analyzed the real effects of triplet therapy (dabrafenib, trametinib,
and panitumumab) after previous systemic treatment failure. An adequate safety profile
and acceptable treatment efficacy resulted from the study. Moreover, an interestingly
higher OS was discovered in patients with left-sided mCRC than in patients with right-
sided tumor [12].

Considering that the response to BRAF inhibitors of BRAF-mutated mCRC is rather
brief, and progression is the rule, through an in silico study, Voutsadakis et al. suggested
that targeted therapies for CRC showing BRAF mutations with or without PIK3CA muta-
tions can be improved on the basis of the global molecular environment of these disease.
The results showed that CRCs with BRAF mutations, and with or without PIK3CA mu-
tations, vary in their MSI status and mimic CRC tissues with APC and TP53 mutations.
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CTNNB1, WRN, and CAD affected OS. Additionally, BRAF inhibitor sensitivity in CRC
cell lines is shown by SACS mutations and PRKN loss [13].

Patients with mCRC show a poor prognosis despite the therapeutic options currently
available. Regorafenib is an oral tyrosine kinase inhibitor that can be administered to treat
refractory mCRC; however, no effective predictive markers for regorafenib treatment have
been identified yet. De Summa et al. assessed somatic mutations of genes involved in
immunological and inflammatory responses using an NGS platform to identify potential
biomarkers in mCRC patients long and short responded to regorafenib. These results
underline the presence of mutations in TGFBR1, TGFBR2, and TGFBR3 genes, suggesting
the role of the TGF-β pattern in a prolonged response to the drug [14].

Voutsadakis et al. analyzed the therapeutic implications of 20q11.21 amplification in
12 CRC cell lines. Amplified 20q11.21 cell lines are sensible to different tyrosine kinase
inhibitors and no-responders to drugs targeting the mitotic apparatus and microtubules.
CRISPR and RNAi dependency analysis identified YAP1 and JUP as recurrent gene de-
pendencies in cell lines. Therefore, amplified 20q11.21 gene cell line models of CRC with
resistance or sensitivity to various drug categories could be adopted within in vitro models
to favor clinical drug development in this tumor [15].

CRC shows heterogeneous genomic, epigenomic, and transcriptomic aberrations.
Intra-tumoral heterogeneity (ITH) can be observed within a tumor in which cancer cell sub-
populations with diverse genomic characters exist in a patient. As reported by Angius et al.,
ITH analysis is a promising new frontier that lays the basis toward effective CRC diagnosis
and treatment. Genome and transcriptome sequencing, together with editing technolo-
gies, are transforming biomedical research, and represent the most encouraging tools for
defeating unmet clinical and research challenges. Bulk and single-cell next-generation
sequencing are recognizing genomic and transcriptional heterogeneity in primary and
metastatic tumors [16].

Finally, Kopel et al. discussed research trends and hotspots for CRC management in
the period of COVID-19 pandemic emergency. The authors suggested that the COVID-
19 pandemic caused the world to pause and adopt lockdown measures that block CRC
screening programs, which resulted in a dramatic increase in late-stage CRC cases and a
general loss of life years due to the lack of appropriate treatments for CRC patients [17].

This Special Issue, titled “Therapeutic Landscapes in Colorectal Carcinoma”, illustrates
a stimulating collection of articles written by international specialists that can promote
discussions and ideas among colleagues working on CRC. We hope that it can encourage
translational and interdisciplinary collaborations, leading to a definitive understanding of
strategies to overcome and inhibit CRC progression and metastasis.

Author Contributions: Conceptualization, A.M.S. and M.R.D.M.; writing—original draft preparation,
M.R.D.M.; writing—review and editing, A.M.S. and M.R.D.M. All authors have read and agreed to
the published version of the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: In the study of cancer, omics technologies are supporting the transition from traditional
clinical approaches to precision medicine. Intra-tumoral heterogeneity (ITH) is detectable within a
single tumor in which cancer cell subpopulations with different genome features coexist in a patient
in different tumor areas or may evolve/differ over time. Colorectal carcinoma (CRC) is characterized
by heterogeneous features involving genomic, epigenomic, and transcriptomic alterations. The study
of ITH is a promising new frontier to lay the foundation towards successful CRC diagnosis and
treatment. Genome and transcriptome sequencing together with editing technologies are revolution-
izing biomedical research, representing the most promising tools for overcoming unmet clinical and
research challenges. Rapid advances in both bulk and single-cell next-generation sequencing (NGS)
are identifying primary and metastatic intratumoral genomic and transcriptional heterogeneity. They
provide critical insight in the origin and spatiotemporal evolution of genomic clones responsible
for early and late therapeutic resistance and relapse. Single-cell technologies can be used to define
subpopulations within a known cell type by searching for differential gene expression within the
cell population of interest and/or effectively isolating signal from rare cell populations that would
not be detectable by other methods. Each single-cell sequencing analysis is driven by clustering of
cells based on their differentially expressed genes. Genes that drive clustering can be used as unique
markers for a specific cell population. In this review we analyzed, starting from published data,
the possible achievement of a transition from clinical CRC research to precision medicine with an
emphasis on new single-cell based techniques; at the same time, we focused on all approaches and
issues related to this promising technology. This transition might enable noninvasive screening for
early diagnosis, individualized prediction of therapeutic response, and discovery of additional novel
drug targets.

Keywords: colorectal carcinoma; intratumor heterogeneity; single-cell next-generation sequencing;
precision medicine

1. Introduction

Genome and transcriptome sequencing and editing technologies, supplemented with
machine learning, are setting the stage for the transition from traditional to precision
medicine [1–8]. In cancer studies, we are observing a promising transition from research
on spatiotemporal tumor heterogeneity [9–11] to early-stage clinical trials [12–17].

As inter-tumor heterogeneity is characterized by variability in patients with the same
histologic type [18,19], this might influence clinical care in cancer by providing targeted
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therapies based on tumor genetic features. We can now monitor clonal dynamics during
treatment or identify clinical resistance during disease progression.

Intra-tumoral heterogeneity (ITH) is detectable: subpopulations of cancer cells differ
in genome features and tumor areas and/or may evolve/differentiate over time [20–22].
Thus, ITH represents a key determinant of treatment failure, drug resistance, and disease
recurrence [19].

Colorectal carcinoma (CRC) is a leading mortality cause worldwide [10,11] and is char-
acterized by heterogeneous genomic, epigenomic and transcriptomic alterations [23–29].
The heterogeneous nature of CRC may also be related to colorectal cancer stem cells
(CCSCs): a small population with stem-like behavior responsible for tumor progression,
recurrence, and resistance to therapy [16].

CRC treatment has been standardized based on clinicopathological and genetic fea-
tures (KRAS/NRAS/BRAF mutation and Microsatellite instability (MSI) status), as well
as based on tumor staging. Characterization of multiple samples from the same patient
proved to be a significant ITH indicator between different areas of the same tumor (spatial
heterogeneity) as well as comparing the primary tumor and a subsequent local or distant
recurrence (temporal heterogeneity) [18].

The ability of next-generation sequencing (NGS) both at whole genome and single-
cell levels to identify disease-associated variants and tumor features triggered a renewed
interest on the effectiveness of biomedical and oncology research [1,2,18,30]. Whole ge-
nomic and transcriptomic profiling only shows us the average cellular characteristics, thus
hiding critical aspects of tumor heterogeneity. Deep bulk sequencing can only capture 1%
of the cell population, excluding some types such as circulating tumor cells. Therefore,
single-cell techniques allow us to accurately explore cellular properties [31]. Despite recent
advances, single-cell next generation sequencing (scNGS) suffers from limited availabil-
ity of public data/databases and the lack of standardization of laboratory protocols and
computer analysis.

Although over the years conventional research has improved, as well as outcomes
in CRC patients through diagnosis standardization, staging, and multimodal treatment,
important critical and clinical issues remain unresolved [6–9,32].

Recent considerations of dynamic clonal evolution [33], spatiotemporal detection of
genomic clones, circulating tumor DNA (ctDNA), identification of ITH [34] and circulating
cell heterogeneity [35] allow delineation and improvement of therapeutic failure and
relapse [36]. Single-cell transcriptomics, CRISPR-Cas9, and their combination returned
exciting data on cell-to-cell drug-dependent variability [9,37,38]. Pioneering combinations
of scNGS, CRISPR-Cas, and Hi-C technologies raise high hopes for understanding the
linear and nonlinear interactions that control gene expression at single-cell resolution [39].

Based on a review of published data, we aimed at discussing the possible achievement
of a transition from CRC clinical research to precision medicine with a special emphasis on
new single-cell-based techniques, focusing on all approaches and issues related to these
technologies. This transition may provide feasible non-invasive screening procedures
for early diagnosis, individualized prediction of therapeutic response and discovery of
additional novel drug targets.

2. Innovative Methodologies Applied to Precision Medicine

Proper analysis and extensive use of the large amount of data generated from single
scNGS experiments are very challenging and require experienced personnel. A full un-
derstanding of the experimental and computational pathways starting from the wet lab to
the sophisticated computer analysis of data is needed. Attention must be given to quality
control measures for determining which individual cells to include for further examination,
data normalization methods, clustering, and visualization for dimensional reduction of
data into a two-dimensional graph.
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As far as the experimental design is involved, no less significant are the costs that vary
from EUR 1–2 to a few cents per cell. The price is highly dependent on the number of cells
sequenced, the desired sequencing depth, and the sequencing platform used.

Regardless of cell separation method and labeling of mRNA molecules, all approaches
rely on similar computational pipelines for transcriptional profiling. Some concepts are
applicable to the majority of single-cell sequencing platforms that use DNA barcodes as
an approach to link mRNA transcripts to a single-cell source. Single-cell technologies can
be used to define subpopulations within a known cell type by seeking differential gene
expression within the cell population of interest; at the same time, they can effectively
isolate signal from rare cell populations that would not be detectable by other methods.
Each individual cell analysis is driven by clustering of cells based on their differentially
expressed genes. The genes driving the clustering can be utilized as unique markers for a
specific cell population.

2.1. Generation of Single-Cell Expression Datasets

There are several high-throughput single-cell sequencing platforms on the market
at the moment: the most widely used and cost-effective are Fluidigm C1, DropSeq and
Chromium 10X [40,41]. These technologies can define the transcriptional profile from
hundreds to thousands of individual cells simultaneously. They all are based on labeling
mRNA molecules with DNA barcodes during reverse transcription and/or subsequent
steps, which allow for indexing of transcripts to their individual cells of origin [42–44].

The various cell capture methods have to consider several parameters that differ from
one method to the other and affect the final sequencing results. The main parameters are
the number of starting cells (which varies from about 1000 to 500,000), the method of cell
separation (cell capture, droplet-based, etc.) and the efficiency of cell capture [45].

The C1 system isolates single cells into individual reaction chambers in the Fluidigm
integrated fluidic circuit (IFC). The optically clear IFC enables the operator to automatically
stain captured cells and examine them by microscopy for viability, surface markers or
reporter genes. Cell lysing, reverse transcription, and cDNA amplification are performed
on the C1 Single-Cell Auto Prep IFC using a SMARTer Ultra Low RNA Kit for cDNA
synthesis [46–49] followed by a standard Illumina NGS library protocol.

Droplet-based single-cell gene expression approaches, including DropSeq and the
10X platform, use microfluidic chips to isolate single cells along with individual micro-
spheres embedded in oil droplets using a microfluidic so that each droplet contains a single
cell [50,51]. The microspheres are coated with DNA oligos that are composed of a poly(T)
tail at the 3′ end for capturing cellular mRNA, and at the 5′ end possess a cellular barcode
that is identical for each oligo coating a single bead and an individual unique molecular
identifier (UMI) barcode for high diversity [52–54]. The transcripts from each individual
cell captured and labeled by the DNA oligos attached to a bead are reverse transcribed and
amplified with PCR; subsequently, they are sequenced using a high-throughput platform
after breaking and pooling droplet contents.

2.2. Bioinformatics Approaches to Single-Cell Analysis

scRNA-seq data analysis poses several unique computational challenges that need
the adaptation of existing workflows, as well as the development and application of new
analytical strategies (Figure 1). Many analytical procedures rely on specialized algorithms
developed and made available to the international community by reference bioinformatics
laboratories [55]. Sequencing data from various methods are mostly produced using
standard NGS methodology and Illumina instrumentation. They are aligned to a reference
genome to annotate each transcript to its gene. Cell barcodes allow computational linkage
of each gene transcript to its cell of origin. The number of individual gene transcripts
expressed in each cell is counted using UMIs, allowing the assembly of digital gene
expression arrays (DGEs), which are tables of cell barcodes and gene counts.

7
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Figure 1. Brief outline of the state of the art of colorectal cancer management, issues to be addressed and potential solutions
proposed by recent technologies for exploring genome and transcriptome alterations by mass and single-cell sequencing.

Single-cell experiments can be considered as thousands of separate experiments, so
it is essential to apply the right quality control (QC) metrics to decide which individual
data sets are valid [56]. For example, in a droplet-based experiment the QC can effectively
determine, by applying a number of different parameters, which droplets are failed and
exclude these data from further analysis [57,58]. An important QC metric to evaluate is
the number of transcripts per cell, or the percentage of transcripts per cell that align with
the reference genome and establish a cutoff to identify outliers. These cutoffs must be
defined by the user for each experiment, for instance: cells with a few dozen transcripts
and/or with several thousand; otherwise, they can be automatically defined by a software
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as cells with a summary of transcripts greater than two SD from the mean value. Excessive
numbers of uniquely barcoded transcripts may result from duplicates (i.e., two or more
cells suspended in a drop), whereas a small number of transcripts is an indicator of poor
capture quality. Additional QC metrics related to the diversity of the tissue to be analyzed
must then be applied [59,60]. For example, in an experiment to study circulating tumor
cells, the number of tumor cells will be very low compared with normal blood cells and
transcript counts will need to be adjusted; in fact, normal and generally quiescent blood
cells have relatively low amounts of RNA compared with active tumor cells.

A common QC metric is the number of mitochondrial gene transcripts: excessive
numbers of mitochondrial transcripts indicate cellular stress. In normal tissues, cells with
excessive mitochondrial gene expression are not included in the analysis [61]. However,
this parameter is highly dependent on the tissue and the purpose of the investigation [62].
Mitochondrial mRNA percentages should be assessed in a tissue-dependent approach.

An important point in analyzing single-cell data is normalization to eliminate batch
effects if multiple sequencing runs are to be compared. These batch effects can be caused
by a non-avoidable number of technical variations given by different experimental sessions
(e.g., RNA isolation method, sequencing depth, etc.). In addition, for bulk RNA sequencing,
data normalization involves comparing multiple batches of biological material; however,
in sequencing individual cells that are not all the same type, normalization parameters are
required to maintain cell-to-cell variability. A common way to normalize sequencing data is
based on comparison with housekeeping genes [62,63]. Based on the characteristics of the
biological sample, a selected housekeeping gene is chosen for normalization. Assuming that
this gene is expressed at the same level in all cells, data are scaled to make the expression
level of the housekeeping gene equal in all cells.

The next analytic step is to use a clustering algorithm to determine which cells are
closely related. The most widely used is the principal component analysis (PCA) [60], which
uses a relatively simple linear dimensionality reduction algorithm; the latter can predict
the relatedness of cells in this case based solely on differential gene expression. Due to the
highly dimensional nature of scRNA-seq data, several reduction methods are required,
including nonlinear methods such as the t-Distributed stochastic neighbor embedding
(t-SNE) and the uniform manifold approximation and projection (UMAP) techniques. The
t-SNE is a common data visualization approach [64–66] that uses a machine learning
algorithm to reduce size and is suitable for embedding high-density data into a two- or
three-dimensional setting for visualization. For example, if cell diversity was found to
be well represented with some PCs, t-SNE will plot the cells on a two-dimensional graph
in a way that preserves the relationship between cells; as a consequence, cells that are
close on a multi-dimensional graph remain close together on a two-dimensional graph.
UMAP is a dimension reduction technique that can be used not only for visualization but
also for general nonlinear dimension reduction [67]. Sensitivity studies on these methods
determined that t-SNE gave the best overall performance with the highest accuracy. On
the other hand, UMAP showed the highest stability and moderate accuracy while well
retaining original cohesion and separation of cell populations [68].

3. Recent Results on Precision Medicine Applied to Colorectal Carcinoma

Intratumoral heterogeneity is a crucial factor in tumor biology, response to therapies
and patient survival [69,70]. Due to the need to characterize the phenotypes and interac-
tions of the tumoral cell subtypes, to date molecular profiling studies have adopted a bulk
approach by not identifying the signatures of distinct cell populations.

As single-cell sequencing technologies ensure a complete, unbiased analysis of cellu-
lar diversity within tumor masses, they can be used to explore the measurement somatic
mutation rates, the clonal evolution of cell tumor lineages, and gain insights into chemother-
apeutic drug response [71,72]. Whole genomic and transcriptomic profiling of a tumor
sample shows us only average measures of cellular characteristics, thus concealing critical
aspects of tumor heterogeneity.
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Currently, several studies on single cells genomics and transcriptomics analysis [6,73,74]
have increased existing molecular classifications of CRC by detecting new distinct subclones
within a single phenotype, previously identified through standard transcriptomics [31,75].

Dai et al. generated a molecular census of tumor tissue cell types of a single CRC
patient alongside with a clustering analysis to define gene expression at single-cell level. A
total of 2824 cells were identified and classified into five distinct cell clusters. Each cluster
was characterized by different cell markers: cluster 2 prevalently contained genes related
to the major histocompatibility complex, while the remaining 4 possessed cell markers
related to themselves. Gene Ontology term analysis demonstrates that cluster 1 genes
were responsible for biological processes including ATP synthesis, cellular respiration,
and energy derivation. Cluster 3 and 4 genes mainly supported cells by providing energy,
generating extracellular matrix. Cluster 2 and 5 genes highlighted immunity functions
including immune response, regulation of lymphocyte, leukocyte, and T-cell activation.
Although the results of Dai et al. were obtained by a single CRC patient, they help us
understand how different activated and quiescent, abnormal cellular subpopulations
contribute to the initiation, maintenance, and progression of CRC disease [75]. These data
could represent an interactive map of genetic interaction and might be used to identify
targets to develop new therapeutic options for CRC.

Li et al. performed an scRNA-seq analysis on 11 primary CRCs and matched normal
mucosa to their microenvironments. They developed a method for single-cell transcriptome
analysis defined reference component analysis (RCA) based on an algorithm that improves
clustering accuracy.

Seven major cell types both in normal mucosa and CRC were isolated as well as
epithelial cells, fibroblasts, endothelial cells, B cells, T cells, mast cells and myeloid cells. By
using RCA, nine epithelial clusters and seven epithelial cell subtypes in human normal
mucosa were isolated de novo. These reference data allow to identify a strong enrichment
of stem/TA-like cells. Two distinct types of cancer-associated fibroblasts (CAFs), and
epithelial–mesenchymal transition-related genes were found to be upregulated in the
tumoral CAF subpopulation. CRC defined as single type in bulk transcriptomics, might
be divided into subgroups with different survival probability rates by using single-cell
signatures [75].

A recent study characterized the individual cell response of CRC cell lines to genotoxic
5-fluorouracil (5FU)-induced DNA damage using a scRNA-seq approach. After 5FU treat-
ment, the apparently single population CRC cells assume three distinctive transcriptome
profiles, corresponding to diversified cell-fate responses: apoptosis, cell-cycle checkpoint,
and stress resistance. Based on the group-specific expression gene patterns mediating DNA
damage responses, it can be inferred how individual cells shape their transcriptome in
response to DNA damage involving recurrence and chemoresistance. This might represent
one of the most important challenges in current cancer treatment [76]. The identifica-
tion of cell-fate-specific transcriptome patterns in in vitro experiments should promote
future studies on human CRC to explore heterogeneous cancer cell responses to genotoxic
chemotherapy, such as fractional killing and chemoresistant tumor recurrence.

Metastasis is a complex biological process in which tumor cells move from the primary
organ site and spread to distant organs through blood circulation [77]. Various models of
metastasis have been proposed: late spread, early spread, and self-seeding. In the first one,
tumor cells evolve over an extended stage at the primary site and then acquire specific
mutations that allow them to spread. In contrast, in the second one, cancer cells spread
early, and thus primary and metastatic tumors evolve in parallel [78]. Finally, based on the
self-seeding hypothesis, tumor cells spread from the primary tumor establishing distant
metastatic sites and then bidirectionally return to the primary site to promote growth [79].

A general difficulty in understanding metastatic lineages depends on the large intra-
tumor heterogeneity at primary and metastatic sites. Leung et al. developed a highly
multiplexed single-cell DNA sequencing approach to dissect the clonal evolution during the
metastatic process. They studied two CRC patients with matching liver metastases. They
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observed monoclonal seeding in the first patient: a single clone acquired a large number of
mutations before migrating to the liver to establish the second tumor site. In the second
patient, they observed polyclonal seeding: two independent clones seeded metastases to
the liver after migrating from the primary tumor lineage at different time points. Single-cell
data also revealed a striking independent tumor lineage that did not metastasize, and early
progenitor clones with the “first hit” mutation in APC that subsequently gave rise to both the
primary and metastatic tumors. Data from this study revealed a late-dissemination model
of metastasis in both CRC patients and provided unprecedented insight into metastasis at
single-cell genomic resolution [80]. Actually, despite the small number of CRC patients
observed and the fact that only the liver metastatic site was examined, Leung’s study
represents a preliminary confirmation that late-dissemination models of metastasis can
occur in CRC but should not be contemplated as a common model for all CRC patients.

Tang et al. characterized the evolutionary pattern of metastatic CRC (mCRC) by
analyzing bulk and single-cell whole-exome sequencing (scWES) data of primary and
metastatic tumors from seven CRC patients. They proved that genomic profile could be bet-
ter explained by using scWES than through bulk sequencing. Rare mutations highlighted
by scWES were undetectable in bulk data. Several subclones have been identified in both
primary and metastatic tumor cells in MSI CRC patients. Although the individual cells
of each subclone share a substantial number of mutations, few subclone-specific single
nucleotide variants (SNVs) could characterize different cell clones with low mutation
frequencies in the entire population of tumor cells.

In MSS CRC patients, tumor cells were divided into two major cell populations from
primary and metastatic lesions, that shared most SNVs and involved genes associated
with CRC progression, such as TP53 and APC. Primary tumor cell populations were rich
in AXIN3 and RASGRF1 genes mutation, known to be associated with tumor prolifera-
tion and invasion. In addition, 24 non-synonymous SNVs specific to metastatic cells in
DNAH3, TBC1D4, CMYA5, MYO18A, PLEKHA7, and SLC19A3 genes have been identified,
validating their functions in cell migration capacity [81].

Another comparison of scWES versus bulk whole-exome sequencing (bulk WES) on
two CRC patients with tumor and adenomatous polyps, showed that both had mono-
clonal origin and shared partial mutations in the same signaling pathways; however, each
showed a specific spectrum of heterogeneous somatic mutations. Adenoma and cancer
further developed intratumor heterogeneity accumulating non-random somatic mutations
specifically in GPCR, PI3K-Akt and FGFR signaling pathways. New driver mutations were
identified that developed during the evolution of both adenoma and cancer: on one hand
OR1B1 (GPCR signaling pathway) was related to adenoma evolution; on the other hand,
LAMA1 (PI3K-Akt signaling pathway) and ADCY3 (FGFR signaling pathway) had a role
in CRC evolution. ScWES shows causality of mutations in certain pathways that would not
be detected by bulk tumor sequencing. Furthermore, it can potentially establish whether
specific mutations are mutually exclusive or occur sequentially in the same subclone of
cells [82].

To examine the genome, transcriptome, and methylome within CRC primary tumors
and metastases, Bian et al. used a single-cell triple homology sequencing (scTrio-seq) tech-
nique [83]. The scTrio-seq technique can assess somatic copy number alterations (SCNA),
as well as DNA methylation and transcriptome information simultaneously from the same
single cell [84]. The authors performed a multiregional sampling and generated scTrio-seq
profiles for 12 CRC patients with stage III or IV cancer. The majority of tumor cells from six
of the patients analyzed were assigned to the group with abnormal activation of WNT/β-
catenin and MYC signaling pathways, frequent somatic copy number alterations (SCNAs),
and no hypermutation. In the 10 patients with DNA methylation data were relatively
consistent within a single genetic line, single-cell SCNA profiling identified significant
focal SCNAs and likely target genes. Differences in methylation profiles between primary
and metastatic sites could be primarily due to differences in sub-lineage composition. No
results from de novo methylation or demethylation during metastasis were observed. As
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well as providing important information about the molecular alterations that occur during
CRC progression and metastasis, multicellular sequencing showed that DNA methylation
levels are consistent within lineages but can differ substantially between clones [83].

To summarize, shedding light on the main mechanisms behind the development of
metastasis based on the analysis of gene expression patterns at single-cell resolution should
lead to tailoring individualized cancer treatment.

To this end, the study of CRC heterogeneity through identification of tumor cells
subpopulations and analysis of their features by single-cell omics technologies is crucial
for the comprehension of the role of these cells and might lead to identify potential new
targets for clinical treatment.

Table 1 provides a summary of the most recent advances of the application of both single-
cell sequencing and editing technologies into precision medicine applied to CRC patients.

Application of omics technologies on other types of cancers is opening a way to verify
results also in diagnosis and treatment of other tumoral diseases, including CRC; this is the
case of breast cancer (BC) thoroughly studied through single-cell omics technologies. For
instance, Pinkney et al. adopted scRNA-seq to analyze the heterogeneity of lncRNA expres-
sion in vivo using Triple Negative BC (TNBC) xenografts; at the same time, they tried to
assess whether lncRNA expression is sufficient to define cellular subpopulations. These au-
thors observed that even if most lncRNAs are detectable at low levels in TNBC xenografts, a
subpopulation of cells could not be defined. They showed highly heterogeneous expression
patterns including global expression and subpopulation-specific expression; in addition, a
hybrid pattern of lncRNAs was expressed in several but not all subpopulations [85].

LncRNAs have been progressively identified as the main group of oncology targets
acting as drivers in cancer, and are also being studied as clinical biomarkers [86]. LncRNAs
link with biological molecules, as well as with DNA, mRNAs, miRNAs and proteins, mod-
ulating epigenetic, transcriptional, post-transcriptional, translational and post-translational
events in gene expression [87,88]. LncRNAs have been observed to be of interest in cancer,
but little is known about their expression in cell subpopulations. Further investigation may
determine whether expression of specific lncRNAs contribute to specific cell populations
features; they might have a role also in invasion and/or proliferation, considering that
lncRNAs have been described as drivers of these processes [89]. Therefore, the spatial
distribution of lncRNAs within a patient’s cancer tissues might identify the potential of
subclone-specific lncRNAs as new therapeutic targets and/or biomarkers.

Zhang et al. performed a single-cell RNA- and ATAC-sequencing to examine the
immune cell dynamics in advanced TNBC patients treated with paclitaxel or paclitaxel plus
atezolizumab (anti-PD-L1). High levels of baseline CXCL13+ T cells linked to macrophage
proinflammatory features might predict responses to a drug combination. In patients
responsive to drug combination, an increase of lymphoid tissue inducer cells, follicular
B cells, CXCL13+ T cells, and type 1 dendritic cells was detected. The latter decreased
after paclitaxel monotherapy [90]. These data suggest the role of CXCL13+ T cells in the
responses to anti-PD-L1 therapies.

Immune checkpoint blockade (ICB) targeting PD-1/PD-L1 signaling axis and its use
has achieved significant responses in cancer patients, although the mechanisms underlying
ICB resistance have not been fully understood [91,92]. Thus, the advances in single-cell
technologies enable to characterize the basic properties of tumor-infiltrating immune cells
to determine their role in immune responses, antitumor immunity, and immunotherapies.
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4. Conclusions
4.1. Future Perspectives in Methodologies

In-depth knowledge of the cells of interest is crucial to properly manage genomic
data and make decisions of clinical impact based on standardized measurements and
accurate and reproducible quality controls. The use of scRNA-seq provides one of the
most innovative methods for addressing biological and medical questions concerning
the underlying processes of various developmental, physiological, and disease systems.
However, new programs and implementations of scRNA-seq methodologies have been
started in recent years but further advances in both technology and specific approaches to
use them are certainly warranted.

The deployment of a number of processes will make it possible to extend the analysis
of scRNA-seq studies not only on fresh material, but also on cryopreserved and fixed tissue
samples aiming at introducing this technique into the clinical practice. Volume reduction
and diffusion of techniques based primarily on microfluidics platforms should reduce costs
at the same time leading to a standardized and simplified use of different devices.

However, one of the current challenges is the creation of standardized collections and
data catalogues from single cells due to the fact that the number of samples used so far in
studies is small. Such analysis, in fact, requires a minimum/sufficient number of cells to
ensure that all cell types are represented. Only a bioinformatician with experience in single-
cell sequencing will be able to generate analyses that can be used to make meaningful
biological inferences by choosing appropriate cutoffs for applied algorithms and avoiding
misleading results. Currently, there are limited standardization protocols and guidelines
on standards (i.e., quality control, removal of technical artifacts, etc.).

Furthermore, development of single-cell gene expression maps for all tissues will
be necessary, as it occurred in bulk transcriptomics evolution. Many studies, in fact,
will benefit from these easily accessible archives that reduce the costs of comparison and
replication in normal tissues; at the same time, significant advances in bioinformatics and
computational methods thanks to data sharing are expected.

Thus, the new challenge will be represented by the use of a true inter-omic and multi-
disciplinary approach that will lead to a comprehensive examination of individual cells;
this will be achieved by characterizing the genome, epigenome, proteome and metabolome
while simultaneously examining the tumor microenvironment, its immunological char-
acteristics and the impact of pharmacogenomics; in addition, a clear picture of tumor
development will be given, together with cancer evolution and interactions. It will be
crucial to address genetic changes in the early stages of tumorigenesis deployment and how
transcriptional subpopulations evolve into malignancy in later stages of tumor progression.

The robustness of NGS systems in exploring heterogeneity, at genome and transcrip-
tome scale, will validate ITH variability and might determine the discovery of novel
targeted drugs; predictive biomarkers for individualized drug-oriented therapies might
also be developed. Pharmacogenomic profiling might predict response to chemotherapy
by correlating it with immune cell regulatory values that affect CRC survival mechanisms.
Future CRC studies employing comparison of primary, metastatic tumor ITH and liquid
biopsies might offer elucidating suggestions on the origins and evolution of genomic
subclones responsible for drug resistance and recurrence.

4.2. Clinical Implications of Intra-Tumoral Heterogeneity in CRC

CRC is extensively marked by phenomena of inter- and intra-tumor heterogeneity, spatial
and temporal differences regarding phenotypic and genotypic aspects, influencing recurrence
and therapeutic response and having a strong poor impact on CRC patient’s outcome.

Until now, genomic and transcriptome analyses on bulk tumor cell populations have
helped to explain tumor heterogeneity and also allowed to classify them into subgroups
with distinct molecular, morphological, and clinical features [99]. The application of
techniques capable of examining molecular aberrations at the single-cell level within a
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complex tumor population should refine the existing CRC classification system. In addition,
scRNA-seq could identify predictive markers for CRC prognosis.

Metastatic progression is linked to the majority of CRC-related deaths [100]. In
patients at stage I, the five-year survival rate is 90%, but a drastic reduction of slightly more
than 10% is observed when cancer patients reach stage IV [101]. Approximately 20% of
CRC patients already have metastases at diagnosis, and they are generally incurable [100].
Although anti-EGFR therapies are available for RAS wild-type CRC patients, and anti-
VEGF, anti-VEGFR, recombinant fusion protein and multi-kinase inhibitor were applied in
CRC patients with RAS mutation [102], unresponsiveness was seen in CRC patients with
BRAF and PIK3CA mutations [103]. Undoubtedly, drug development and techniques to
be used in identifying the complex heterogeneity of mCRC represent an unmet clinical
need. Single-cell omics represent an important tool to identify therapeutic targets for
personalized cancer medicine compared with bulk transcriptomics. In addition, single-cell
resolution molecular aberrations could shed light on the mechanisms underlying metastasis
development [104–106]. Finally, the ability to estimate presence of rare malignant chemical-
resistant carcinoma cells in removed tumors will be increased to guide treatment decisions;
at the same time exploration of immune cell responses and environmental influences will
provide molecular data to give support during the diagnostic process as well as in disease
progression, and treatment course.
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Abstract: Background and Objectives: Postoperative adjuvant therapy with uracil and tegafur (UFT)
is often used for stage II colon cancer in Japan, but a limited number of studies have investigated
the effects of UFT in these patients. Materials and Methods: We conducted a population-based cohort
study in patients with resected stage II colon cancer comparing the outcomes after postoperative
adjuvant chemotherapy with UFT with an observation-only group. The data were collected from the
Taiwan National Health Insurance Research Database from 2000 to 2015. The outcomes of the study
were disease-free survival (DFS) and overall survival (OS). The hazard ratios (HRs) were calculated
using multivariate Cox proportional hazard regression models. Results: No differences in the DFS
and OS were detected between the UFT (1137 patients) and observation (2779 patients) cohorts (DFS:
adjusted HR 0.702; 95% confidence interval (CI) 0.489–1.024; p = 0.074) (OS: adjusted HR 0.894; 95% CI
0.542–1.186; p = 0.477). In the subgroup analyses of the different substages, UFT prolonged DFS in
patients with stage IIA colon cancer (adjusted HR 0.652; 95% CI 0.352–0.951; p = 0.001) compared with
DFS in the observation cohort, but no differences in the OS were detected (adjusted HR 0.734; 95% CI
0.475–1.093; p = 0.503). Conclusions: Our results show that DFS improved significantly in patients
with stage IIA colon cancer receiving UFT as a postoperative adjuvant chemotherapy compared with
DFS in the observation group.

Keywords: uracil–tegafur; colon cancer; chemotherapy; adjuvant therapy; stage IIA

1. Introduction

Colon cancer is third in incidence and cause of cancer deaths worldwide and has been
increasing rapidly in recent decades [1]. Stage II cancers have no lymph node involvement
or distal metastases, and radical surgical resection of the primary tumor is the standard
treatment. The prognosis after resection is relatively favorable, with a 5-year disease-free
survival (DFS) rate of approximately 68%–83% after surgery alone [2]. Adjuvant therapy
may be considered after surgery for patients with a high risk of recurrence to eradicate
micrometastatic disease [3]. The IDEA collaboration (International Duration Evaluation of
Adjuvant) recently conducted the TOSCA (Three or Six Colon Adjuvant) trial to determine
the optimal duration (3 months versus 6 months) of postoperative chemotherapy in patients
with high-risk stage II or III radically resected colon cancer. The conclusion showed that
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it was still not debatable whether 3 months of oxaliplatin-based adjuvant treatment was
as efficacious as 6 months; however, the difference in survival between the two treatment
durations was small [4].

For years, postoperative adjuvant chemotherapy with fluorouracil (5-FU) has been a
standard of care choice among patients with locally advanced colon cancer [5]. Tegafur-
uracil (UFT) is an alternative postoperative adjuvant chemotherapy. UFT is an oral drug
combination of tegafur, derived from 5-FU, and uracil in a molar ratio of 1:4. UFT acts
as a competitive inhibitor of dihydropyrimidine dehydrogenase (DPD) [6]. Because of
UFT’s tolerability and safety in an outpatient setting, it is the most commonly prescribed
adjuvant chemotherapeutic for colon cancer in Taiwan [7]. A nationwide cohort study and
meta-analysis demonstrated the similar effects of UFT and intravenous 5-FU on DFS and
overall survival (OS), but UFT has a lower incidence of adverse events when used as a
postoperative adjuvant chemotherapy in patients with locally advanced colon cancer [8].

Adjuvant chemotherapy represents a dilemma for clinical oncologists when treating
patients with stage II colon cancer receiving surgical resection. In previous studies, the
survival benefits of adjuvant chemotherapy were still inconclusive in unselected stage II
patients. The adjuvant therapy benefits may be limited in patients with average-risk stage II
cancer and a relatively good prognosis. According to the 2021 American Society of Clinical
Oncology guidelines, adjuvant chemotherapy is not recommended for patients with a low
risk of recurrence [9]. Thus, high-risk features should be identified to determine which
subgroups might benefit from adjuvant chemotherapy. The current guidelines suggest
that patients with one or more high-risk features should receive adjuvant chemotherapy,
including pT4, bowel obstruction, or tumor perforation; fewer than 12 lymph nodes har-
vested; vascular, lymphatic, or perineural invasion; and a poorly differentiated histology [2].
However, the relative prognostic weight of these features is not considered.

Although postoperative adjuvant therapy with UFT is often used for stage II colon
cancer in Japan, a limited number of studies have investigated the effects of UFT in these
patients. Thus, clarifying whether postoperative adjuvant treatment with UFT is beneficial
in stage II colon cancer patients at different substages compared with observation alone in a
larger population, and a real-world setting is needed. This study, using a population-based
database, aimed to examine the survival benefit of oral UFT compared with observation
only for postoperative stage II colon cancer patients analyzed at different substages.

2. Materials and Methods
2.1. Data Source

The data were gathered from databases provided by the Health and Welfare Data
Science Center, including the Taiwan Cancer Registry (TCR) Database 2000–2015 [10] and
the National Health Insurance Research Database (NHIRD) 2000–2015.

The TCR is organized and funded by the Ministry of Health and Welfare and is
managed by the Taiwan Public Health Association. All hospitals in Taiwan with at least
50 beds are required to report all newly diagnosed and confirmed malignancies to the
registry. Detailed information on diagnosis, treatments, and outcomes is collected from
80 hospitals, covering more than 90% of all cancer cases diagnosed annually in Taiwan.
Diagnoses are coded according to the International Classification of Diseases for Oncology,
3rd Edition, format [11].

A nationwide population-based study was conducted using data from 2000 to 2015
obtained from the Longitudinal Health Insurance Database (LHID) of Taiwan [12]. Two
million beneficiaries from the NHIRD registry were randomly sampled. The LHID includes
the following claims data: sociodemographic information, medical visits, emergency care,
hospitalization, surgical procedure, medication, and other medical services. Diseases are
diagnosed according to the International Classification of Diseases, Ninth Revision, Clinical
Modification (ICD-9-CM) codes. The Registry for Catastrophic Illness Patient Database
(RCIPD) includes data from insured residents with severe diseases, such as malignancies,
as defined by the NHI program [13].
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This study was approved by the Institutional Review Board of the Tri-Service General
Hospital, Taipei, Taiwan (TSGHIRB No. B-110-12). Because the data from the NHI were
de-identified, the signed informed consent of the included patients was waived.

2.2. Study Population and Definition of Statin Exposure

Patients newly diagnosed with colon cancer (ICD-9 Code: 153–154.1) from 1 January
2000 to 31 December 2015, were identified from the NHIRD database. The malignancy
diagnosis was confirmed using the RCIPD data. Patients with stage II colon cancer who
received operative therapy within 6 months after the diagnosis (ICD-9-CM Procedure Code:
OP 45.21, OP 45.71–45.76, OP 45.79, OP 45.8, and OP 48.4–48.6) were identified from the
TCR database, and their data were retrieved. The TCR uses the American Joint Committee
on Cancer staging system, 7th Edition, to record the stages of all cancer patients. We
excluded patients that received other target or chemotherapies, including bevacizumab,
cetuximab, capecitabine, irinotecan, oxaliplatin, or 5-FU; diagnosed cancer before the index
date using ICD-9-CM140–239; diagnosed secondary malignancy (ICD-9-CM: 196–198.9); or
benign colon neoplasm (ICD-9-CM: 211.3 and 211.4). The UFT cohort comprised patients
who were prescribed UFT, and the observation (without treatment) cohort comprised
patients who did not receive any postoperative chemotherapy.

2.3. Outcome and Comorbidities Measurement

The outcomes of interest were the DFS and the OS. DFS was defined as the time interval
from the first day postoperation to tumor recurrence or death. OS was defined as the time
interval from the first day postoperation to death. We also extracted the covariates of the
patients, including age, sex, stage, and underlying diseases. The Charlson Comorbidity
Index (CCI) categorizes the comorbidities of patients based on the ICD codes [14]. The
CCI Revised (CCI_R) was calculated by removing the variables mentioned and accounted
for in the baseline comorbidities. The socioeconomic status of the study participants was
approximated using insurance premiums (i.e., income level), level of care (stratified by
the levels of hospital, including central, regional, or local hospitals determined by the
Taiwanese government), and urbanization levels [15]. Additional analyses were conducted
to ascertain the impact of adjuvant chemotherapy on DFS and OS in patients at different
substages (stage IIA/IIB/IIC) in the UFT and observation groups.

2.4. Statistical Analysis

The categorical variables are expressed using numbers (i.e., percentages), and the
continuous variables are expressed as the mean ± standard deviations (SDs). The chi-square
test or Fisher’s exact test was used to compare the categorical variables, whereas t-tests
were used to compare the mean difference for continuous variables among the UFT and
observation groups. Univariate and multivariate Cox regression analyses were employed to
evaluate the crude and adjusted hazard ratios (HRs) for the influence (odds) of the analyzed
variables on DFS and OS; the observation group was used as a reference. We adjusted
the multivariate Cox regression model using all of the characteristics, including age; sex;
insurance premium; level of care; urbanization; comorbidities, including hypertension,
diabetes mellitus (DM), chronic obstructive pulmonary disease (COPD), chronic kidney
disease (CKD), ischemic heart disease (IHD), congestive heart disease (CHD), and stroke;
and a CCI_R. Kaplan–Meier analysis and log-rank tests of DFS and OS based on the stage
of colon cancer were performed. The two-sided p-values of the log-rank test less than 0.05
were considered statistically significant. All statistical analyses were performed using IBM
SPSS Statistics for Windows version 22.0 (IBM Corp., Armonk, NY, USA).

3. Results

A total of 3916 surgical patients with stage II colon cancer were observed in this study,
including 1137 patients in the UFT group and 2779 patients in the observation group.
Figure 1 shows a flow chart of the recruitment of subjects from the NHIRD.
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Figure 1. A flow chart of the recruitment of the subjects.

3.1. Patient Characteristics

Table 1 shows the characteristics and baseline comorbidity status of the UFT (n = 1137)
and observation (n = 2779) cohorts. The percentages of males in the UFT and observation
cohorts were 59.89% and 58.94%, respectively. The mean ± SD ages for the UFT and
observation cohorts were 63.40 ± 10.25 and 65.12 ± 11.12 years, respectively. The mean
follow-up periods were 7.20 ± 6.84 and 7.22 ± 6.87 years in the UFT and observation cohorts,
respectively. No significant differences in sex; age; insured premium; urbanization; or
comorbidities, including hypertension, DM, COPD, CKD, IHD, CHD, and stroke; or CCI_R
index were detected (the social–economic data are shown in Supplementary Materials
Table S1; the follow-up period data are shown in Supplementary Materials Table S2A,B; the
ICD-9-CM, NHI code, and definition are shown in Supplementary Material Table S3).
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Table 1. Characteristics of study in the baseline.

Treatment Variables
UFT Observation p-Value

n % n %

Total 1137 29.03 2779 70.97

Gender 0.582

Male 681 59.89 1638 58.94

Female 456 40.11 1141 41.06

Age (years ± SD) 63.40 ± 10.25 65.12 ± 11.12 <0.001

HTN With 330 29.02 781 28.10 0.562
Without 807 70.98 1998 71.90

DM With 201 17.68 455 16.37 0.321
Without 936 82.32 2324 83.63

COPD With 55 4.84 108 3.89 0.186
Without 1082 95.16 2671 96.11

CKD With 17 1.50 36 1.30 0.648
Without 1120 98.50 2743 98.70

IHD With 60 5.28 145 5.22 0.937
Without 1077 94.72 2634 94.78

CHD With 24 2.11 54 1.94 0.733
Without 1113 97.89 2725 98.06

Stroke With 33 2.90 80 2.88 0.968
Without 1104 97.10 2699 97.12

CCI_R 1.03 ± 0.19 1.03 ± 0.15 0.998
p-Value: categorical variables: chi-squared/Fisher’s exact test; continuous variables: t-test. UFT, uracil–tegafur;
HTN, hypertension; DM, diabetes mellitus; COPD, chronic obstructive pulmonary disease; CKD, chronic kidney
disease; IHD, ischemic heart disease; CHD, congestive heart disease; CCI_R, Charlson comorbidity index revised.

3.2. Disease-Free Survival

The Kaplan–Meier plots with log-rank tests revealed significant differences in DFS
between the UFT and observation cohorts (log-rank test: p < 0.001; Figure 2). According
to the multivariate Cox regression model, DFS did not differ significantly between the
UFT and observation groups (UFT vs. observation; adjusted HR 0.702; 95% CI 0.489–1.024;
p = 0.074; Table 2). Male sex, having comorbidities (i.e., HTN, DM, CKD, IHD, CHD, and
stroke), and the influence of the CCI_R score were significant factors with shorter DFS.

3.3. Overall Survival

The Kaplan–Meier plots with log-rank tests revealed significant differences in the OS
between the UFT and observation cohorts (log-rank test: p < 0.001; Figure 3).

The multivariate Cox regression model indicated that the OS did not differ significantly
between the UFT and observation groups (adjusted HR 0.894; 95% CI 0.542–1.186; p = 0.477;
Table 2). Male sex, older age, having comorbidities (i.e., HTN, DM, CKD, IHD, CHD, and
stroke), and the influence of the CCI_R score were significant factors with shorter OS.
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3.4. Analyses for the Different Substages

Among the patients with stage IIA colon cancer, the Kaplan–Meier plots with log-rank
tests revealed significant differences in the DFS (log-rank test: p < 0.001; Figure 2) and
OS (log-rank test: p < 0.001; Figure 3) between the UFT and observation cohorts. The
multivariate Cox regression model indicated that the DFS increased significantly in patients
with stage IIA colon cancer receiving postoperative UFT adjuvant chemotherapy compared
with the DFS in the observation group (adjusted HR 0.652; 95% CI 0.352–0.951; p = 0.001;
Table 3); however, no differences in the OS were detected (adjusted HR 0.734; 95% CI
0.475–1.093; p = 0.503; Table 3)

In patients with stages IIB and IIC colon cancer, the Kaplan–Meier plots with log-
rank tests revealed significant differences in the DFS (both p < 0.001; Figure 2) and OS
(both p < 0.001; Figure 3) between the UFT and observation cohorts. According to the
multivariate Cox regression model in the patients with stages IIB and IIC colon cancer,
no difference in the DFS and OS between the UFT and observation groups were detected
(DFS: stage IIB, adjusted HR 0.713, 95% CI 0.492–1.029, p = 0.079; DFS: stage IIC, adjusted
HR 0.804, 95% CI 0.575–1.125, p = 0.184; Table 2) (OS: stage IIB, adjusted HR 0.877; 95%
CI 0.531–1.153, p = 0.483; OS: stage IIC, adjusted HR 0.904, 95% CI 0.638–1.256, p = 0.425;
Table 3).
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Table 2. Cox regression analysis of disease-free survival and overall survival.

Prognosis Disease-Free Survival (DFS) Overall Survival (OS)

Variables Crude HR
(95% CI) p

Adjusted
HR

(95% CI)
p Crude HR

(95% CI) p
Adjusted

HR
(95% CI)

p

Treatments

UFT vs.
observation

0.613
(0.377–0.806) <0.001 0.702

(0.489–1.024) 0.074 0.785
(0.426–0.894) <0.001 0.894

(0.542–1.186) 0.477

Gender

Male vs.
female

1.365
(1.124–1.503) <0.001 1.265

(1.106 –1.482) <0.001 1.489
(1.303 –1.677) <0.001 1.420

(1.298–1.583) <0.001

Age Groups (Years)

<30 Reference

30–39 1.124
(0.822–1.825) 0.182 1.024

(0.724–1.781) 0.389 2.561
(1.786 –4.486) <0.001 2.008

(1.025–3.349) 0.035

40–49 1.304
(0.913–1.911) 0.094 1.203

(0.902–1.924) 0.172 3.789
(2.229–5.702) <0.001 2.186

(1.097–3.570) 0.001

50–59 1.386
(0.972–1.934) 0.067 1.186

(0.851–1.876) 0.234 5.978
(3.224–9.972) <0.001 4.299

(2.004–8.301) <0.001

=60 1.402
(1.020–2.020) 0.030 1.354

(0.989–1.986) 0.069
7.124

(4.809–
13.312)

<0.001 5.038
(2.897–9.896) <0.001

HTN 1.678
(1.307–1.882) <0.001 1.562

(1.265–1.782) <0.001 1.863
(1.511–2.104) <0.001 1.782

(1.428–2.006) <0.001

DM 1.831
(1.367–2.010) <0.001 1.762

(1.303–1.977) <0.001 2.030
(1.724–2.308) <0.001 1.975

(1.629–2.210) <0.001

COPD 1.382
(0.986–1.769) 0.072 1.283

(0.865–1.677) 0.277 1.397
(1.002–1.784) 0.049 1.270

(0.852–1.624) 0.289

CKD 1.482
(1.153–1.780) <0.001 1.293

(1.021–1.445) 0.029 2.156
(1.503–2.970) <0.001 2.011

(1.452–2.897) <0.001

IHD 1.686
(1.112–1.897) <0.001 1.553

(1.086–1.795) 0.002 1.918
(1.628–2.774) <0.001 1.897

(1.583–2.610) <0.001

CHD 1.735
(1.442–1.975) <0.001 1.652

(1.352–1.896) <0.001 1.993
(1.586–2.601) <0.001 1.824

(1.550–2.533) <0.001

Stroke 1.808
(1.553–2.030) <0.001 1.771

(1.448–1.909) <0.001 2.030
(1.724–2.789) <0.001 1.902

(1.652–2.672) <0.001

CCI_R 1.304
(1.205–1.488) <0.001 1.246

(1.112–1.304) <0.001 1.372
(1.289–1.483) <0.001 1.297

(1.158–1.372) <0.001

HR, hazard ratio; CI, confidence interval; adjusted HR, adjusted variables listed in the table.

Table 3. Factors of prognosis stratified by cancer stage.

UFT vs. Observation Disease-Free Survival (DFS)

Stage Patients Adjusted HR 95% CI 95% CI p

Overall 3916 0.702 0.489 1.024 0.074

Stage IIA 2326 0.652 0.352 0.951 0.001

Stage IIB 819 0.713 0.492 1.029 0.079

Stage IIC 871 0.804 0.575 1.125 0.184

Overall Survival (OS)

Stage Patients Adjusted HR 95% CI 95% CI p

Overall 3916 0.894 0.542 1.186 0.477

Stage IIA 2326 0.734 0.475 1.093 0.503

Stage IIB 819 0.877 0.531 1.153 0.483

Stage IIC 871 0.904 0.638 1.256 0.425
Adjusted HR, adjusted hazard ratio (adjusted for the variables listed in Table 2); CI, confidence interval.
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Figure 3. Kaplan–Meier plots for the cumulative risk in overall survival: overall populations (A);
Stage IIA (B); Stage IIB (C); Stage IIC (D).

4. Discussion

This nationwide, large-scale, retrospective cohort study compared the effectiveness of
postoperative adjuvant chemotherapy with UFT to observation only in stage II colon cancer
patients. In the 15-year follow-up cohorts, UFT showed no difference with observation only
in DFS and OS. However, in the subgroup analysis of stage IIA, the patients who received
UFT as a postoperative adjuvant chemotherapy had significantly prolonged DFS compared
with observation alone.

4.1. UFT Effectiveness

Currently, 5-FU (5-FU/LV, capecitabine, UFT, and S-1) and oxaliplatin are the main
drugs used as postoperative adjuvant chemotherapy for colon cancer. The usual dosage
of intravenous 5-FU is a weekly 24 hour infusion of a maximal tolerable dose of 5-FU
(2600 mg/m2) and LV (500 mg/m2) for 6 months [16]. Two oral UFT capsules, containing
tegafur 100 mg and uracil 224 mg, are administered twice per day (400 mg of tegafur per
day) in Taiwan [17]. A 5-day treatment plus a 2-day rest regimen of UFT for 12 months was
beneficial in the NSAS-CC study [18]. In contrast, the NSABP C-06 study showed that oral
UFT had DFS and OS similar to those of intravenous 5-FU/LV. However, patients treated
with UFT had a better quality of life than those treated with 5-FU/LV [19].
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4.2. Survival Paradox in Patients with Localized Advanced Colon Cancer

A survival paradox was noted between stage IIB/C (T4N0) and stage IIIA (T1-2N1 and
T1N2a) colon cancer in previous studies [20–23]. Li et al. [24] found that the colon-cancer-
specific survival (CCSS) rate of the stage IIIA colon cancer patients were significantly higher
than that of the stage IIB and IIC colon cancer patients (5-year CCSS rates for stage IIB vs.
stage IIC vs. stage IIIA: 74.2% vs. 72.5% vs. 91.9%). Furthermore, Mo et al. analyzed data
from the US Surveillance, Epidemiology, and End Results (SEER) database, and showed
that patients with stage IIA rectal cancer had worse survival than patients with stage IIIA
disease [25]. The inferior survival in stage II compared with stage IIIA may be due to the
lower use of systemic chemotherapy in stage II colon cancer patients. Thus, we should
improve the survival of stage II colon cancer patients, especially in stage IIA. The 5-year DFS
improved in patients with low-risk IIA colon cancer after receiving adjuvant chemotherapy
with UFT more than 12 months after surgery in a retrospective cohort study [26], which is
consistent with our finding.

4.3. Survival Risk Factors in Patients with Localized Advanced Colon Cancer

Over the past decades, subgroup analyses from large adjuvant trials have investigated
the impacts of risk factors in prognosis [27]. The crucial prognostic factors for disease
progression included T stage as tumor size, lymph node status, pathological grading, and
microsatellite status.

The T stage is highly associated with tumor size. In a study conducted by Mo et al. [25],
the mean tumor size of stage IIA rectal cancer was larger than the tumor size of stage IIIA
rectal cancer in both the SEER and FUSCC cohorts. Therefore, en bloc resection of T1/T2
tumors may be much easier to achieve than the resection of T3/T4 tumors, making surgical
negative margins more difficult to achieve for a high T level stage IIA colon cancer than
a low T level IIIA disease. The larger tumor size in stage IIA colon cancer can increase
the surgical margin positivity, thus escalating the recurrence rate of colon cancer and
jeopardizing the prognosis of colon cancer patients.

Lymph node status is a crucial prognostic factor in colorectal cancer to determine
postoperative managements and follow-up plans [28,29]. Stage III is distinguished from
stage II colorectal cancer by the presence of lymph node metastases. According to the
recommendation by the American Joint Committee on Cancer and the College of American
Pathologists, at least 12 lymph nodes should be examined to adequately stage colorectal
cancer patients [30,31]. Examining an adequate number of lymph nodes has been regarded
as a key quality measure for colon cancer care in the United States since 2006 [32].

A high grade, indicating poorly differentiated disease, is associated with poor progno-
sis [33]. In a cohort of 3302 stage II and stage III colon cancer patients, Gill et al. observed
lower 5-year DFS and OS in high-grade disease. In addition, high-grade disease was related
to a loss of 8%–9% in 5-year DFS in T3N0 and T4N0 tumors compared with low-grade
disease (65% vs. 73% and 51% vs. 60%, respectively) [34].

Two groups of colorectal cancers can be distinguished based on the state of mismatch
repair: MSI-high (MSI-H, deficiency of the mismatch repair) and MSI-low (proficiency of
the mismatch repair, pMMR). Adjuvant chemotherapy is not suggested for MSI-H stage
II patients without high-risk features; therefore, observation is considered a reasonable
treatment option [35].

4.4. Limitations

Several limitations should be considered when interpreting the results of this study.
First, the NHIRD had insufficiently detailed clinical data, including the severity of lymph
node involvement, pathologic grade, microsatellite instability status, the reasons for each
patient’s treatment plan, or the quality of surgery. Second, patients with cancer were
defined using claims data and diagnostic codes. The diagnostic accuracy remained unclear,
and disease misclassification might cause false associations [36]. Third, the National Quality
Forum has listed the assessment of at least 12 lymph nodes among the key quality measures
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for colon cancer care in the United States since 2006. However, data for this study were
from 2000 to 2015; hence, the number of lymph nodes examined may be insufficient. Finally,
potential confounders may have occurred that could bias the results. There remains a
need to perform further analysis using the clinical data from individual participants and
controlling for potential confounders [37].

To the best of our knowledge, our study is the first real-world study to examine the
effectiveness of UFT in stage II colon cancer and its substages and a large-scale study to
strengthen the statistical power [38]. A stratified analysis was conducted using demo-
graphic characteristics, including age, sex, socioeconomic status, and comorbidities, to
exam the clinical heterogenicity.

5. Conclusions

Our results show that the DFS improved significantly in patients with stage IIA colon
cancer receiving UFT as a postoperative adjuvant chemotherapy compared with the DFS in
the observation group.
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Abstract: Background and Objectives: After liver transplantation (LT), long-term immunosuppression
(IS) is essential. IS is associated with de novo malignancies, and the incidence of colorectal cancer
(CRC) is increased in LT patients. We assessed course of disease in patients with de novo CRC after LT
with focus of IS and impact on survival in a retrospective, single-center study. Materials and Methods:
All patients diagnosed with CRC after LT between 1988 and 2019 were included. The management of
IS regimen following diagnosis and the oncological treatment approach were analyzed: Kaplan–Meier
analysis as well as univariate and multivariate analysis were performed. Results: A total of 33 out of
2744 patients were diagnosed with CRC after LT. Two groups were identified: patients with restrictive
IS management undergoing dose reduction (RIM group, n = 20) and those with unaltered regimen
(maintenance group, n = 13). The groups did not differ in clinical and oncological characteristics.
Statistically significant improved survival was found in Kaplan–Meier analysis for patients in the
RIM group with 83.46 (8.4–193.1) months in RIM and 24.8 (0.5–298.9) months in the maintenance
group (log rank = 0.02) and showed a trend in multivariate cox regression (p = 0.054, HR = 14.3,
CI = 0.96–213.67). Conclusions: Immunosuppressive therapy should be reduced further in patients
suffering from CRC after LT in an individualized manner to enable optimal oncological therapy and
enable improved survival.

Keywords: liver transplantation; de novo malignancy; colorectal carcinoma; immunosuppression

1. Introduction

Liver transplantation (LT) is still the only option for various conditions resulting in
end-stage liver disease as well as primary malignancies of the liver itself. After LT, life-long
or at least long-term immunosuppression (IS) remains standard for the prevention of graft
rejection. Here, calcineurin inhibitors (CNI), mycophenolate mofetil (MMF), glucocorticoids
(GC) and mammalian target of rapamycin inhibitors (mTORI) are most frequently used, and
their fine-tuned regimen is one of the main reasons for the markedly prolonged survival of
graft function after LT in the last decades [1]. However, side effects such as chronic kidney
injury and neoplasms in the decade-long administration of CNI are well known, and the
overall beneficial effects of mTORI are controversial [2,3].

With increasing graft survival, long-term outcomes after LT including comorbidities
and complications of IS therapy are gaining more interest. For example, the risk of de novo
malignancies (DNM) in patients after LT is significantly elevated with an reported incidence
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2- to 3-fold compared with the general population [4,5]. Further, cancer-associated mortality
is expected to become the most frequent cause of death in the cohort of LT patients and is
already the leading cause of death in the second decade after transplantation [6–8].

Colorectal cancer (CRC) is one of the most common malignancies worldwide, and its
incidence is elevated after LT [9,10]. The stage-dependent therapeutic regimen is highly
standardized and consists of radiotherapy, chemotherapy, surgical resection and optional
antibody treatment regarding the individual profile. Compared with the overall population,
CRC in LT patients is associated with an increased incidence, comparable with the overall
rate of DNMs, and occurrence is reported to be earlier in life [11,12]. Of note, certain
underlying diseases leading to LT such as PSC alone or in coincidence with inflammatory
bowel diseases (IBD) elevate the risk of development of CRC even further to more than
seven times [13,14]. Additionally, non-alcoholic liver disease and hepatocellular carcinoma
(HCC) have been associated with increased risk after LT [15]. Reports of outcome after
CRC in LT patients are heterogenous. Comparable survival rates have been shown, but
also poorer long-term survival in patients after solid organ transplantation [11,16]. How-
ever, the handling and especially the clinical impact of modification of IS for LT after the
diagnosis of de novo CRC remain unclear, and scientific data are not available, although
recommendations have been established recently [17,18].

Previously, we investigated the effect of reduction of immunosuppression in patients
suffering from recurrent primary liver malignancies such as hepatocellular carcinoma
(HCC) or lung cancer after LT and found an impact on survival for patients with dose
reduction upon diagnosis independent of oncological treatment [19,20]. In this study, we
investigate patients’ course after diagnosis of de novo CRC after LT with a focus on the
impact of immunosuppressive management.

2. Patients and Methods

Patients undergoing LT for various conditions at our institution between 1988 and 2020
and with diagnosis of de novo CRC post LT were included in the analysis. Diagnosis of
CRC was confirmed by histopathology, and staging was conducted according to guidelines
using the classification of the Union for International Cancer Control (UICC) based upon the
TNM-classification [21,22]. Oncological regimen was categorized into curative or palliative
and best supportive care (BSC).

After LT, all patients were followed up periodically at our outpatient center. Intervals
were based on the time after transplantation, ranging from two times a week to every
twelve weeks. Here, clinical and laboratory examinations were conducted, and ultrasound-
guided, transcostal needle biopsies of the graft were performed according to internal
standard protocol at 1, 3, 5, 7, 10 and 13 years and on individual basis thereafter. Routine
surveillance via colonoscopy was conducted as recommended by current guidelines, but
with intervals of at least five years and intensified surveillance in patients suffering from
inflammatory bowel disease (IBD) ranging from once or twice per year to individual
intervals as recommended by treating endoscopists [23,24].

To evaluate IS, a score first introduced by Vasudev et al. was used, allowing semiquan-
titative comparability of different substances (one unit for each daily dose of: prednisone—
5 mg, cyclosporine a—100 mg, tacrolimus—2 mg, MMF—500 mg, sirolimus—2 mg) [25].
Cumulative Vasudev score calculated by addition of score over the years and median score
were evaluated. Using the approach presented by Rodríguez-Perálvarez et al., impacts
of tacrolimus trough levels were analyzed after classification into minimized exposure
(<5 ng/mL) and conventional exposure (>5 ng/mL) [26]. Here, mean trough level was
calculated (at least one measurement/year) after diagnosis of CRC. For assessment of
impact of IS after diagnosis of CRC, management of immune suppressive regimen was
grouped in two categories for analysis: (i) maintaining immunosuppression or (ii) new
restrictive immunosuppressive management (RIM). RIM was defined when dose reduction
or complete discontinuation of IS after diagnosis of cancer was documented. Of note, alter-
ation of mTOR therapy was classified differently: initiation of mTORI without reduction
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of prior IS was classified as (i) and only if concomitant reduction of other IS (CNI, GC,
MMF) was performed were these cases grouped in (ii). Oncological course of patients was
followed up by in-hospital data and reports from corresponding institutions, as therapy for
LT patients was outlined in an interdisciplinary approach with primary care physicians and
oncologists. Thus, data on clinical course as well as laboratory, histological or radiological
parameters were extracted from our prospectively maintained database.

Statistical analysis was performed using SPSS Statistics Version 26.0 (IBM Co., Armonk,
NY, USA). By its retrospective character, the study design was exploratory. For the testing
of statistically significant differences, cross-tables were used for nominal-scaled variables.
T-test was applied for continuous, normal-distributed variables. For the testing of non-
normally distributed values, the Mann–Whitney U-test or Kruskal–Wallis test were chosen.
For the analysis of impact on survival, univariate analysis and Kaplan–Meier analysis were
conducted, and log rank tests were calculated. To evaluate effect strength, multivariate
and univariate Cox regression models were used, and hazard ratio (HR) and confidence
interval (CI) were calculated. Putative relevant variables or confounders for integration in
multivariate analysis were identified by clinical experience, such as patients´ characteristics
(relevant comorbidities, age, sex) or oncological parameters. A p-value of <0.05 was
considered significant.

The study was conducted in accordance with the guidelines of the Declaration of
Helsinki and was approved by the local ethics committee of our institution (protocol code
EA1/255/20; date of approval: 20 October 2020).

3. Results

From 2744 patients receiving LT over a 33-year span, 33 patients were identified
with de novo colorectal cancer, forming a prevalence of 1.2% in this population. Median
time from transplantation to DNM was 12.0 years (0.9–27). Indications for initial LT and
overall patient characteristics are displayed in Table 1. Prior to the diagnosis of CRC,
immunosuppressants used were CNI (n = 28; 84.8%), MMF (n = 7; 21.2%), mTORI (n = 4;
12.1%) and glucocorticoids (n = 1; 3%). A group of 31 (93.9%) patients were diagnosed
with colon cancer and two (6.1%) with rectal cancer. Using the UICC criteria, 14 (42.4%)
patients were stage I, eight (24.2%) stage II, six (18.2%) stage III and three (9.1%) stage
IV at initial diagnosis. Based on staging and patients’ constitution, 32 (97.0%) patients
were treated with curative and only one (3.0%) patient with palliative intention. Regimens
consisted of oncological resection in 32 (97.0%) cases, chemotherapy in nine (27.3%) and
radiotherapy in two (6.1%), with either combination in eight (24.4%) cases based on therapy
standards at the specific time. Adjuvant chemotherapy was administered in eight (24.2%)
cases, and only one patient received palliative chemotherapy (3.0%). Median survival after
diagnosis of de novo CRC was 49.6 (0.5–298.9) months. At the end time of observation,
11 (33.3%) patients had died, and in eight (24.2%), the malignancy was stated as cause of
death. In all patients undergoing surgery, histopathology confirmed local R0-resection. We
did not find statistical impact of T-stadium or N-classification on survival in Kaplan–Meier
analysis, but M1 status was associated with significant shorter survival (log rank 0.001).
Kaplan–Meier analysis also revealed the statistical significance of UICC stage on survival
after diagnosis with a median of 66.1 (2–129.2) months in stage I, 88.8 (8.4–298.9) months in
stage II, 48.8 (0.5–193.1) months in stage III and 36.8 (3.2–55.4) months in stage IV (log rank
< 0.01). Regarding decade of diagnosis (1989–1999/2000–2009/2010–2019/2020-today), to
account for different oncological therapeutic options, no impact on overall survival after
diagnosis was found (log rank = 0.52).
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Table 1. Overall cohort and Group characteristics.

All Patients (n = 33) RIM (n = 20) no RIM (n = 13) p *

Median age at LT years (min-max) 51.0 (14.0–61.0) 50.0 (29–59) 51.0 (14–61) 0.75

sex (%)
0.5male 19 (57.6) 11 (55) 8 (61.5)

female 14 (42.2) 9 (45) 5 (38.5)

Indication for liver transplantation (%)

0.35

ALD 8 (24.2) 5 (25.0) 3 (23.1)
PBC/PSC 9 (27.3) 6 (30.0) 3 (23.1)
HCC/CCC 4 (12.1) 4 (20.0) 0 (0)
viral hepatitis 5 (15. 2) 3 (15.0) 2 (15.4)
others 7 (21.2) 2 (10.0) 5 (38.4)

Induction of immunosuppression (%)

0.18
none 11 (33.3) 6 (30.0) 5 (38.5)
antibodies 16 (48.5) 12 (60.0) 4 (30.8)
ATG 6 (18.2) 2 (10.0) 4 (30.8)

Immunosuppression at diagnosis of CRC (%)

0.61

CNI 28 (84.8) 19 (95.0) 9 (69.2)
MMF 7 (21.2) 4 (20.0) 3 (23.1)
GC 4 (12.1) 2 (10.0) 2 (15.4)
mTORI 5 (15.2) 3 (15.0) 2 (15.4)
combination 6 (18.2) 5 (25.0) 1 (7.7)

Cardiovascular comorbidities at diagnosis of CRC 24 (72.3) 16 (80.0) 8 (66.7) 0.43

IBD 7 (21.2) 5 (25.0) 2 (15.4) 0.68

BMI at diagnosis of CRC kg/m2 (min-max) 23.0 (16–36) 24.9 (16–36) 22.6 (18–27) 0.12

Median age at diagnosis of CRC years (min-max) 60.0 (29–79) 63.0 (36–78) 60.0 (29–79) 0.59

Median time to CRC after LT years (min-max) 12.0 (0.9–27) 12.5 (1.0–29.0) 11.0 (0.9–27.0) 0.44

Decade at time of CRC (%)

0.34
1989–1990 4 (12.1) 1 (5.0) 3 (23.1)
2000–2009 9 (27.3) 7 (35.0) 2 (15.4)
2010–2019 18 (54.5) 11 (55.0) 7 (53.8)
2020-today 2 (6.1) 1 (5.0) 1 (7.7)

UICC stage

0.36

I 14 (42.4) 10 (50.0) 4 (36.4)
II 8 (24.2) 4 (20.0) 4 (36.4)
III 6 (18.2) 5 (20.0) 1 (9.1)
IV 3 (9.1) 1 (5.0.) 2 (18.2)
missing 2 (6.1) - 2 (15.4)

curative oncological regimen 32 (97.0) 20 (100.0) 12 (92.3) 0.34

Deceased at follow-up 11 (33.3) 4 (20) 7 (53.8)

0.38
cause of death
CRC 7 (21.2) 2 (10) 5 (38.5)
cardiovascular 3 (9.1) 1 (5) 2 (15.4)
other 1 (3.0) 1 (5) 0

LT—liver transplantation; ALD—alcoholic liver disease; PBC—primary biliary cholangitis; PSC—primary sclerosing
cholangitis; HCC-hepatocellular carcinoma; CCC—cholangiocellular carcinoma; ATG—anti-thymocyte globuline;
CRC—colorectal cancer; IBD—inflammatory bowel disease; CNI—calcineurine inhibitor; MMF—mycophenolate
mofetile; GC—glucocorticoid; mTORI—mammalian target of rapamycin inhibitor; BMI—body mass index;
UICC—Union for International Cancer Control. *—comparison of RIM and no RIM.

Median IS-score assessed according to Vasudev et al. at time of diagnosis was
2.0 (0.25–6.0) units, and median cumulative IS-score was 30.5 (3.0–87.5). After diagno-
sis of CRC, 20 (60.6%) patients were identified, where reduction of immunosuppression
according to RIM-criteria in response to new malignancy was initiated. Thus, two groups
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were formed termed RIM and maintenance, respectively. In four patients, IS was with-
drawn completely. Mean IS-score did not differ between groups at time of diagnosis with
2.1 (±1.5) units in group RIM and 2.5 (±1.4) units in maintenance group (p = 0.5). In
RIM-patients, reduction of CNI was initiated in all patients, with relative dosage reduction
of 45.0% (0.25–1). Additionally, MMF was reduced in four (20.0%) patients. In four (20.0%)
patients, mTORI was introduced into regimen. Immune suppressive regimen prior to
the diagnosis of CRC did not differ between the two groups with CNIs as backbone in
19 (95.6%) patients in RIM and in nine (69.3%) patients in the other group. The Wilcoxon
test for non-parametric paired variables revealed a dose reduction of IS with statistical
significance with an IS-score after prior to diagnosis of 2.1 (±1.5) units and 1.4 (±1.5) after
diagnosis of CRC in the RIM-group (p < 0.01).

The most frequent indications for LT were alcoholic liver disease (ALD) and primary
biliary cholangitis (PBC)/primary sclerosing cholangitis (PSC) in both groups without
significant differences (p = 0.35). Further, the prevalence of inflammatory bowel disease
(IBD) did not differ between groups (p = 0.68). Median time to de novo CRC was comparable
(RIM: 12.5 (1.0–29.0) years/maintenance: 11.0 (0.9–27.0) years, p = 0.44). Furthermore, stage
of malignancy using the UICC classification showed no significant difference between
groups; most patients were diagnosed with local tumor stages of I/II in 14 (70.0%) patients
in the group with restrictive IS management and eight (72.8%) in those with unaltered
IS-regimen (p = 0.36). Table 1 shows an overview of patient characteristics including
oncological parameters. Here, no statistically significant differences between those two
groups were found. Additionally, no rejection or loss of graft occurred in the group
undergoing further reduction of IS, and thus, no patient received a re-installment of a
previous IS-regimen.

Median survival from initial diagnosis was 83.46 (8.4–193.1) months in the RIM group
and 24.8 (0.5–298.9) months in maintenance. At the end of the observation period, four
patients (20.0%) had died under restrictive immunosuppression and seven (46.2%) in the
group of unaltered IS. Cause of death was CRC in two (20.0%) and five (38.5%). No signifi-
cance was found in causes of death between groups (p = 0.38; see Table 1). Comparison
using Kaplan–Meier survival analysis showed statistically significant differences in both
short-term and long-term survival (log rank = 0.02); see also Figure 1.
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and II but significantly longer survival for patients with UICC stages III and IV when a 
restrictive immune suppressive regimen after diagnosis of CRC was conducted. Here, me-
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We did not find improved survival after the diagnosis of CRC for the five (15.2%)
patients receiving mTORI before compared with those without (log rank 0.13) or those five
(15.2%) with mTORI therapy after diagnosis (log rank 0.29).

The subgroup analysis of patients with regard to N- and M-status showed trends for
a survival benefit for patients with RIM but did not reach statistical significance except
for short-term survival in patients with M1 status (see Figure 2). Analyzing the survival
of patients with or without RIM subgrouped for UICC stage showed no impact in stages
I and II but significantly longer survival for patients with UICC stages III and IV when
a restrictive immune suppressive regimen after diagnosis of CRC was conducted. Here,
median survival was 48.8 (16.2–193.1) months and 3.2 (0.5–55.4) months, respectively
(log rank 0.02); see Figure 3.
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Figure 2. Subgroup analysis of survival of patients with and without RIM dependent on lymph node 
manifestation or distant metastases at time of diagnosis of CRC after LT. Kaplan-Meier analysis of 
patients without tumor manifestations in lymph nodes (a) or distant metastases (b) as well as pa-
tients with histological proven tumor manifestation in local lymph nodes (c) or distant metastases 
(d) at initial diagnosis of CRC seem to profit from a additional restrictive immunosuppressive regi-
men upon diagnosis but no statistical significant difference was reached. RIM—restrictive immu-
nosuppressive management. 

Figure 2. Subgroup analysis of survival of patients with and without RIM dependent on lymph node
manifestation or distant metastases at time of diagnosis of CRC after LT. Kaplan-Meier analysis of
patients without tumor manifestations in lymph nodes (a) or distant metastases (b) as well as patients
with histological proven tumor manifestation in local lymph nodes (c) or distant metastases (d) at
initial diagnosis of CRC seem to profit from a additional restrictive immunosuppressive regimen upon
diagnosis but no statistical significant difference was reached. RIM—restrictive immunosuppressive
management.

39



Medicina 2022, 58, 1755Medicina 2022, 58, 1755 9 of 15 
 

 

 

 
Figure 3. Impact of RIM dependent on tumor stage according to UICC. 

In multivariate analysis using the clinically important variables of age at tumor diag-
nosis and preexistent cardiovascular disease and the oncological staging parameters using 
the TNM classification and RIM, no significant statistical impact on improved overall sur-
vival after diagnosis of de novo CRC after LT was found. However, a trend regarding 
impact of RIM was seen (p = 0.054); see also Table 2. 

  

Figure 3. Impact of RIM dependent on tumor stage according to UICC.

In multivariate analysis using the clinically important variables of age at tumor di-
agnosis and preexistent cardiovascular disease and the oncological staging parameters
using the TNM classification and RIM, no significant statistical impact on improved overall
survival after diagnosis of de novo CRC after LT was found. However, a trend regarding
impact of RIM was seen (p = 0.054); see also Table 2.

Analyzing the impact of tacrolimus trough levels after diagnosis of CRC, we found
significantly improved survival in groups with mean trough levels of <5 ng/mL (mini-
mized exposure) and >5 ng/mL (conventional exposure) after diagnosis of de novo CRC,
(log rank 0.03); see Figure 4.
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Table 2. Multivariate Regression analysis on impact of survival after diagnosis of CRC after LT.

Parameter p Hazard Ratio
95% CI

Lower Upper

age at diagnosis of CRC
(≤55 vs. >55 years) 0.830 0.708 0.030 16.511

cardiovascular disease
(reference: yes) 0.820 1.277 0.156 10.458

T (reference: T1) 0.250 2.349 0.548 10.062

N (reference: N1) 0.354 0.375 0.047 2.982

M (reference: M1) 0.102 6.439 0.690 60.112

RIM (reference: no RIM) 0.054 14.321 0.960 213.671
CRC—colorectal cancer; RIM—restrictive immunosuppressive management.
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4. Discussion

In this study, we analyzed the course of patients with CRC after LT. Focus was current
IS and its impact on survival, as its influence gains more relevance in recent studies on
outcome after LT with regard on long-term survival [26–28].

We only found 33 patients out of our cohort of over 2700 patients in a time span of
three decades with reported manifestation of CRC, forming a total prevalence of 1.2%,
highlighting effective colorectal cancer screening. Studies report an incidence in the general
population between 30 and 50/100,000 of new CRC per year in western countries, and an
incidence of CRC in LT patients of 4.9% was reported by Altieri et al. [29–31]. Due to the life-
long follow-up of our patients with high compliance, we do not expect underreporting in
our collective but excellent patient adherence to our recommended follow-up examinations
that include endoscopies after LT, and thus, many precancerous lesions might have been
treated before the manifestation of CRC. This notion was supported by the high fraction
of UICC stage I and stage II CRC that formed two thirds of our cohort. Subsequently,
curative surgical therapy was available in every patient but one. We found a median
occurrence of CRC after LT of 12 years, reflecting the impact of chronic IS and the shift
in comorbidities that challenge the aftercare of patients after LT in the long run. Staging-
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dependent survival rates in our study were comparable with the general population and
with LT patients from other reports [13,32]. Staging using the UICC criteria for CRC
and the TNM classification demonstrated prognostic value in our cohort, reflecting their
importance in decision making [33–36]. As most patients (all but one) were treated with
curative intention with surgical resection, the most relevant impact for survival—surgical
resectability—could not be assessed in our study, thus, however, an important potential
bias for our study was ruled out in favor of the impact of IS-redesign.

Evaluating the effect of altered handling of IS after diagnosis of CRC, we found the
two groups that were formed comparable in all relevant clinical aspects. Thus, impact of
RIM could be assessed with validity. Survival analysis revealed positive effects of reducing
IS further after de novo malignancy in LT patients, similar to findings for patients suffer-
ing from recurrent HCC after LT and in congruence of pathophysiology of administered
substances [19,37]. The effect did not reach statistical significance in multivariate analysis,
possibly to the very small population. Analyzing the effect of RIM in subgroups, we found
impact especially in stages where tumor manifestation was advanced (UICC stages III/IV,
M1-status at time of diagnosis). While the utmost importance with highest impact lies
undoubtedly within stage-dependent oncological regimen, we hypothesize that the effect of
RIM might become evident in cases where overall systemic immune control is overwhelmed,
reflecting advanced stages [38–40]. As most patients suffering from CRC after LT are found
years after the initial transplantation with stable liver function—as indicated in our cohort
by the feasibility of major visceral operation—we conclude that RIM should be evaluated
as an additional oncological aspect in this special cohort of patients with the aim of com-
plete withdrawal. While early withdrawal has been shown to be of only minor success
in certain subsets of patients, long-term discontinuation seems to be more favorable and
feasible [41–44]. However, in an event of a life-threatening disease associated with failed
immune response, we deem it mandatory to investigate its practicability in every individual
in a step-by-step manner [45,46]. Recently, Colmenero et al. presented guidelines from the
ILTS-SETH Consensus Conference regarding the incidence and management of DNMs [17].
While they note the lack of data altogether and the practical absence of prospective studies,
their recommendations reflect this study´s findings.

The exact approach to reducing IS in LT patients remains partly unclear and always
requires knowledge of the individual patient´s risk profile, comorbidities and tolerance
to different substances and their adverse effects [47–49]. CNIs remain the most important
substance, and all patients undergoing RIM in our study were found with reductions in
this drug class. Additionally, we found a tacrolimus through-level-dependent survival
difference with beneficial outcome for patients with lower CNI burden. In contrast, mTORI
are the only substance of IS where anti-proliferative properties are reported, although its
clinical impact remains controversial, and optimal regimen is unclear [50–56]. We did not
find any impact of mTORI on survival, whether administered before or after the diagnosis
of CRC, but the number of patients with mTORI was very low. In this regard, using the IS
scale proposed by Vasudev et al. might be misguided, as mTORI are weighted equally to
CNI, and from our regard, the influence of MMF might be overestimated [25]. However,
using the IS scale, a low immunosuppressive burden in the overall cohort was shown,
reflecting the modern approach of reducing IS after LT to the tolerable minimum.

Certain limitations of this study have to be addressed. The retrospective, three-decade-
spanning character certainly inherited different approaches in post-LT management as
well as oncological strategies and therapeutic options that were not explored in depth.
Additionally, while the low number of patients reflects the rarity of this special constellation,
it especially limited validity for subgroup analysis and also restricts overall statistical
analysis. The use of different immune suppressants in over 30 years of LT with diverging
focuses (preventing rejection at all cost vs. minimizing adverse side effects for the future) is
certainly present in this study and the calculation of IS-score and definition of RIM may
be unprecise. However, strategies for CRC have made enormous progress, and regimens
including total neoadjuvant concepts for rectal cancer and targeted therapies for metastatic
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conditions as well as extended concepts for colorectal liver metastases have improved
survival for patients immensely [57–61]. We did not evaluate the differentiated oncological
strategies, but the distribution of diagnosis of CRC over the decades did not differ between
our groups, and thus, possible bias of diverging options even for advanced stages should
be ruled out. It has to be acknowledged that while this study further confirms recent
recommendations, it inherits the methodical limitations of the few studies published before
investigating this issue. Thus, the presented collective can only be regarded as an addition
to the growing, but still scarcely existing, body of evidence.

5. Conclusions

A remarkable oncological benefit for a restrictive, reflective management of IS upon
diagnosis of CRC after LT with significant impact on survival for the individual patients was
found in this study. This observation requests timely action from the physician in charge
after LT in an individualized manner with close correspondence to treating oncologists as
IS reduction can be regarded as an additional oncological measure. To achieve a profound
scientific foundation for the reduction of IS in this context, prospective, multi-center data
must be acquired in regard to the rarity of occurrence.
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Abstract: Background and Objectives: Increasing evidence supports the use of neoadjuvant chemother-
apy (NAC) for locally advanced colon cancer (LACC). However, its effectiveness remains contro-
versial. This study explored the safety and efficacy of NAC combined with laparoscopic radical
colorectal cancer surgery and adjuvant chemotherapy (AC) for LACC. Materials and Methods: We
retrospectively analyzed 444 patients diagnosed with LACC (cT4 or cT3, with ≥5 mm invasion
beyond the muscularis propria) in our hospital between 2012 and 2015. Propensity score matching
(PSM; 1:2) was performed to compare patients treated with NAC and those treated with adjuvant
chemotherapy (AC). Results: Overall, 42 patients treated with NAC were compared with 402 patients
who received only AC. After PSM, 42 patients in the NAC group were compared with 84 patients
in the control group, with no significant differences in the baseline characteristics between groups.
The pathological tumor sizes in the NAC group were significantly smaller than those in the AC
group (3.1 ± 2.1 cm vs. 5.8 ± 2.5 cm). Patients in the NAC group had a significantly lower T stage
than those in the AC group (p < 0.001). After neoadjuvant chemotherapy, a significant response was
observed in four (9.6%) patients, with two (4.8%) showing a complete response. The 5-year overall
survival rates (88.1% vs. 77.8%, p = 0.206) and 5-year disease-free survival rates (75.1% vs. 64.2%,
p = 0.111) did not differ between the groups. However, the 5-year cumulative rate of distant recur-
rence was significantly lower in the NAC than in the AC group (9.6% vs. 29.9%, p = 0.022). Conclusions:
NAC, combined with AC, could downstage primary tumors of LACC and seems safe and acceptable
for patients with LACC, with a similar long-term survival between the two treatments.

Keywords: neoadjuvant chemotherapy (NAC); locally advanced colon cancer (LACC); preoperative
treatment; propensity score matching; survival

1. Introduction

Colon cancer (CC) is the fourth most common type of cancer worldwide [1]. Among
patients with CC, a substantial proportion that presents with locally advanced colon cancer
(LACC) (T4 or T3, with ≥5 mm invasion beyond the muscularis propria) still have an
unsatisfactory prognosis, with 5-year survival rates ranging from 55% to 88%, despite
developments in surgical technique and chemotherapy regimens [2]. Worldwide, the
current standard treatment strategy for LACC is radical surgical resection of the tumor (R0
resection), followed by adjuvant chemotherapy. Regarding the clinical treatment strategy of
other solid tumors, neoadjuvant chemotherapy (NAC) has been successfully applied in the
clinical treatment of cancers, including rectal and breast cancer [3–5]. Relevant research has
suggested that neoadjuvant chemotherapy (NAC) was useful in promoting a reduction in
tumor burden prior to surgery and the eradication of micro-metastases [6], which achieved
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a higher rate of R0 resection. However, it usually takes about one month for patients to
fully recover from surgery and receive adjuvant chemotherapy (AC). A previous study
recognized that metabolic activity increased after surgical removal of the primary tumor,
suggesting that surgical stimulation of growth factors may be one of the factors promoting
postoperative metastasis [7]. From this perspective, preoperative NAC may have a positive
impact on patient prognosis [8]. Therefore, new treatment strategies urgently need to be
proposed and validated.

However, there are still relatively few studies showing the usefulness of NAC for
survival in patients with LACC. Most recent studies have focused on demonstrating the
feasibility and safety of NAC [9–11]. The FOxTROT study showed that preoperative
chemotherapy combining 5-fluorouracil and oxaliplatin with or without panitumumab
in patients with resectable T4 or T3 colon cancer had a significant effect on tumor down-
staging and had high safety [12]. The ongoing French clinical trial PRODIGE 22-ECKINOXE
and the Chinese COLARC study have both confirmed that NAC is feasible, with acceptable
tolerability, but is not associated with an increased major pathological response rate [13–15].
A retrospective study also showed that patients with clinical T4b CC treated with NAC
might have an improved survival rate [16], but this has not been observed in patients
with clinical T3 or T4a CC. In terms of clinical guidelines, the current National Compre-
hensive Cancer Network (NCCN) guidelines also recommend preoperative neoadjuvant
chemoradiotherapy as an option for patients with initially unresectable, non-metastatic T4
colon cancer [17].

The application of NAC for LACC is challenged by concerns that patients may lose
the opportunity to undergo radical surgery due to the progression of the primary tumor
during NAC, while some patients may receive over-treatment due to inaccurate computed
tomography (CT) staging. With the advancements in CT, many studies have confirmed
the accuracy of CT technology in staging CC [18–20], and CT scanning can accurately
identify high-risk (T3/4) colon cancers with minimal over-staging of T1/T2 tumors [21].
Given the potential advantages and disadvantages, we conducted this study to investigate
the perioperative efficacy and postoperative outcomes to evaluate whether NAC could
improve prognosis in patients with LACC and who only received surgery combined with
postoperative AC for the time being.

2. Materials and Methods
2.1. Patient Selection

We reviewed the data of 444 patients with LACC (T4 or T3, with ≥5 mm invasion
beyond the muscularis propria) who underwent surgery at the Fujian Provincial Hospi-
tal between 2012 and 2015 (Figure 1). Patients were randomly assigned to two groups:
42 received preoperative NAC combined with AC, while the remaining 402 received post-
operative AC. The inclusion criteria were as follows: (1) histologically confirmed colon
cancer; (2) CT-verified colon cancer at clinical stage T4a or T3, with ≥5 mm invasion
beyond the muscularis propria; and (3) radical surgery. The exclusion criteria were as
follows: (1) distant metastasis detected upon preoperative examination; (2) simultaneous
malignancies from other organs or prior malignancy; (3) serious cardiovascular or cere-
brovascular diseases, liver and kidney dysfunction, severe blood system diseases, immune
system diseases, or severe mental disorder; (4) incomplete or inaccurate medical records;
and (5) below 18 years old or over 90 years old at the time of diagnosis. This study was
reviewed and approved by the Ethics Committee of the Fujian Provincial Hospital and
was registered under the ethics committee approval number K2017-09-070. All data were
anonymized, and the requirement for informed consent was therefore waived. All study
procedures were performed in accordance with the Helsinki Declaration of 1964 and its
later versions.
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Figure 1. Flowchart of patient selection.

2.2. Treatment Regimes

Initial clinical staging using colonoscopy with biopsy confirmation and abdominal
computed tomography (CT) was performed in all cases. Patients in the NAC group received
6 cycles of XELOX (capecitabine 1000 mg/m2 orally days 1–14 q3w, oxaliplatin 130 mg/m2

iv day 1 q3w) after diagnosis and underwent radical surgery three weeks after the last
cycle of NAC. The response to NAC was assessed every three cycles by performing a CT
scan (according to RECIST [22]) and measuring serum carcinoembryonic antigen (CEA)
and carbohydrate antigen199 (CA199) levels. Further AC was determined based on the
pathological results and the patient’s willingness to undergo the remaining two cycles of
XELOX. For patients in the AC group, radical surgery was performed first after diagnosis,
and patients received eight cycles of AC (XELOX, capecitabine 1000 mg/m2 orally days
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1–14 q3w, oxaliplatin 130 mg/m2 iv day 1 q3w), depending on the histological stage and
the pathological response. Follow-up was performed 1 month after surgery, every 3 months
for 3 years, every 6 months for 5 years, and yearly thereafter.

2.3. Data Collection

The following variables were included in the analysis: sex, age, tumor site, tumor size,
gross type, tumor differentiation, histopathology, clinical T and N stages, serum CEA and
CEA levels, ASA grade, body mass index (BMI), operation time, estimated blood loss, time
to start the diet, length of hospital stay, toxic effect, pathologic outcomes according to the
American Joint Committee on Cancer (AJCC) guidelines (8th edition), and postoperative
morbidity and mortality. Toxicity was assessed according to the Common Toxicity Criteria
for Adverse Events (version 3.0). The date of diagnosis was defined as the date of the first
histological confirmation of malignancy, most often the day of the endoscopic biopsy. After
resection, the pathologist performed the final stage. A pathological tumor (ypT) and nodal
staging were compared with clinical staging in both groups to assess the downstaging effects
of neoadjuvant CT. R0 resection was achieved if the resection margins were microscopically
tumor-free. In the case of irradical resection, the resection was either labeled R1 (microscopic
involvement of the resection margins) or R2 (macroscopic involvement). Major postoperative
complications such as wound infection, ileus, and anastomotic leakage were recorded. The
primary outcome was overall survival. The secondary endpoints were recurrence rate,
disease-free survival (DFS), and chemotherapy toxicity.

2.4. Statistical Analysis

The chi-square test or Fisher’s exact probability method was used to compare classified
variables between the two groups. An independent-samples t-test was used to compare
normally distributed continuous variables. Nonparametric Mann–Whitney U tests were
applied when the variance was not normally distributed. Propensity score matching was
applied to reduce the possibility of selection bias and adjust for significant differences in
the baseline characteristics of the patients. The propensity score was calculated based on
sex, age, tumor site, tumor size, gross type, tumor differentiation, histopathology, clinical T
and N stage, CEA levels, American Society of Anesthesiologists (ASA) grade, and body
mass index (BMI). Patients in the NAC group were matched 1:2 using nearest neighbor
matching based on the closest propensity score to those in the AC group. Overall survival
and disease-free survival rates were estimated using the Kaplan–Meier method. Statistical
significance was set at p < 0.05. Statistical analysis was performed using SPSS for Windows
(version 22.0; SPSS Inc., Chicago, IL, USA).

3. Results
3.1. Baseline Characteristics

This study included 444 patients with LACC who underwent radical surgical re-
section between January 2012 and June 2015. Among them, 42 patients received NAC
before surgery, while the remaining 402 patients underwent surgical resection without
preoperative chemotherapy. Before propensity score matching, sex, gross type, tumor
differentiation, histopathology, cT and cN stages, serum CEA level, serum CA199 level,
ASA, and BMI were not significantly different between the groups (Table 1). How-
ever, compared to the AC group, patients in the NAC group were significantly older
(66.48 ± 11.98 years vs. 61.60 ± 13.68 years, p = 0.027), the tumor sizes were significantly
larger (5.0 ± 1.7 vs. 4.2 ± 2.0 cm, p = 0.009), and more tumors were located in the left colon
(p = 0.015). A propensity score was calculated to adjust for biases caused by differences in
baseline characteristics between the two groups. After matching, there were no significant
differences in any baseline characteristics between the groups (Table 1). We found that
several indices of patients in the NAC group, such as body mass index (BMI), serum
CEA level, serum CA199 level, and American Society of Anesthesiologists (ASA) score,
improved after six cycles of NAC. (Table 2, p < 0.05).

50



M
ed

ic
in

a
20

22
,5

8,
15

05

Ta
bl

e
1.

O
ve

ra
ll

pa
ti

en
ta

nd
tu

m
or

ch
ar

ac
te

ri
st

ic
s

be
fo

re
an

d
af

te
r

PS
M

fo
r

th
e

N
A

C
an

d
A

C
gr

ou
ps

.

V
ar

ia
bl

e
R

aw
D

at
a

p
A

ft
er

Pr
op

en
si

ty
M

at
ch

in
g

p
N

A
C

(n
=

42
)

A
C

(n
=

40
2)

N
A

C
(n

=
42

)
A

C
(n

=
84

)

G
en

de
r

0.
61

2
0.

37
7

M
al

e
22

22
7

22
37

Fe
m

al
e

20
17

5
20

47
A

ge
,y

ea
rs

0.
02

7
0.

67
0

M
ea

n
±

SD
(r

an
ge

)
66

.4
8
±

11
.9

8
61

.6
0
±

13
.6

8
66

.4
8
±

11
.9

8
65

.5
1
±

11
.9

5
Tu

m
or

si
te

0.
01

5
0.

77
7

R
ig

ht
co

lo
n

12
19

4
12

22
Le

ft
co

lo
n

30
20

8
30

62
Tu

m
or

si
ze

,c
m

(i
m

ag
in

g)
0.

00
9

0.
63

5
M

ea
n
±

SD
5.

0
±

1.
7

4.
2
±

2.
0

5.
0
±

1.
7

4.
8
±

2.
0

M
or

ph
ol

og
y

0.
85

5
0.

07
7

In
fil

tr
at

iv
e

1
23

1
0

U
lc

er
at

iv
e

27
24

7
27

43
Ex

pa
nd

in
g

14
13

2
14

41
Tu

m
or

di
ff

er
en

ti
at

io
n

0.
88

7
0.

28
0

W
el

lo
r

m
od

er
at

el
y

34
32

9
34

74
Po

or
ly

,o
th

er
s

8
73

8
10

H
is

to
pa

th
ol

og
y

0.
84

7
0.

54
1

Tu
bu

la
r

ad
en

oc
ar

ci
no

m
a

34
32

8
34

74
M

uc
in

ou
s

ad
en

oc
ar

ci
no

m
a

6
55

6
7

Si
gn

et
ri

ng
ce

ll
ca

rc
in

om
a

0
6

0
1

O
th

er
s

2
13

2
2

cT
st

ag
e

*
0.

43
6

0.
17

2
cT

3
19

15
7

19
27

cT
4

23
24

5
23

57
cN

st
ag

e
*

0.
21

4
0.

59
1

cN
0

20
21

3
20

38
cN

1
10

11
1

10
28

cN
2

9
69

9
15

cN
x

3
9

3
3

C
EA

,n
g/

m
l

0.
09

3
0.

07
4

M
ed

ia
n

(P
25

,P
75

)
5.

62
(2

.8
1,

13
.6

3)
4.

94
(2

.0
8,

13
.1

0)
5.

62
(2

.8
1,

13
.6

3)
4.

82
(2

.0
0,

12
.6

8)
C

A
19

9,
U

/m
L

0.
32

8
0.

36
2

M
ed

ia
n

(P
25

,P
75

)
19

.6
3

(1
1.

97
,2

7.
75

)
17

.0
2

(8
.3

8,
27

.8
4)

19
.6

3
(1

1.
97

,2
7.

75
)

16
.1

0
(1

0.
03

,2
7.

40
)

51



M
ed

ic
in

a
20

22
,5

8,
15

05

Ta
bl

e
1.

C
on

t.

V
ar

ia
bl

e
R

aw
D

at
a

p
A

ft
er

Pr
op

en
si

ty
M

at
ch

in
g

p
N

A
C

(n
=

42
)

A
C

(n
=

40
2)

N
A

C
(n

=
42

)
A

C
(n

=
84

)

A
SA

0.
33

3
0.

96
0

I
26

20
3

26
53

II
13

12
6

13
24

II
I

3
67

3
7

IV
0

6
0

0
BM

I
0.

26
9

0.
15

3
M

ea
n
±

SD
(r

an
ge

)
20

.6
4
±

4.
37

21
.5

1
±

4.
88

20
.6

4
±

4.
37

21
.8

5
±

4.
49

*
A

cc
or

di
ng

to
th

e
A

JC
C

C
an

ce
r

St
ag

in
g

M
an

ua
l,

8t
h

ed
it

io
n.

A
bb

re
vi

at
io

ns
:A

SA
,A

m
er

ic
an

So
ci

et
y

of
A

ne
st

he
si

ol
og

is
ts

;B
M

I,
bo

dy
m

as
s

in
de

x.

52



Medicina 2022, 58, 1505

Table 2. Patient characteristics after neoadjuvant chemotherapy for the NAC group.

Variable NAC-Before
(n = 42)

NAC-After
(n = 42) p

CEA, ng/mL 0.003
Median (P25, P75) 5.62 (2.81, 13.63) 3.25 (2.66, 4.20)

CA199, U/ml 0.001
Median (P25, P75) 19.63 (11.97, 27.75) 12.42 (4.55, 1.40)

ASA 0.009
I 26 37
II 13 5
III 3 0

IV 0 0
BMI 0.001

Mean ± SD 20.65 ± 4.37 23.46 ± 3.28
Abbreviations: NAC-after, patients of the NAC group after 6 cycles of neoadjuvant chemotherapy; NAC-before,
patients of the NAC group before neoadjuvant chemotherapy; ASA, American Society of Anesthesiologists; BMI,
body mass index.

3.2. Perioperative Outcomes

The operation time, estimated blood loss, time to bowel movement, time to a liquid
diet, time to a soft diet, postoperative hospital stays, and complications within 30 days
of surgery were similar between the two groups (Table 3). In addition, there was no
significant difference in mortality between the two groups 30 days after surgery. Regarding
the toxic effects of chemotherapy, there was no significant difference in the incidence of
gastrointestinal, hematologic, and dermatologic effects; however, the NAC group had
a lower incidence of any grade 3 or 4 toxic effects than the AC group (10.0% vs. 25.9%,
p = 0.041). Four (9.5%) and eighteen (21.4%) patients did not complete the full cycles of
chemotherapy in the NAC and AC groups due to toxic effects, respectively.

Table 3. Comparison of perioperative outcomes between NAC and AC groups.

Variable NAC (n = 42) AC (n = 84) p

Operation time, min 0.183
Median (P25, P75) 185.50 (165.50, 201.00) 175.50 (147.25, 200.75)

Estimated blood loss, ml 0.111
Median (P25, P75) 50.00 (35.00, 60.00) 55.00 (40.00, 65.00)

Anal exhaust time, day 0.757
Median (P25, P75) 3.00 (2.00, 3.00) 3.00 (2.00, 3.00)

Time to liquid diet, day 0.375
Median (P25, P75) 2.00 (1.00, 2.00) 1.50 (1.00, 2.00)

Time to soft diet, day 0.383
Median (P25, P75) 3.00 (3.00, 4.00) 4.00 (3.00, 4.00)

Postoperative hospital stays, day 0.419
Median (P25, P75) 6.00 (5.00, 8.00) 6.00 (5.00, 7.00)

Complication within 30 days of surgery 1.000
None 33 67
Wound infection 2 5
Ileus 5 9
Anastomotic leakage 2 3

Mortality within 30 days of surgery 0.552
No 42 82
Yes 0 2

Toxic effect *
Gastrointestinal ** 7 19 0.436
Hematologic effects 10 32 0.109
Dermatologic effects 9 25 0.321
Any grade 3 or 4 toxic effect 4 22 0.041

* According to National Cancer Institute Common Toxicity Criteria; ** Nausea, vomiting, and diarrhea.
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3.3. Pathological Outcomes

None of the patients experienced progression during neoadjuvant chemotherapy, and
the NAC group achieved a smaller tumor size than the AC group (3.1 ± 2.1 vs. 5.8 ± 2.5 cm,
p < 0.001). In all patients, the cT stage was reported before the start of NAC. Four patients
showed significant downstaging of the primary tumor after systemic therapy (cT3-4 to
pT0-2, 9.5%), while two patients showed a complete pathological response (pT0; Table 4).
None of the patients in the NAC group had nodal over-staging. Although only three
patients (21.4%) were diagnosed with cN1and finally had pN2 disease, up to 15 patients
(65.2%) were diagnosed with cN0 and finally had pN1-2 disease (Table 5).

Table 4. Comparison of pathologic outcomes between the NAC and AC groups.

Variable NAC (n = 42) AC (n = 84) p

Tumor size, cm (pathological) <0.001
Mean ± SD 3.1 ± 2.1 5.8 ± 2.5

T stage * <0.001
T0 2 0
T1 2 0
T2 8 0
T3 23 29
T4 7 55

N stage * 0.310
N0 22 49
N1 10 24
N2 10 11

Resection margin 1.000
R0 40 81
R1 2 3

Angiolymphatic invasion 0.725
Positive 35 72
Negative 7 12

Nerve invasion 1.000
Positive 40 81
Negative 2 3

* According to the AJCC Cancer Staging Manual, 8th edition.

Table 5. Clinical and pathological nodal staging.

(a) Nodal downstaging in patients who received NAC

(a)

Pathological N-score

pN0 pN1 pN2 Total

Clinical N-score 42
cN0 20 0 0 20
cN1 0 10 0 10
cN2 0 0 9 9
cNx 2 0 1 3
Total 22 10 10 42
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Table 5. Cont.

(b) Comparison of clinical and pathological nodal staging in patients treated with AC.

(b)

Pathological N-score

pN0 pN1 pN2 Total

Clinical N-score
cN0 23 9 6 38
cN1 14 11 3 28
cN2 10 3 2 15
cNx 2 1 0 3
Total 49 24 11 84

Abbreviations: NAC, neoadjuvant chemotherapy; AC, adjuvant chemotherapy.

3.4. Survival

The median follow-up periods in the NAC and AC groups were 56 (12–80) and
66.5 (2–83) months, respectively, while the corresponding 5-year overall survival rates were
88.1% and 77.8%, respectively. This difference was not significant (p = 0.206; Figure 2a).
Furthermore, there was no significant difference in the 5-year progression-free survival
between the two groups (75.1% vs. 64.2%, p = 0.111; Figure 2b), nor in the incidence of 5-year
local recurrence (18.3% vs. 15.3%; p = 0.935; Figure 2c). However, the 5-year cumulative
incidence of distal recurrence was 9.6% in the NAC group, which was significantly lower
than that in the AC group (29.9%, p = 0.018; Figure 2d).
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4. Discussion

NAC for LACC has become increasingly frequently applied in the clinic; however, its
applicability remains controversial [6,9,11,16]. Our study illustrated that NAC combined
with AC was not only safe but also resulted in significant tumor downstaging in patients
with LACC, and the long-term outcomes were similar to those of patients who underwent
surgery directly after diagnosis.

It is well known that chemotherapy drugs induce certain toxicity towards the liver and
kidney, and it has been suggested that NAC may be associated with unnecessary patient
morbidity due to chemotherapeutic toxicities. When comparing patients who received
NAC with those who did not, we found that patients in the NAC group had a lower
incidence of grade 3 or 4 toxicities. Clinically, neoadjuvant therapy toxicity (grade 3 or 4)
was observed in only 10% of the patients in the NAC group. Interestingly, our further
research suggested that several indices of patients in the NAC group, such as serum CEA
level, serum CA199 level, BMI, and ASA score, were improved after six cycles of NAC.
This may be because NAC was usually carried out before radical surgery, delaying the
operation time by about 12–18 weeks. In addition, we increased the nutritional intake
through enteral and parenteral nutrition during chemotherapy. As a result, patients had
the opportunity to improve their physical condition before surgery. Patients tolerated b
preoperative chemotherapy better than postoperative adjuvant chemotherapy because they
were in a relatively healthier state.

A previous study indicated that the rates of adverse reactions and surgical complica-
tions did not differ between patients who underwent NAC and those who did not. Karoui
et al. and the FOxTROT Collaborative Group both demonstrated that there was no sig-
nificant difference in postoperative anastomotic leaks, wound infections, or return to the
theater between the neoadjuvant and control arms in both RCTs [12,15]. The results of our
study suggest that operation time, estimated blood loss, time to bowel movement, time to
a liquid diet, time to a soft diet, postoperative hospital stays, and mortality within 30 days
of surgery did not show any statistical difference between the NAC and AC groups. In
addition, the occurrence of major complications, such as wound infection, ileus, and anas-
tomotic leakage, was equal between the groups. The results of this study clearly showed
that NAC is well tolerated with an acceptable side effect profile for an average of less than
30 days after surgery. Thus, we supposed that NAC was non-inferior in terms of safety and
did not increase surgical complications or mortality compared to standard surgery. Other
concerns raised about NAC were related to the possibility that the response of tumors to
neoadjuvant therapies remains variable; a subgroup of patients may not achieve any down-
staging of the tumor, and some of them may even show disease progression, as observed in
locally advanced rectal cancer due to delays in operative intervention [23,24]. However, it
was encouraging that no progression was observed during neoadjuvant chemotherapy in
this study. This finding is in agreement with the results of a previous study [12].

The subjects included in our present study were patients with LACC, such as T4
or high-risk T3 (with ≥5 mm invasion beyond the muscularis propria), without distant
metastases. Identifying this patient population relied heavily on accurate CT staging, as
it guided the need for neoadjuvant therapy. CT staging was found to be accurate, with
an overall sensitivity of 90% in detecting tumor invasion beyond the bowel wall and
nodal involvement in a previous meta-analysis [25]. In this study, we enrolled 23 patients
diagnosed with the cT4 stage in the NAC group. Tumor grade regression of the specimen
is an important factor directly related to chemotherapy response [26,27]. The results of our
study showed that the benefits of NAC included the significant downsizing of the primary
tumor and downstaging of the T stage. However, several studies have indicated that the
complete pathological response rate of LACC was between 2–4.6%, which is significantly
lower than that of rectal cancers, which ranged from 15% to 25% [10,28,29]. In our study,
the sizes of primary tumors were markedly reduced after NAC in 42 patients. Additionally,
evidence of significant downstaging (cT3-4 to pT0-2, 9.5%) was demonstrated in 9.5% of

56



Medicina 2022, 58, 1505

patients, and a complete pathological response (pT0) was observed in 4.8% of patients. This
is also in agreement with the results of a previous study [11].

Recently, a systematic review and meta-analysis concluded that NAC could signifi-
cantly improve disease-free survival and overall survival in patients with rectal cancer [30].
Similarly, Cheong et al. found that patients with colon cancer receiving NAC also had
better overall survival and disease-free survival [31]. In contrast, several studies have
suggested that the overall survival of patients receiving NAC was similar to that of patients
without NAC [11,16]. Our research showed no significant difference in overall survival
and disease-free survival between the NAC and AC groups; however, NAC significantly
reduced the incidence of distant recurrence. This may be explained by the fact that cir-
culating tumor cells and lymph node metastasis could be eradicated by early systemic
NAC. Furthermore, NAC may shrink tumors and reduce tumor cell shedding caused
by surgical trauma. A related study showed that surgery stimulates growth factors and
induces immunosuppression, which may promote tumor progression and the spread of
micrometastases in the postoperative setting [13]. Surgery after NAC can remove the
tumor more radically and eradicate systemic micrometastases earlier. This may prevent the
occurrence of distant relapses.

Despite these positive findings, this study had several limitations. First, the sample
size was relatively small. Second, selection bias could have occurred in the control group
because only patients who were able to undergo adjuvant CT were included, and patients
who died postoperatively or had severe complications were excluded. Third, although
propensity score matching was performed to balance the significant baseline characteristics
of patients, RCTs nevertheless need to be conducted to confirm our results.

5. Conclusions

Overall, our findings showed that a lower incidence of any grade 3 or 4 toxic effects
were observed in the NAC group, and there was no significant increase in postoperative
complications or mortality. NAC combined with AC could be used to downstage the
primary tumor of the LACC and eliminate potential micrometastases. NAC combined
with AC appears to be a safe and acceptable modality for patients with LACC. However,
additional large randomized trials with longer follow-up times are needed to provide more
reliable results.
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Abstract: Background: Colorectal cancer represents a common malignancy and remains incurable in
the metastatic stage. Identification of molecular alterations that are present in colorectal cancer has
led to the introduction of targeted therapies that improve outcomes. BRAF and PIK3CA mutations are
observed in a subset of colorectal cancers. Colorectal cancers bearing BRAF mutations may be treated
with specific BRAF inhibitors. These drugs benefit patients with BRAF mutant colorectal cancers but
responses are rather brief, and progression is the rule. In contrast, no PI3K inhibitors have proven
successful yet in the disease. Thus, new treatments to supplement the currently available drugs
would be welcome to further improve survival. Methods: Profiled colorectal cancer cell lines from the
Cancer Cell Line Encyclopedia (CCLE) were examined for BRAF and PIK3CA mutations and were
interrogated for molecular characteristics and concomitant alterations that mirror clinical sample
alterations. The Genomics of Drug Sensitivity in Cancer (GDSC) project was used for determination
of drug sensitivities of BRAF mutated colorectal cell lines with or without concomitant PIK3CA
mutations. The Cancer Dependency Map project served as the basis for identification of molecular
dependencies and vulnerabilities in these cell lines. Results: CCLE includes 84 colorectal cancer
cell lines, which recapitulate the molecular landscape of colorectal cancer. Of these, 23 and 24 cell
lines possess BRAF and PIK3CA mutations, respectively. Seven BRAF mutant cell lines have V600E
mutations and 14 PIK3CA mutant cell lines have hotspot helical or kinase domain mutations. V600E
BRAF mutant cell lines with or without hotspot PIK3CA mutations are heterogeneous in their MSI
status and mimic colorectal cancer tissues in other prevalent abnormalities including APC and
TP53 mutations. Essential genes for survival include CTNNB1, WRN, and pyrimidine metabolism
enzyme CAD. Besides BRAF mutations, BRAF inhibitor sensitivity in colorectal cancer cell lines is
conferred by SACS mutations and PRKN locus loss. Conclusions: Colorectal cancer cell lines bearing
the frequent BRAF and PIK3CA mutations present many alterations of the parental cancer tissue.
Described vulnerabilities represent leads for therapeutic exploration in colorectal cancers with the
corresponding alterations.

Keywords: colon cancer; cell line models; dependencies; targeted therapy; signal transduction

1. Introduction

Colorectal cancer is the most prevalent gastrointestinal carcinoma and a major cause
of cancer morbidity and mortality. An estimated 150,000 people will be diagnosed with
colorectal cancer in 2022 in the United States alone and over 50,000 patients will die from
the disease [1]. It represents the third leading cause of mortality from cancer in both men
(after lung and prostate cancers) and women (behind lung and breast cancers). About
20% of cases are diagnosed in a metastatic stage and a significant percentage of initially
stage II and stage III patients will have a metastatic relapse [2]. Metastatic colorectal
cancer remains most often an incurable disease, despite progress in systemic and local
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therapies that have improved outcomes [3]. The elucidation of the molecular pathogenesis
of colorectal cancer has resulted in introduction of targeted therapies that have improved
survival of selected patients [4–7]. These include anti-EGFR monoclonal antibodies for
KRAS wild type disease, combinations of anti-EGFR monoclonal antibodies with BRAF
inhibitors for BRAF mutant cancers, anti-HER2 therapies for HER2 altered cancers and
immune checkpoint inhibitors for microsatellite instability (MSI) high cancers. Other
targeted treatments addressing small defined sub-sets of colorectal cancers include NTRK
inhibitors for colorectal cancers with NTRK fusions and specific KRAS G12C inhibitors for
cancers with this KRAS substitution [8,9]. Novel therapeutics based on combinations of
targeted therapies are intensely investigated with the hope that several will enter the clinic
in the near future [10,11].

BRAF mutations are observed in 5% to 15% of colorectal cancers and are associated
with aggressive disease [12,13]. Colorectal cancers with mutations in BRAF tend to be of
high grade and occur more often in the right colon [14]. The most common mutations
in BRAF occur at amino-acid V600 position of the protein and substitute the normal
valine at this position with glutamic acid (V600E). BRAF V600E mutations and other rarer
substitutions at this codon location (V600K, V600D, V600M, and V600R) are categorized
as class I BRAF mutations. These substitutions result in potent kinase activation that
is independent of upstream signals from KRAS [15,16]. Mutations of BRAF in other
codons, including the neighboring L597 and K601 positions lead to a protein that retains
the requirement for homo-dimerization to signal downstream. These mutations that are
classified as class II, as well as class III mutations, that require KRAS input for sustained
signaling, are rare [14,15].

Mutations in the gene encoding for the alpha catalytic subunit of kinase PI3K, PIK3CA,
are the most common colorectal cancer mutations in the PI3K/AKT/mTOR signal trans-
duction pathway and are present in 20% to 25% of colorectal cancers [17–20]. PIK3CA point
mutations are more diverse than BRAF mutations, although about half of the cases concern
codons E542, E545, and Q546 of the helical domain and codon H1047 of the kinase domain.
Colorectal cancers with PIK3CA mutations are more often arising in the right colon and
present with a higher mutation count than cancers without PIK3CA mutations [20]. In
contrast to the mutual exclusivity of mutations in oncogenes KRAS and BRAF, cancers
with PIK3CA mutations have often concomitant mutations in either of these genes of the
KRAS/BRAF/MEK/ERK pathway.

This investigation examines colorectal cancer cell lines bearing BRAF mutations with
concomitant PIK3CA mutations and compares them to BRAF mutant cell lines without
PIK3CA mutations in regard to genomic characteristics such as ploidy, MSI status, and
coexisting molecular alterations. The sensitivity of these cell lines to drugs inhibiting the
mutated pathways and to other inhibitors is also interrogated. The ultimate goal is to
discover new therapeutic opportunities beyond the currently available BRAF inhibitors,
which are currently the only approved drugs, in combination with anti-EGFR therapies, for
colorectal cancers with V600E mutations.

2. Methods

Cancer cell lines included in the current investigation constitute part of the Cancer
Cell Line Encyclopedia (CCLE) collection [21]. The cBioportal Genomics Portal platform
was used to identify colorectal cancer cell lines with BRAF mutations with or without
concomitant PIK3CA mutations in CCLE [22]. cBioportal (http://www.cbioportal.org
accessed on 29 July 2022) is a user-friendly, open-access platform for genomic analysis of
tumors and cancer cell lines [22]. Additionally, genomic data of colorectal cancer patients
from The Cancer Genome Atlas (TCGA) study cohort [17] were analyzed using cBioportal.
The CCLE project employs whole-exome sequencing to discover mutations, copy number
alterations, and fusions in cell lines from various types of cancer [21]. Analysis of copy
number alterations in the CCLE project was performed with the GISTIC (Genomic Identifi-
cation of Significant Targets in Cancer) algorithm, in which a score of 2 or above denotes
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putative amplification of a gene [23]. RNA expression was normalized with the RSEM
algorithm and results were presented as the Log RNA sequences in Reads per Kilobase
Million (RPKM) [24].

The functional assessment of mutations observed in cell lines of interest was performed
with the help of OncoKB. OncoKB knowledgebase is a database of cancer-related genes and
characterizes these genes as oncogenes or tumor suppressor genes [25]. On some occasions,
genes are included in OncoKB as cancer associated but they are not annotated as oncogenes
or tumor suppressors.

The Genomics of Drug Sensitivity in Cancer (GDSC) dataset (www.cancerrxgene.org
accessed on 29 July 2022) was interrogated to obtain data on drug sensitivity of cell lines
from colorectal cancer and other cancers with BRAF and PIK3CA mutations [26]. Two
datasets, GDSC1 and GDSC2, are included within the GDSC project, differing in the
experimental conditions used. GDSC1 experiments were performed between 2009 and 2015.
These experiments used media alone in the negative control cell lines not exposed to drugs.
The GDSC2 panel of experiments was performed more recently (after 2015) and employed
media with vehicle (DMSO-dimethylsulfoxide) in the negative controls. Dependencies
on specific genes of cell lines with BRAF and PIK3CA mutations were obtained from the
Depmap portal that contains data from CRISPR arrays and RNA-interference (RNAi)
arrays of included cell lines from CCLE [27,28]. CRISPR and RNAi arrays identify essential
genes that are important for the survival of screened cell lines and, as a result, the knock-
down of these essential genes has a significant effect in their survival and proliferation
in vitro [29–31]. The two methodologies differ in the depth of suppression of assayed
genes, with CRISPR knock out usually being stronger than the partial suppression obtained
by RNA interference. As a result, the genes and dependencies discovered with the two
methodologies are not completely overlapping. Data for CRISPR screening in DepMap are
from project SCORE containing 323 cancer cell lines from various cancers and a library of
18,009 targeted genes [32]. Computational modelling of experiments in SCORE was initially
performed with the CERES algorithm and later with the CHRONOS algorithm [33,34].
RNAi experiments were performed under the aegis of project Achilles using the DEMETER
algorithm for analysis [30].

Statistical comparisons of categorical data were carried out using Fisher’s exact test or
the x2 test. The Mann–Whitney U test was used to compare median values. All statistical
comparisons were considered significant if p < 0.05.

All data presented in this paper are from experiments performed by the consortiums
mentioned in the above methods section and are openly available in the public domain.
No new laboratory experiments have been performed for this investigation.

3. Results

The colorectal cancer cohort of CCLE consisting of 84 cell lines contains 23 cell lines
(27.4%) with BRAF mutations. Ten BRAF mutant cell lines contain classic V600E mu-
tations, in three of them (OUMS23, MDST8 and HT-29) with additional non-canonical
BRAF mutations (Table 1). Thirteen cell lines contain non-V600E mutations. In two of
them, NCI-H508 and HT-55, mutations are oncogenic or potentially oncogenic (G596R and
N581Y, respectively).

Seven BRAF V600E mutant cell lines are wild type for PIK3CA, while three cell lines
with V600E mutations (SNU-C5, RKO and HT-29) as well as cell line NCI-H508, which has
a pathogenic non-V600 mutation at position G596, have concomitant pathogenic mutations
in PIK3CA (Table 1). Five of the seven cell lines with V600E BRAF mutations and no PIK3CA
mutations are MSS, possess a lower mutation count, are hyper-diploid and have a high
Fraction of Genome Altered (FGA) (Table 2). The two V600E BRAF mutant/PIK3CA wild
type colorectal cancer cell lines, LS411N and CL34, that are MSI high have consistently a
high mutation count. The two cell lines with concomitant BRAF V600E and PIK3CA H1047R
mutations, SNU-C5 and RKO, are MSI high, have a high mutation count, are diploid and
have a low FGA (Table 2). The two other cell lines with concomitant mutations, NCI-H508
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and HT-29, have non-canonical pathogenic mutations in either BRAF (NCI-H508) or in
PIK3CA (HT-29) and they are both MSS, have lower mutation counts, are hyper-diploid
and have a high FGA.

Table 1. BRAF mutated colorectal cancer cell lines and their specific BRAF mutations and concomitant
PIK3CA mutations. Data are from the Cancer Cell Line Encyclopedia (CCLE). WT: wild type.

Cell Line BRAF PIK3CA

BRAF V600E mutations

COLO205 V600E WT
COLO201 V600E WT
LS411N V600E WT
SW1417 V600E WT
CL34 V600E WT
MDST8 V600E, V600K, V600M WT
OUMS23 V600E, X287_splice WT
SNU-C5 V600E H1047R
RKO V600E H1047R
HT-29 V600E, T119S P449T

BRAF non-V600E pathogenic mutations

HT-55 N581Y WT
NCI-H508 G596R E545K

BRAF mutations of unknown significance

HT115 R354Q R88Q, E321D, R770Q
SNU-C4 D22N E545G, V71I
CCK81 S273N, R506G C420R, C472Y
LS513 E204L, E204V, E204* WT
GP2D T529A H1047L
SNU1040 V120I, S76P L632*
SNU407 R726C H1047R
SNU503 D22N WT
LS180 D211G H1047R
KM12 A712T, A404Cfs*9 WT
GP5D T529A H1047L

Table 2. Characteristics of colorectal cancer cell lines with BRAF V600E mutations without and with
concomitant PIK3CA mutations. Cell line NCI-H508 has a BRAF G596R pathogenic mutation instead
of BRAF V600E mutation. Cell lines without an asterisk are without PIK3CA mutations and are
presented first. Cell lines with an asterisk in the bottom lines of the table are those with concomitant
PIK3CA mutations.

Cell Line DepMap ID Mutation Count FGA Ploidy MSI Status

COLO205 ACH-001039 307 0.44 3.2 MSS

OUMS23 ACH-000296 340 0.50 2.5 MSS

COLO201 ACH-000253 255 0.38 2.96 MSS

MDST8 ACH-000935 776 0.55 3.82 MSS

LS411N ACH-000985 5442 0.28 3.30 MSI

SW1417 ACH-000236 248 0.56 3.01 MSS

CL34 ACH-000895 1280 0.14 1.95 MSI

SNUC5 * ACH-000970 2990 0.09 2.0 MSI

RKO * ACH-000943 3424 0.14 2.1 MSI

NCI-H508 * ACH-000360 318 0.48 4.6 MSS

HT-29 * ACH-000552 416 0.43 3.04 MSS
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Regarding concomitant cancer-associated mutations in V600E BRAF mutant/PIK3CA
wild type colorectal cancer cell lines all seven cell lines have oncogenic mutations in
APC and four have also oncogenic mutations in TP53 (Table 3). No cell lines have KRAS
mutations, which tend to be mutually exclusive with BRAF mutations. Recurrent oncogenic
deletions include the loci of dual specificity phosphatase DUSP22, which is present in
4 cell lines and deletions in SMAD4 and SMAD2, which are present in 3 and 2 cell lines,
respectively (Table 3). Only two of the four cell lines with oncogenic mutations in both
BRAF and PIK3CA have concomitant APC mutations and three of the four have also TP53
mutations (Table 3). Recurrent amplifications are observed in MYC and AGO2 that are both
located at chromosome arm 8q and are present in cell lines RKO and HT-29. These cell lines
and the cell line NCI-H508 also possess deletions of PRKN, encoding for ubiquitin ligase
parkin, which is the only recurrent deletions in BRAF/PIK3CA double mutant colorectal
cancer cell lines. HT-29 is the only double mutant cell line possessing the recurrent deletion
of DUSP22, observed in cell lines with V600E BRAF mutations and wild type PIK3CA
(Table 3).

Table 3. Molecular alterations in colorectal cancer cell lines with BRAF V600E mutations without and
with concomitant PIK3CA mutations. +: presence of oncogenic mutation. Cell lines with an asterisk
are those with concomitant PIK3CA mutations.

Cell Line APC TP53 KRAS SMAD4 ATM FBXW7 Other Mutations Amplifications Deletions

COLO205 + CCND3 CDC73, DUSP22,
SMAD4

OUMS23 + + TBX3 AURKA, YES1

PTEN, MAP2K4,
CDC73, FAT1,
SMAD4, SMAD2,
BMPR1A

COLO201 + EPHA7, BACH2

MDST8 + CDKN2A DUSP22, HLA-A,
PAX5, BCL11B

LS411N + + +
BARD1, BRIP1, PTEN,
ARID1A, RNF43, MLH1,
KMT2A, KMT2A, KMT2D

FGFR1 HLA-A, SMAD4,
SMAD2, PMAIP1

SW1417 + + RTEL
MET, AURKA, BRAF, SRC,
BCL2L1, EZH2, RHEB,
DNMT3B

IKZF1, FLCN,
NKX3-1, DUSP22,
PIK3R1, PPP2R2A

CL34 + +

TSC1, HLA-B, TCF7L2, PPM1D,
PARP1, TP53BP1, CREBBP,
TGFBR2, AMER1, ATRX,
AXIN2, SOX9, ARID4B,
MAP2K4

DUSP22, FOXP1,
H1-3, JARID2,

SNUC5 * + + + +

ERCC2, ARID1A, CTCF,
ARID2, RNF43, PPM1D,
DNMT3A, ZFHX3, CREBBP,
CYLD, EP300, LATS1, KMT2C,
FANCC, KMT2B, ARID4A,
NCOR1, ASXL2, KMT2D,
BCORL1, CD58, ELF3, MED12,
EP400

AR FLCN, PTPRT

RKO *

BRCA2, ARID1A, NF1, STAT3,
KMT2A, B2M, BCORL1, EP300,
RNF43, JARID2, NCOR1,
PARP1, TET1, TP53BP1,
CREBBP, FANCA, NOTCH3,
NF2, NSD1, PTPRD, MSH6,
FAT1, GATA3, SOX9

UBR5, AGO2, MYC PTPRD, PRKN, PAX5,
FOXA1, EP300, INHA

NCI-H508 * + CDKN2A, SPOP, CREBBP PIK3CA, BCL2L1, BCL6,
DNMT3B, CDK8

PRKN, INPP4B,
TCF7L2

HT-29 * + + + CASP8, SLFN11 KIT, AGO2, MYC, CDK8
NKX3-1, DUSP22,
PRKN, ESCO2,
PPP2R2A, EPHA3

Vulnerabilities of BRAF mutant cell lines with or without PIK3CA mutations were
explored with interrogation of RNAi libraries for determination of preferentially essential
genes and with CRISPR mediated knock out arrays (Table 4). Recurrent genes that are
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observed to be essential for survival in more than one BRAF mutant cell lines include
CTNNB1, encoding for β-catenin, WRN, encoding for Warner syndrome ATP-dependent
helicase, ALYREF which encodes for a chaperone of basal region leucine zipper (bZIP)
proteins, and peptidylprolyl isomerase E (PPIE). These recurrent essential genes are in the
top list of preferentially essential genes in one or more of the four cell lines with BRAF and
PIK3CA mutations (Table 4). In addition, the gene encoding for CAD, an enzyme of the
pyrimidine biosynthesis pathway induced by MAPK cascade, is a preferentially essential
gene in two of four BRAF and PIK3CA mutant cell lines.

Table 4. Top dependencies of BRAF V600E mutant/PIK3CA wild type and BRAF V600E mu-
tant/PIK3CA mutant colorectal cancer cell lines, as determined by RNAi and CRISPR knock-out.
RNAi experiments are from project Achilles and CRISPR experiments are from project SCORE and
CHRONOS. NA: not available.

Cell Line Top 10 Preferentially Essential Genes RNAi Top CRISPR KO Genes

COLO205 NA YRDC, ADSL, MMS22L, UMPS, TRNT1 (SCORE)

OUMS23 GSPT1, ALYREF, BUB3, BUB1B, RPL13, PHB, QARS1, SERPINA5,
MAD2L1,ZRSR2

SLC25A37, SCAP, ATP6V1A, RGP1, SOD2, CHAF1B, CIAO2B,
CHAF1A, ATP6VOB, DHX9 (CHRONOS)

COLO201 BRAF, MAP2K1, MYBL2, BCL2L1, CTNNB1, MAPK1, SOX9, CHD4,
TCF7L2, PSMD2

PSMG4, MYB, CLNS1A. HSPA8, RUVBL1 (SCORE)CTNNB1,
DUSP4, HSPA8, WASF2, SOX9, SLC1A5, NIBAN2, BRAF, ASCL2,
IQGAP1 (CHRONOS)

MDST8 NA HSPD1, USP17L5, MDM2, YRDC, CYCS (SCORE)

LS411N CTNNB1, WRN, DDX39A, BCL2L1, ALYREF, DHX9, JPT2, PCNA, PPIE
TINF2, RNPC3, NXT1, HSPA9, NUP85 (SCORE)NXT1, SLC7A1,
CTNNB1, DDX39A, WRN, BCL2L1, INTS6, ADSL, SYNCRIP,
SNAP23 (CHRONOS)

SW1417 CDC40, PPIE, KHSRP, EFCAB8, PPP2CA, PPWD1, EIF4A3, MED11,
OR56B1, CAPZB NA

CL34 CTNNB1, WRN, ZNF432, SCAP, CWC22, NUP214, TTC1, RPA3, SAP130,
PHB NA

SNUC5 NA
CDCA8, YRDC, WDR82, FAU, BUD31 (SCORE)WRN, NAMPT,
TRPM7, RFK, ADSL, PELO, NDE1, MTHFD1, PPIE, RAB1
(CHRONOS)

RKO OGDH, WRN, ALDH18A1, URI1, RPL22L1, CAD, TTC7A, CD3EAP, SDHD,
SDHC

CCT4, DYNLRB1, UBE2M, FAU, RPP21 (SCORE)ATPV0E1, WRN,
CREBBP, TTC7A, CAD, SLC5A3, MTCH2, MTX2, UMPS, FAM126B
(CHRONOS)

NCI-H508 MYBL2, SLC22A20P, TYMS, ANKRD2019P, SKP1, PSMA3, CTNNB1, YAP1,
EFCAB8, EGFR NA

HT-29 RAB6A, GINS2, APC, AHCTF1, BRAF, COP1, CAD, PFAS, SUMO2
DYNLRB1, THAP1, MYC, PPP2CA, INTS6 (SCORE)PTDSS1, INTS6,
RIC1, SCD, SCAP, MBTPS2, NDE1, STX4, RAB10, HNF1B
(CHRONOS)

Five of the seven cell lines with BRAF mutations and without PIK3CA mutations
(COLO205, MDST8, LS411N, SW1417 and CL34) have been assayed for drug sensitivities
in GDSC (Table 5). Top drug sensitivities displayed by cell lines COLO205 and CL34 are to
BRAF inhibitors, inhibitors of downstream MEK kinases and inhibitors of upstream receptor
tyrosine kinases. LS411N cell line displays sensitivity to drugs of the pathway as well as
to other kinases and the dihydrofolate reductase inhibitor pyrimethamine. In contrast,
no inhibitors of BRAF or the receptor tyrosine kinase/KRAS/BRAF/MAPK pathway are
among the top sensitivities of cell lines MDST8 and SW1417. Top sensitivities of these two
cell lines include drugs involved in lipid metabolism and apoptosis inhibitors (Table 5). Cell
lines with mutations in both BRAF and PIK3CA display sensitivities to several inhibitors of
the receptor tyrosine kinase/KRAS/BRAF/MAPK pathway and PI3K/AKT cascade. Two
of the four BRAF/PIK3CA double mutated cell lines, SNUC5 and RKO present additional
sensitivities to the clinically used antimetabolite methotrexate, the WEE1 kinase inhibitor
MK-1775, the mitotic kinases AURKA and AURKB inhibitor ZM447439 and the epigenetic
modifier, BET bromodomain inhibitor JQ1. Compared with cell lines not bearing mutations
in BRAF and PIK3CA, colorectal cancer cell lines with BRAF mutations with or without
PIK3CA mutations show heterogeneous up-regulation in the mRNA expression of genes
that are targets of the BRAF/MEK/ERK pathway. These include phosphatases DUSP5,
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DUSP6, AP-1 transcription factor component FOS, and apoptosis inhibitors survivin (also
known as BIRC5—that is, baculoviral IAP repeat containing 5) and MCL1 (Figure 1).
However, the robustness of pathway upregulation as suggested by the upregulation of
these genes does not correlate with sensitivity to BRAF inhibitors. For example, cell lines
SW1417 and MDST8, which display upregulation of pathway target genes, show no BRAF
or other pathway inhibitors among their top inhibiting drugs (Table 5).
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 Figure 1. mRNA expression of genes targeted by the BRAF/MEK/ERK pathway (DUSP5, DUSP6,
FOS, BIRC5, and MCL1) and genes not directly targeted by the BRAF/MEK/ERK pathway (BCL2,
BCL2L10, CCL26 and VAT1) as controls in representative colorectal cancer cell lines with (left panel)
and without (right panel) mutations in BRAF. BRAF mutated cell lines with coexisting PIK3CA
mutations are shown with an asterisk.

GDSC includes five specific BRAF inhibitors among the panel of assayed drugs.
Recurrent molecular characteristics of the colorectal cancer cell lines panel that confer
sensitivity to specific BRAF inhibitors include, as expected, BRAF mutations conferring
sensitivity to 4 of the 5 inhibitors (Table 6). In addition, the presence of KRAS mutations
confer resistance to 3 of the 5 BRAF inhibitors, as they tend to be mutually exclusive with
BRAF mutations and segregate with BRAF wild type cell lines. Another genomic feature
that is present recurrently among the abnormalities conferring BRAF inhibitor sensitivity
in colorectal cancer cell lines is mutations in SACS, a gene encoding for sacsin, a chaperone
protein. The most common copy number alteration that confers resistance to 3 of the
5 BRAF inhibitors is a loss at chromosome 6q26, a locus containing gene PRKN, encoding
for E3 ubiquitin ligase parkin (feature cnaCOREAD24). Loss of PRKN is a feature of some
BRAF mutant cell lines, as mentioned above, and it is also, rarely, encountered in BRAF
mutant colorectal cancers. Thus, resistance to BRAF inhibitors associated with concomitant
loss of PRKN may be of clinical significance. Interestingly, PIK3CA mutations do not feature
among the molecular abnormalities conferring resistance to specific BRAF inhibitors in
colorectal cancer cell lines. The only BRAF specific inhibitor that is not significantly more
effective in BRAF mutant cell lines is HG6-64-1, which displays a separate private panel
of mutations conferring resistance, not observed in other BRAF inhibitors. These include
EGFR mutations and mutations in kinase ATM (Table 6).
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Table 5. Drug sensitivities of PIK3CA wild type/BRAF V600E mutant cell lines. Data are from the
Genomics of Drug Sensitivity in Cancer (GDSC).

Cell Line Drug Target IC50 Z Score Source

COLO205 SB590885 BRAF 0.18 −4.13 GDSC1

PLX-4720 BRAF 0.19 −4.04 GDSC1

Selumetinib MEK1, MEK2 0.08 −3.39 GDSC1

BMS-754807 IGF1R, IR 0.01 −3.17 GDSC1

Lisitinib IGF1R 0.09 −3.15 GDSC2

MDST8 CAY10566 Steroyl-CoA Desaturase 0.07 −4.20 GDSC1

SGC0946 DOT1L 0.99 −3.03 GDSC1

CCT007093 PPM1D 7.7 −2.76 GDSC1

UNC1215 L3MBTL3 2.37 −2.61 GDSC1

(5Z)-7-Oxozeanol TAK1 0.04 −2.57 GDSC1

LS411N Pyrimethamine Dihydrofolate reductase 0.72 −2.82 GDSC1

VX11e ERK2 0.56 −2.33 GDSC1

AZ628 BRAF 0.11 −2.13 GDSC1

Alectinib ALK 3.98 −2.12 GDSC1

GNF-2 BCR-ABL 2.20 −2.01 GDSC1

SW1417 WEHI-539 BCL-XL 0.33 −2.48 GDSC2

Sphingosine kinase 1
inhibitor II Sphingosine kinase 10.2 −2.05 GDSC1

CHIR-99021 GSK3A, GSK3B 3.07 −1.99 GDSC1

Navitoclax BCL2, BCL-XL, BCL-W 0.28 −1.61 GDSC2

SN-38 TOP1 0.00 −1.43 GDSC1

CL34 Trametinib MEK1, MEK2 0.00 −2.92 GDSC2

Dabrafenib BRAF 0.16 −2.71 GDSC2

SCH772984 ERK1, ERK2 0.06 −2.61 GDSC2

Selumetinib MEK1, MEK2 0.06 −2.34 GDSC1

PLX-4720 BRAF 2.77 −2.01 GDSC1

SNUC5 Methotrexate Antimetabolite 0.04 −1.52 GDSC1

PD0325901 MEK1, MEK2 0.04 −1.20 GDSC1

Bosutinib SRC, ABL 1.16 −1.18 GDSC1

PLX-4720 BRAF 13.55 −1.13 GDSC1

MK-1775 WEE1 0.48 −1.12 GDSC1

RKO KIN-001 GSK3B 13.4 −2.7 GDSC1

Selumetinib MEK1/2 0.29 −2.49 GDSC1

AZ628 BRAF 0.06 −2.47 GDSC1

ZM447439 AURKA/B 0.58 −2.19 GDSC1

JQ1 BRD2/3/4 0.05 −2.13 GDSC1

NCI-H508 Afatinib ERBB2, EGFR 0.04 −2.81 GDSC1

Afatinib ERBB2, EGFR 0.07 −2.71 GDSC2

Gefitinib EGFR 0.23 −2.12 GDSC1

Pictilisib PI3K (class 1) 0.18 −2.00 GDSC1

MK-2206 AKT1, AKT2 0.87 −1.97 GDSC2

HT-29 ERK_6604 ERK1, ERK2 0.62 −2.20 GDSC2

BMS-754807 IGF1R, IR 0.05 −2.17 GDSC1

Linsitinib IGF1R 0.42 −2.08 GDSC1

Refametinib MEK1, MEK2 0.13 −1.98 GDSC1

AS605240 PI3Kgamma 1.04 −1.98 GDSC1
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Table 6. Top molecular features with increased sensitivities to various BRAF inhibitors (statistically
significant or approaching significance). Two non-specific RAF inhibitors (RAF 9304 and Sorafenib)
are also shown. Data are from the Genomics of Drug Sensitivity in Cancer (GDSC).

Drug Feature IC50 Effect Size p Value Number of Altered Cell
Lines Dataset

AZ628 SACS mutation −2.45 0.007 3 GDSC1

cnaCOREAD19 −2.05 0.008 4 GDSC1

BRAF mutation −1.52 0.04 5 GDSC1

KRAS mutation −0.44 0.08 6 GDSC1

FBXW7 mutation −1.26 0.08 3 GDSC1

Dabrafenib BRAF mutation −2.24 2.21 × 10−7 10 GDSC2

KRAS mutation 0.85 0.006 24 GDSC2

cnaCOREAD24 0.99 0.012 9 GDSC2

KDM6A mutation 1.21 0.016 3 GDSC2

cnaCOREAD55 0.89 0.02 10 GDSC2

cnaCOREAD56 0.89 0.02 10 GDSC2

SACS mutation −0.82 0.031 10 GDSC2

HG6-64-1 ATM mutation 1.33 0.02 3 GDSC1

SMARCA4 mutation 0.41 0.033 3 GDSC1

EGFR mutation 0.39 0.037 3 GDSC1

PBRM1 mutation 1.18 0.039 3 GDSC1

PLX-4720 BRAF mutation −1.77 1.58 × 10−5 10 GDSC2

KRAS mutation 0.91 0.002 25 GDSC2

SACS mutation −1.03 0.009 10 GDSC2

cnaCOREAD19 −0.83 0.013 18 GDSC2

cnaCOREAD55 0.88 0.018 11 GDSC2

cnaCOREAD56 0.88 0.018 11 GDSC2

cnaCOREAD23 1.46 0.026 3 GDSC2

cnaCOREAD53 1.46 0.026 3 GDSC2

cnaCOREAD24 0.84 0.034 9 GDSC2

BCOR mutation −1.05 0.045 5 GDSC2

SB590885 BRAF mutation −1.21 0.002 10 GDSC1

cnaCOREAD24 1.16 0.004 9 GDSC1

KRAS mutation 0.8 0.009 25 GDSC1

cnaCOREAD12 1.65 0.012 3 GDSC1

SACS mutation −0.95 0.018 10 GDSC1

cnaCOREAD56 0.83 0.029 11 GDSC1

cnaCOREAD55 0.83 0.029 11 GDSC1

RAF 9304 cnaCOREAD63 1.25 0.009 6 GDSC1

(pan-RAF) TP53 mutation 0.96 0.009 33 GDSC1

ARID1B mutation 1.17 0.036 3 GDSC1

PIK3R1 mutation 1 0.047 5 GDSC1

BRAF mutation −0.76 0.047 10 GDSC1

NCOR1 mutation −0.95 0.049 6 GDSC1

Sorafenib cnaCOREAD47 −0.89 0.01 6 GDSC2

(PDGFR, c-KIT, KDM6A mutation 1.05 0.01 6 GDSC2

VEGFR, RAF) cnaCOREAD48 1.24 0.026 5 GDSC2

CEP290 mutation −1.09 0.029 5 GDSC2

KRAS mutation 0.63 0.037 24 GDSC2

cnaCOREAD14 1.19 0.049 3 GDSC2

In the pan-cancer analysis of cell lines with BRAF mutations, which is more statistically
robust due to the number of cell lines assayed, pathway inhibitors (BRAF inhibitors:
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Dabrafenib, PLX-4720, SB59088, MEK inhibitors: selumetinib, trametinib, refametinib,
PD0325901, ERK inhibitors: ulixertinib, ERK2440, ERK6604, SCH772984, VX-11e) are
significantly associated with sensitivity compared to cell lines without BRAF mutations. In
addition, the inhibitor of NUAK1 and NUAK2 kinases WZ4003 is statistically significantly
associated with sensitivity in BRAF mutant cell lines compared with BRAF wild type cell
lines (IC50 effect size: −0.34, p = 8.03 × 10−5). Specifically for colorectal cancer cell lines,
BRAF mutant cell lines display also greater sensitivity to inhibitor WZ4003 compared to
BRAF wild type colorectal cancer cell lines (mean IC50: 63.7 µM versus 132 µM), although,
due to smaller numbers, this difference did not reach statistical significance (p = 0.08).

4. Discussion

BRAF is an oncogenic serine/threonine kinase, which is mutated in various cancers,
most commonly in melanoma, thyroid carcinomas, hairy cell leukemia, lung cancers, and
colorectal cancers [35]. The gene encoding for the kinase is located on the human chromo-
some locus 7q34. BRAF is activated by KRAS downstream of growth factor receptors and
activates the Mitogen Activated Protein Kinase (MAPK)/Extracellular signal-Regulated Ki-
nase (ERK) signaling cascade promoting cell proliferation. The importance of this pathway
in cancer is highlighted by the fact that KRAS is the most frequently mutated oncogene
across cancer types [36]. In parallel with the KRAS/BRAF/MAPK/ERK pathway, and also
activated by growth factor receptors, the PI3K/AKT/mTOR cascade plays an important
role in carcinogenesis through inhibition of apoptosis, cell growth promotion and oncogene
activation [37]. PIK3CA, the gene encoding for the catalytic alpha sub-unit of kinase PI3K
is often mutated in prevalent cancers such as breast cancer and colorectal adenocarcinomas.
In colorectal cancer, PIK3CA is mutated in 20% to 25% of cases and is the second most
commonly mutated oncogene after KRAS [17]. BRAF mutated colorectal cancers are less
prevalent, representing 5% to 15% of all colorectal cancers. Most of BRAF mutations are
located at amino acid position V600, substituting glutamic acid for valine that is normally
at this position in the wild type protein (V600E substitution). Substitutions at position V600
render the protein independent from KRAS and result in robust kinase-mediated activation
of MAPK cascade, without the physiologic input from growth factors [38]. Other less
common BRAF mutations produce a protein with lower kinase activity or even a kinase-
dead protein that can still activate down-stream signaling through interaction with the
homologous CRAF kinase [15]. Canonical V600E BRAF mutations are mutually exclusive
with KRAS mutations. In contrast, PIK3CA mutations are encountered in colorectal cancers
with either KRAS or BRAF mutations with an equal or higher prevalence than in cancers
with wild type KRAS and BRAF.

BRAF mutations are targeted currently in colorectal cancer in the clinic at the second
line metastatic setting with a regimen that combines BRAF inhibitors and anti-EGFR
monoclonal antibodies. This combination has provided superior efficacy and survival
outcomes compared with chemotherapy, with a modest improvement of 3 months in
Overall Survival (OS) [39]. In contrast, no therapies targeting PIK3CA mutated colorectal
cancers have been approved for clinical use. Combinations of BRAF inhibitors with PI3K
inhibitors have not been studied in a systematic manner in colorectal cancer, but few
available retrospective data suggest that parallel inhibition of the two mutated oncogenes
may provide a synergistic effect in double mutant cancers [40]. Unveiling vulnerabilities of
colorectal cancers with BRAF mutations with and without concomitant PIK3CA mutations
may provide new opportunities for targeted treatments.

The current investigation examines a panel of colorectal cancer cell lines with BRAF
mutations with or without concomitant mutations in PIK3CA from the CCLE for drug
sensitivities and molecular dependencies. Mutations in PIK3CA are the most frequent
mutations in the receptor tyrosine kinase-initiated pathways in colorectal cancers with
BRAF mutations, as the even more frequent KRAS mutations are mutually exclusive with
BRAF mutations. Colorectal cancer cell line models recapitulate the presence of BRAF and
PIK3CA mutations as encountered in clinical colorectal cancer samples, and also duplicate
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the frequent presence of MSI in these cases [41]. Mutations in tumor suppressors APC
and TP53 are often present in BRAF mutant colorectal cancer cell lines, similar to clinical
samples. Cell lines with BRAF mutations and wild type PIK3CA possess also deletions of
signal transducers of TGFβ pathway SMAD4 and SMAD2 and of phosphatase DUSP22.
The genes of these proteins are rarely deleted in clinical colorectal cancer, but they are more
commonly mutated. For example, in TCGA cohort, SMAD4 mutations are observed in
16.1% of cases with BRAF mutations, SMAD2 mutations are observed in 6.5% of cases with
BRAF mutations and DUSP22 mutations are encountered in 9.7% of patients with BRAF
mutations [17]. The presence of mutations or deletions of these genes suggest that decreased
availability and function of the resulting proteins may be essential for BRAF mutant cancers
both in vitro and in vivo. The TGFβ signaling pathway and tumor suppressor SMAD4
mutations have been implicated in the serrated colon carcinogenesis pathway commonly
resulting from BRAF mutations [42]. In addition, inhibitors of the TGFβ receptor TGFBR1
prevented the development of resistance to BRAF inhibitor vemurafenib in BRAF mutant
melanoma cells [43]. Thus, inhibitors of the TGFβ pathway, should they become clinically
available, could be candidates for combination therapies in BRAF mutated colorectal
cancers. Phosphatase DUSP22 (also called JKAP- c-JUN N-terminal Kinase Associated
phosphatase) is a regulator of the MAPK pathway, and as a result, it may modulate the effect
of BRAF mutations in the pathway output [44]. DUSP22 showed lower mRNA expression
in colorectal cancer tissues compared to adjacent normal colonic mucosa [45]. In this study
that included 92 patients, patients with metastatic colorectal cancer and low expression of
DUSP22 had a trend towards worse survival, although not statistically significant [45].

The analysis of molecular features associated with sensitivity or resistance to BRAF
specific inhibitors reveals that, besides BRAF mutations and KRAS mutations that are
associated with sensitivity and resistance to the drugs, respectively, no other abnormalities
of the pathway affect sensitivity to these drugs in a consistent manner, in vitro. Unrelated
molecular alterations associated with sensitization of colorectal cancer cell lines to BRAF
inhibitors included mutations in SACS, encoding for chaperone protein sacsin and deletions
at the locus of parkin. Sacsin is a large protein with chaperone function in the nervous
system and loss of function mutations are associated with the degenerative disorder autoso-
mal recessive spastic ataxia of Charlevoix-Saguenay [46]. Cells with sacsin loss of function
have defective mitochondrial dynamics and increased oxidative stress. Mutations in SACS
have not been previously linked with colorectal cancer. The protein consists of 4579 amino
acids and is mutated in 12.5% of colorectal cancers of the TCGA cohort with mutations
distributed equally across the length of the protein [17]. It is also mutated in 33.9% of
colorectal cancers with BRAF mutations and in 19% of cancers with PIK3CA mutations.
Among colorectal cancers classified as MSI high or with proofreading polymerase epsilon
mutations, SACS mutations are present in 42.5% of cases, suggesting that these mutations
are associated with high TMB and may be passenger [47]. Alternatively, an oncogenic role
of sacsin mutations in colorectal cancer is also possible based on its function in oxidative
stress and deserves to be formally confirmed or excluded.

Concomitant mutations in APC that are observed in most cell lines with BRAF muta-
tions with or without PIK3CA mutations, as well as the fact that CTNNB1 gene, encoding
for β-catenin, is a recurrent preferential essential gene in these cell lines suggest that BRAF
mutated colorectal cancers remain dependent on the activity of WNT/APC/β-catenin
pathway [48,49]. Two other recurrent preferentially essential genes in BRAF mutated cell
lines are WRN, encoding for Werner helicase and CAD (carbamoyl-phosphate synthetase 2,
aspartate transcarbamylase and dihydroorotase), encoding for a protein with trifunctional
enzyme activity implicated in the de novo pyrimidine nucleotide biosynthesis. WRN
helicase is involved in DNA repair and was recently identified as a vulnerability of can-
cer cells with MSI [27,50–52]. Cells with MSI are vulnerable to massive apoptosis in the
absence of WRN function because of accumulation of long TA dinucleotide repeats that
form secondary structures that stall DNA forks during replication [53]. Consistent with
this mechanism, MSS cell lines are not dependent on WRN helicase function [52]. Indeed,
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the BRAF mutant colorectal cancer cell lines that show vulnerability to WRN knock-down
are all MSI high, suggesting that this is the underlying molecular defect directly responsi-
ble, rather than BRAF mutations. However, given the frequent co-occurrence of the two
alterations in cell lines and clinical colorectal cancers, pharmacologic inhibition of WRN
helicase in these cancers can be envisioned and would be expected to spare normal cells
without MSI.

The other recurrent preferentially essential gene discovered in BRAF mutated cell lines,
CAD, possesses the three first enzymatic activities in the pathway of de novo pyrimidine
nucleotide biosynthesis in a single polypeptide of 2225 amino acids [54]. CAD is regu-
lated by phosphorylation by MAPK, which activates the enzyme to promote nucleotide
synthesis [55]. This regulation makes CAD a target of the KRAS/BRAF/MAPK cascade
in response to growth factor signaling and activates an enzymatic function that sustains
nucleotide production required for cell proliferation. Moreover, in colorectal cancer, CAD is
regulated by MYC and when the metabolic reprogramming observed in cancer cells as a re-
sult of MYC activation is inhibited, cell growth is blocked by shutting down CAD and other
enzymes of pyrimidine biosynthesis [56]. In cancer cells with deregulated proliferation
secondary to BRAF mutations, loss of CAD function would deprive them from the required
de novo pyrimidine nucleotides with potential catastrophic consequences due to loss of
the coordinated response to the metabolic needs derived by high cancer cell proliferation.
Thus, pharmacologic CAD inhibition with novel inhibitors in development may represent
a therapeutic target in BRAF mutated cells with concomitant PIK3CA mutations, given that
MAPK signaling and MYC are regulated by the two oncogenes [57].

A final interesting finding of the current investigation with potential future therapeutic
implications is the identification of a NUAK family kinase (NUAK) inhibitor as one of
the top hits in the pan-cancer BRAF mutant cell line screening. NUAK1 and NUAK2 are
AMPK (AMP-activated Protein Kinase) related kinases with diverse functions in cancer
cells [58]. NUAK1 promotes motility, invasion, and metastases of cancer cells [59,60].
NUAK1 shows higher expression in advanced stage colorectal cancers and in biopsies from
liver metastatic sites, compared to primary tumors [61]. An important role of the kinase has
been described in cancer cells with oncogene MYC overexpression, related to protection
from oxidative stress resulting from MYC activity [62]. Mechanistically, NUAK1 contributes
to mitochondrial plasticity and adaptation which is critical for cells bearing induction of
oxidative respiratory chain component proteins effectuated by MYC [63]. Only 2 colorectal
cancer cell lines with BRAF mutations RKO and HT-29 show MYC amplifications and
both are more sensitive to the NUAK inhibitor WZ4003 than the mean sensitivity of the
BRAF mutant group of colorectal cancer cell lines. Although these observations are based
on a small number of cell lines, they suggest that BRAF mutant colorectal cancers with
concomitant aberrations increasing oxidative stress could be candidates for combination
therapies with NUAK kinases inhibitors.

A limitation of the current study is that relies exclusively in in silico publicly avail-
able data and no further experimental confirmation was performed. In addition, in the
drug sensitivity analysis based on GDSC, cell lines are exposed to the assayed drugs as
monotherapies and no data exist to inform combination therapies. Combinations of tar-
geted anti-neoplastic drug therapies are increasingly recognized as being necessary for
improvement of response in cancers which accumulate molecular alterations over time
for their survival. Another limitation of the current study is that the cell line data do not
definitely allow differentiation of a direct dependency on BRAF or PIK3CA mutations
versus indirect effects related to other vulnerabilities such as MSI commonly co-occurring
in these cell lines as the example of WRN helicase dependency illustrates. Moreover, it is
expected that additional vulnerabilities that are not revealed with the approach used here
exist in BRAF mutant colorectal cancers. For example, RANBP2, a binding protein of RAN
(RAS related nuclear protein), a small GTPase of the RAS family, has been proposed as
essential for survival of BRAF V600E mutant colorectal cancer cells and cells with a similar
genomic signature [64].
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In conclusion, targeted therapies of colorectal cancers that possess BRAF mutations
with or without PIK3CA mutations could be developed based on the global molecular
environment of these cancers and based on vulnerabilities uncovered in in vitro models. It
is reassuring for the validity of the vulnerabilities discovered from cell lines models, that
some of them, such as, for example, the synthetic lethality of MSI and WRN helicase, had
previously been reported in pertinent systems. Leads discussed here need to be confirmed
in in vivo studies followed by human trials in the population of interest.
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Abstract: The coronavirus disease 2019 (COVID-19) pandemic has brought significant challenges
to many aspects of healthcare delivery since the first reported case in early December 2019. Once
in the body, SARS-CoV-2 can spread to other digestive organs, such as the liver, because of the
presence of ACE2 receptors. Colorectal cancer (CRC) remains the second-leading cause of death in
the United States (US). Therefore, individuals are routinely screened using either endoscopic methods
(i.e., flexible sigmoidoscopy and colonoscopy) or stool-based tests, as per the published guidelines.
At the beginning of the COVID-19 pandemic, the Centers for Medicare and Medicaid Services
(CMS) recommended that all non-urgent surgical and medical procedures, including screening
colonoscopies, be delayed until the pandemic stabilization. This article aims to review the impact of
COVID-19 on CRC screening.

Keywords: colorectal cancer screening; COVID-19; SARS-CoV-2

1. Introduction

The coronavirus disease 2019 (COVID-19) pandemic has brought significant chal-
lenges to many aspects of healthcare delivery since the first reported case in early December
2019 [1]. SARS-CoV-2 predominantly affects lungs, causing pneumonia, and acute respira-
tory distress syndrome (ARDS), but can also have extrapulmonary involvement, particu-
larly with gastrointestinal (GI) symptoms [2]. GI symptoms, such as diarrhea (2–10.1%),
nausea, and vomiting (1–3.6%), occur with modest frequency in COVID-19 compared to
the fever and pulmonary symptoms in most patients [3–5]. Although the pathogenesis is
still being investigated, current data suggests that the primary step for SARS-CoV-2 entry
into the enterocytes occurs via the angiotensin-converting enzyme 2 (ACE2) protein [6–11].

Colorectal cancer (CRC) remains the second-leading cause of death in the United
States (US) [12]. Therefore, individuals are routinely screened using either endoscopic
methods (i.e., flexible sigmoidoscopy and colonoscopy) or stool-based tests, as per the
published guidelines [13–18]. In the United States, the U.S. Preventive Services Task Force
(USPSTF) recommends screening for colorectal cancer in all adults aged 50 to 75 years
as, well as for adults aged 45 to 49 years [18]. In addition, the USPSTF recommends that
clinicians selectively offer screening for colorectal cancer in adults aged 76 to 85 years. At
the beginning of the COVID-19 pandemic, the Centers for Medicare and Medicaid Ser-
vices (CMS) recommended that all non-urgent surgical and medical procedures, including
screening colonoscopies, be delayed until the pandemic stabilization [19]. This was also
done to reduce the potential risk of exposure to SARS-CoV-2, given the virus is present
in fecal matter from COVID-19 patients [1,20,21]. In response, there was a 90% decrease
in CRC screenings, resulting in a 32% decrease in new CRC diagnoses, as well as a 53%
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decline in CRC-related surgical procedures by mid-April 2020 [19]. Moreover, by April
2021, the routine screening colonoscopy rate remained 50% lower than the pre-pandemic
times [19]. Other forms of cancer screening, such as mammograms and pap tests, also
decreased during the pandemic [22,23]. This article aims to review the impact of COVID-19
on CRC screening.

2. Methods

A literature search was performed using PubMed, Embase, SCOPUS, OVID, and Web
of Science databases up to June 2021 to identify articles related to CRC screening and
COVID-19. The search words used were “colorectal cancer”, “screening”, “COVID-19”, and
“SARS-CoV-2” alone and in combination. The results of the search are shown in Figure 1.
The inclusion criteria for the studies included retrospective, longitudinal, and randomized
control studies using different colorectal screening methods (guaiac-based fecal occult blood
test, fecal immunochemical test (FIT), FIT-DNA test, colonoscopy, and sigmoidoscopy)
during the COVID-19 pandemic. The exclusion criteria included any studies that were
case reports, supplements, abstracts, commentaries, or had the wrong study focus for this
review. A total of 331 studies were identified after the initial search. On initial review of the
title and abstracts, 242 manuscripts were excluded because of irrelevance to our topic of
interest. A further full manuscript review of the remaining articles was performed. A total
of 20 articles were finally included in this review after removing 4 abstracts, 1 supplement,
23 commentaries, and 5 irrelevant studies.
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3. Effects of COVID-19 Pandemic on CRC Screening Pathway

The start of the COVID-19 pandemic disrupted several levels of primary care in the
prevention of several preventable diseases, including CRC. Given the fear of transmitting
SARS-CoV-2 in hospital settings, many elective procedures, such as colonoscopies, were
discontinued until further notice. As a result, most primary care physicians utilized fecal
immunochemical testing to continue providing CRC screening to prevent patients from
traveling to the hospital and potentially exposing themselves to SARS-CoV-2. Amidst the
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COVID-19 pandemic, the CRC screening program, which included initial fecal immuno-
chemical testing (FIT) and diagnostic endoscopy, remained fully functional in the National
Taiwan University Hospital in Northern Taiwan [24]. However, in comparison to the screen-
ing data collected from the corresponding quartal for previous years, the operations in this
screening hub were interrupted [24]. This was observed due to the significant reduction
in the number of patients that participated in the FIT screening, followed by the decrease
in the immediate referrals to the diagnostic colonoscopy for the FIT-positive patients [24].
In addition, the already scheduled colonoscopy appointments had higher cancellation
and rescheduling rates, with patients often listing the fear of nosocomial COVID-19 in-
fection as the reason for not undergoing the procedure [24]. Furthermore, the number of
diagnostic colonoscopies decreased drastically at the screening center in Japan during the
state of emergency, which lasted 120 days [25]. The number of performed CRC surgeries,
however, remained unchanged from the ones during previous years [25]. In comparison
to the corresponding time period for three years prior to the COVID-19 pandemic, the
population-based study in Hong Kong reported a 58.8% reduction in the number of lower
colonoscopies performed from October 2019 to March 2020, which resulted in a 37% decline
in the diagnosis of novel CRC cases [26].

The low to middle-income countries that recently started implementing nationwide
CRC screening programs, such as Paraguay, Thailand, Iran, and Malaysia, continued to offer
CRC screening, diagnostic, and treatment procedures during the COVID-19 pandemic [27].
They reported that administrating screening tests and diagnostic services for the screen-
positive individuals were from 20–90% of the pre-COVID times, whereas the status of
treatment services for cancer patients was better, with 65–90% ratings [27]. The authors
discussed that the ability of these screening programs to resume to full capacity or beyond
would be significantly difficult for the low to middle-income countries than it would be
for the high-income countries [27]. Thus, the pandemic will have a lasting effect on these
programs [27].

Most of the facilities that offered CRC services in England and Wales recorded a
reduction in patient referral, resulting in an alteration in the CRC treatment plans that
were brought up either by the delayed start of the treatment due to the fear of infection,
lack of tissue diagnosis and radiological staging, and/or the limited resources [28]. The
population-based study conducted in England revealed that the COVID-19 lockdown for
months of April, May, and June 2020 reduced the CRC diagnostic rates, as the 2-week-wait
referrals significantly dropped by 23%, whereas the number of performed colonoscopies
decreased by 46% [29]. Furthermore, the lockdown elicited a 19% reduction in imple-
menting the appropriate 31-day treatment plans [29]. Due to this, this study reported that
over 3500 patients missed early CRC diagnosis, and did not undergo potentially lifesaving
procedures during the COVID-19 lockdown [29]. The CRC screening rates remained low
during the lockdown even, when that was performed in the “COVID-19 free” facility, which
did not admit COVID-19 positive patients, and ensured ongoing COVID-19 testing for the
facility’s staff and patients [30]. The COVID-19 pandemic also affected molecular diagnostic
metastatic CRC testing, which included performing quantitative PCR and next-generation
sequencing (NGS) for KRAS/NRAS hot spot mutations in the largest molecular diagnostic
centers for cancer patients and high-risk individuals in Serbia [31]. The number of per-
formed analyses for the metastatic CRC during the state of emergency drastically decreased
by 46%, followed by a 15% reduction in the number of GI tract cancer patients presented
to the tumor board for formulating and implementing further treatment plans [31]. This
trend did not recover even after the state of emergency was lifted [31].

The total deficit for CRC screening in the US during the COVID-19 pandemic compared
to 2019 was calculated to be 3.8 million cases for both men and women [32]. The screening
rates, when compared to 2019, decreased drastically by 79.3% in April of 2020 as a result of
the lockdown, and they started to increase in June and July; the increase, however, did not
re-calibrate to the same number as it was in 2019/2018, which showed that compensation
for the missed diagnosis was not possible at the moment (13.1% lower than in previous
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years) [32]. The sharpest decline in CRC screening during lockdown was recorded in the
Northeast geographical region of the USA, and amongst the population with a higher
socioeconomic status [32]. In part, this was due to a 43% reduction in total referrals of
primary care, with a 79% decline in urgent referrals, 64% reduction in routine referrals, and
40% reduction in “urgent suspicion of cancer” (USOC) patient referrals [33]. Moreover,
during lockdown months in a healthcare system in Los Angeles, the colonoscopy rates
declined to about only 12 per week, compared to the 223 per week pre-pandemic, whereas
the FIT dropped to 61 per week, compared to 154 per week pre-pandemic [33]. After the
lockdown was lifted, the number of colonoscopy appointments recovered to the number
before the pandemic, whereas the noninvasive FIT and stool DNA tests recovered, and
exceeded the pre-pandemic numbers [34]. Lastly, the interruption in developing screening
programs in the CRC “hotspot” Appalachian Kentucky region elicited a significant backlog,
and furthered the barriers that the program already had to face during its development [35].

4. The Aftermath of the Halted CRC Screening Due to COVID-19

The immediate halt in CRC screening and diagnostic modalities as a response to the
COVID-19 pandemic has already been reflected in the sudden decrease in the diagnosis
of the novel CRC cases [26,29,32]. Attributable to the interruption in timely diagnostic
colonoscopy, the number of urgent admissions ascribed to obstructive CRC significantly
increased during this time [25]. Moreover, the detected CRC cases were more severe in
the lockdown group than in the previous years (47% vs. 25%), as the high-risk adenomas
were often larger than 10 mm, contained villous compartment, high-grade dysplasia, and
were serrated. However, the low-risk adenoma detection rate decreased (9% vs. 22%).
Altogether, the lockdown group exhibited higher CRC detection (8% vs. 1%) [30].

The interruption of the diagnostic colonoscopies will also elicit long-term effects. Lui
et al. predicted that 6.4% of CRC would have higher stage shifting, with an increase in stage
IV carcinomas [26]. If the reduction in diagnostic procedures was not met, and if it further
reduced to 20%, the stage shifting would increase by 7.2% [26]. The four country-specific
CRC microsimulation models revealed that the delay in CRC diagnosis due to the diagnostic
interruptions of three, six, and twelve months would result in a significant increase in
the number of CRC incidence and CRC-related deaths during the period between 2020
and 2050 [36]. It was estimated that the relative increase of twelve-month disruptions
would result in 0.4–0.9% additional CRC cases and 0.8–1.2% additional CRC-related deaths
in the Netherlands, 1.2% additional CRC cases and 2% additional CRC-related deaths
in Australia, and 0.6% additional CRC cases and 0.8% additional CRC-related deaths in
Canada [36]. This devastating statistic can be minimized and mitigated if urgent catch-up
screenings are provided to the screening and diagnostic facilities [36]. The delays also
existed in performing the diagnostic colonoscopy for the two-week referral patients who
were flagged urgent due to positive FIT results and severe symptoms [37]. The UK modeling
study estimated that failure to provide timely diagnostics to these patients attributable
to the delays of two, four, and six months in the follow-up diagnostic colonoscopies will
significantly increase CRC-related deaths, and will result in a loss of life years [37].

A recent study by Santoro et al. studied the global impact of the COVID-19 pandemic
on CRC screening, using a 35-item survey to assess the impact of COVID-19 on preop-
erative assessment, elective surgery, and postoperative management of colorectal cancer
patients [38]. Respondents were sorted into two groups for comparison: (1) “delay” group:
pandemic-affected colorectal cancer care; and (2) “no delay” group: unaffected colorectal
cancer treatment. A total of 1051 respondents from 84 countries completed the survey [38].
There were no significant variations in demographics between the delay (n = 745, 70.9%)
and no delay (n = 306, 29.1%) groups. In the delayed group, 48.9% of respondents reported
a change in the initial surgical plan, and 26.3% reported a shift from elective to urgent
operations [38]. Reductions in interdisciplinary team meetings, and the relocation of hospi-
tal and staff resources were significantly associated with delays in endoscopy, radiology,
surgery, histopathology, and prolonged chemoradiation therapy-to-surgery intervals [38].
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Furthermore, the status of the epidemic was linked to a patient’s overall recovery during
colorectal cancer treatment. Overall, there were noticeable improvements in colorectal
cancer diagnostic and treatment procedures across the world. Rather than geographic
variables, changes in CRC screening were linked to disparities in health care delivery
systems, hospital preparation, resource availability, and local coronavirus illness 2019
prevalence [38].

A similar study conducted in the United Kingdom by the COVIDSurg Collaborative
investigated the impact of SARS-CoV-2 on mortality after surgical resection of CRC during
the early stages of the COVID-19 pandemic on surgical practice [39]. The COVIDSurg
Collaborative used an international cohort study of patients who had colon or rectal cancer,
and were not suspected of having SARS-CoV-2 before surgery. Using 2073 patients from
40 nations, the study found that 1.3 percent (27/2073) had a defunct stoma, and 3.0 percent
(63/2073) had an end stoma rather than just an anastomosis. Thirty-day mortality was
1.8 percent (38/2073), with a 3.8 percent (78/2073) incidence of postoperative SARS-CoV-
2, and a 4.9 percent (86/1738) anastomotic leak rate [39]. Patients without a leak or
SARS-CoV-2 had the lowest mortality rate (14/1601, 0.9%), whereas patients with both
a leak and SARS-CoV-2 had the greatest mortality rate (5/13, 38.5%) [39]. In contrast,
anastomotic leak (adjusted odds ratio 6.01, 95 percent confidence interval 2.58–14.06),
postoperative SARSCoV-2 (16.90, 7.86–36.38), male sex (2.46, 1.01–5.93), age > 70 years
(2.87, 1.32–6.20), and advanced cancer stage (3.43, 1.16–10.21) were all independently linked
with mortality [39]. There were fewer anastomotic leaks (4.9 percent versus 7.7%), and an
average shorter duration of stay (6 versus 7 days) compared to pre-pandemic data, but
increased mortality (1.7 percent versus 1.1 percent) [39]. Based on the patient, operational,
and organizational risks, the COVIDSurg Collaborative suggested surgeons should take
additional precautions against SARS-CoV-2 and anastomotic leak when performing surgery
during the present and future COVID-19 waves.

5. Modified CRC Screening Approaches during COVID-19 Pandemic

In order to mitigate the survival decline attributed to the interruption of the CRC
screening pathway elicited by the COVID-19 pandemic, public health screening programs
need to be restructured [40]. Loveday et al. noted that prioritizing the high-risk CRC
patients via FIT triage would alleviate 89% of deaths that would occur due to the lockdown
backlog [37]. In turn, this strategy would reduce the nosocomial COVID-19 deaths [37].
Moreover, incorporating FIT screening as a triage tool for the 2-week wait referral patients
elicited successful reallocation of the limited resources for high-risk CRC patients [41]. This
mitigation approach was predicted to provide the additional CRC screening to approxi-
mately 588,800 novel patients, and establish about 2899 new CRC diagnoses, out of which
68.9% would be early-stage [19]. Furthermore, the utilization of other noninvasive stool-
based DNA tests was marked effective in identifying high-risk patients, and prioritizing
them for diagnostic colonoscopy and CRC treatment [34,35]. Miller et al. designed and
implemented a novel CRC triage procedure named “COVID-adapted pathway”, which
successfully ameliorated the adverse effects of the diagnostic colonoscopy backlog [33].
According to this, the USOC patients referred by a general practitioner were triaged based
on the severity of their symptoms [33]. In particular, patients with high-risk symptoms
were triaged to CT with oral contrast and the quantitative FIT (qFIT), patients with low-risk
symptoms were triaged with qFIT alone, whereas patients with palpable mass were outpa-
tients [33]. Using this method, the number of detected cancers was similar to the previous
year, while keeping the patients negative for COVID-19 [33]. The authors advised that the
qFIT testing needed to be repeated twice, two weeks apart, because they noted occasional
variations in results [33].

Furthermore, to ensure that the CRC screening continued, these programs needed
to adopt new strategies, such as distributing stool-based CRC screening tests via mail,
and shifting from paper to digital educational tools [27,35]. Furthermore, this included
telehealth, such as teleconsultation of screen-positive individuals, conducting meetings
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over the phone, and dedicating call/text centers that would facilitate appointment schedul-
ing [27,32,35]. Human factors, such as proper leadership and the allocation of resources,
improved the overall outcome [28].

Lastly, the existence of “cold sites”, such as CRC screening hubs, significantly im-
proved the CRC screening and diagnosis pathway [28,30]. “Cold sites” were defined as
the COVID-19 free clinics that were ensured via continuous SARS-CoV-2 testing, segrega-
tion of the emergency versus elective procedures, and the geographical separation of the
COVID-19 facilities [28,30]. The continued screening in COVID-19 free clinics amidst the
infectious agent pandemic was not only effective and necessary, but was also marked as
safe, as there were no nosocomial infections related to COVID-19 in patients or in medical
staff, as the safety procedures were followed closely [30].

6. Effects of COVID-19 Pandemic on Other Cancer Screenings

Since the referrals via the 2-week-wait urgent pathway dropped by 84% in the United
Kingdom during the COVID-19 state of emergency, the delays of 3 months during the
lockdown and the backlog of the referrals would decrease the 10-year survival by 10%,
whereas the 6-month delays would decrease it to 30% for patients that suffer from car-
cinoma of the colon, rectum, esophagus, lung, liver, bladder, pancreas, stomach, larynx,
and oropharynx [42]. Additional delays would further reduce the survival capacity while
addressing the backlogs, and prioritizing the high-risk patients would mitigate these statis-
tics [42]. Moreover, fewer breast cancer diagnoses were recorded in the Netherlands due
to the suspension of the national screening programs [43]. In addition, low to middle-
income countries, on average, reported ratings of less or equal to 50% of the pre-COVID-19
capacities by 61.1% of the participants for screening services, 44.4% of participants for
diagnostic services, and 22.2% participants for treatment services for breast and cervical
cancers [27]. To ensure the continuity of these national screening and diagnostic cancer pro-
grams, this study highlighted the necessity of incorporating the public community outreach
through the expansion of the telehealth program [27]. Moreover, the COVID-19 pandemic
interrupted the molecular diagnostic testing for non-small cell lung carcinoma (EGRF
mutations) and metastatic melanoma (BRAF mutations), and hereditary breast/ovarian
cancer (BRCA1/2 mutations) in the largest molecular diagnostic center for cancer patients
in Serbia drastically decreased [31]. The decline did not recover after the state of emergency
was lifted [31]. Lastly, lockdown months exhibited a sharp reduction in screening rates
for breast (90.8%) and prostate cancer (63.4%) [32]. It was estimated that about 3.9 million
women were undiagnosed for breast cancer due to this interruption, and 1.6 million men
missed diagnosis for prostate cancer in the US [32]. The highest decline was recorded for the
northwest US region, and amongst the population with a high socioeconomic status [32].

7. Clinical Implications and Limitations

There is no doubting that COVID-19 has a significant impact on cancer screening. The
CRC death rates are expected to rise as a result of screening test disruptions and delays.
Although the outlook for CRC appears bleak, there are several lessons to be learned from
the COVID-19 pandemic in terms of CRC screening, diagnosis, and overall prevention.
More use of alternate techniques, such as FIT testing, are important for the future of CRC
screening and diagnosis. Furthermore, the availability of FIT testing can help to reduce
racial health inequalities. Despite the fact that routine screening techniques are beginning to
resume as COVID-19 vaccinations are being provided in many industrialized countries, the
pandemic has changed the way healthcare practitioners perceive CRC screening. Though
colonoscopy will always be the gold standard for CRC screening, FIT tests and other
screening procedures offer considerable strengths and unique qualities that make them
useful and ideal in certain scenarios. It is critical that we use what we know about COVID-
19’s impact on CRC to plan for and prevent human suffering in future pandemics and
other public health emergencies. Early detection, combined with adequate care, saves
lives, and doing so might help avoid the impact of a future occurrence on CRC from
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being as disastrous. Regular screening techniques have resumed in recent years, since
COVID-19 vaccinations have become more widely available. However, the previously
described delays continue to pay a toll on human lives in terms of the delayed diagnosis
and progression of CRC.

This study has several limitations. First, the long-term effects of COVID-19 are still
being investigated for CRC surveillance and other cancers. The full impact of the pandemic
on cancer screening will be understood in the future. Second, the studies did not adequately
sample the effects of the COVID-19 pandemic on CRC screening across the globe. This is
likely due to differences in severity and resource limitations in acquiring and maintaining
data on CRC screening during the pandemic. Third, not all countries equally report CRC
screening rates that can be compared between countries. Fourth, different studies reported
different methods of CRC screening, which may influence the overall rate of CRC before,
during, and after the pandemic. Further longitudinal studies will be needed to address the
limitations mentioned in this paper.

8. Conclusions

Continuous CRC screening efforts, from population-wide stool-based testing to diag-
nostic endoscopies and treatments, have elicited early cancer detection, and improved the
devastating statistics regarding the CRC diagnosis outcome. However, programs are not
available everywhere, and, in some places, are not efficient. Therefore, they require constant
improvements in terms of encouraging patient participation, educating the population, and
stratifying low- and high-risk patients to ensure cancer diagnosis and prompt treatment.
The COVID-19 pandemic caused the world to pause, and instituted lockdowns, notably
interrupting CRC screening programs. The reasons for the halt were the allocation of
limited hospital resources towards the fight against COVID-19, the ongoing fear of noso-
comial SARS-CoV-2 infection, and the overall overwhelming burden that the pandemic
placed onto the healthcare system. For CRC screening programs, this included a drop
in referrals from a general practitioner, patients’ unwillingness to partake in stool-based
testing, canceling or rescheduling colonoscopy appointments by patients out of fear or by
institutions because they worked in limited capacities, and changing treatment plans to
comply with the pandemic-elicited regulations. Although some centers remained fully
functional or adopted novel screening pathway procedures which included telehealth, the
diagnostic capacities halted. In this manner, the substantial number of CRC patients went
undiagnosed, which, in the short term, resulted in an increase of obstructive CRC, and the
presence of high-risk adenomas. The long-term effects of the diagnosis backlog could result
in a devastating rise of late-stage CRC cases, and the overall loss of life years due to the lack
of appropriate treatments for these patients. These prognostics, however, can be mitigated
if proper catch-up screenings are provided. These lessons can also serve as a teaching
moment for healthcare leadership, and can provide guidelines for minimizing and alto-
gether avoiding the interruption of cancer screening programs if novel pandemic-causing
infectious agents appear.
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Abstract: Background and objectives: Patients with BRAF-mutated metastatic colorectal cancer have
considerably poorer responses to conventional systemic treatment. The real-world effects of triplet
therapy with BRAF, mitogen-activated protein kinase kinase, and epidermal growth factor receptor
inhibitors in Asia have not been well-reported. Materials and Methods: This single-center case series
included patients with BRAF-mutated metastatic colorectal cancer undergoing triplet therapy after
failure of prior systemic treatment from 2016 to 2020. The primary outcome was progression-free
survival, and secondary outcomes were overall survival, response rate, disease control rate, and
adverse events. Results: Nine eligible patients with BRAF-mutated metastatic colorectal cancer
receiving triplet therapy were enrolled, with a median follow-up time of 14.5 months (range, 1–26).
Most patients (88.8%) had two or more prior systemic treatments, and the triplet regimen was
mainly dabrafenib, trametinib, and panitumumab. The overall response rate and disease control
rate were 11.1% and 33.3%, respectively. Median progression-free survival and overall survival were
2.9 and 7.4 months, respectively, and a trend toward better overall survival was found with left-
sided metastatic colorectal cancer compared with right-sided disease (9.2 vs. 6.9 months, p = 0.093).
Adverse events were mostly Grade 1–2, including nausea, hypertension, gastrointestinal symptoms,
and skin disorders. Conclusions: In this single-center case series, triplet therapy with BRAF, mitogen-
activated protein kinase kinase, and epidermal growth factor receptor inhibitors in BRAF-mutated
metastatic colorectal cancer had an acceptable safety profile and reasonable efficacy.

Keywords: metastatic colorectal cancer; BRAF mutation; triple target therapy

1. Introduction

Cases of metastatic colorectal cancer (mCRC) comprise approximately one-fourth of
all colorectal cancer (CRC) cases at initial diagnosis, and an additional 20% of CRC patients
may also present subsequent metachronous metastasis despite treatment [1,2]. Progress
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has been made in various treatment strategies, including surgery, cytotoxic chemotherapy,
target therapy, and immunotherapy. RAS wild type mCRC is still a treatment challenge,
especially when other resistant gene alterations are present.

Along with RAS [3,4] and microsatellite instability [5,6], the BRAF V600E mutation [7,8]
is a well-known biomarker that has an impact on mCRC survival and may affect the
response of systemic and targeted therapies. Although the BRAF mutation is only detected
in 5%–10% of all cases, mCRC patients who are microsatellite-stable with the BRAF V600E
mutation have worse survival and response to anti-epidermal growth factor receptor
(EGFR) agents [9,10]. However, resistance to anti-EGFR agents may be overcome with
BRAF inhibitors [11,12], which may be beneficial in patients with progressive mCRC after
the failure of first-line treatment.

The combination of a BRAF inhibitor and anti-EGFR agent, with and without a
mitogen-activated protein kinase kinase (MEK) inhibitor, has been evaluated in several
studies as a promising regimen for mCRC after first-line standard treatment [11,13,14]. The
phase III BEACON trial demonstrated that the triplet regimen, which consists of a BRAF
inhibitor, anti-EGFR agent, and MEK inhibitor, significantly improved overall survival
(OS) and progression-free survival (PFS) compared with the control group (chemotherapy
plus anti-EGFR agent) [11]. Another ongoing single-arm trial (ANCHOR CRC, a phase
II study of first-line triple therapy with cetuximab, encorafenib, and binimetinib) also
showed a favorable response rate [15]. However, real-world data on the triplet regimen
as a later line of systemic treatment in Asian patients, is still lacking due to the scarcity of
such patients. Thus, this case series aimed to report the clinical outcomes and safety of
triplet therapy in mCRC patients with BRAF V600E mutations after the failure of at least
first-line chemotherapy.

2. Methods
2.1. Patient Eligibility

This case series was a single-center study conducted at our hospital. Eligible cases
were identified through medical chart review from April 2016 to April 2020. Patients
were included if they met all the following criteria: (1) recurrence or progressive disease
after first-line chemotherapy plus target therapy, with or without surgery; (2) at least
one metastatic focus found in an imaging study; (3) pathologic examination of the tumor
specimen revealing a BRAF V600E mutation; and (4) receiving triplet therapy as the
second or later line of systemic treatment. Eligible cases were enrolled for this study until
April 2020. This study was approved by the institutional review board of our hospital
[KMUHIRB-2012-03-02(II)].

2.2. Analysis of BRAF Mutation, RAS Mutation, and Status of Microsatellite Stability

BRAF V600E mutation analysis was performed using direct deoxyribonucleic acid
(DNA) sequencing from formalin-fixed, paraffin-embedded CRC tissue samples accord-
ing to our previous study [16]. After deparaffinization and air-drying, DNA was iso-
lated using the proteinase K and QIAamp DNA Micro Kit (QIAGEN). A high-resolution
melting analysis was undertaken using the LightCycler 480 System Gene Scanning As-
say. The primers used, which were specific for the BRAF V600E mutation, were de-
signed using Primer3 free software. The forward and reverse primer sequences were
5′-CATAATGCTTGCTCTGATAGGAAA-3′ and 5′-TCAGCACATCTCAGGGCCAAA-3′,
respectively. All the primers were produced with standard molecular biology quality
(Protech Technology Enterprise Co., Ltd., Taipei, Taiwan). RAS mutations were identi-
fied through direct DNA sequencing, the procedure for which was described in detail in
our previous study [17]. Both KRAS and NRAS mutation statuses were examined in the
patients. The presence of a deficient mismatch repair gene (dMMR) was determined by
immunohistochemical staining of CRC tissue specimens. Loss of at least one mismatch
repair protein (MLH-1, MSH-2, MSH-6, or PMS-2) was deemed indicative of the presence
of dMMR [18].
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2.3. Systemic Treatment and Outcome Assessment

In this case series, all eligible patients received the triplet regimen, which comprised
the BRAF inhibitor dabrafenib (Novartis Pharmaceuticals, Basel, Switzerland), the MEK
inhibitor trametinib (Novartis Pharmaceuticals, Basel, Switzerland), and the anti-EGFR
agent panitumumab (Amgen Inc., Thousand Oaks, CA, USA) or cetuximab (Merck Sharp
& Dohme Corp., Kenilworth, NJ, USA), after progressive disease was treated with at least
second-line systemic treatment, including chemotherapy plus target therapy. The dosages
were as follows: dabrafenib, 150 mg orally, twice per day; trametinib, 2 mg orally, once per
day; panitumumab, 6 mg/kg every two weeks intravenously; and cetuximab, 400 mg/m2

loading, then 500 mg/m2 biweekly, intravenously. The patients attended regular follow-up
visits at outpatient clinics every 2 weeks to evaluate symptoms and adverse events by the
visiting staff and study nurses. When the patients were hospitalized for treatment or any
other reason, the visiting staff and study nurses would be informed to allow assessment.
The adverse events were recorded and graded during each cycle based on the National
Cancer Institute Common Terminology Criteria for Adverse Events (Version 4.3; http:
//ctep.cancer.gov/reporting/ctc.html). Symptomatic treatments were provided for milder
(grade 1-2) adverse events without interruption of systemic therapy, and the triplet therapy
would be temporarily withheld for more severe adverse events (grade 3). Triplet therapy
was only resumed if the adverse events were not life-threatening, and the patient got
substantial improvement. The treatment response was typically assessed after 8–12 weeks
of treatment by computed tomography, magnetic resonance imaging, or positron emission
tomography according to the criteria of the Response Evaluation Criteria in Solid Tumors
(RECIST; version 1.1) [19]. The median follow-up period was 14.5 (range, 1–26) months.

The primary outcome of this study was PFS, and secondary outcomes were OS,
response rate (RR), disease control rate (DCR), and adverse events (AEs) of treatment. PFS
was defined as the time from the initiation of the triplet regimen to the first radiological
progression or tumor-related death, whichever came first. OS was defined as the time from
the initiation of the triplet regimen to death due to any cause. DCR was represented as the
percentage of patients with complete response, partial response, or stable disease as their
best response.

2.4. Statistics

SPSS (Version 20.0; SPSS, Chicago, IL, USA) was used for all data analyses. The
continuous variables were compared with Wilcoxon’s signed-rank test, and categorical
variables were compared using the Chi-square test. The Kaplan–Meier method was used to
calculate PFS and OS, and a log-rank test was used to compare time-to-event distributions
by clinical and molecular factors. Statistical significance was set at p < 0.05.

3. Results

This section may be divided by subheadings. It should provide a concise and precise
description of the experimental results, their interpretation, as well as the experimental
conclusions that can be drawn.

3.1. Baseline Characteristics of Included Patients

This case series included nine patients (4 had primary tumors on the right side: 2 in
ascending colon and 2 in transverse colon; and 5 on the left side: 3 in descending colon
cancer and 2 in sigmoid colon) with BRAF V600E-mutated mCRC who underwent triplet
therapy. Their baseline characteristics are displayed in Table 1. All patients had tumors
with wild-type KRAS/NRAS and moderate to poor differentiation. dMMR was noted in
two of the six analyzed patients. Most patients received panitumumab, dabrafenib, and
trametinib as the triplet regimen, but one patient used cetuximab instead of panitumumab.
In addition, triplet therapy was exclusively used as third-line or later treatment in all
but one patient, for whom the therapy was initiated after the failure of first-line therapy.
Most patients (77.7%) had liver metastases, and in nearly half of them (44.4%), at least
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three organs were involved at the time of treatment. No significant differences in baseline
characteristics were observed between left-sided and right-sided mCRC.

Table 1. Baseline characteristics of all included patients with BRAF-mutated mCRC receiving triplet therapy, stratified by
tumor sidedness.

Characteristic All Patients
(N = 9)

Right Side Tumor
(N = 4)

Left Side Tumor
(N = 5) p Value

Gender (Male: Female) 4:5 3:1 1:4 0.099

Age (years)
Median ± SD (range) 51 ± 14.4 (35–81) 52.5 ± 5.8 (45–59) 45 ± 19.7 (35–81) 0.730

BMI kg/m2 Mean ± SD 22.7 ± 6.4 22.8 ± 3.5 22.6 ± 8.5 1.000

Histology
Moderately differentiated
Poorly differentiated

7 (77.7%)
2 (22.2%)

3 (75%)
1 (25%)

4 (80%)
1 (20%)

0.858

Stage at triplet therapy
4A
4B
4C

4 (44.4%)
3 (33.3%)
2 (22.2%)

2 (50%)
1 (25%)
1 (25%)

2 (40%)
2 (40%)
1 (20%)

0.894

Involvement of
≥3 organs 4 (44.4%) 2 (50%) 2 (40%) 0.764

Liver metastasis 7 (77.7%) 3 (75%) 4 (75%) 0.858

Primary tumor resection
Complete resection
Partial or no resection

5 (55.5%)
4 (44.4%)

2 (50%)
2 (50%)

3 (60%)
2 (40%)

0.764

Baseline CEA > 5 µg/L 8 (88.8%) 3 (75%) 5 (100%) 0.236

Response
Partial response
Stable disease
Progressive disease

1 (11.1%)
2 (22.2%)
6 (66.6%)

0
1 (25%)
3 (75%)

1 (20%)
1 (20%)
3 (60%)

0.638

Responder
Non-responder

1 (11.1%)
8 (88.8%)

0
4 (100%)

1 (20%)
4 (80%) 0.343

Disease control rate 3 (33.3%) 1 (25%) 2 (40%) 0.635

SD, standard deviation; CEA, carcinoembryonic antigen; BMI: body mass index

3.2. Response Rate and Survival Analysis

Among the patients who underwent triplet therapy, only one patient had a partial
response, and another two had stable disease (Table 2). All other patients had disease
progression despite treatment (RR, 11.1%; DCR, 33.3%). The median PFS and OS were
2.9 months and 7.4 months, respectively (Figure 1A,B). No specific clinical or molecular
factors were found to be significantly associated with favorable DCR or OS. However,
a trend toward improved OS was found in left-sided mCRC compared with right-sided
disease (9.2 vs. 6.9 months, p = 0.093) and patients with disease control. Median survival
was not reached for patients with partial response or stable disease, and the median OS
was 5.2 months for those with progressive disease (p = 0.069, Figure 2). In one patient
with initial partial response after triplet therapy, PFS time persisted for 26 months until the
last follow-up. In two patients with stable disease after triplet therapy, one had disease
progression 3 months later and died, and the other patient achieved a PFS of 19 months
without further systemic treatment.
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Figure 1. (A) Kaplan–Meier survival curves for median progression-free survival of 2.9 months for
all nine patients; (B) Kaplan–Meier survival curves for median overall survival of 7.4 months for all
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Table 2. dMMR status, treatment responses, and survival of each patient with BRAF-mutated mCRC receiving triplet
therapy.

Age (Year)
/Sex

Tumor
Location

Primary
Surgery

Metastasis
Foci dMMR Best

Response
PFS

(Months)
OS

(Months)

Patient 1 51, female Right colon No Liver, lung,
pancreas ND SD 6.9 7.5

Patient 2 45, female Left colon No Liver, lung No PD 2.3 5.3

Patient 3 81, female Left colon R0
resection Liver, lung Yes SD 19.3 19.3

Patient 4 41, male Left colon R0
resection

Liver, lung,
adrenal
gland,

pancreas

No PR 5.4 26.5

Patient 5 59, male Right colon R0
resection

Liver, peri-
toneum,
pancreas

ND PD 3.1 7.0

Patient 6 45, male Right colon R0
resection

Liver, peri-
toneum, No PD 1.5 1.5

Patient 7 54, male Right colon R1
resection

Peritoneum,
Paraaortic

lymph
nodes

No PD 2.6 2.6

Patient 8 35, female Left colon R0
resection Peritoneum Yes PD 2.4 2.4

Patient 9 69, female Left colon No

Liver, lung,
peri-

toneum,
bone

ND PD 3.0 9.2

dMMR, deficiency of mismatch repair genes; ND, not done; PFS, progression-free survival; OS, overall survival; SD, stable disease; PR,
partial response; PD, progressive disease; mCRC: metastatic colorectal cancer; R0: complete resection in gross with microscopically negative
surgical margin; R1: complete resection in gross with microscopically positive surgical margin.
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Fatigue 0 (0) 0 (0) 0 (0) 
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Vomiting 3 (33.3) 0 (0) 3 (33.3) 

Hair loss 1 (11.1) 0 (0) 1 (11.1) 

Abnormal liver function 6 (66.6) 0 (0) 6 (66.6) 

Acute kidney injury 2 (22.2) 0 (0) 2 (22.2) 
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Figure 2. Kaplan–Meier survival curves for overall survival, stratified by disease control status. PR,
partial response; SD, stable disease; PD, progressive disease.
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3.3. Adverse Events

The adverse events in patients who received triplet therapy are summarized in Table 3.
Triplet therapy was generally well-tolerated, and most adverse events were Grades 1–2.
The most frequent adverse events were liver function abnormality (66.6%), hypertension
(66.6%), and dermatitis (66.6%), followed by nausea (44.4%) and skin rash (44.4%). The
most frequent severe events (Grade 3) were nausea (22%), hypertension (22%), dermatitis
(22%), and diarrhea (11%). Of note, one patient developed blurred vision during the second
month of triplet therapy, which gradually improved following the completion of systemic
treatment and conservative management. No patient experienced grade 4 adverse events.

Table 3. Adverse events in all patients receiving triplet therapy for BRAF-mutated mCRC.

Adverse Events Grade 1–2 (%) Grade 3 (%) † Any Grade (%)

Anemia 1 (11.1) 0 (0) 1 (11.1)

Neutropenia 0 (0) 0 (0) 0 (0)

Thrombocytopenia 0 (0) 0 (0) 0 (0)

Fatigue 0 (0) 0 (0) 0 (0)

Nausea 2 (22.2) 2 (22.2) 4 (44.4)

Vomiting 3 (33.3) 0 (0) 3 (33.3)

Hair loss 1 (11.1) 0 (0) 1 (11.1)

Abnormal liver function 6 (66.6) 0 (0) 6 (66.6)

Acute kidney injury 2 (22.2) 0 (0) 2 (22.2)

Hypertension 4 (44.4) 2 (22.2) 6 (66.6)

Diarrhea 1 (11.1) 1 (11.1) 2 (22.2)

Paresthesia 2 (22.2) 0 (0) 2 (22.2)

Skin rash 4 (44.4) 0 (0) 4 (44.4)

Dermatitis 4 (44.4) 2 (22.2) 6 (66.6)

Blurred vision 1 (11.1) 0 (0) 1 (11.1)
†: No patient had grade 4 adverse event in the study.

4. Discussion

In this case series, we demonstrated the real-world experience of using triplet therapy
for BRAF-mutated mCRC as later lines of salvage therapy in Asian patients. Our findings
suggest that triplet therapy appears to be well-tolerated and patients with initial disease
control and longer PFS might gain considerable survival benefit, although most patients in
our study still experienced disease progression.

The clinical efficacy of triplet therapy in BRAF-mutated mCRC has been demonstrated
in two large clinical trials by Corcoran et al. [14] and Kopetz et al. (the BEACON trial) [11],
and further trials are ongoing [15,20]. The trial by Corcoran et al. was a phase I trial using
dabrafenib, panitumumab, and trametinib as triplet therapy, which was in line with our
study’s regimen. Triplet therapy resulted in a 21% RR, and median PFS and OS were
4.2 and 9.1 months, respectively. Nevertheless, the BEACON trial showed that triplet
therapy (encorafenib, binimetinib, and cetuximab) had a 26% RR, and median PFS and
OS were 4.3 months and 9.0 months, respectively; by contrast, the control group had only
a 2% RR, and median PFS and OS were 1.5 months and 5.4 months, respectively. Of
note, these two trials included a considerable portion of patients who failed to respond to
first-line treatment; by contrast, in the current study, most patients previously underwent
at least second-line systemic treatment. Although a direct comparison between our study
and those mentioned above was not possible, the RR and survival in the current study
seem acceptable.
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Another compelling question is whether primary tumor location affects the outcome
in BRAF-mutated mCRC treated with triplet therapy. Although the role of tumor location
in the prognosis of BRAF-mutated mCRC remains controversial [16,21], it may have some
impact with the concomitant use of target therapy such as bevacizumab or cetuximab [22].
Several studies have demonstrated that first-line bevacizumab plus chemotherapy resulted
in a superior prognosis for right-sided BRAF-mutated mCRC [16,23–25]. Conversely, left-
sided mCRC had more favorable outcomes when treated with anti-EGFR agents than did
right-sided tumors [22,26], which was consistent with our observation. Further studies
exploring the impact of the primary tumor side on the prognostic outcomes of BRAF-
mutated mCRC treated with anti-EGFR agents may be quite valuable.

Several factors may have contributed to the discrepancies related to treatment response
and survival between this study and others. First, our study included mostly patients
who underwent two or more prior systemic treatments, a factor that has been found to
be associated with a worse RR [27,28]. Second, the difference between clinical trials and
real-world practice may lead to some bias in objective evaluation. Other clinical factors,
such as the presence of dMMR [29], differences in ethnicity, and different regimens, as
well as the genetic alteration patterns of the BRAF mutation [30], might also influence
the outcomes. These factors warrant a higher case enrollment and detailed analysis to
clarify the best candidates for triplet therapy as salvage therapy among BRAF-mutated
mCRC patients.

Regarding adverse events with triplet therapy, the most common AEs, including
gastrointestinal and dermatologic disorders, were similar to those in previous clinical
trials [11,14]. Our study did not observe any cases that required dose escalation or discon-
tinuation due to side effects; one patient developed blurred vision, but the cycle of triplet
therapy was maintained after two weeks until this symptom subsided. A previous study
demonstrated that MEK inhibitors can induce retinopathy [31]. The onset is typically rapid
in the first week of treatment but often resolves gradually, even without drug interruption.
Thus, although this unique adverse event must be carefully monitored, it typically does
not cause a serious sequela.

To the best of our knowledge, this is the first real-world study of triplet therapy in
BRAF-mutated mCRC in Asian patients. In this study, we demonstrated an acceptable
safety profile for triplet therapy, and we expect prolonged survival when initial disease
control is obtained, even with two or more failures of prior systemic treatments. However,
the limited case number precluded a robust subgroup analysis, and more data are necessary
to explore the predictive factors of the prognosis of triplet therapy for BRAF-mutated mCRC
in real-world practice.

In summary, this single-center case series demonstrated that triplet therapy with BRAF
and MEK inhibitors and an anti-EGFR agent had an acceptable safety profile and reasonable
efficacy for BRAF-mutated mCRC. Further studies enrolling more patients are needed to
identify potential treatment responses and improve the efficacy of the treatment regimen.
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Abstract: Colorectal cancer (CRC) is one of the most common cancer types around the world. The
prognosis of patients with advanced diseases is still poor in spite of currently available therapeutic
options. Regorafenib is an oral tyrosine kinase inhibitor (TKI) approved to treat refractory metastatic
colorectal cancer (mCRC). We investigated Somatic mutations in several genes involved in immuno-
logical response and cancer progression in both long/short responder mCRC patients who underwent
third-line therapy with regorafenib to identify predictive biomarkers of response using Ion Torrent
PGM sequencing and bioinformatic tools. We found Somatic mutations in TGFBR1, TGFBR2, and
TGFBR3 genes in primary tumor and metastases samples of long-responder patients. Furthermore,
our bioinformatic results show that they were mainly enriched in immune response, cell junction,
and cell adhesion in long responder patients, particularly in primary tumor and metastatic sites.
These data suggest that the TGF-b pattern could be the leading actor of a prolonged response to
this drug.

Keywords: colorectal cancer; TGF-b; regorafenib

1. Introduction

Colorectal cancer (CRC) is the third leading cause of cancer death globally, and its
incidence is steadily rising in developing nations [1–3]. In recent years, many targeted
therapeutic strategies have been proposed for metastatic colorectal cancer (mCRC) pa-
tients [4]. Regorafenib is an oral type II multi-kinase inhibitor that inhibits the activity of
vascular endothelial growth factor receptor 1, 2, 3 (VEGFR-1, -2, -3), platelet-derived growth
factor receptors, fibroblast growth factor receptors (FGFR), tyrosine kinase receptor with
immunoglobulin-like and EGF-like domains 2 (TIE-2), and oncogenic receptor tyrosine
kinases [5], showing an impact on angiogenesis and metastasis processes. Observational
post-marketing studies have confirmed its efficacy in the face of a non-negligible toxic-
ity profile [6,7]. It has been approved in the third or later lines of treatment for patients
with chemorefractory mCRC, according to the results of two randomized phases III trials
(CORRECT and CONCUR) [8,9]. Unlike anti-EGFR monoclonal antibodies for which
well-defined molecular predictive factors are available [10], results for anti-angiogenic
drugs are still inconclusive [11]. However, since its introduction into the clinical setting,
single exceptional responders to this drug have been reported [12–15]. Thus far, identifying
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useful predictive factors to identify the best candidates for such a therapy represents a
relevant clinical challenge.

A more remarkable progression-free survival (PFS) benefit for regorafenib has been
observed in patients showing epithelial-mesenchymal transition (EMT) phenotype and
higher TGF-β pathway activation [16]. TGF-β pathway promotes angiogenesis and EMT
and inhibits the growth of epithelial and immune cells [17,18]. Loss of SMAD4, a tumor
suppressor gene, disrupts R-SMAD-SMAD4 complexes in the canonical TGF-β signal-
ing, leading to the deregulation of several SMAD4-related target genes, such as VEGF-A,
VEGF-C, and β-catenin [19]. A strict and mutual regulation between vasculature normal-
ization and immune activation has been described in the tumor microenvironment [20].
Consequently, in this study, we evaluate somatic mutations of several genes involved
in immunological response and cancer progression, with the aim to identify, through a
NGS platform, potential biomarkers of response to regorafenib in one very long and short
responder mCRC patient.

2. Materials and Methods
2.1. Patients’ Characteristics

The clinical history of the 58-year-old mCRC who presented a prolonged progression-
free survival (PFS) (16 months) to third-line regorafenib has been previously published [21].

The control case was a 54-year-old female mCRC patient who received the third-line
treatment with regorafenib with a PFS of 4 months. This study was approved by the Local
Ethical Committee (Prot. N.709/CE). Both patients provided informed consent.

2.2. Sample Processing

All surgical samples were formalin-fixed and paraffin-embedded (FFPE). Tumor sec-
tions were cut from each FFPE block: one section was stained by hematoxylin/eosin to
confirm and locate the tumor, and consecutive sections were used for immunohistochem-
istry and gene expression analyses.

2.2.1. DNA and RNA Extraction

Three to six FFPE tissue sections (6 µm thick) with adequate tumor cellularity, selected
by a pathologist (>50%), were macro dissected and subjected to the QIAamp DNA FFPE
Tissue Kit (Qiagen, Venlo, The Netherlands) for DNA isolation and the RNeasy FFPE Kit
(Qiagen) for RNA isolation, according to the manufacturer’s protocols. DNA was also
isolated from blood samples using the QIAamp DNA Blood Midi Kit (Qiagen). DNA
and RNA concentrations were measured using the Qubit 2.0 fluorometer (Thermo Fisher
Scientific, Waltham, MA, USA).

2.2.2. Ion Torrent PGM Sequencing

The sequencing which has been used in the current study has been reported in our
previous study [22]. Briefly, two custom panels have been designed through the Ion
Ampliseq designer tool, one including the coding region of 41 genes to detect Somatic
mutations and one to study the gene expression of 95 genes. Both include genes involved
in immune regulation and inflammation. Variant calling and filtering have been described
in [22]. In particular, somatic variants were called when matching the following conditions:
DP > 50, VD > 20, and QUAL > 30. Furthermore, the Cancer hotspot Panel V2 has been
used to identify druggable alterations. Briefly, the call set has been generated merging
results from the Somatic High-Stringency Variant Caller plugin of the Torrent Suite and the
Vardict [23] algorithm. Germline variants were filtered out using a pool of healthy controls.
Annovar [24] was used to annotate variants functionally. The Oncoprint plot has been
designed with the ComplexHeatmap R package [25].
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2.2.3. MSI Analysis

MSI Analysis was performed by using Real-Time PCR (Easy PGX Diatech) to detect
the microsatellite region instability in tumor samples. The analysis of 8 mononucleotide
markers (BAT-25, BAT-26, NR-21, NR-22, NR-24, NR-27, CAT-25, and MONO-27) was
based on the denaturation profile and compared to a positive control with a stable profile
and followed manufacture instructions (EasyPGX® ready MSI cat.no. RT033).

The EasyPGX® Analysis Software was used to analyze all the melting temperatures
and to generate a melting profile from each sample and the positive control. The software
automatically calculates the status of global instability (MSS, MSI-L, MSI-H) from the
number of unstable markers.

A tumor with high instability (H-MSI) has ≥2 unstable markers, and a tumor with
L-MSI (low instability) has 1 unstable marker. For all L-MSI tumors, it is needed to repeat
the analysis comparing the melting profile of the tumor tissue to the melting profile of
normal tissue to exclude possible germline instability.

2.3. Protein-Protein Interaction (PPI) Network and Pathway Enrichment Analysis

Metascape (Available online: https://metascape.org/gp/index.html#/main/step1
(accessed on 10 July 2020)), an online resource, has been used to depict biological networks,
including the interaction between mutated genes and to perform functional enrichments.

3. Results
3.1. Mutational Pattern

Through a custom targeted NGS panel including 41 genes, long-responder and short-
responder samples were sequenced. In detail, long-responder samples included a primary
tumor and two ovarian metachronous metastases. The control case included a primary
tumor and one lung metastasis. The primary tumor and the first metastasis showed a
distinct pattern of alterations (only CD276, ICAM1, and ARHGEF7 mutations are common)
(Figure 1A). The second metastasis shared almost all mutations detected in the primary
tumor: four alterations were detected in the first metastasis with 9 private mutations
(Figure 1B). The mutational pattern of the short-responder in the primary and metastatic
samples reflects a simple mechanism of clonal evolution (Figure 1C). Indeed, we observed
that metastasis has the same alterations as the primary tumor samples with a further
9 private mutations. Microsatellite status has been checked in all samples, which were
found to be stable (MSS).

3.2. Functional Enrichment and PPI Network

The global pathway enrichment is displayed as a heatmap (Figure 2). Terms related
to immune response, cell junction, and cell adhesion molecules are the most enriched in
long-responder patients, particularly in the primary tumor and second metastasis samples.

The PPI network, including proteins with relative genes which were found to be
altered in the second metastatic samples, was built up. It can be observed that two sub-
networks were identified, which were, in turn, functionally enriched (Figure 3A).
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Figure 1. (A) Oncoprint including pathogenic alterations detected in the five analyzed samples. (B) Venn diagram of the
alterations detected in the long survival samples (primary CRC and the two metastatic samples). (C) Venn diagram of the
alterations detected in the short survival samples (primary CR Cand metastatic samples). LS_prim: primary tumor of the
long survival case; LS_1met, LS_2met: metastatic samples of the long survival case; SS_prim: primary tumor of the short
survival case; SS_met: metastatic sample of the short survival patient.
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Figure 3. Interaction networks of the alterations detected in (A) long survival samples and (B) in short
survival samples. In Table 1, significantly enriched terms are shown according to the sub-network
color scale. PPI network was built up also for the short responder case (Figure 3B) and functionally
enriched (Table 1).
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Table 1. The significant genes enriched in the different pathways. In red are the enriched pathways for the network in
Figure 3A; in blue is the sub-network in Figure 3B.

Category GO Description LogP

KEGG Pathway hsa05161 Hepatitis B −10
Reactome Gene Sets R-HSA-3304349 Loss of Function of SMAD2/3 in Cancer −9.5
Reactome Gene Sets R-HSA-3304351 Signaling by TGF-beta Receptor Complex in Cancer −9.3

GO Biological Processes GO:0045351 type I interferon biosynthetic process −8.9
Reactome Gene Sets R-HSA-936964 Activation of IRF3/IRF7 mediated by TBK1/IKK epsilon −8.2

GO Biological Processes GO:0003198 epithelial to mesenchymal transition involved in endocardial
cushion formation −8

GO Biological Processes GO:0032727 positive regulation of interferon-alpha production −7.8
Canonical Pathways M185 PID ALK1 PATHWAY −7.7

GO Biological Processes GO:0003272 endocardial cushion formation −7.6
GO Biological Processes GO:0035666 TRIF-dependent toll-like receptor signaling pathway −7.5
GO Biological Processes GO:0032647 regulation of interferon-alpha production −7.5
GO Biological Processes GO:0032728 positive regulation of interferon-beta production −7.4
GO Biological Processes GO:0032607 interferon-alpha production −7.4

Reactome Gene Sets R-HSA-2173789 TGF-beta receptor signaling activates SMADs −7.4
GO Biological Processes GO:0002756 MyD88-independent toll-like receptor signaling pathway −7.3
GO Biological Processes GO:0060317 cardiac epithelial to mesenchymal transition −7.2
GO Biological Processes GO:0003203 endocardial cushion morphogenesis −7.2
GO Biological Processes GO:2000826 regulation of heart morphogenesis −7
GO Biological Processes GO:0060412 ventricular septum morphogenesis −6.9
GO Biological Processes GO:0003197 endocardial cushion development −6.9
GO Biological Processes GO:1901216 positive regulation of neuron death −8.9
GO Biological Processes GO:2001233 regulation of apoptotic signaling pathway −8.9

KEGG Pathway hsa05162 Measles −8.4
GO Biological Processes GO:0097190 apoptotic signaling pathway −8

Reactome Gene Sets R-HSA-109581 Apoptosis −7.8
Reactome Gene Sets R-HSA-5357801 Programmed Cell Death −7.8

KEGG Pathway hsa05205 Proteoglycans in cancer −7.6
GO Biological Processes GO:0010942 positive regulation of cell death −7.6
GO Biological Processes GO:0043523 regulation of neuron apoptotic process −7.5
GO Biological Processes GO:2001234 negative regulation of apoptotic signaling pathway −7.4
GO Biological Processes GO:0051402 neuron apoptotic process −7.3
GO Biological Processes GO:0070266 necroptotic process −7.3
GO Biological Processes GO:0097300 programmed necrotic cell death −7.1
GO Biological Processes GO:0043525 positive regulation of neuron apoptotic process −6.9
GO Biological Processes GO:1901214 regulation of neuron death −6.9
GO Biological Processes GO:0070265 necrotic cell death −6.8
GO Biological Processes GO:0070997 neuron death −6.7

KEGG Pathway hsa01524 Platinum drug resistance −6.6
KEGG Pathway hsa05200 Pathways in cancer −6.5

GO Biological Processes GO:2001237 negative regulation of extrinsic apoptotic signaling pathway −6.1

4. Discussion

Despite improvements in the management of mCRC, drug resistance remains a clinical
challenge in the advanced stage. Regorafenib was the first approved multikinase inhibitor
with survival benefits in unselected mCRC patients who had exhausted current standard
therapies [8,9]. Regorafenib inhibits the activity of several protein kinases active in the
regulation of angiogenesis, oncogenesis, and in the modulation of the tumor microenviron-
ment. Although several clinical and biological parameters have been investigated, there are
no useful predictive markers for regorafenib treatment [26,27]. In this study, we explored
Somatic mutations of genes involved in immunological and inflammation response in one
very long-responder and one short-responder mCRC patient to regorafenib. Recently, an
immune profile that correlates with the outcome in mCRC patients treated with regorafenib
has been reported, suggesting a cytokine signature able to discriminate patients who might
derive a benefit from regorafenib treatment [28]. In particular, the plasma basal level of
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proteins TNF-α and TGF-β before treatment might be useful to identify mCRC patients that
do not benefit from regorafenib and show the progression of the disease. According to these
results, our data show most mutated genes involved in TGF-β signaling in long-responder
mCRC patients to regorafenib therapy.

In particular, Somatic mutations in TGFBR1, TGFBR2, and TGFBR3 genes were found
in the primary tumor and metastatic samples of our long-responder patient. TGF- β was
identified as a major signaling pathway in CRC invasion and metastasis. Its activation gen-
erally promotes CRC invasion and metastasis through EMT, whereas it suppresses cancer
immunity in the tumor microenvironment [29]. The relevance of TGF-β signaling in the ac-
quisition of an invasive phenotype was also demonstrated by our PPI subnetwork obtained
by protein products of altered genes found in the last metastasis of the long-responder
mCRC patient. This subnetwork was enriched by terms related to “Signaling by TGF-beta
Receptor Complex in Cancer” and “TGF-beta receptor signaling activates SMADs”. No
similar terms were observed by the enrichment of the PPI network highlighted by protein
products of altered genes found in metastases of the short-responder.

Interestingly, in a study, researchers showed a deleterious mutation in the SMAD4 gene
in the long-responder metastatic patient [30]. Martinelli et al. [16] reported a greater PFS
benefit for regorafenib therapy in patients with SMAD4 gene mutation characterized by the
activation of TGFβ signaling and upregulation of an EMT pathway [31]. Authors observed
mutation in SMAD4 in two long-responder patients, suggesting a key role of this gene
in regorafenib response [16]. Down-regulation or mutation of SMAD4 underlies a more
rapid protein degradation, leading to pancreatic cancer cell cycle arrest and apoptosis [32].
A key role of this member of TGFβ signaling has also been reported in CRC cells, in
which deletion of SMAD4 decreased the number of TAMs in the tumor microenvironment,
contributing to unfavorable prognoses [19].

Regorafenib appears to participate in the immune system with tumor interaction
in different ways, including inhibition of tyrosine kinase receptor CSF1R, which is in-
volved in macrophage proliferation [33]. Recently, a strict and mutual regulation between
vasculature normalization and immune activation has been described in the tumor mi-
croenvironment [20]. In conclusion, we can hypothesize that the TGF-b pattern could be
the leading actor of a longer response; however, all our results should be better explored in
a larger cohort.
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Abstract: Background and objectives: The chromosome locus 20q11.21 is a commonly amplified locus
in colorectal cancer, with a prevalence of 8% to 9%. Several candidate cancer-associated genes are
transcribed from the locus. The therapeutic implications of the amplification in colorectal cancer
remain unclear. Materials and Methods: Preclinical cell line models of colorectal cancer included in the
Cancer Cell Line Encyclopedia (CCLE) collection were examined for the presence of amplifications
in 20q11.21 genes. Correlations of the presence of 20q11.21 amplifications with gene essentialities
and drug sensitivities were surveyed on salient databases for determination of therapeutic leads.
Results: A significant subset of colorectal cancer cell lines in the CCLE (12 of 63 cell lines, 19%)
bear amplifications of genes located at 20q11.21. Cancer-associated genes of the locus include
ASXL1, DNMT3B, BCL2L1, TPX2, KIF3B and POFUT1. These genes are all amplified in the 12 cell
lines, but they are variably over-expressed at the mRNA level, compared to non-amplified lines.
20q11.21 amplified cell lines are sensitive to various tyrosine kinase inhibitors and are resistant
to chemotherapy drugs targeting the mitotic apparatus and microtubules. CRISPR and RNAi
dependencies screening revealed, besides the β-catenin and KRAS genes, a few recurrent gene
dependencies in more than one cell line, including YAP1 and JUP. Conclusions: Cell line models of
colorectal cancer with 20q11.21 gene amplifications display dependencies on the presence of specific
genes and resistance or sensitivity to specific drugs and drug categories. Observations from in vitro
models may form the basis for clinical drug development in this subtype of colorectal cancer. Genetic
lesions conferring synthetic lethality to certain drugs or categories of drugs could be discovered with
this approach.

Keywords: drug development; targeted therapies; preclinical candidates; databases; cancer
therapeutics

1. Introduction

Development of targeted therapies of cancer based on underlying molecular defects
that drive carcinogenesis has improved cancer patient outcomes in recent years. New
candidate drugs are often first tested in preclinical in vitro models consisting of cell lines
cultured in highly artificial conditions [1]. Thus, their relevance for capturing the in vivo
environment where the drugs under development will be acting is debatable. Moreover,
tumors in situ consist not only of the tumor cells but also of a variety of supporting cells,
as well as tumor attacking or tolerogenic immune cells and soluble factors (cytokines,
chemokines and hormones) that both promote and antagonize tumor cell survival and
proliferation [2]. Initial anti-cancer drug testing for identification of candidates for further
development is performed with the aid of high-throughput screens, which, by their design,
do not take into consideration the molecular characteristics of the tested cell lines. However,
many of the tested drugs have a known molecular target, and their efficacy could be
enhanced if the target is expressed and critical for the survival of neoplastic cells. In contrast,
these drugs may be ineffective, even if pharmacologically and pharmacodynamically

103



Medicina 2021, 57, 860

appropriate concentrations have been achieved, when the target is not expressed or is not
critical in a given cancer [3]. Taking these factors into consideration, a molecularly informed
drug development model starting early from the pre-clinical, in vitro phase, could aid in
further clinical advancement of drugs with a drug–target paired model of development.
A matched approach in the development process from early on could reduce the high
attrition rates that hustle cancer drug discovery [4].

Amplification of specific loci is common in cancers and is often observed with tumor
specificity, being more frequent in specific types of cancers. Perhaps one of the best-known
amplifications with clinical therapeutic implications is observed in a subset of breast
cancers at chromosome 17q. The locus includes oncogene ERBB2, encoding for HER2
receptor protein and leading to sensitivity to monoclonal antibodies and small-molecule
tyrosine kinase inhibitors blocking the receptor [5]. In another cancer with high prevalence,
colorectal adenocarcinoma, a commonly amplified region is at chromosome locus 20q11.21,
which contains several potential oncogenic drivers and is amplified in about 10% of cases in
the colorectal cancer cohort from TCGA [6]. In other cancers, amplifications of the 20q11.21
locus are rare and are encountered in 2.5% of head and neck carcinomas and in 1% to
1.5% of bladder carcinomas, small-cell lung carcinomas, esophagogastric and hepatobiliary
cancers, which are the cancers with the higher prevalence of the amplification [7]. The
amplified 20q11 region in colorectal cancers extends in many cases to neighboring loci,
while in other cases, it is more restricted [7]. Genes that are located in the commonly
amplified region include ASXL1, DNMT3B, BCL2L1, TPX2, KIF3B and POFUT1. The
expression of resulting mRNA in 20q11.21 amplified colorectal cancers is variable. Some
of the amplified genes are rarely over-expressed at the mRNA level, while others, such
as ASXL1, KIF3B and POFUT1, are over-expressed in most amplified cancers. ASXL1 is
over-expressed in 88.9% of 20q11.21 amplified colorectal cancers in the TCGA cohort, while
POFUT1 is over-expressed in 90.5% of 20q11.21 amplified cases in the same cohort [7].
Genes that are over-expressed when amplified are putative drivers in the oncogenic process
and may promote selection of the amplicon. This investigation examines drug sensitivity
of colon and other cancer cell lines with amplification of genes at 20q11.21 for drugs that
target driver genes of the amplicon. Dependencies of these cell lines to genomic alterations
are also examined.

2. Methods

Cancer cell lines included in the current investigation constitute part of the Cancer
Cell Line Encyclopedia (CCLE) collection [8]. The cBioportal Genomics Portal platform
was used to probe CCLE for molecular abnormalities in colorectal cancer cell lines with
amplification of genes located at 20q11.21 [9]. cBioCancer (http://www.cbioportal.org,
accessed on 3 April 2021) is a user-friendly, open-access platform for genomic analysis of
tumors and cancer cell lines [9]. Additionally, genomic data of colorectal cancer patients
from The Cancer Genome Atlas (TCGA) study cohort [6] were analyzed using cBioportal.
Subsets of cell lines and colorectal cancers with or without amplifications of genes at
the 20q11.21 locus were identified. TCGA employs whole-exome sequencing to discover
mutations, copy number alterations, and fusions in cohorts of patients with various types
of cancer. Analysis of copy number alterations in TCGA is performed with the GISTIC
(Genomic Identification of Significant Targets in Cancer) algorithm, in which a score of
2 or above denotes putative amplification of a gene [10]. An Aneuploidy Score (AS) is
presented as a measure of chromosomal instability of cancers and is defined as the sum
of the number of chromosome arms in each patient sample included in the study that
display copy number alterations (gains or losses) [11]. A chromosome arm is considered
copy number-altered based on the length of alterations, as calculated by the ABSOLUTE
algorithm from Affymetrix 6.0 SNP arrays [12]. The definition of a somatic copy number
alteration was set at more than 80% of the length of the arm. Alterations in 20% to 80%
of a given arm length were considered inadequate to call, while chromosomal arms with
somatic copy number alterations in less than 20% of the arm length were considered not
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altered. TCGA also includes mRNA expression analysis. The RSEM algorithm is used for
normalization of mRNA expression [13].

The OncoKB knowledgebase is a database of cancer-related genes and classifies cancer-
related genes as oncogenes or tumor suppressors [14]. OncoKB was scanned for any genes
from the 20q11.21 locus included in the database and information was used to guide further
analyses of putative drug dependencies.

The Genomics of Drug Sensitivity in Cancer (GDSC) dataset (www.cancerrxgene.org,
accessed on 6 April 2021) was queried to obtain data on drug sensitivity of cell lines from
colorectal cancer and other cancers with the 20q11.21 amplification [15]. Dependencies of
these cell lines on specific genes was obtained from the Depmap portal that contains data
from CRISPR arrays and RNA-interference arrays for CCLE cell lines [16,17]. These arrays
screen cell lines for essential genes that are important for their survival and, as a result,
their knock-down has a significant effect in their survival and proliferation in vitro [18–20].

Statistical comparisons of categorical data were carried out using Fisher’s exact test or
the χ2 test. The Mann–Whitney U test was used to compare median values. All statistical
comparisons were considered significant if p < 0.05.

3. Results
3.1. Cell Lines with 20q11.21 and Drug Sensitivity/Resistance In Vitro

Twelve cell lines among sixty-three colorectal cancer cell lines (19%) included in CCLE
have amplifications of genes at the 20q11.21 locus, as assessed in cBioportal. All three
genes from this locus that are listed as cancer-related at OncoKB knowledgebase (ASXL1,
DNMT3B, BCL2L1) are amplified in the 12 cell lines (Table 1). Other genes of the locus
with potential pathogenic importance in colorectal cancers, such as TPX2, KIF3B and PO-
FUT1, are also amplified in the 12 cell lines. Another type of cancer with several cell lines
displaying amplification of 20q11.21 genes is gastroesophageal carcinomas, where 14% to
15% of cell lines in CCLE carry amplifications of genes in the locus (Table 2). Interestingly,
in contrast to colorectal cancer, gastroesophageal adenocarcinomas display 20q11.21 gene
amplifications only in about 2.5% of clinical patient samples in TCGA gastroesophageal
and gastric adenocarcinoma cohorts [21]. Similarly, non-small cell lung cancer (NSCLC)
cell lines display a 15% to 18% prevalence of amplifications in 20q11.21 genes, while the
prevalence of such amplifications in patients with either adenocarcinomas or squamous
lung carcinomas is significantly lower [22,23]. The 20q11.21 locus amplification constitutes
a recurrent copy number alteration confirmed in a pan-cancer cell line analysis performed
in the GDSC database (feature cnaPANCAN363, www.cancerrxgene.org, accessed on
6 April 2021). Cancer cell lines with this recurrent copy number alteration, independently
of primary type, display resistance to several currently used chemotherapy drugs, includ-
ing the microtubule poisons vincristine, vinblastine and docetaxel, the topoisomerase II
inhibitors teniposide and epirubicin and the DNA poisons temozolamide and actinomycin
D (Table 3). In addition to microtubule inhibitor chemotherapeutics, several targeted mi-
totic inhibitors, including the Aurora A kinase inhibitor Alisertib, the kinesin protein family
member 11 inhibitor Eg5 9814 and the CDC42BPA (CDC42 binding protein kinase alpha,
also known as MRCK) inhibitor BDP-00009066, are associated with resistance in cell lines
with 20q11.21 amplifications. Two inhibitors of DOT1L, an H3 histone methyltransferase
with specificity for lysine 79 (H3K79), EPZ004777 and EPZ5676, also display resistance
in these cell lines. A specific analysis of colorectal cancer cell lines with the 20q11.21 am-
plification shows that these cell lines are more resistant to several of those drugs (higher
median IC50) than colorectal cancer cell lines without the amplification, although, due to
the smaller size of the cohort, differences are not statistically significant except for Alisertib
and EPZ004777 (Table 3).
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Table 1. Cell lines with 20q11.21 amplifications in CCLE. Twelve cell lines have amplifications of 20q11.21 genes in cBioportal.
Information for the cell line characteristics is from Cell Model Passports. LN: Lymph node, MSI: Microsatellite instability,
MSS: Microsatellite stable.

Name DepMap ID Provenance Ploidy Mutations/Mb Driver Mutations MSI Status

C2BBe1 ACH-000009 Colon primary 3.5 8.4 APC, TP53, SMAD4, CTNNB1 MSS

COLO678 ACH-000350 LN Metastasis 2.3 7.1 APC, KRAS MSS

HT55 ACH-000926 Colon 3.4 33.7 APC, TP53, BRAF, FAT2,
DNMT3A MSS

LS1034 ACH-000252 Cecum 3.05 3.7 APC, TP53, KRAS, TCF7L2 MSS

LS123 ACH-000501 Colon 2.7 8.03 APC, TP53, KRAS, SMAD4,
CTNND1 MSS

NCI-H508 ACH-000360 Abdominal
wall metastasis 4.36 8.36 TP53, PIK3CA, CREBBP,

RASA2 MSS

NCI-H747 ACH-000403 Cecum, LN
metastasis 2.97 6.6 APC, TP53, KRAS MSS

RCM1 ACH-000565 Rectum 3.08 9.73 TP53, APC, KRAS, FBXW7,
SMAD4, FAT2, RBM10 MSS

SNU283 ACH-000708 Rectal, omental
metastasis 3.5 10.9 ATM MSS

SW1417 ACH-000236
Duke C, grade

3, primary
tumor

3 7.06 APC, BRAF, TET2, EIF4G1 MSS

SW403 ACH-000820 Colon 3 NA NA NA

SW837 ACH-000421 Rectal 1.8 7 TP53, APC, KRAS, FBXW7,
AMER1, ACVR2A MSS

Table 2. Number of cell lines from different types of cancers with amplifications of genes located at chromosome 20q11.21.
In parentheses are percentages of the total number of cell lines from each type of cancer included in CCLE.

Gene Total NSCLC Esophagogastric Colorectal Melanoma Pancreatic Breast Ovarian

ASXL1 96 (9.3) 15 (15.6) 14 (14.6) 12 (12.5) 7 (7.3) 7 (7.3) 6 (6.3) 6 (6.3)

BCL2L1 109 (10.6) 20 (18.3) 17 (15.6) 12 (11) 7 (6.4) 7 (6.4) 6 (5.5) 5 (4.6)

DNMT3B 86 (8.3) 13 (15.1) 12 (14) 12 (14) 7 (8.1) 6 (7) 5 (5.8) 3 (3.5)

TPX2 108 (10.5) 19 (17.6) 17 (15.7) 12 (11.1) 7 (6.5) 7 (6.5) 7 (6.5) 5 (4.6)

KIF3B 97 (9.4) 15 (15.5) 14 (14.4) 12 (12.4) 8 (8.2) 7 (7.2) 6 (6.2) 6 (6.2)

POFUT1 98 (9.5) 15 (15.3) 14 (14.3) 12 (12.2) 8 (8.2) 7 (7.1) 6 (6.1) 6 (6.1)

In contrast to promoting drug resistance, the cnaPANCAN363 copy number alteration
(20q11.21 amplification) does not confer sensitivity to any of the 185 drugs tested in the
Genomics of Drug Sensitivity in Cancer database (GDSC). However, individual colorectal
cancer cell lines with the amplification display sensitivities to tested drugs (Table 4). Drug
categories that show sensitivity in more than one cell line with the cnaPANCAN363
feature include receptor tyrosine kinase inhibitors, inhibitors of intracellular kinases (PI3K,
mTOR, MEK and PKC) and lipid metabolism enzyme inhibitors of sphingosine kinase
and Stearoyl-CoA desaturase. No specific drugs display sensitivity in more than three
amplified colorectal cancer cell lines, suggesting that the mechanism of sensitivity may not
be related to the 20q11.21 amplification, that they all possess.
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Table 3. Drug resistance associated with amplifications of 20q11.21 (feature cnaPANCAN363) in the whole CCLE cohort of
cell lines, independently of primary type. In parentheses are respective values for the colorectal cancer cell lines cohort.
Bold denotes significant in both the pan-cancer and the colorectal cancer cohort. IC50: Inhibitory Concentration 50%.

Drug Mechanism of Action Group with cnaPANCAN363
(Median IC50 in µmol)

Group without cnaPANCAN363
(Median IC50 in µmol) p-Value

Vinblastine Microtubule poison 0.072 (0.27) 0.016 (0.019) 4 × 10−7 (0.17)

Vincristine Microtubule poison 0.78 (0.93) 0.1 (0.24) 0.00001 (0.6)

Docetaxel Microtubule poison 0.021 (0.05) 0.0009 (0.01) 6 × 10−6 (0.09)

Teniposide Podophylotoxin, Topoisomerase II
inhibitor 4.25 (9.4) 1.41 (4.4) 3 × 10−6 (0.15)

Epirubicin Topoisomerase II inhibitor 0.65 (2.2) 0.31 (0.47) 9 × 10−7 (0.13)

Dactinomycin DNA intercalator 0.017 (0.018) 0.007 (0.009) 0.00002 (0.6)

Temozolamide Alkylating agent 616 (1181) 370 (626) 2.9 × 10−7 (0.11)

Fulvestrant SERD 30.88 (51.73) 17.38 (26.12) 9.4 × 10−8 (0.16)

Nutlin-3a Apoptosis sensitizer 275.3 (442.9) 112.9 (197.1) 5.9 × 10−8 (0.06)

Alisertib AURKA inhibitor 18.5 (63.5) 5.9 (6.7) 3 × 10−6 (0.01)

EPZ004777 DOT1L inhibitor 270.2 (377.8) 162.3 (249.8) 1.2 × 10−7 (0.03)

EPZ5676 DOT1L inhibitor 461.9 (545) 243.3 (331) 5.7 × 10−7 (0.22)

YK-4-279 ETS inhibitor 22.1 (62.6) 7.7 (5.8) 3.6 × 10−7 (0.056)

Gallibiscoquinazole ? 24.5 (27.6) 12.1 (12.9) 3.6 × 10−7 (0.22)

Pevonedistat NEDD8 activating enzyme
inhibitor 7.74 (8.1) 1.61 (3.11) 9.7 × 10−7 (0.56)

BDP-00009066 MRCK inhibitor 15.97 (12.1) 9.71 (10.6) 2 × 10−5 (0.36)

Eg5 9814 KSP11 kinesin inhibitor 0.1 (0.57) 0.03 (0.05) 4.6 × 10−7 (0.11)

AGI-5198 IDH inhibitor 177.3 (184.9) 94.3 (114.4) 6 × 10−8 (0.09)

Table 4. Top-5 drugs with z-scores in cell lines with 20q11.21 amplifications. Data are from Genomics of Drug Sensitivity in
Cancer datasets (GDSC1 and GDSC2, www.cancerrxgene.org, accessed on 6 April 2021).

Cell Line Drug Name Drug Targets IC50 (µM) Z Score Dataset

C2BBe1 Selumetinib MEK1, MEK2 0.19 −2.78 GDSC1

AZD8186 PI3Kalpha, PI3Kbeta 0.90 −2.72 GDSC2

SB505124 TGFBR1, ACVR1B, ACVR1C 0.43 −2.63 GDSC2

TGX221 PI3Kbeta 4.99 −2.09 GDSC1

Vismodegib SMO 13.99 −2.03 GDSC1

COLO678 Selumetinib MEK1, MEK2 0.91 −1.73 GDSC1

Cetuximab EGFR 121.42 −1.25 GDSC1

Afatinib ERBB2, EGFR 0.45 −1.14 GDSC1

Selumetinib MEK1, MEK2 0.71 −1.02 GDSC1

Dyrk1b_0191 DYRK1B 3.32 −0.96 GDSC1

HT55 Bryostatin 1 PKC 0.01 −2.58 GDSC1

Linsitinib IGF1R 1.67 −2.52 GDSC2

BMS-754807 IGF1R, IR 0.02 −2.27 GDSC2

CAY10566 Stearoyl-CoA desaturase 1.22 −2.02 GDSC1

Picolinic-acid Inflammatory related 38.76 −1.88 GDSC2
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Table 4. Cont.

Cell Line Drug Name Drug Targets IC50 (µM) Z Score Dataset

LS1034 Linsitinib IGF1R 0.24 −2.46 GDSC1

CAY10566 Stearoyl-CoA desaturase 1.02 −2.16 GDSC1

BMS-754807 IGF1R, IR 0.06 −2.06 GDSC1

VX-11e ERK2 1.10 −1.86 GDSC1

STF-62247 Autophagy inducer 18.62 −1.52 GDSC1

LS123 Acetalax 0.37 −2.68 GDSC2

TANK_1366 Tankyrase 1/2 (PARP5a, PARP5b) 1.77 −2.13 GDSC1

PFI-3 SMARCA2, SMARCA4, PB1 26.60 −2.00 GDSC1

QL-VIII-58 MTOR, ATR 0.04 −1.44 GDSC1

Sepantronium bromide BIRC5 0.00 −1.41 GDSC2

NCI-H508 Afatinib ERBB2, EGFR 0.04 −2.81 GDSC1

Afatinib ERBB2, EGFR 0.07 −2.71 GDSC2

Gefitinib EGFR 0.23 −2.12 GDSC1

Pictilisib PI3K (class 1) 0.18 −2.00 GDSC1

MK-2206 AKT1, AKT2 0.87 −1.97 GDSC2

NCI-H747 Amuvatinib KIT, PDGFRA, FLT3 0.93 −2.41 GDSC1

Enzastaurin PKCB 0.86 −2.30 GDSC1

Selumetinib MEK1, MEK2 0.41 −2.28 GDSC1

Refametinib MEK1, MEK2 0.10 −2.18 GDSC1

Selumetinib MEK1, MEK2 0.12 −1.94 GDSC1

RCM1 Selumetinib MEK1, MEK2 0.46 −2.19 GDSC1

Refametinib MEK1, MEK2 0.18 −1.83 GDSC1

CCT007093 PPM1D 15.57 −1.80 GDSC1

AS605240 PI3Kgamma 1.60 −1.69 GDSC1

BPD-00008900 16.98 −1.61 GDSC2

SNU283 NA

SW1417 WEHI-539 BCL-XL 0.33 −2.48 GDSC2

Sphingosine Kinase 1
Inhibitor II Sphingosine Kinase 10.20 −2.05 GDSC1

CHIR-99021 GSK3A, GSK3B 3.07 −1.99 GDSC1

Navitoclax BCL2, BCL-XL, BCL-W 0.28 −1.61 GDSC2

SN-38 TOP1 0.00 −1.43 GDSC1

SW403 NA

SW837 AS605240 PI3Kgamma 1.17 −1.90 GDSC1

Dihydrorotenone 0.23 −1.49 GDSC2

Acetalax 7.31 −1.25 GDSC2

VX-11e ERK2 3.49 −1.06 GDSC1

Trametinib MEK1, MEK2 0.07 −0.98 GDSC2
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3.2. Increased mRNA Expression of Genes from 20q11.21 and Targeted Drugs

mRNA expression of genes at 20q11.21 in 12 colorectal cancer cell lines with 20q11.21
amplification was compared with the corresponding expression in 12 randomly selected
colorectal cancer cell lines from CCLE without amplification in the locus. Among the six
genes located at 20q11.21 with potential cancer pathogenesis interest, BCL2L1, POFUT1 and
KIF3B were over-expressed at the mRNA level in 20q11.21 amplified cell lines compared
with non-amplified cell lines (Table 5). Over-expression of amplified genes is partially
overlapping with the over-expression of the genes in 20q11.21 amplified clinical samples of
colorectal cancer patients, where POFUT1 but also ASXL1, and, in fewer cases, KIF3B and
TPX2, are often over-expressed (Table 5).

Table 5. Comparison of mRNA expression of genes at 20q11.21 in cell lines with and without 20q11.21 amplifications.

ASXL1 BCL2L1 DNMT3B TPX2 POFUT1 KIF3B

Median cell lines with 20q11.21
amplification 19.51098 114.1379 2.201885 102.2259 32.98115 24.43462

Median cell lines without 20q11.21
amplification 16.05503 52.77 3.028 78.56 18.96 17.97

U 53 31 65 43 28 31

p (critical value) >0.05 (37) <0.05 (37) >0.05 (37) >0.05 (37) <0.05 (37) <0.05 (37)

Z (p) 1.06 (0.28) 2.3 (0.01) −0.3 (0.7) 1.6 (0.09) 2.5 (0.01) 2.33 (0.01)

Over-expression in patients (%) 88.9 43.4 58.5 69.8 90.5 79.2

Based on the mRNA over-expressions of genes at 20q11.21, the sensitivity of cell
lines to BCL-xL inhibitors, Notch inhibitors (Notch pathway is activated by POFUT1
enzyme) and mitotic spindle inhibitors was evaluated at the GDSC. A notable drug in these
categories displaying sensitivity in amplified cell lines compared to non-amplified cell lines
is the BCL2 family inhibitor WEHI-539 (median IC50 in amplified lines 11.6 µmol versus
42.5 µmol in non-amplified cell lines, p = 0.04). In contrast, other BCL2 family inhibitors
examined such as venetoclax and navitoclax showed no sensitivity in amplified cell lines
or even a trend for resistance compared to non-amplified lines. Colorectal cancer cell lines
with the 20q11.21 amplification displayed resistance to the microtubule polymerization
stabilizer epothilone B, compared with non-amplified cell lines (median IC50 in amplified
lines 0.028 µmol versus 0.003 µmol in non-amplified cell lines, p = 0.01). Z-LLNie-CHO,
a γ secretase inhibitor of the Notch cascade, displayed a non-significant trend towards
resistance in amplified cell lines (median IC50 in amplified lines 7.36 µmol versus 1.96 µmol
in non-amplified cell lines, p = 0.23).

3.3. CRISPR Microarray Dependencies of 20q11.21 Amplified Colorectal Cancer Cell Lines

An evaluation of the CRISPR preferentially essential genes and RNA-interference
screening of colorectal cancer cell lines with the 20q11.21 amplification disclosed a few
recurrent genes in more than one line, that include CTNNB1, encoding for β-catenin, the
WNT pathway transcription factor TCF7L2 and oncogene KRAS (Table 6). In addition,
BCL2L1, the gene JUP, encoding for Junction Plakoglobin (also called γ-catenin), and YAP1
(Yes-associated protein), encoding for a Hippo pathway nuclear regulator, are among
additional recurrent dependency genes in 20q11.21 amplified cell lines. A similar CRISPR
KO screen from project SCORE that excluded known core fitness genes of colorectal
cancer, disclosed a few non-overlapping recurrent genes in colorectal cancer cell lines
with 20q11.21 amplification, including DONSON (downstream of the SON gene, DNA
replication fork stabilization factor), SNAP23 (synaptosome-associated protein 23) and
HMGCS1 (3-hydroxy-3-methylglutaryl-CoA synthase 1).
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Table 6. CRISPR and RNAi dependencies of colorectal cancer cell lines with 20q11.21 amplification. CRISPR data are
from CRISPR (Avana) Public 21Q1 screen and RNAi data are from a combined dataset from Board Institute, Novartis and
Marcotte et al. [20], as compiled in the Cell Model Passports site (cellmodelpassports.sanger.ac.uk, accessed on 6 April 2021).
NA: Not available. Recurrent genes are in bold.

Cell Line Top-10 CRISPR Preferentially Essential Genes RNAi Screen

C2BBe1 JUP, NXT1, PPIL1, KDSR, IER3IP1, SCAP, BCAS2,
ERBB2, ARF4, EGFR

CTNNB1, JUP, BCAS2, URI1, STK32A, TACR3,
DOT1L, SRPK1, CMAS, MED6

COLO678 CTNNB1, TCF7L2, FAM50A, PSMB6, RPL37,
CCDC86, NUP43, OGDH, YPEL5, MMS22L

NXF1, CTNNB1, CDC40, SNRPF, VPS28, KRAS,
DDB1, SF3A1, TSG101, RANBP2

HT55 CTNNB1, IRS2, TCF7L2, TUBB4B, ERMP1, FASN,
NXT1, ACTB, IQGAP1, STXBP3

CTNNB1, CAPZB, ABCE1, MAGOHB, FASN, DARS1,
CFL1, SRSF3, VARS1, NXT1

LS1034 NA NA

LS123 NA NA

NCI-H508 MYBL2, SLC22A20P, TYMS, ANKRD20A19P, SKP1,
PSMA3, CTNNB1, YAP1, EFCAB8, EGFR NA

NCI-H747 FERMT1, VPS4A, VPS4B, KRAS, RAB6A, NONO,
SCAP, SNRPB2, YAP1, RHOA

YAP1, KRAS, JUP, UBC, BCL2L1, BUB1B, FERMT1,
ATP6V1B2, GPX4, UBA1

RCM1 NA NA

SNU283 NA NA

SW1417 CDC40, PPIE, KHSRP, EFCAB8, PPP2CA, PPWD1,
EIF4A3, MED11, OR56B1, CAPZB NA

SW403 MOCS3, GRB14, LONP1, QRFPR, FKBP1A, C2orf50,
ADTRP, GNB1L, SNAP91, BOC

KRAS, CTNNB1, GPX4, USP5, WDR18, BCL2L1,
UFD1, KDM2A, TSPAN7, FASN

SW837 NF2, INTS6, SMARCA4, KRAS, JUP, ATP7A, MED16,
CAB39, DBF4, TSC2

MED1, RBM19, GTF3A, CRNKL1, SMARCA4, KRAS,
YAP1, TRERF1, CDC7, SLBP

4. Discussion

Amplifications of loci at the long arm of chromosome 20 are common in colorectal
cancers. Genes at locus 20q11.21 are listed among the most commonly amplified genes in
colorectal cancers. Colorectal cancers with the 20q11.21 amplification present at a similar
stage with 20q11.21 non-amplified colorectal cancers and have a similar overall survival [7].
However, when metastatic, colorectal cancers with 20q11.21 amplification have a better sur-
vival compared with non-amplified metastatic counterparts. Moreover, 20q11.21 amplified
colorectal cancer rarely harbor mutations in DNA damage response and mismatch repair-
related genes compared with 20q11.21 non-amplified colorectal cancers, and have a lower
tumor mutation burden [7]. The 20q11.21 locus harbors several cancer-associated genes
with potential oncogenic properties. These include the epigenetic regulators ASXL1 and
DNMT3B, the apoptosis regulator BCL2L1, the microtubule and mitotic spindle-associated
proteins TPX2 and KIF3B and the enzyme fucosyl-transferase POFUT1. Proteins encoded
by cancer-associated genes at 20q11.21 are expressed in most cases of colorectal cancers in
the Human Protein Atlas [24]. Variability in the intensity of staining is observed that may
underline differences in translation, in addition to gene dosage. Amplification of one or
more of these genes, as a consequence of 20q11.21 locus amplification, may be the event
that favors selection of the amplification and results in its comparatively high prevalence in
colorectal cancer and colorectal cancer cell lines. In addition, such a driver event could be a
therapeutic target for the subset of cancers carrying the amplification. Targeting a driver
defect in the specific subsets of cancers that bear it would be effective in these patients and
avoid treatment toxicity in the rest of the patients with no amplification of the locus. More-
over, it would help the development of targeted drugs, as a therapeutic benefit would be
difficult to discern if the target population in trials is diluted by non-responders. With these
considerations, the current investigation sought to take advantage of databases of in vitro
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cancer models in an attempt to provide a framework of sensitivities for colorectal cancers
with the 20q11.21 amplification. The main findings of the current study are manifold. First,
it was shown that a subset of colorectal cancer cell lines bear the 20q11.21, capturing the
corresponding colorectal cancer biology of a subset of patients. Second, as a group, cancer
cell lines with 20q11.21 amplifications tend to be more resistant to microtubule inhibitors,
topoisomerase II inhibitors and some DNA alkylators. In addition, resistance to targeted
Aurora A kinase inhibitors and kinesin inhibitors is observed in these cell lines. In contrast,
the amplification does not endow 20q11.21 amplified colorectal cancer cell lines with sensi-
tivity to any of the drugs checked in the database. However, individual cell lines with the
amplification display sensitivity to assayed drugs, including kinase inhibitors and lipid
metabolism inhibitors, albeit only in a few cell lines in each case. Recurrent dependencies
of cell lines with the amplification include the genes for YAP1, JUP (γ-catenin), BCL2L1,
DONSON, SNAP23 and HMGCS1. These dependencies may provide clues for additional
therapeutic interventions.

Amplification of 20q11.21 is observed in a significant minority of cell lines beyond
colorectal cancer, such as esophagogastric and non-small lung cancers, despite the low
prevalence of the amplification in patient samples from these cancers. This may suggest
that the amplified segment genes confer advantage in these cancers in vitro, which is not
essential in vivo. In contrast, in colorectal cancers, 20q11.21 amplifications are advanta-
geous both in vitro and in vivo. Drug sensitivities and resistance mechanisms stemming
from over-expression of genes amplified from the locus would be expected to present
independently of cell line origin. With this rationale, and in order to increase statistical
power from an increased number of cell lines, this study compared all 20q11.21 amplified
cell lines from CCLE included in the GDSC project to those without the 20q11.21 amplifica-
tion. Comparisons were, then, focused on the colorectal cell lines subsets. Results were
concordant in the two comparisons, although, as expected, due to smaller numbers, they
were mostly not statistically significant in the latter set of comparisons.

A different approach that could help with a better targeting of therapies to appropriate
subsets of patients is by categorizing colorectal cancers to genomic subsets. Colorectal
cancers have been categorized according to genomic profiles into four consensus molecular
subtypes (CMS1 to 4) [25]. Cancers with 20q11.21 amplifications represent a subset of the
most common canonical CSM2 cancers [7]. Characteristics of the CMS2 group include left
colon laterality in 77% of cases, high level of chromosomal instability, high frequency of
APC mutations leading to WNT pathway activation and lower levels of MSI lesions. KRAS
mutations, BRAF mutations and SMAD4 mutations are less frequent in CSM2 colorectal
cancers than in other subtypes [7,26]. Thus, CMS2 cancers and, among them, cancers with
20q11.21, would be expected to respond to EGFR-targeting therapies. Data from drug
sensitivity analysis of several 20q11.21 amplified cell lines concur with this assumption of
sensitivity to EGFR and downstream kinase inhibitors (Table 4). However, the molecular
consensus classification does not provide any additional guidance for currently available
therapies, and the need for new options based on biomarkers of efficacy remains. It
is reassuring that none of the chemotherapy drugs identified as being associated with
resistance in 20q11.21 cancers are used clinically in colorectal cancer. The therapeutic
implications of resistance to targeted mitotic inhibitors, including Aurora A kinase and
kinesin inhibitors, is of interest and suggests that TPX2 and KIF3B amplifications may be
involved in dysregulation of mitosis, leading to the observed mitosis inhibitors’ resistance.

Dependencies of 20q11.21 amplified cell lines on particular genes and their products
as derived from CRISPR and RNAi arrays could inform development of therapies based
on synthetic lethalities. Yes-associated protein 1 (YAP1), a transcription factor of the Hippo
pathway, comes up in the dependency screening of 20q amplified colorectal cancer cell
lines, confirming a key role of the pathway in colorectal cancer. YAP1 co-operates with
transcription factors TAZ and TEAD in transcription of genes involved in proliferation
following tissue damage and promoting regeneration in the gut [27]. In colorectal cancer,
aberrant signals from cancer-associated pathways, such as WNT and activated KRAS,
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activate Hippo to promote tumor growth and metastasis [28]. It is intriguing that the
apoptosis inhibitor BCL2 is among the target genes of YAP1, a fact that could contribute to
YAP1 dependency in 20q11.21 amplified cancers, given that the related BCL2L1 protein is
dysregulated in these cancers [29]. Thus, interruption of Hippo signaling could impede,
at least partially, aberrant cancer cell signals. CMS2 cancers are characterized by WNT
pathway activation and thus a downstream activation of Hippo. Similarly, the JUP gene
encoding for the β-catenin homolog, junction plakoglobin (also called γ-catenin), is also
shown to be a dependence gene in a subset of 20q11.21 amplified colorectal cancer cell
lines. γ-catenin has parallel roles with β-catenin in cell adhesion and WNT signaling [30].
In addition to adherens junctions, γ-catenin has a role in desmosomes [31]. These data
suggest that the network of proteins associated with alternative fates of Wnt signaling is
an important node in 20q11.21 amplified colorectal cancers and a candidate for therapeutic
interventions.

DONSON, one of the discovered dependencies present in 2 of 7 tested amplified cell
lines, is a gene of unknown function, playing a role in DNA replication and the stabilization
and protection of stalled replication forks. Mutations of the gene are associated with
the microcephaly-micromelia syndrome [32]. In cancer, DONSON could be helpful in
preventing apoptosis during aberrant DNA replication. However, the mechanism through
which 20q11.21 amplified cancers and cancers with increased chromosomal instability in
general could be associated with DONSON dependence remains to be unveiled.

SNAP23, another dependency gene present in 2 of 7 tested amplified cell lines, encodes
for one of the proteins of the cellular machinery for membrane fusion and exocytosis. It
is also involved in cell signaling, promoting malignant cell motion, and through this
mechanism, it may favor metastasis [33].

HMGCS1 is a mevalonate precursor enzyme and catalyzes the conversion of two
molecules of acetoacetyl-CoA to form 3-hydroxy-3-methyl-glutaryl-CoA (HMG-CoA), the
precursor of cholesterol production [34]. HMGCS1 plays a role in breast cancer stem cells,
and its downregulation decreased the stem cell fraction of both luminal and basal breast
cancer cells [35]. Cholesterol biosynthesis is targeted by statins, a class of cholesterol-
lowering drugs, and attempts at repurposing these drugs for cancer are in progress [36].
Interestingly, drugs targeting other lipid metabolism enzymes show activity in some
20q11.21 amplified cell lines, suggesting lipid metabolism as a possible target in these
cancers. Repurposing of drugs already used for other indications for well-defined subsets
of colorectal cancers would present significant advantages from financial and patient safety
perspectives.
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400015 Cluj-Napoca, Romania

7 11th Department of Medical Oncology, University of Medicine and Pharmacy “Iuliu Hatieganu”,
400012 Cluj-Napoca, Romania

8 Department of Oncology, University of Medicine and Pharmacy Craiova, 2 Petru Rares Str.,
200349 Craiova, Romania; cristilungulescu@yahoo.com

* Correspondence: dr.geni@yahoo.co.uk
† These authors contributed equally to this work.

Abstract: Background and Objectives: Colorectal cancer (CRC) can be classified as mismatch-repair-
deficient (dMMR) with high levels of microsatellite instability (MSI-H), or mismatch-repair-proficient
(pMMR) and microsatellite stable (MSS). Approximately 15% of patients have microsatellite insta-
bility (MSI). MSI-H tumors are associated with a high mutation burden. Monoclonal antibodies
that block immune checkpoints can induce long-term durable responses in some patients. Pem-
brolizumab is the first checkpoint inhibitor approved in the EU to treat dMMR–MSI-H metastatic
CRC. Materials and Methods: Our study assesses the regional variability of MSI-H colorectal cancer
tumors in Romania. Formalin-fixed, paraffin-embedded (FFPE) tissue blocks containing tumor
samples from 90 patients diagnosed with colorectal cancer were collected from two tertiary referral
Oncology Centers from Romania. Tissues were examined for the expression loss of MMR proteins
(MLH1, PMS2, MSH2, MSH6) using immunohistochemistry or MSI status using polymerase chain
reaction (PCR), respectively. Results: MSI-H was detected in 19 (21.1%) patients. MSI-H was located
more in ascending colon (36.8% vs. 9.9%, p-value = 0.0039) and less in sigmoid (5.3% vs. 33.8%,
p-value = 0.0136) than MSS patients. Most patients were stage II for MSI-H (42.1%) as well as for
MSS (56.3%), with significant more G1 (40.9% vs. 15.8%, p-value = 0.0427) for MSS patients. Gender,
N stage, and M stage were identified as significant prognostic factors in multivariate analysis. MSI
status was not a statistically significant predictor neither in univariate analysis nor multivariate
analysis. Conclusion: Considering the efficacy of PD-1 inhibitor in metastatic CRC with MSI-H or
dMMR, and its recent approval in EU, it is increasingly important to understand the prevalence
across tumor stage, histology, and demographics, since our study displayed higher regional MSI-H
prevalence (21%) compared to the literature.

Keywords: MSI; dMMR; colorectal; cancer; immunotherapy; Romania; incidence; PCR; IHC
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1. Introduction

As the third most common malignancy and the third leading cause of cancer-related
mortality in both genders, colorectal cancer (CRC) poses a severe public health problem
globally [1]. However, CRC can be one of the most curable diseases if it is discovered
in early settings [2]. Colorectal cancer is a heterogeneous condition generated by the
interaction of genetic and environmental components. Molecular variations that occur
in CRC can be classified into three major categories: CIN (chromosomal instability), MSI
(microsatellite instability), and CIMP (CpG Island Methylator Phenotype)—that causes
gene function to be silenced by aberrant hypermethylation [3]. The purpose of this research
is to examine MSI instability. Short (1–6 base pair) DNA repeating segments scattered
across the entire genome are known as microsatellites or short tandem repeats (STR).
Approximately 3 percent of the human genome is comprised of microsatellites, which are
vulnerable to mutations due to their repeated structure [4]. An alternate-sized repeating
DNA sequence that is not present in germline DNA is the hallmark of microsatellite
instability in cancerous cells’ DNA. Microsatellite instability (MSI) represents a molecular
phenotype caused by a defective DNA mismatch repair system (MMR). During DNA
replication and recombination, mistakes such as base-base mismatches and insertions
and deletions are corrected by the DNA mismatch repair mechanism. MMR proteins are
fundamentally nuclear enzymes thatpromotethe repair of base-base mismatches that arise
during cell proliferation by creating complexes (heterodimers) that adhere to aberrant DNA
regions and initiate their removal [5]. MMR protein deficiency results in an accumulation of
DNA replication defects, particularly in regions of the genome containing short repeating
nucleotide sequences, which results in microsatellite instability.

Approximately 15% of patients have microsatellite instability, according to
twenty-two relevant publications with sample sizes ranging from 30 to 1000 and data
on 7642 patients [5–7]. Three percent of the microsatellite instability-high (MSI-H) tumors
have germline mutations in one of the MMR genes, defined as Lynch syndrome [8]. The re-
maining MSI-H tumors have acquired somatic mutations caused by abnormal methylation
of the promoter of a gene that encodes a DNA MMR protein (MLH1).

Lynch syndrome (LS), alternatively referred to as hereditary non-polyposis colorectal
cancer (HNPCC), is an inherited autosomal dominant condition that increases the risk
of developing certain malignancies, particularly colorectal cancer. This is a consequence
of a germline mutation in 1 of several genes involved in DNA mismatch repair (MMR),
namely, MLH1, PMS2, MSH2, and MSH6 [9]. Since 90% of colorectal tumors due to LS
have microsatellite instability, LS patients and their family members should undergo active
surveillance;MSI testing could serve as a screening method.

Our study assesses the regional variability of MSI-H colorectal cancer tumors in
Romania, as European Medicines Agency (EMA) recently approved immunotherapy as
a treatment for metastatic colorectal cancer patients with high microsatellite instability
(MSI-H) or mismatch repair deficiency (dMMR). Studying geographical variations and
clinical characteristics of CRC patients is essential since innovative therapies, diagnosis tech-
niques, and new methods of delivering treatments are constantly being developed [10–12].

2. Materials and Methods

Formalin-fixed, paraffin-embedded (FFPE) tissue blocks in which the tumor was
visible macroscopically from 90 patients diagnosed with colorectal cancer were collected
from two tertiary referral Oncology Centers from Romania. All patients included in this
study are ethnic Romanians and of Caucasian descent. All patients received chemotherapy
regimens combining fluoropyrimidines and oxaliplatin in an adjuvant setting. Following
metastatic disease, targeted therapies such as Cetuximab/Panitumumab or Bevacizumab
were added based on KRAS status.

Thirty-three tissue samples were examined for the expression loss of MMR proteins
(MLH1, PMS2, MSH2, MSH6) using immunohistochemistry (IHC). Positive staining was
confirmed on adjacent normal tissue. MMR protein staining was deemed negative when
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all cancer cell nuclei failed to react with the antibody (dMMR). Samples missing one or
more proteins were considered positive. If all 4 proteins were present, the likelihood of
HNPCC/Lynch syndrome is reduced.

Genomic DNA was extracted from the remaining 57 samples after macro-dissection
from the cancer tissue, as follows: a certified gastrointestinal pathologist carefully evaluated
and dissected the areas of the slides cut from FFPE tissue blocks representing the tumor and
“normal” tissue—usually an uninvolved proximal or distal margin of resection. Analysis
was carried out using five polymorphic markers (short tandem repeats—STR), referred to
as the Bethesda panel, consists of two mononucleotide loci (Big Adenine Tract [BAT]-25
and BAT-26) and three dinucleotide loci (D2S123, D5S346, and D17S250) [13]. Using this
panel, tumors with instability at two or more of these loci were interpreted as MSI-high. In
contrast, the lack of instability at either of the five loci was considered MSS.

Statistical Analysis

Descriptive statistics were generated for all patients. The patients were divided into
high microsatellite instability (MSI-H) and microsatellite stability (MSS). We compared
the clinical characteristics of patients with MSI-H or MSS. Statistical comparations by
microsatellite stability were assessed using Kruskal–Wallis (for continuous variables), Chi-
Square (for categorical variables), or Log-rank (Mantel–Cox) test (for progression-free
survival, PFS). The survival graph for PFS was generated using the Kaplan–Meier method.
Time to event endpoints were analyzed using COX regression. The factors affecting survival
(PFS) were identified using univariate and multivariate analysis. Statistical analysis was
performed using GraphPad Prism 9.1.2 software (GraphPad Software, San Diego, CA, USA).
The power analysis for our study was performed using G*Power 3.1.9.7. A two-sided
p-value smaller than 0.05 was considered to be statistically significant.

3. Results

A total of 90 patients were enrolled. MSI-H was detected in 19 (21.1%) patients.
Demographic and clinical characteristics of the patients in the MSI-H (n = 19) and MSS
(n = 71) are summarized in Table 1. No significant statistical differences in age (p = 0.878) or
gender (p = 0.514) were noted between the two groups. Moreover, no significant differences
were found for TNM stages.

Table 1. Characteristics of the cohort used in this study.

Variable
Patients

p-ValueTotal
(n = 90)

MSI-H
(n = 19)

MSS
(n = 71)

Age

0.878 1Mean (SD) 61.8 (10.0) 61.8 (10.7) 61.8 (9.9)
Median (IQR) 62 (54–67) 62 (52–67) 63 (58–67)

Range 36–84 45–84 36–83

Gender, female, n (%) 40 (44.4%) 8 (42.1%) 32 (45.1%) 0.99 2

Tumor location, n (%)

-

Ascending colon 14 (15.6%) 7 (36.8%) 7 (9.9%)
Cecum 8 (8.9%) 1 (5.3%) 7 (9.9%)

Descending colon 12 (13.3%) 3 (15.8%) 9 (12.7%)
Hepatic angle 1 (1.1%) 0 1 (2.2%)
Recto-sigmoid 8 (8.9%) 1 (5.3%) 7 (9.9%)

Rectum 13 (14.4%) 2 (10.5%) 11 (15.5%)
Sigmoid 25 (27.8%) 1 (5.3%) 24 (33.8%)

Superior rectum 3 (3.3%) 1 (5.3%) 2 (2.8%)
Transverse colon 6 (6.7%) 3 (15.8%) 3 (4.2%)

Tumor location, n (%)
0.0025 2,*Proximal 33 (36.7%) 13 (68.4%) 20 (28.2%)

Distal 57 (63.3%) 6 (31.6%) 51 (71.8%)
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Table 1. Cont.

Variable
Patients

p-ValueTotal
(n = 90)

MSI-H
(n = 19)

MSS
(n = 71)

Disease stage

0.447 2

(I-II vs III-IV)

I 2 (3.6%) 1 (5.3%) 1 (1.4%)
II 48 (63.6%) 8 (42.1%) 40 (56.3%)
III 21 (16.4%) 7 (36.8%) 14 (19.7%)
IV 19 (16.4%) 3 (15.8%) 16 (22.5%)

Histologic Grade, n (%)

0.052 2G1 32 (35.6%) 3 (15.8%) 29 (40.9%)
G2 49 (54.4%) 12 (63.2%) 37 (52.1%)
G3 9 (10.0%) 4 (21.1%) 5 (7%)

T-Stage, n (%)

0.99 2

(T1–2 vs. T3–4)

T1 1 (1.1%) 0 1 (1.4%)
T2 6 (6.7%) 1 (5.3%) 5 (7.0%)
T3 63 (70.0%) 14 (73.7%) 49 (69.0%)
T4 13 (14.4%) 4 (21.1%) 9 (12.7%)
Tx 7 (7.8%) 0 7 (9.9%)

N-Stage, n (%)

0.796 2

(N0 vs N1–2)

N0 51 (56.7%) 10 (52.6%) 41 (57.7%)
N1 18 (20.0%) 4 (21.1%) 14 (19.7%)
N2 12 (13.3%) 5 (26.3%) 7 (9.9%)
Nx 9 (10.0%) 0 9 (12.7%)

M-Stage, n (%)

0.223 2

(M0 vs M1)

M0 70 (77.8%) 17 (89.5%) 53 (74.6%)
M1 3 (3.3%) 0 3 (4.2%)

M1 with hepatic metastases 11 (12.2%) 1 (5.3%) 10 (14.1%)
M1 with hepatic, pulmonary

metastases 3 (3.3%) 1 (5.3%) 2 (2.8%)

M1 with pulmonary metastases 1 (1.1%) 0 1 (1.4%)
Mx 2 (2.2%) 0 2 (2.8%)

Metastatic CRC, yes, n (%) 15 (16.7%) 2 (10.5%) 13 (18.3%) 0.729 2

All percentages are based on the total number of patients in each group. CRC, colorectal cancer. 1 Kruskal–Wallis
p-value; 2 Fisher’s exact test. p-value; *, significant difference.

MSI-H was located more in ascending colon (36.8% vs. 9.9%, p-value = 0.0039) and
less in sigmoid (5.3% vs. 33.8%, p-value = 0.0136) than MSS patients. Most patients were
stage II for MSI-H (42.1%) as well as for MSS (56.3%), with significant more G1 (40.9% vs.
15.8%, p-value = 0.0427) for MSS patients, as Figure 1 shows.
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Table 2. PFS comparison between MSI-H and MSS patients.

PFS

Patients
p-ValueTotal

(n = 55)
MSI-H
(n = 9)

MSS
(n = 46)

Mean (SD) 42.2 (27) 38.1 (26.04) 42.9 (27.4)
0.865 1Median (IQR) 47.5 (15.3–60.1) 47.3 (13.3–63.9) 47.6 (15.9–60.2)

Range 1.9–128.8 6.48–71.5 1.9–128.8
1 Log-rank (Mantel–Cox) test p-value; PFS, progression-free survival; SD, standard deviation; IQR,
interquartile range.
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nificant predictors of poor outcomes. MSI status didnot point out to be a statistically sig-
nificant predictor neither in univariate analysis nor multivariate analysis. Gender, N 
stage, and M stage were identified as significant prognostic factors in multivariate analy-
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Figure 2. Kaplan– survival curves for patients with colorectal carcinoma by MSI status. MSI,
microsatellite instability; MSI-H, high microsatellite instability; MSS, microsatellite stability.

Cox hazard regression was performed to identify the factors affecting the survival rate.
In univariate analysis, males, advanced N stage, and M stage were statistically significant
predictors of poor outcomes. MSI status didnot point out to be a statistically significant
predictor neither in univariate analysis nor multivariate analysis. Gender, N stage, and M
stage were identified as significant prognostic factors in multivariate analysis, as in Table 3.

Table 3. Cox proportional hazard regression for clinical characteristics.

Factors
Univariate Analysis Multivariate Analysis

Hazard Ratio p-Value Hazard Ratio p-Value

Age 1.05 (0.98–1.12) 0.21 - -
Gender Male vs. female 30.63 (2.61–359.04) 0.006 5.33 (1.24–22.98) 0.025

MSI MSS vs. MSI-H 8.24 (0.92–73.54) 0.059 3.14 (0.7–14.16) 0.136
Location Proximal vs. distal 3.76 (0.55–25.53) 0.175 - -

Stage III-IV vs. I-II 0.09 (0.01–1.59) 0.1 - -
T stage T3–4 vs. T1–2 2.47 (0.32–19.2) 0.388 - -
N stage N0 vs. N1–2 0.01 (0.0–0.53) 0.023 0.01 (0.001–0.104) <0.001
M stage M0 vs. M1 0.25 (0.07–0.91) 0.036 0.19 (0.05–0.7) 0.012

We calculated the power for the outcomes from our study, and the obtained value of
90.8% demonstrates the sample size is representative ofour study’s results.

4. Discussion

Alteration in MMR proteins is frequently associated with the absence of an identifi-
able gene product, enabling IHC testing to indirectly determine the expression loss of the
respective genes. IHC displays certain advantages over MSI analysis, such as relatively
inexpensive and routinely used techniques. Moreover, it offers gene-specific information—
the absence of a certain mismatch gene product (MLH1, MSH2, MSH6, or PMS2) can guide
germline testing and aid in identifying patients with LS. However, IHC is susceptible to
the quality of tissue preparation, variability of the antibodies, and interpretation—not
a standardized method. Studies suggest that MSI testing and IHC are complimentary, as
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the loss of MMR protein expression is highly concordant with DNA-based MSI testing,
providing a good sensitivity (>90%) and excellent specificity (100%) [14]. Several investiga-
tions revealed nearly perfect concordance between PCR and IHC tests. As a result, either
approach is appropriate as a first-line screening method for determining dMMR/MSI-H
status [15]. Additional criteria, such as more comprehensive family histories and genetic
tests, including BRAF V600E mutation and hypermethylation of the MLH1 promoter, are
necessary to differentiate between sporadic and hereditary colorectal cancer [16].

Our data showed noticeably higher regional MSI-H prevalence (21%) compared to
other populations (10–13%) [4,5]. MSI-H was located more in ascending colon (36.8% vs.
9.9%, p-value = 0.0039) and less in the sigmoid (5.3% vs. 33.8%, p-value = 0.0136) than MSS
patients, as reported in previous studies that have described that MSI-H is more frequently
observed in proximal colon tumors than distal colon cancers.

The results of our study showed that gender, N stage, and M stage were identified as
significant prognostic factors in multivariate analysis. These results support the notion that
the TNM stage prevails as the gold standard for diagnosing colorectal tumors. However,
numerous retrospective and population-based investigations have demonstrated that pa-
tients with dMMR tumors had a better stage-adjusted prognosis, implying that the superior
outcomeassociated with dMMR CRCs is more apparent in early-stage lesions [7,17].

Patients with MSI-H CRC had a better prognosis, although it is unclear if MSI status
predicts responsiveness to adjuvant chemotherapy [18]. Neither the univariate nor the
multivariate analysis in the present study suggested that the MSI status significantly
influenced prognosis.

The differentresponse of MSI-H tumors to chemotherapeutic drugs has been exten-
sively studied in experiments. In addition to alkylating agents, DNA dMMR cells are
resistant to platinum-containing treatments (cisplatin and carboplatin), antimetabolites
(fluorouracil), and topoisomerase inhibitors (doxorubicin) [19]. According to findings,
patients with stage II or stage III CRC with MSS tumors benefited from fluorouracil-based
adjuvant treatment [20]. Cellular dynamics linked with MMR downregulation may explain
these outcomes (increased apoptosis and decreased proliferation). However, multiple
studies have been published that suggest MSI-H as a predictor of enhanced response to
irinotecan or irinotecan-based chemotherapy in CRC patients.

Additionally, to quantify the response to chemotherapy, MSI has been recently estab-
lished as a major predictive marker for immune checkpoint blockade response. Antitumor
immune responses within MSI tumors are stronger than their MSS counterparts due to
the high tumor mutational burden and neoantigen load that promote the infiltration of
immune effector cells [21].

Nivolumab plus low-dose ipilimumab was authorized by the U.S. Food and Drug
Administration on 11 July 2018, to treat MSI-H or dMMR metastatic colorectal cancer
that has progressed after treatment with fluoropyrimidine, oxaliplatin, and irinotecan.
The approval was based on findings from the Check-Mate-142 phase II investigation [22].
Subsequently, on 29 June 2020, the FDA approved pembrolizumab for the first-line treat-
ment of patients with unresectable or metastatic colorectal cancer with high microsatellite
instability or mismatch repair deficiency. The indication was approved based on the results
of KEYNOTE 177 (NCT02563002), a trial in which 307 patients with previously untreated
unresectable or metastatic MSI-H or dMMR colorectal cancer were included [23]. Similarly,
on 10 December 2020, the European Medicines Agency’s (EMA’s) Committee for Medicinal
Products for Human Use (CHMP) adopted the new indication for the medicinal product
pembrolizumab. This marks the first approval of the CHMP for a target population defined
by DNA repair deficiency biomarkers [24]. Pembrolizumab is recommended at a dose
of 200 mg every three weeks or 400 mg every six weeks for MSI-H/dMMR colorectal
cancer. Recently, on 20 May 2021, CHMP recommended nivolumab in combination with
ipilimumab for the treatment of MSI-H/dMMR metastatic colorectal cancer patients who
had previously received fluoropyrimidine-based combination therapy [25].
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However, our findings show that MSI-H tumors had a lower rate of metastatic dis-
ease (10.5%) than MSS CRC (18.3%), highlighting the importance of future prospective
large trials to demonstrate immunotherapy’s relevance in the adjuvant or neoadjuvant
setting for CRC. FOLFOX6 adjuvant treatment with or without atezolizumab is currently
being evaluated in phase III ATOMIC study (NCT02912559) to assess if the combined
therapies offer a higher survival benefit than conventional chemotherapy alone for stage
III dMMR CRC [26].

5. Conclusions

MSI is a surrogate marker of DNA mismatch repair deficiency and a surrogate for
neoantigen load that enhances antitumor immune response. In light of evidence supporting
the efficacy of PD-1 inhibitor in metastatic CRC with MSI-H or dMMR, and its recent
approval in the EU, it is increasingly important to understand the prevalence across tumor
stage, histology, and demographics, since our study displayed higher regional MSI-H
prevalence (21%) compared to the literature.
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Abstract: Background and objectives: Receptor-interacting serine/threonine-protein kinase-2 (RIPK2)
is an important mediator in different pathways in the immune and inflammatory response system.
RIPK2 was also shown to play different roles in different cancer types; however, in colorectal cancer
(CRC), its role is not well established. This study aims at identifying the role of RIPK2 in CRC
progression and survival. Materials and methods: Data of patients and mRNA protein expression level
of genes associated with CRC (RIPK2, tumor necrosis factor (TNF), TRAF1, TRAF7, KLF6, interlukin-
6 (Il6), interlukin-8 (Il8), vascular-endothelial growth factor A (VEGFA), MKI67, TP53, nuclear
factor-kappa B (NFKB), NFKB2, BCL2, XIAP, and RELA) were downloaded from the PrognoScan
online public database. Patients were divided between low and high RIPK2 expression and different
CRC characteristics were studied between the two groups. Survival curves were evaluated using a
Kaplan–Meier estimator. The Pearson correlation was used to study the correlation between RIPK2
and the other factors. Statistical analysis was carried out using SPSS version 25.0. The Human Protein
Atlas was also used for the relationship between RIPK2 expression in CRC tissues and survival.
Differences were considered statistically significant at p < 0.05. Results: A total of 520 patients were
downloaded from the PrognoScan database, and RIPK2 was found to correlate with MKI67, TRAF1,
KLF6, TNF, Il6, Il8, VEGFA, NFKB2, BCL2, and RELA. High expression of RIPK2 was associated with
high expression of VEGFA (p < 0.01) and increased mortality (p < 0.01). Conclusions: In this study,
RIPK2 is shown to be a potential prognostic factor in CRC; however, more studies are needed to
assess and verify its potential role as a prognostic marker and in targeted therapy.

Keywords: colorectal cancer; inflammatory pathways; NFKB; RIPK2

1. Introduction

The role of inflammation in promoting cancer cell progression is currently a well-
known phenomenon [1,2]. Cancer tissues show signs of inflammation, such as the presence
of immune cells in the tissue, presence of specific chemokines, and angiogenesis [3]. Chronic
inflammation causes tissue damage, which induces cell proliferation and tissue repair and,
as a consequence, tumor development [4–6].

Receptor-interacting serine/threonine-protein kinase-2 (RIPK2) is an important me-
diator required in different pathways in the immune and inflammatory response system,
and was found to be involved in different solid tumors [7,8]. It is highly expressed in head
and neck squamous cell carcinoma (HNSCC), and it was reported to promote cell prolifer-
ation and prevent apoptosis in glioma [9,10]. In breast cancer, mainly in triple-negative
breast cancer (TNBC), it was shown to impact patient overall survival, increase recurrence,
protect cells from apoptosis induced by chemotherapy, and enhance cell proliferation by
activating nuclear factor-kappa B (NFKB) [11–13]. RIP2 expression correlated with the
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tumor size, metastasis, overall staging, progression-free survival, and body mass index
(BMI) of patients with breast cancer, and RIPK2 polymorphism was also involved in the
development of bladder cancer [14,15]. In addition, RIPK2 overexpression is associated
with cell proliferation and progression of gastric cancer, and is frequently amplified in
lethal prostate cancers, leading to disease progression and aggressiveness [16,17].

Inflammation is known to be an essential tumorigenic factor in colorectal cancer (CRC),
and several markers have been suggested to play a role in CRC mediation [18]. Strong
evidence suggests that NFKB-mediated inflammation is a key element in the etiology
of CRC [19]. RIPK2 is associated with the NFKB pathway and seems to have a role in
colitis-associated CRC, where the level of expression of RIPK2 was significantly higher in
the colonic mucosa of patients with ulcerative colitis compared to controls [20]. In mice,
a deficiency in RIPK2 can cause dysbiosis, which is a microbial imbalance in the colon,
which in turn predisposes mice to communicable colitis and colitis-associated CRC [21].
In a recent study on four patients with CRC, RIPK2 was shown to be upregulated in
rectal cancer in comparison to normal adjacent mucosa, as identified by the ChIP-Seq
procedure [22].

Moreover, RIPK2 expression was reported to be associated with the expression of
proto-oncogenic proteins including proliferation marker KI67 (MKI67), tumor protein P53
(TP53), and vascular endothelial growth factor A (VEGFA) [14,15]. These proteins also
play a role in the survival and prognosis of CRC patients, where high MKI67 expression
is correlated with decreased overall survival and disease-free survival, TP53 expression
was found to be significantly associated with poor survival, and VEGF expression was
associated with decreased survival, higher grade, presence of lymph node metastasis,
depth of invasion, and overall stage [23–28].

As mentioned, RIPK2 overexpression is associated with several solid tumors acting
through activation of the NFKB and inflammatory pathways. Therefore, this study aims at
identifying the role of RIPK2 in CRC patients’ prognosis and survival and its association
with the different pro-survival proteins involved in CRC, presenting RIPK2 as a potential
biomarker and a therapeutic target.

2. Materials and Methods

mRNA proteins’ expression in CRC were downloaded from PrognoScan online public
database [29]. mRNA expression level of genes associated with CRC tumorigenesis includ-
ing RIPK2 and defined proto-oncogenic proteins MKI67, TP53, and VEGF, in addition to
tumor necrosis factor (TNF), TNF receptor-associated factor 1 (TRAF1), TRAF7, kruppel-
like factor 6 (KLF6), interleukin-6 (Il6), interleukin-8 (Il8), NFKB, NFKB2, B-cell lymphoma
2 (Bcl2), X-linked inhibitor of apoptosis protein (XIAP), and v-rel reticuloendotheliosis viral
oncogene homolog A (RELA) were analyzed. Data available included patients’ age, gender,
follow-up time, CRC site, histological markers including grade, and TNM staging [30].
Data were downloaded and entered into Statistical Package for the Social Sciences (SPSS)
version 25.0 for analysis.

Data was analyzed based on RIPK2 expression as low or high relative to the mean.
RIPK2 expression in each dataset was normally distributed. After removal of outliers,
RIPK2 mean was determined in each database as a cut-off value and RIPK2 expression
above the mean was considered as high, and expression below the mean was considered
as low. Additionally, the expression of MKI67, TP53, and VEGF was normally distributed,
and low and high expression were defined based on the mean.

Datasets were combined to analyze the association between low and high expression
of RIPK2 and different CRC characteristics. Survival curves were evaluated using the
Kaplan–Meier estimators. Pearson correlation was used in each dataset separately to
study the correlation between RIPK2 and the other proteins. Differences were considered
statistically significant at p < 0.05.
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3. Results

A total of four databases with a total of 520 patients were obtained from the PrognoScan
database and are detailed in Table 1.

Table 1. CRC PrognoScan dataset characteristics.

Dataset Cohort Contributor Year n Array Type Age (Mean ± SD)

GSE12945 Berlin Staub 2009 62 HG-U133A 64.45 ± 11.78
GSE17536 MCC Smith 2009 177 HG-U133_Plus_2 65.48 ± 13.08
GSE1433 Melbourne Jorissen 2010 226 HG-U133_Plus_2 66.03 ± 13.01

GSE17537 VMC Smith 2009 55 HG-U133_Plus_2 62.31 ± 14.35

3.1. RIPK2 Expression Is Associated with Tumor Site and Grade

Comparing patients based on RIPK2 expression, 273 (52.5%) patients were found
to have low expression and 247 (47.5%) had high expression (Table 2). The mean age
was 65.54 ± 12.40 and 64.96 ± 13.77, respectively. Higher RIPK2 expression was ob-
served in 16 (59.2%) patients with colon cancer and 11 (40.7%) patients with rectal cancer
(p = 0.08). Higher expression of RIPK2 was also associated with an increased proportion of
grade 3 tumors in 36 patients (27.7%) compared to lower expression in 25 patients (17.2%)
(p = 0.09). There was no statistically significant association between RIPK2 expression and
lymph node involvement, metastasis, and overall stage (Table 2).

Table 2. Patients’ characteristics according to RIPK2 expression level.

Variable
Low Expression

of RIPK2
(n = 273)

High Expression of
RIPK2 (n = 247) p

Age (mean ± SD) 65.54 ± 12.40 64.96 ± 13.77 0.61

Sex
0.85Male 146 (53.4%) 130 (52.6%)

Female 127 (46.6%) 117 (47.4%)

Site
0.08Colon 13 (37.1%) 16 (59.3%)

Rectum 22 (62.9%) 11 (40.7%)

Tumor grade

0.09
1 11 (7.6%) 6 (4.6%)
2 109 (75.2%) 88 (67.7%)
3 25 (17.2%) 36 (27.7%)

T

0.41
2 9 (25.7%) 7 (25.9%)
3 25 (71.4%) 17 (62.9%)
4 1 (2.8%) 3 (11.1%)

N

0.50
0 22 (62.8%) 14 (51.8%)
1 6 (17.1%) 8 (29.6%)
2 7 (20.0%) 5 (18.5%)

M
0.250 30 (88.2%) 26 (96.3%)

1 4 (11.8%) 1 (3.7%)

Stage

0.19
I 51 (18.7%) 31 (12.5%)
II 100 (36.6%) 89 (36.0%)
III 90 (32.9%) 98 (39.7%)
IV 32 (11.7%) 29 (11.7%)
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3.2. RIPK2 Association with Proto-Oncogenes

An association between RIPK2 and other proto-oncogenic proteins’ mRNA expression
was obtained (Table 3). The RIPK2 association with high MKI67 mRNA expression was
moderate (p = 0.06) and significant with high VEGFA mRNA expression (p < 0.01), while
no significant association was found with TP53 expression.

Table 3. Association of RIPK2 with proliferation genes’ expression.

High Expression of Gene Low Expression of
RIPK2 (n = 273)

High Expression of
RIPK2 (n = 247) p

MKI67 139 (47.2%) 141 (57.0%) 0.06
TP53 166 (60.8%) 155 (62.7%) 0.65

VEGFA 116 (42.4%) 139 (56.2%) <0.01

A correlation analysis was also carried out to understand the relationship between
the expression of all the basic proteins mentioned above and RIPK2 expression (Table 4).
MKI67, TRAF1, KLF6, Il6, Il8, VEGFA, and RELA were found to positively correlate with
RIPK2 and the highest correlation was found between RIPK2 and RELA in the GSE12945
dataset (k = 0.43; p < 0.01). TNF and BcL2 mRNA expression negatively correlated with
RIPK2 in one dataset each with p < 0.01. However, for NFKB2, it was shown to positively
correlate with RIPK2 in the GSE12945 dataset (k = 0.42, p < 0.01), but a negative correlation
was found in another dataset, GSE17537 (k = −0.30, p ≤ 0.05). TP53, NFKB, XIAP, and
TRAF7 mRNA expression were not significantly correlated with RIPK2 mRNA expression
in any of the datasets.

Table 4. Correlation between RIPK2 mRNA expression and proteins involved in colorectal cancer.

Dataset MKI67 TRAF1 KLF6 TNF Il6 Il8 VEGFA NFKB2 BCL2 RELA

GSE12945 0.16 0.15 0.13 0.09 0.02 0.25 * 0.18 0.42 ** 0.22 0.43 **
GSE17536 0.10 −0.03 0.24 ** 0.12 0.22 ** 0.41 ** 0.19 * −0.06 −0.27 ** 0.12
GSE1433 0.15 * 0.16 * 0.20 ** −0.00 0.25 ** 0.04 0.20 ** 0.12 0.01 0.15 **
GSE17537 0.40 ** 0.00 0.12 −0.35 ** 0.12 −0.08 −0.00 −0.30 * −0.19 −0.01

* p ≤ 0.05; ** p < 0.01.

3.3. Effect of RIPK2 on the Survival of CRC Patients

Patients with higher RIPK2 mRNA expression had a significantly higher mortality rate
(94 patients, 38.06%) in comparison to those with relatively lower expression (61 patients,
22.34%) (p < 0.01). Survival analysis was also carried out based on RIPK2 mRNA expression,
where high expression of RIPK2 was associated with decreased survival in CRC patients
(Figure 1).

Sub-analysis of two databases (GSE12945 and GSE1433) reporting tumor grade and
stage was carried out based on survival and is detailed in Table 5. Survival outcome
was associated with tumor stage and RIPK2 expression. Moreover, RIPK2 expression
was associated with tumor stage, where CRC stage 3 and 4 had significantly more RIPK2
expression relative to stages 1 and 2 (Figure 2).
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Table 5. Sub-analysis of two databases reporting tumor stage and grade.

Variable Event (n = 99) No Event
(n = 176) p

Age (mean ± SD) 65.98 ± 13.98 64.48 ± 12.04 0.35

Sex
0.95Male 53 (53.0%) 96 (53.3%)

Female 47 (47.0%) 84 (46.7%)

Site
0.80Colon 6 (50.0%) 23 (46.0%)

Rectum 6 (50.0%) 27 (54.0%)

Tumor grade

0.20
1 4 (4.0%) 13 (7.4%)
2 68 (68.7%) 129 (73.3%)
3 27 (19.3%) 34 (27.3%)

Stage

<0.01
I 5 (5.0%) 36 (20.0%)
II 17 (17.0%) 73 (40.6%)
III 33 (33.0%) 60 (33.3%)
IV 45 (45.0%) 11 (6.1%)

TP53 61 (61.0%) 110 (61.1%) 0.98

VEGF-a 54 (54.0%) 77 (42.8%) 0.07

MKI67 51 (51.0%) 93 (51.7%) 0.91

RIPK2 57 (57.0%) 75 (41.7%) 0.014
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4. Discussion

CRC is the third most common cancer and accounts for 10% of all annually diagnosed
cancer, and 9% of cancer-related deaths [31]. Prognostic factors of CRC include the TNM
staging, based on which therapeutic decisions are made, and many potential molecular
prognostic markers have been described; unfortunately, most have very limited value in
routine clinical practice [32].

Surgery, chemotherapy, radiotherapy, and targeted therapy are all options in metastatic
CRC. Target therapy includes anti-angiogenetic factors such as bevacizumab, anti-epidermal
growth factor receptor-like cetuximab and panitumumab, immune checkpoint inhibitors,
anti-BRAF therapy, and HER2-targeted therapy [33]. However, the use of these targeted
therapies is limited to factors unique to each patient; for example, the effectiveness of cetux-
imab is limited to patients with KRAS wild-type tumors, and recent studies also showed
that the side of the primary tumor affects the outcome of treatment with cetuximab, with
the left-side location being more favorable [34,35]. Hence, discovering other prognostic
factors, possible to be targeted by therapy, can improve the outcome of CRC.

We found that the level of mRNA expression of RIPK2 significantly correlated with
several proteins involved in tumorigenesis, and after dividing the patients between high
and low expression, those who had a higher expression of RIPK2 also had a higher ex-
pression of VEGFA (p < 0.01). In addition, single database analysis showed a positive
correlation between RIPK2 expression and different markers that are established to have a
role in CRC, mainly Il-6, Il-8, and VEGF (Table 4), which indicates a potential involvement
of RIPK2 in driving tumorigenesis. However, this correlation was not consistent among
the different databases, which might be due to the number of patient samples or the data
type. Hence, further studies are needed to establish this association. Higher expression
of RIPK2 was also associated with worse survival (p < 0.01), which suggests RIPK2 as a
potential prognostic marker in CRC.

Exploring the Human Protein Atlas, immunohistochemistry analysis was carried out
for patients with colon cancer and those with rectal cancer, even though no results were
significant, but the patients with rectal cancer were the only ones who showed results
similar to our analysis, in which patients with higher expression of RIPK2 showed more
death (data not shown). From the data collected from PrognoScan, only 62 patients (11.92%)
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had information about the site of cancer, so we were not able to carry out separate analysis
by site, but with the results shown in the Human Protein Atlas, we can assume that the
majority of our patients had rectal cancer.

Grade and the presence of metastasis are important prognostic factors in CRC, and
in our analysis based on the PrognoScan data, RIPK2 expression was associated neither
with grade (p = 0.09) nor with the presence of metastasis (p = 0.25), but it was associated
with long-term survival (p < 0.01). This is basically due to the nature of the data and
the availability of tumor grade in only two datasets, which also limited our ability to
perform multivariate analysis. However, when analyzing the datasets reporting tumor
stage (GSE12945 and GSE1433), a significant association was observed between high
RIPK2 expression and tumor grade, which indicates that RIPK2 is a potential prognostic
marker, but more large studies and databases reporting tumor characteristics are needed.
However, another limit to our study is that information regarding grade and the presence
of metastasis was only present for 275 (52.88%) and 61 (11.73%) patients, respectively.
Furthermore, no data was available describing the therapy regimen taken by the patients,
and hence the association between RIPK2 and survival based on therapy cannot be reported
in these datasets. However, some studies showed that RIPK2 plays a role in metastasis in
different cancer forms; for example, in TNBC, RIPK2 knockdown decreases migration and
lung metastasis, in inflammatory breast cancer, higher RIPK2 activity was correlated with
metastasis, and in hepatic cell carcinoma, knockdown of RIPK2 downregulated multiple
genes involved in epithelial–mesenchymal transition [12,14,36].

Moreover, data concerning the relationship between RIPK2 and recurrence of CRC
was not available in the studied datasets. It was shown that in TNBC, higher expression of
RIPK2 is associated with increased recurrence; hence, further studies should be conducted
to determine the role of RIPK2 in metastasis and recurrence in CRC, to see if it differs
depending on the site of the tumor, and to assess its status as a potential target for therapy
in metastatic CRC [13]. So far there is no targeted therapy for RIPK2 in cancer in general
and, hence, in CRC; however, several RIPK2 inhibitors have been under investigation in
several inflammatory diseases [37]. However, RIPK2 inhibitors are promising therapeutic
drugs for cancer, especially inflammation-associated cancer. Therefore, further studies
identifying RIPK2 as a prognostic factor and tumor marker in CRC entails a potential hope
for CRC targeted therapy.
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