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Abstract

Colon cancer presents a complex pathophysiological landscape,
which poses a significant challenge to the precise prediction of patient
prognosis and treatment response. However, the emergence of omics
sciences such as genomics, transcriptomics, proteomics, and metabo-
lomics has provided powerful tools to identify molecular alterations
and pathways involved in colon cancer development and progression.
To address the lack of literature exploring the intersection of omics
sciences, precision medicine, and colon cancer, we conducted a
comprehensive search in ScienceDirect and PubMed databases. We
included systematic reviews, reviews, case studies, clinical studies,
and randomized controlled trials that were published between 2015-
2023. To refine our search, we excluded abstracts and non-English
studies. This review provides a comprehensive summary of the current
understanding of the latest developments in precision medicine and
omics sciences in the context of colon cancer. Studies have identified
molecular subtypes of colon cancer based on genomic and transcrip-
tomic profiles, which have implications for prognosis and treatment
selection. Furthermore, precision medicine (which involves tailoring
treatments, based on the unique molecular characteristics of each
patient’s tumor) has shown promise in improving outcomes for colon
cancer patients. Omics sciences and precision medicine hold great
promise for identifying new therapeutic targets and developing more
effective treatments for colon cancer. Although not strictly designed
as a systematic review, this review provides a readily accessible and
up-to-date summary of the latest developments in the field, highlighting
the challenges and opportunities for future research. Clin Ter 2023;
174 Suppl. 2 (6):55-67 doi: 10.7417/CT.2023.2472
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Background

Colon cancer is a significant contributor to morbidity
and mortality across the globe (1). It is a multifaceted
disease, caused by the aggregation of numerous genetic
and epigenetic changes that arise at the cellular level in
the colon. The use of omics disciplines has significantly
enhanced our comprehension of the molecular pathways
underlying colon cancer (2). These advancements have fa-
cilitated the development of more personalized and precise
approaches to managing the disease. The various omics
sciences—including genomics, transcriptomics, proteomics,
and metabolomics—have revolutionized our understanding
of cancer biology (3). Although significant evidence has
emerged in favor of single omics approach for the detec-
tion of genetic and molecular mutations, their capacity to
establish causal relationships between molecular signatures
and phenotypic expressions of cancer hallmarks is restricted.
Compared to single omics, the multi-omics approach can
uncover the underlying complexities, such as metastasis and
angiogenesis (4). The analysis of vast molecular data using
these technologies from cancer cells offers a comprehensive
view of genetic, epigenetic, and metabolic changes that drive
tumor development and progression.

Gene expression profiling has revealed differentially ex-
pressed genes associated with tumor initiation, progression,
and metastasis (5). Additionally, transcriptomic analysis
has identified different molecular subtypes of colon cancer,
each exhibiting unique gene expression profiles and clinical
features. Proteomics and metabolomics have also emerged
as valuable tools for identifying novel biomarkers and thera-
peutic targets in colon cancer. Proteomic analysis identifies
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differentially expressed or post-translationally modified pro-
teins in colon cancer, providing insights into the molecular
pathways that are dysregulated in the disease (6). Precision
medicine, which involves individualizing therapy based on
a patient’s molecular profile, has emerged as a promising
approach to colon cancer treatment (7). Omics-based pro-
filing of colon cancer enables the identification of specific
molecular changes that drive tumor growth, thus allowing
the selection of targeted therapies likely to be effective in
each patient. Furthermore, precision medicine allows to
identify patients at high risk of disease recurrence, enabling
the development of personalized surveillance strategies and
the optimization of adjuvant therapy (8).

Aim of the review

Currently, a dearth of literature exists concerning reviews
that comprehensively explore the present understanding of
omics sciences and precision medicine in colon cancer. The
primary objective of this manuscript is to deliberate on the
current body of evidence regarding the latest developments
in omics science and precision medicine in the context of
colon cancer.

Methodology

To identify the appropriate studies, we comprehensively
searched ScienceDirect and PubMed databases using indi-
vidual terms and Boolean operators ANDs and ORs. The
search terms used included “genetic mutations,” “germline
genetic mutations,” “genetic tests,” “hereditary,” “somatic
genetic mutations,” “genetic rearrangements,” “proteomics
biomarkers,” “blood proteomics biomarkers,” “clinical
diagnosis,” “therapy,” ‘“pharmacogenetics,” “metabolomi-
cs,” “microbiomics,” and “colon cancer.” We limited our
inclusion criteria to specific types of articles, including meta-
analyses, multicenter studies, reviews, systematic reviews,
observational studies, case-control studies, longitudinal/
prospective studies, retrospective studies, and randomized
controlled trials. We refined our search by limiting the
publication date between 2015-2023 and excluding all non-
English studies. Furthermore, texts available only in abstract
form were excluded.

Tumor natural history and clinical history

Colon cancer originates from the epithelial cells of
the colon. The natural history of colon cancer involves a
sequence of genetic, molecular, and cellular events that
ultimately lead to disease development and progression
(9). The initial step in the natural history of colon cancer
involves the transformation of a normal colonic epithelial
cell into a neoplastic cell, which is manifested by mutations
in specific genes, like the adenomatous polyposis coli gene.
Once these neoplastic cells have formed, they begin to
proliferate and accumulate genetic alterations that enable
them to evade normal cellular control mechanisms—such
as apoptosis and immune surveillance. These genetic alte-

rations comprise mutations affecting oncogenes and tumor
suppressor genes, alongside alterations in DNA methylation
patterns and chromatin conformation (10). Over time, these
neoplastic cells may form a polyp. Furthermore, the spread
of colon cancer is facilitated by the development of blood
and lymphatic vessels within the tumor, which provides a
pathway for cancer cells to enter the circulation and esta-
blish secondary tumors. The clinical history of colon cancer
can vary depending on the stage and location of the tumor.
Early-stage colon cancer may not cause any symptoms and
the disease may be detected incidentally during routine
screening tests, such as colonoscopy. As the tumor grows
and invades the surrounding tissue, it can cause symptoms
like rectal bleeding, abdominal pain, and weight loss. These
symptoms may be nonspecific and can also be caused by
other gastrointestinal conditions, such as inflammatory
bowel disease and diverticulitis (1).

Genetics of the tumor

The development of colon cancer involves multiple
mutations at the genetic level, DNA methylation altera-
tions, and changes in gene expression (Table 1). These
genetic alterations can impact certain cellular processes
that regulate cell proliferation and apoptosis, leading to the
uncontrolled growth of cancer cells (11). The most frequent
genetic aberration in colon cancer is chromosomal instability
(CIN), which is characterized by extensive chromosomal
aberrations and loss of heterozygosity. This subtype is fre-
quently marked by mutations in key genes, including APC,
KRAS, TP53, PI3KCA, and SMAD4. According to a study
by Kandioler et al., TP53 mutation was observed in 33% of
stage 3 colon cancer patients (12). Interestingly, the study
also revealed that TP53 wild-type subjects had a significantly
better survival rate than those with TP53 mutations (81%
vs. 62%) (12). The most frequently observed cytogenetic
abnormality in colon cancer is the loss of heterozygosity
on chromosome 18q. Li et al. conducted a study where
they investigated copy number variations (CNVs) of plasma
cell-free DNA (cfDNA) in cancer (n=80), polyps (n=20),
and healthy controls (n=35) using sequencing-based copy
number analysis (13). Their results revealed that there were
frequent CNVs in various chromosomal regions, such as
amplifications on 1q, 8q, and 5q, as well as deletions on
1p, 4q, 8p, 17p, 18q, and 22q (13). These findings were
consistent with a previous study conducted by Mampaey et
al., who also reported frequent gains in chromosomes 1q, 7,
8q, 13, and 20, as well as losses for 1p, 4, 8p, 14, 15, 17p,
18, 21, and 22 (14).

Colon cancer can exhibit genetic alterations such as the
CpG Island Methylator Phenotype (CIMP), where abnormal
methylation of CpG islands results in the silencing of tumor
suppressor genes (15). CIMP-high tumors are a distinct mo-
lecular subgroup that exhibit specific genetic characteristics,
such as wild-type P53, microsatellite instability (MSI), and
mutated BRAF. A phase 2 study, conducted by Watanabe
et al., investigated the clinical significance of RAS/BRAF
mutations in circulating cell-free DNA (ccfDNA) (16). The
study enrolled 54 patients, 17 of which showed RAS/BRAF
mutations at the end of the treatment protocol, while 10
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patients had RAS/BRAF mutations in their plasma ccfD-
NA at the baseline of the study (16). Guda and colleagues
recently employed whole exome sequencing and targeted
sequencing to uncover somatic mutations in 103 patients.
Their study revealed 20 previously unidentified genes in
African American CRC patients. Notably, two genes, ephrin
type A receptor 6 (EPHA6) and folliculin (FLCN), exclu-
sively mutated in African American CRCs, were identified
as potential driver genes based on genetic and biological
criteria (17). Similarly, Thai patients with stage 2 and 3 co-
lon cancer exhibited a mutation frequency of 47.2%, 1.9%,
1.9%, 12%, and 14.8% in KRAS, NRAS, BRAF, PIK3CA,
and FBXW7, respectively (18).

Genetic testing

The integration of genetic testing in healthcare has been
guided by accumulating evidence and established guidelines

(19). Initially, patients were evaluated based on observable
characteristics or “phenotypes,” such as family history,
individual risk factors, and tumor characteristics. The use
of next-generation sequencing resulted in a shift towards
multigene panel testing, which enables the identification
of germline mutations that might not have been discovered
based on observable characteristics and family history (20).
This method has several advantages, including improving
the identification of germline mutations for syndromes with
genetic heterogeneity and overlapping characteristics (21).
Limiting germline testing based on observable characteri-
stics may cause the omission of certain cancer susceptibility
genes.

Another diagnostic approach to emerge in colon cancer
is stool DNA screening (22). A recent study evaluated the
effectiveness of the novel stool DNA test of methylated
SDC?2 for colon cancer detection, which revealed high sen-
sitivity for detecting colon cancer and advanced adenomas

Table 1. Summary of some of the genes involved in colon cancer, their associated pathologies and OMIM numbers, the inheritance patterns,

and the effects of the mutations.

Gene OMIM | Pathology OMIM | Inheritance Pathways/Functions Effects of mutations
APC 611731 | Familial adenoma- | 175100 | Autosomal domi- | Wnt signaling pathway; Loss of function mutations lead
tous polyposis nant Regulation of cell growth and | to the formation of multiple
differentiation colorectal polyps, which have
a high probability of becoming
malignant tumors.

MLH1 120436 |Lynch syndrome 2 | 609310 | Autosomal domi- | DNA mismatch repair pathway | Mutations increase the risk of

nant colorectal, endometrial, and
other cancers by causing ge-
nomic instability and accumu-
lation of mutations.

MSH2 | 609309 |Lynch syndrome 120435 | Autosomal domi- | DNA mismatch repair pathway | Mutations increase the risk of

nant colorectal, endometrial, and
other cancers by causing ge-
nomic instability and accumu-
lation of mutations.

MSH6 | 600678 |Lynch syndrome 5 | 614350 | Autosomal domi- | DNA mismatch repair pathway | Mutations increase the risk of

nant colorectal, endometrial, and
other cancers by causing ge-
nomic instability and accumu-
lation of mutations.

PMS2 | 600259 |Lynch syndrome 4 |614337 | Autosomal domi- | DNA mismatch repair pathway | Mutations increase the risk of

nant colorectal, endometrial, and
other cancers by causing ge-
nomic instability and accumu-
lation of mutations.

KRAS | 190070 | Colorectal cancer | 114500 | Somatic MAPK signaling pathway Gain-of-function mutations
activate KRAS, leading to
uncontrolled cell proliferation
and tumor growth.

TP53 191170 |Li-Fraumeni syn- | 151623 | Autosomal domi- | Regulation of cell cycle and Mutations impair the tumor

drome nant apoptosis suppressor function of TP53,
leading to an increased risk of
cancer.

BRAF 164757 | Colorectal cancer | 114500 |Somatic MAPK signaling Pathway Oncogene, stimulates cell
growth and division.

SMAD4 | 600993 |Juvenile Polyposis | 175050 | Autosomal Domi- | TGF-beta signaling Pathway | Tumor suppressor, regulates

Syndrome nant cell division.

PIK3CA | 171834 | Colorectal cancer | 114500 | Somatic muta- PI3K/AKT signaling pathway | Oncogene, promotes cell grow-

tions th and survival.
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(23). Colon cancer is linked with dysregulated expression of
microRNAs (miRNAs), and the expression patterns of these
small non-coding RNAs have been linked to the detection
and prognosis of colon cancer. A recent review demonstrated
the effectiveness of using circulating serum miRNA and
fecal miRNA expression as non-invasive biomarkers for
early detection of colon cancer (24).

Predisposition

The pathogenesis of colon cancer is multifactorial,
involving both genetic predisposition and various envi-
ronmental factors. Genome-wide linkage analyses have
revealed significant correlations between susceptibility loci
located on chromosome 8p23 and colon cancer (25). Gene-
tic susceptibility to colon cancer involves modifications in
gene expression and DNA methylation, with specific genes
being identified as markers for different subtypes of cancer.
Additionally, the inactivation of microRNA through DNA
methylation can also contribute to the development of colon
cancer (26). Furthermore, the epigenetic inactivation of ge-
nes responsible for regulating the cell cycle, angiogenesis,
repairing DNA, and promoting cellular differentiation are
also contributors to colon cancer (27). Although the role of
innate immunity genes in the progression of colon cancer
is unclear, a weaker immune response is usually manife-
sted in different cancers. Toll-like receptors (TLRs) play
a vital role in identifying pathogen-associated molecular
patterns, which trigger the innate immune response. Upon
activation, TLRs activate NF- B, which further initiates the
transcription of various pro-inflammatory cytokines, and
human beta-defensins (hBDs) (28). hBDs are antimicrobial
peptides that aid innate immune defense, with hBD-1 being
produced by various epithelial tissues, and their expression
can be induced. Additionally, upon encountering microor-
ganisms or cytokine stimulation, hBD-2 is highly expressed
in normal epithelial cells. Semlali et al. conducted a study
that explored the genetic variations and expression of hBDs
(hBD-1, hBD-2, hBD-3, and hBD-4) and their potential
association with colon cancer. Their findings revealed a
significant association between hBDs and the deregulation
of innate immunity [29]. These results suggest that hBDs
play a critical role in maintaining innate immunity and that
their disruption may contribute to the pathogenesis of colon
cancer (29).

Correlated syndromes

In addition to sporadic colon cancer, also several colon
cancer syndromes have been identified. These syndromes
are characterized by a genetic predisposition to colon can-
cer, often with a specific pattern of inheritance. One of the
most well-known colon cancer syndromes is hereditary
nonpolyposis colorectal cancer (HNPCC), also known
as Lynch syndrome. HNPCC is an autosomal dominant
disorder caused by mutations in one of several DNA mi-
smatch repair genes (30). Individuals with HNPCC have
a significantly increased risk of developing colon cancer,
as well as other cancers such as endometrial, ovarian, and
gastric cancer. The identification of HNPCC in families is
important, because it can guide screening and surveillance

protocols, such as colonoscopies starting at an earlier age
or more frequent intervals. Another colon cancer syndrome
is familial adenomatous polyposis (FAP), which is also an
autosomal dominant disorder. FAP is characterized by the de-
velopment of hundreds to thousands of adenomatous polyps
in the colon, which can progress to cancer if left untreated
(31). FAP is caused by mutations in the APC gene, which
regulates cell proliferation and differentiation. Individuals
with FAP require regular colonoscopies and often undergo
prophylactic surgery to remove the colon, to prevent the
development of colon cancer. In addition to HNPCC and
FAP, there are several other colon cancer syndromes, such
as MUTYH-associated polyposis (32), Peutz-Jeghers syn-
drome (33), and juvenile polyposis syndrome (34). These
syndromes are less common than HNPCC and FAP, but
still have important implications for patient management
and surveillance. The identification of these syndromes can
guide appropriate screening and surveillance protocols and
help to prevent the development of colon cancer in at-risk
individuals.

Genomics of the tumor

Recent advancements in genomic technologies have pro-
vided a comprehensive understanding of the genetic changes
underlying the development and progression of colon cancer
(Table 2). Among the most frequently observed genomic al-
terations in colon cancer is the mutation of the adenomatous
polyposis coli (APC) gene (35). The APC gene is a tumor
suppressor that plays a crucial role in regulating the Wnt
signaling pathway, which is responsible for controlling cell
proliferation and differentiation. APC mutations are identi-
fied in up to 80% of colon cancer cases, and they are thought
to be an early event in the pathogenesis of the disease (36,
37). In addition to APC mutations, colon cancer is characte-
rized by the accumulation of additional genomic alterations,
including mutations in oncogenes such as KRAS, NRAS,
and BRAF (38), as well as in other tumor suppressor genes
such as TP53, SMAD4, and PTEN (39). Recent studies have
also highlighted the importance of epigenetic alterations
in colon cancer (40, 41). Epigenetic alterations including
DNA methylation and histone modifications affect gene
expression without altering the underlying DNA sequence.
In colon cancer, aberrant DNA methylation patterns have
been found including the MLHI1, MGMT, and CDKN2A
genes (42). These genetic modifications can result in the
loss of function of tumor suppressor genes and the gain of
function of oncogenes which consequently contribute to
tumor progression (43).

Rearrangements

Multiple genetic alterations, including gene rearrange-
ments, have emerged as a hallmark of colon cancer. Gene
rearrangements occur when two or more regions of DNA
from different chromosomes are broken and then rejoined
in a new order. These rearrangements can lead to changes in
gene expression and protein function, ultimately contributing
to the development and progression of colon cancer (54).
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Table 2. The potential genomics biomarkers in colon cancer.

Author, Year Biomarker Methodology Change Results Conclusion
Song et al. CBX8, CD96 Gene and isoform ex- Downregulated 2301 genes and 4241 CBX8 and CD96 are
(2018) (44) pression datasets from isoforms were differential- | viable prognostic
The Cancer Genome ly expressed biomarkers
Atlas
Zhu and Dong TUSCS3 Oncomine and COEX- | Upregulated TUSC3 mRNA expression | TUSCS3 is a potential
(2018) (45) PEDIA databases was overexpressed in therapeutic target in
CRC tissues compared to | CRC
the control ones
Luo et al. (2020) | MTMR?7, The Cancer Genome 43 mRNAs were A seventeen-gene meta- | Seventeen-gene me-
(46) GSTM5, GPX2, |Atlas (TCGA), Genot- upregulated, whe- | bolic signature emerged | tabolic signature is a
PDE6B, CDS1, |ype-Tissue Expression |reas 104 mRNAs |as prognostic biomarker. | potential prognostic

SGPP2, GSTM2,
ALDOB, CPT1C,
PDE1B, AGMAT,
FTCD, HDC,
DGKB, ACADL,
MAT1A, PLCG2

(GTEXx) database, and
Gene Expression Omni-
bus (GEO)

were downregu-
lated

The high-risk patient
group had a poor progno-
sis when compared to
low risk (HR: 1.174, P <
0.001)

biomarker for colon
cancer

Cheng et al. MTUSH1 Tumor tissues were Downregulated MTUS1 exhibited lower MTUS1 can serve
(2022) analyzed by levels in tumor tissues as a prognostic and
(47) qPCR for MTUS1 ex- as compared to normal diagnostic biomarker
pression tissues for colon cancer
Chen et al. SEPT9, SDC2, | Stool samples from Upregulated DNA methylation of Potential screening
(2019) NDRG4 cancerous and non- SEPT9, NDRG4, and biomarkers for colon
(48) cancerous patients SDC2 showed efficacy for | cancer
diagnosis of colon cancer,
but not BMP3
Zhang et al. SDC2, TFPI2 Stool samples Upregulated Methylation levels of In CRC, SDC2 and
(2022) SDC2 and TFPI2 were TFPI2 were hyper-
higher in tumor samples | methylated
(49) as compared to normal
samples
Moradi et al. SOX21 The MethyLight method | Upregulated The methylation rates of | SOX21 gene promo-
(2020) was utilized to determi- SOX21 were significantly | ter methylation is a
(50) ne methylation levels in higher in tumor tissues potential diagnostic
the stool compared to normal biomarker for colon
tissues (P < 0.0001) cancer
Alizadeh-Sedigh | PIK3CA, KRAS, | PCR-direct sequencing |- PIK3CA exon 9 (47.1%) in | PIKSCA, KRAS,
et al. (2022) BRAF for PIKBCA mutations cancerous tissues BRAF, and APC
(51) hotspot mutations
have diagnostic
potential in colon
cancer
Ghatak et al. BDNF, PTGS2, | Tissue samples Upregulated BDNF, PTGS2, GSK3B, Prognostic and dia-
(2022) (52) GSK3B and CT- and CTNNB1 were gnostic biomarkers
NNB1, HPGD upregulated, whereas
HPGD was significantly
downregulated
Ahluwalia etal. | YWHAB, MCM4, | The Cancer Genome Upregulated DPP7/2, YWHAB, MCM4, | Potential prognostic
(2019) (53) and FBXO46 Atlas, COAD, and READ and FBXO46 were found | biomarkers

datasets

to be significant predictors
of poor prognosis in CRC
patients (HR: 3.42, 95%, p
< 0.001)
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One well-studied gene rearrangement in colon cancer
involves the fusion of the EML4 (echinoderm microtubule-
associated protein-like 4) gene and the ALK (anaplastic
Ilymphoma kinase) gene. This rearrangement results in the
constitutive activation of the ALK tyrosine kinase, which
promotes cell proliferation and survival. The EML4-ALK
fusion has been identified in a small subset of CRC patients,
and its presence is associated with poor prognosis (55, 56).
Another common gene rearrangement in CRC involves the
fusion of the BRAF (v-raf murine sarcoma viral oncogene
homolog B) gene and the KIAA1549 gene (57). This rear-
rangement results in the overexpression of the BRAF protein,
which is involved in the RAS/RAF/MEK/ERK signaling
pathways. The BRAF-KIAA 1549 fusion has been identified
in a significant proportion of CRC patients with microsatel-
lite instability (MSI), which is a hallmark of defective DNA
mismatch repair. The presence of this fusion is associated
with a better prognosis in MSI CRC patients (58).

In addition to these specific gene rearrangements, chro-
mosomal instability (CIN) is a hallmark of CRC, and it can
resultin a variety of gene copy number alterations, including
deletions, amplifications, and translocations. For example,
the loss of the tumor suppressor genes APC (adenomatous
polyposis coli) and TP53 (tumor protein p53) is a common
event in CRC that can result from chromosomal deletions.
On the other hand, amplifications of the oncogene MYC
(MYC proto-oncogene, bHLH transcription factor) have also
been observed in CRC, and these amplifications can lead to
increased MYC expression and tumor cell proliferation (59).
A study by Créancier et al. reported 2 colon cancer cases
(out of 408) with NTRK1 chromosomal rearrangements,
with one manifested as TPM3-NTRKI1 fusion and other as
TPR-NTRKI fusion (60).

Fusion genes

One important mechanism of genetic alteration in colon
cancer is the formation of fusion genes. Fusion genes are
created when two previously separate genes become linked
together through a chromosomal rearrangement, such as a
translocation or inversion (61). This results in a new gene
that encodes a fusion protein, which can have altered or
novel functional properties compared to the original pro-
teins. Several fusion genes have been identified in colon
cancer, with the most common involving the genes enco-
ding the transcription factor ETS-related gene (ERG) and
the receptor tyrosine kinase Ret (62, 63). The ERG gene
is normally involved in regulating gene expression during
development and differentiation, while Ret is involved in
cell growth and survival signaling. When these two genes
are fused together, the resulting ERG-Ret fusion protein has
constitutive tyrosine kinase activity, leading to uncontrolled
cell growth and proliferation. Other fusion genes identified in
colon cancer include those involving the BRAF gene, which
is frequently mutated in colon cancer, and the neurotrophic
receptor tyrosine kinase 2 (NTRK2) gene. The BRAF fu-
sion gene results in the activation of the MAPK signaling
pathway, which promotes cell growth and survival (64). The
NTRK?2 fusion gene produces a fusion protein with consti-
tutive kinase activity, leading to increased cell proliferation
and survival (65). The detection of fusion genes in colon

cancer has important implications for diagnosis, prognosis,
and treatment. Fusion genes can serve as biomarkers for the
identification of colon cancer subtypes with different clinical
outcomes and responses to therapy.

Somatic mutations

Somatic mutations, which occur in non-germline cells,
are a critical driver of colon cancer pathogenesis. These
mutations affect various genes that participate in diverse
cellular pathways, including those regulating cell cycle
progression, DNA damage response, and cellular signa-
ling. The adenomatous polyposis coli (APC) gene, which
is a tumor suppressor gene that controls cell proliferation
and differentiation, is one of the most commonly mutated
genes in colon cancer. APC mutations are present in 80%
of sporadic colon cancer cases, and loss of APC function
results in the accumulation of -catenin, a transcriptional co-
activator that stimulates cell proliferation and survival (35).
Colon cancer is characterized by the presence of mutations
in several key genes, including APC, KRAS, and TP53.
KRAS mutations are particularly prevalent, occurring in
around 40% of cases (66). These mutations activate the RAS/
MAPK-signaling pathway, which plays a critical role in
promoting cell proliferation and survival. In addition, TP53
mutations are also common, occurring in approximately
50% of cases (67). Loss of TP53 function results in the loss
of its tumor suppressor activity, which normally regulates
cell cycle arrest and apoptosis in response to DNA damage.
Furthermore, colon cancer involves somatic mutations in
various genes that regulate critical cellular processes, such as
DNA repair. For example, the MutS homolog 2 (MSH2) and
MutL homolog 1 (MLHI) genes, which play a crucial role
in mismatch repair, are often affected by somatic mutations
in colon cancer (68). Such mutations can lead to a genetic
condition called microsatellite instability, which causes the
accumulation of errors in repetitive DNA sequences.

With the advent of modern sequencing technology, it
has become possible to identify additional somatic muta-
tions that contribute to the development of colon cancer.
For instance, mutations have been detected in genes that
regulate chromatin remodeling, such as the SWItch/Sucrose
Non-Fermentable (SWI/SNF) complex and the Polycomb
repressive complex 2 (PRC2) (69). Rosic et al. conducted
a genetic analysis on a cohort of 80 colon cancer patients,
which uncovered a novel somatic variation in the form of
an imbalance in alleles of single nucleotide variants (SNVs)
(70).

Circulating tumor DNA

Circulating tumor DNA (ctDNA) has emerged as a
promising biomarker for the diagnosis, prognosis, and tre-
atment of colon cancer, which is a prevalent type of cancer
worldwide. ctDNA comprises DNA fragments that are re-
leased by tumor cells into the bloodstream and can provide
valuable information about the genetic characteristics of the
tumor. Studies have revealed that ctDNA is present in nearly
all patients with advanced colon cancer, and its levels are
associated with the stage and burden of the disease (71, 72).



Omics sciences and precision medicine in colon cancer

61

ctDNA can also be detected in patients with early-stage colon
cancer, albeit at lower levels. The detection of ctDNA in the
peripheral blood of colon cancer patients is a sensitive and
specific method for detecting residual disease after surgery or
monitoring the response to treatment. ctDNA analysis offers
significant benefits beyond its diagnostic and prognostic
value. For example, ctDNA can detect mutations in genes
such as KRAS and TP53 that are commonly mutated in colon
cancer. ctDNA analysis can also provide information about
other genetic alterations—such as microsatellite instability
(MSI) or BRAF mutations—that are associated with poor
prognosis in colon cancer (73).

Pharmacogenomics

Pharmacogenomics is a discipline that investigates
the influence of an individual’s genetic variations on drug
efficacy and toxicity (74). Colon cancer is a major public
health concern, and its treatment involves the use of various
chemotherapy drugs. However, the efficacy of these drugs
can vary significantly among individuals, due to differences
in their genetic profiles (75). Therefore, understanding the
pharmacogenomics of colon cancer is crucial for developing
personalized treatment plans. One of the most well-known
pharmacogenomic biomarkers for colon cancer is the pre-
sence of KRAS mutations. The KRAS gene is frequently
mutated in colorectal cancer, which has been associated with
resistance to EGFR inhibitors like cetuximab and panitumu-
mab (76). These drugs are commonly used to treat metastatic
colorectal cancer, and their efficacy is significantly reduced
in patients with KRAS mutations. Therefore, testing for the
presence of this mutation has become an essential step in
selecting the appropriate therapy for colon cancer patients.
Another important pharmacogenomic biomarker for colon
cancer is the dihydropyrimidine dehydrogenase (DPD) enzy-
me. DPD is responsible for the metabolism of 5-fluorouracil
(5-FU), which is a commonly used chemotherapy drug for
colon cancer. Patients with decreased DPD activity are at a
higher risk of developing severe toxicities when treated with
5-FU. Therefore, testing for DPD deficiency is recommen-
ded before starting 5-FU therapy (77). In addition to KRAS
and DPD, several other genetic variants have been associated
with the efficacy and toxicity of chemotherapy drugs used in
colon cancer. For example, the UGT1A1%28 allele has been
linked to an increased risk of severe toxicities when treated
with irinotecan (78). Similarly, the TPMT gene variants
have been associated with a higher risk of myelosuppression
when treated with thiopurine drugs, such as azathioprine and
mercaptopurine (79).

Plasma and tissue proteomic biomarkers

Several plasma and tissue proteomic biomarkers have
shown promise in early detection and diagnosis of colon
cancer (Table 3). Carcinoembryonic antigen (CEA) and
epithelial cell adhesion molecule (EpCAM), have shown
promise in early detection and diagnosis of colon cancer
(80, 81). Elevated levels of CEA have been associated
with advanced stages of colon cancer and poor prognosis.

EpCAM has been shown to be a potential target for cancer
therapy, and its expression levels have been used to predict
patient outcomes. Other potential tissue biomarkers for co-
lon cancer include heat shock protein 27 (HSP27), guanine
nucleotide-binding protein subunit beta-2-like 1 (GNB2L1),
and peroxiredoxin-1 (PRDX1) (82, 83). Tryptophan metabo-
lism dysregulation has been linked to colorectal tumorigene-
sis, and altered levels of tryptophan metabolites and indole
derivatives contribute to the promotion of tumorigenesis by
altering the immune response, inducing inflammation, and
affecting the balance of gut microbiota. Studies have shown
that tryptophan is inversely associated with colon cancer risk
(84, 85). According to a study conducted by Vasaikar and
colleagues, the use of proteomics has revealed a correlation
between reduced infiltration of CD8 T cells and heightened
glycolytic activity in microsatellite instability-high (MSIH)
tumors. This finding indicates that targeting glycolysis may
serve as a potential strategy to overcome the resistance of
MSI-H tumors to immune checkpoint blockade (86). A
proteomics study by Tang et al. showed that proteins like
TFR1, SAHH, and HV307 were differently expressed in
colon cancer patients (87). Several studies have demon-
strated that tryptophan and indole metabolism pathways
are dysregulated in colon cancer, leading to altered levels of
tryptophan metabolites and indole derivatives. These meta-
bolic changes contribute to the promotion of tumorigenesis
by altering the immune response, inducing inflammation,
and affecting the balance of gut microbiota (88). Zhong et
al. showed that extracellular vesicles containing SPARC
and LRG1 were differentially expressed in colon cancer
patients as compared to healthy subjects, and differed by
tumor location (89).

Plasma and tissue metabolomics and microbiomics

Recent advancements in molecular profiling techniques,
such as metabolomics and microbiomics, have provided
new insights into the pathogenesis and progression of colon
cancer (Table 4). Metabolomics and microbiomics focus
on the comprehensive analysis of small molecules and
microbial communities, respectively, in biological samples.
Metabolomics analysis can provide a comprehensive under-
standing of the metabolic alterations that occur during colon
cancer development and progression. The analysis of plasma
metabolites in colon cancer patients has shown alterations
in amino acid, lipid, and carbohydrate metabolism. These
metabolic alterations are related to cancer cell proliferation,
invasion, and metastasis. In addition, metabolomics analysis
of colon tumor tissue has revealed significant differences in
metabolic pathways, including glycolysis, tricarboxylic acid
cycle, and pentose phosphate (105). A study by Deng et al.
reported that plasma metabolomic profiling can be helpful in
distinguishing left-sided colon cancer from right-sided colon
cancer (106). Microbiomics is the study of the microbial
communities that reside within a host. The one residing in
the intestine, the so-called gut microbiome, is composed
of trillions of microorganisms, including bacteria, viruses,
fungi, and archaea. Recent studies have shown that the gut
microbiome plays a critical role in colon cancer development
and progression. The gut microbiome can influence the host’s
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Table 3. Summary of protein biomarkers in colon cancer, their type, technique used, and sample.

References Protein Biomarker |Up-/down-regulated | Type of Biomarker | Technique Sample
Zhang et al. (90) | Transgelin-2 (TA- | Upregulated Diagnostic bio- Fourier transform mass spectrome- | CRC tissue
GLN2) marker try (FTMS)
Ghazanfar etal. | ACTBL2 Upregulated Diagnostic bio- Two-dimensional gel electrophore- | CRC tissue
(91) marker sis coupled to mass spectrometry
(2DE-MS)
Hao et al. (92) DPEP1 Upregulated Diagnostic bio- FTMS CRC tissue
marker
Jonsson et al. MMP-9 Upregulated Diagnostic bio- ELISA CRC tissue
(93) marker
Quesada-Calvo | OLFM4, KNG1, Upregulated Diagnostic bio- Liquid chromatography-mass spec- | FFPE CRC
et al. (94) Sec-24 marker trometry (LC-MS) tissue
Guo et al. (95) PCBP1 Upregulated Predictive bio- 2D gel electrophoresis Cell lines
marker and tumoral
tissue
Yamamoto et al. | Cyclophilin A, Upregulated Diagnostic bio- LC-MS FFPE CRC
(96) Annexin A2, Aldo- marker tissue
lase A
Zhang et al. (97) |LRG1 Upregulated Diagnostic bio- Quantitative real-time PCR and CRC tissue
marker ELISA and plasma
Katsila et al. (98) | pEGFR Upregulated Predictive bio- Quantitative proteomic analysis Plasma
marker
Ivancic et al. (99) | LRG1, Upregulated Diagnostic bio- Targeted liquid chromatography- Serum
EGFR, marker tandem mass spectrometry
ITIH4,
SOD3
Bhardwaj et al. MASP1, Oste- Upregulated Diagnostic bio- Liquid chromatography Plasma
(100) opontin, PON3, marker
TFRC1, Amphire-
gulin
Langers et al. MMP-2, MMP-9 Upregulated Predictive bio- ELISA CRC tissue
(101) marker
Yu et al. (102) STK4 or MSTH Downregulated Diagnostic bio- Mass spectrometry (MS/MS), Serum
marker ELISA
Martin et al. APOE, AGT, DBP | Upregulated Predictive bio- Gel electrophoresis (2D-DIGE) Serum
(103) marker followed by LC-MS/MS
Yang et al. (104) | PSMA1, LAP3, Upregulated Predictive bio- Mass spectrometry Serum and
ANXAG, serpin B5 marker CRC tissue

immune system, metabolism, and gut barrier function, all of
which are critical factors in colon cancer pathogenesis. In
colon cancer patients, there is a significant dysbiosis in the
gut microbiome, with a reduction in beneficial bacteria and
an increase in harmful bacteria. Moreover, certain bacterial
species have been implicated in colon cancer development and
progression, such as Fusobacterium nucleatum, Streptococcus
bovis, and Escherichia coli (107, 108). These bacteria can pro-
mote tumorigenesis by inducing inflammation, altering the gut
microenvironment, and producing genotoxic metabolites.

Tailored therapy

Despite advances in diagnosis and treatment, a signi-
ficant proportion of patients with colon cancer continues
to experience disease recurrence and treatment resistance.
Tailored therapy, which involves individualizing treatment
based on a patient’s unique characteristics, has emerged
as a promising approach to improving outcomes in colon
cancer. Tailored therapy in colon cancer involves the use of

biomarkers, which are molecular or cellular indicators that
can predict disease behavior or response to therapy (116).
These biomarkers can be used to identify subgroups of
patients who are likely to respond to specific treatments or
who have a higher risk of disease recurrence. Some of the
most commonly used biomarkers in colon cancer include
microsatellite instability (MSI), KRAS mutation status, and
BRAF mutation status. Patients with MSI-high colon cancer
are more likely to respond to immune checkpoint inhibitors,
which activate the immune system to attack cancer cells
(117). In contrast, patients with MSI-low or microsatellite-
stable (MSS) colon cancer may benefit from conventional
chemotherapy regimens. KRAS and BRAF mutations are
associated with resistance to certain chemotherapy drugs,
and patients with these mutations may benefit from alterna-
tive treatment approaches. For example, patients with KRAS
mutations may benefit from targeted therapies that inhibit
downstream signaling pathways, such as EGFR inhibitors
(118). Similarly, patients with BRAF mutations may benefit
from combination therapies that target multiple signaling
pathways (119).
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Table 4. Summary of metabolomics and microbiomics biomarkers for early diagnosis of colon cancer.

Author Metabolite(s)/Pathway (s) Up-/Down-regulated Specimen | Findings
Cross et al. (109) Glycochenodeoxycholate Upregulated Serum Positive association was observed
in CRC among women
Long et al. (110) Xanthine, hypoxanthine, D-man- Downregulated Serum Lower levels observed in CRC
nose compared to control. Hypoxanthi-
ne to xanthine levels indicative of
CRC progression
Sinha et al. (111) Clostridia Downregulated Feces A strong correlation was observed
Lachnospiraceae in fecal samples of CRC patients.
p-aminobenzoate and conjugated Metabolites predominated by
linoleate Enterobacteriaceae and Actino-
Fusobacterium Upregulated bacteria.
Porphyromonas
p-hydroxy-benzaldehyde
palmitoyl-sphingomyelin
Gao et al. (112) Methionine Upregulated Tissue Tissue amino acid profile has
Tyrosine good sensitivity and specificity for
Valine diagnosis of CRC (p<0.001)
Isoleucine
Ning et al. (113) Glycolysis and amino acid meta- Upregulated Urine GC-TOF/MS-based metabolomics
bolism as diagnostic biomarkers for CRC
Lipid metabolism Downregulated
Wang et al. (114) Choline Downregulated Urine NMR-based urinary metabolomics
Phenylalanine has potential for early diagnosis
Asparagine of CRC
Isocitrate
Cysteine
Hippurate
Dimethyl sulfone
Creatinine
Alanine
Methylamine
Homocysteine Upregulated
Glutamine
cis-Aconitate
Acetoacetate
trans-Aconitate
Guanidoacetate
Yang et al. (115) Proline and Glutamine Upregulated Feces Microbe-associated metabolites
Glycerol Decreased have diagnostic potential for CRC
Linoleic acid
Oleic acid
Proteobacteria Fusobacteria Upregulated
Firmicutes

Conclusions

Colon cancer is a complex and heterogeneous disease
that requires a multi-omics approach for its proper diagnosis,
prognosis, and treatment. The integration of omics sciences
and precision medicine has revolutionized our understanding
of colon cancer and the way we approach diagnosis and
treatment. The identification of specific genetic mutations
and genomic rearrangements, as well as the development of
new biomarkers have allowed for more accurate diagnoses
and personalized treatment plans. This information can guide
the selection of tailored therapies, which can improve patient
outcomes and reduce treatment-related toxicities. Precision
medicine based on omics technologies is rapidly advancing
in the field of colon cancer, and its potential to revolutionize
cancer care treatment cannot be overstated. By identifying

the specific molecular abnormalities driving cancer growth
and progression, precision medicine can offer targeted thera-
pies that can block or inhibit those abnormalities. The ability
to tailor therapy based on each patient’s characteristics has
led to improved patient outcomes and better overall survival
rates. However, there is still much to be learned in this field,
and continued research is necessary to identify new biomar-
kers and therapeutic targets. Furthermore, access to these
cutting-edge technologies must be expanded, to ensure that
all patients can benefit from personalized treatment plans.

Acknowledgements
This research was funded by the Provincia Autonoma di
Bolzano in the framework of LP 14/2006.

Confilicts of interest statement
Authors declare no conflict of interest.



64

G. Madeo et al.

References

10.

11.

12.

13.

14.

15.

16.

17.

18.

Ahmed M. Colon Cancer: A Clinician’s Perspective in 2019.
Gastroenterology Res. 2020 Feb;13(1):1-10

Tong D, Tian Y, Zhou T et al. Improving prediction perfor-
mance of colon cancer prognosis based on the integration of
clinical and multi-omics data. BMC Med Inform Decis Mak.
2020 Feb;20(1):22

Chakraborty S, Hosen MI, Ahmed M, et al. Onco-Multi-
OMICS Approach: A New Frontier in Cancer Research.
Biomed Res Int. 2018 Oct;2018:9836256

Ullah I, Yang L, Yin FT et al. Multi-Omics Approaches
in Colorectal Cancer Screening and Diagnosis, Recent
Updates and Future Perspectives. Cancers (Basel). 2022
Nov;14(22):5545

Mima K, Kosumi K, Baba Y, et al. The microbiome, ge-
netics, and gastrointestinal neoplasms: the evolving field
of molecular pathological epidemiology to analyze the
tumor-immune-microbiome interaction. Hum Genet. 2021
May;140(5):725-746

SuM, Zhang Z, Zhou L, et al. Proteomics, Personalized Medi-
cine and Cancer. Cancers (Basel). 2021 May;13(11):2512
Sandhu J, Lavingia V, Fakih M. Systemic treatment for me-
tastatic colorectal cancer in the era of precision medicine. J
Surg Oncol. 2019 Apr;119(5):564-582

Yin Z, Yan X, Wang Q et al. Detecting Prognosis Risk
Biomarkers for Colon Cancer Through Multi-Omics-Based
Prognostic Analysis and Target Regulation Simulation Mo-
deling. Front Genet. 2020 May;11:524

Jahanafrooz Z, Mosafer J, Akbari M, et al. Colon cancer the-
rapy by focusing on colon cancer stem cells and their tumor
microenvironment. J Cell Physiol. 2020 May;235(5):4153-
4166

Khare S, Verma M. Epigenetics of colon cancer. Methods
Mol Biol. 2012;863:177-85

Fidelle M, Yonekura S, Picard M et al. Resolving the Para-
dox of Colon Cancer Through the Integration of Genetics,
Immunology, and the Microbiota. Front Immunol. 2020
Dec;11:600886

Kandioler D, Mittlbock M, Kappel S et al. TP53 Mutational
Status and Prediction of Benefit from Adjuvant 5-Fluorouracil
in Stage III Colon Cancer Patients. EBioMedicine. 2015
Jun;2(8):825-30

Li J, Dittmar RL, Xia S et al. Cell-free DNA copy number
variations in plasma from colorectal cancer patients. Mol
Oncol. 2017 Aug;11(8):1099-1111

Mampaey E, Fieuw A, Van Laethem T et al. Focus
on 16p13.3 Locus in Colon Cancer. PLoS One. 2015
Jul;10(7):e0131421

Advani SM, Swartz MD, Loree J et al. Epidemiology and
Molecular-Pathologic Characteristics of CpG Island Methyla-
tor Phenotype (CIMP) in Colorectal Cancer. Clin Colorectal
Cancer. 2021 Jun;20(2):137-147.el

Watanabe J, Maeda H, Nagasaka T et al. Multicenter, single-
arm, phase II study of the continuous use of panitumumab in
combination with FOLFIRI after FOLFOX for RAS wild-
type metastatic colorectal cancer: Exploratory sequential
examination of acquired mutations in circulating cell-free
DNA. Int J Cancer. 2022 Dec;151(12):2172-2181

Guda K, Veigl ML, Varadan V et al. Novel recurrently mutated
genes in African American colon cancers. Proc Natl Acad Sci
U S A. 2015 Jan;112(4):1149-54

Korphaisarn K, Pongpaibul A, Roothumnong E et al. High
Frequency of KRAS Codon 146 and FBXW7 Mutations in

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Thai Patients with Stage II-III Colon Cancer. Asian Pac J
Cancer Prev. 2019 Aug;20(8):2319-2326

Heald B, Hampel H, Church J et al. Collaborative Group of
the Americas on Inherited Gastrointestinal Cancer Position
statement on multigene panel testing for patients with colorec-
tal cancer and/or polyposis. Fam Cancer. 2020 Jul;19(3):223-
239

Stoffel EM, Koeppe E, Everett J et al. Germline Genetic
Features of Young Individuals With Colorectal Cancer. Ga-
stroenterology. 2018 Mar;154(4):897-905.e1

Ballester V, Cruz-Correa M. How and When to Consider
Genetic Testing for Colon Cancer? Gastroenterology. 2018
Oct;155(4):955-959

Ebner DW, Kisiel JB. Stool-Based Tests for Colorectal Cancer
Screening: Performance Benchmarks Lead to High Expected
Efficacy. Curr Gastroenterol Rep. 2020 Jun;22(7):32

Wang J, Liu S, Wang H et al. Robust performance of a novel
stool DNA test of methylated SDC2 for colorectal cancer
detection: a multicenter clinical study. Clin Epigenetics. 2020
Oct;12(1):162

Hollis M, Nair K, Vyas A, et al. MicroRNAs potential utility
in colon cancer: Early detection, prognosis, and chemosen-
sitivity. World J Gastroenterol. 2015 Jul;21(27):8284-92
Semlali A, Al Amri A, Azzi A et al. Expression and new
exon mutations of the human Beta defensins and their as-
sociation on colon cancer development. PLoS One. 2015
Jun;10(6):e0126868

Tse JWT, Jenkins LJ, Chionh F, et al. Aberrant DNA Methy-
lation in Colorectal Cancer: What Should We Target? Trends
Cancer. 2017 Oct;3(10):698-712

Hong SN. Genetic and epigenetic alterations of colorectal
cancer. Intest Res. 2018 Jul;16(3):327-337

Sameer AS, Nissar S. Toll-Like Receptors (TLRs): Structu-
re, Functions, Signaling, and Role of Their Polymorphisms
in Colorectal Cancer Susceptibility. Biomed Res Int. 2021
Sep;2021:1157023

Semlali A, Al Amri A, Azzi A et al. Expression and new
exon mutations of the human Beta defensins and their asso-
ciation on colon cancer development. PLoS One. 2015 Jun
3;10(6):e0126868

Kravochuck SE, Church JM. Hereditary non-polyposis co-
lorectal cancer/Lynch syndrome in three dimensions. ANZ
J Surg. 2017 Dec;87(12):1006-1010

Dinarvand P, Davaro EP, Doan JV et al. Familial Adeno-
matous Polyposis Syndrome: An Update and Review of
Extraintestinal Manifestations. Arch Pathol Lab Med. 2019
Nov;143(11):1382-1398

Toboeva MK, Shelygin YA, Frolov SA, et al. MutYH-
associated polyposis. Ter Arkh. 2019 Mar;91(2):97-100
Klimkowski S, Ibrahim M, Ibarra Rovira JJ et al. Peutz-
Jeghers Syndrome and the Role of Imaging: Pathophysiology,
Diagnosis, and Associated Cancers. Cancers (Basel). 2021
Oct;13(20):5121

Dal Buono A, Gaiani F, Poliani L, Laghi L. Juvenile polyposis
syndrome: An overview. Best Pract Res Clin Gastroenterol.
2022 Jun-Aug;58-59:101799

Aghabozorgi AS, Bahreyni A, Soleimani A et al. Role of
adenomatous polyposis coli (APC) gene mutations in the
pathogenesis of colorectal cancer; current status and per-
spectives. Biochimie. 2019 Feb;157:64-71

Norollahi SE, Hamidian SMT, Kohpar ZK, et al. The fluctua-
tion of APC gene in WNT signaling with adenine deletion of
adenomatous polyposis coli, is associated in colorectal cancer.
Journal of Coloproctology. 2020;40(02):135-42. (Accessed



Omics sciences and precision medicine in colon cancer

65

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

on 28/08/2023 at https://www.sciencedirect.com/science/
article/pii/S2237936319306367)

Noe O, Filipiak L, Royfman R, et al. Adenomatous polyposis
coli in cancer and therapeutic implications. Oncol Rev. 2021
Jun 24;15(1):534

Cicenas J, Tamosaitis L, Kvederaviciute K, et al, Stankevicius
V, Valius M. KRAS, NRAS and BRAF mutations in colorectal
cancer and melanoma. Med Oncol. 2017 Feb;34(2):26
Cancer Genome Atlas Network. Comprehensive molecular
characterization of human colon and rectal cancer. Nature.
2012 Jul;487(7407):330-7

Grady WM. Epigenetic alterations in the gastrointestinal
tract: Current and emerging use for biomarkers of cancer.
Adv Cancer Res. 2021;151:425-468

Patnaik S, Anupriya. Drugs Targeting Epigenetic Modifica-
tions and Plausible Therapeutic Strategies Against Colorectal
Cancer. Front Pharmacol. 2019 Jun;10:588

Petko Z, Ghiassi M, Shuber A et al. Aberrantly methylated
CDKN2A, MGMT, and MLH1 in colon polyps and in fecal
DNA from patients with colorectal polyps. Clin Cancer Res.
2005 Feb;11(3):1203-9

Lee CC, Kuo YC, Hu JM et al. MTNR1B polymorphisms
with CDKN2A and MGMT methylation status are associated
with poor prognosis of colorectal cancer in Taiwan. World J
Gastroenterol. 2021 Sep;27(34):5737-5752

Song X, Tang T, Li C, Liu X, et al. CBX8 and CD96 Are
Important Prognostic Biomarkers of Colorectal Cancer. Med
Sci Monit. 2018 Nov;24:7820-7827

Zhu YFE, Dong M. Expression of TUSC3 and its prognostic
significance in colorectal cancer. Pathol Res Pract. 2018
Sep;214(9):1497-1503

Luo D, Shan Z, Liu Q, et al. A Novel Seventeen-Gene Me-
tabolic Signature for Predicting Prognosis in Colon Cancer.
Biomed Res Int. 2020 Nov;2020:4845360

Cheng LY, Huang MS, Zhong HG et al. MTUS1 is a promising
diagnostic and prognostic biomarker for colorectal cancer.
World J Surg Oncol. 2022 Aug;20(1):257

Chen J, Sun H, Tang W et al. DNA methylation biomarkers
in stool for early screening of colorectal cancer. J Cancer.
2019 Aug;10(21):5264-5271

Zhang W, Yang C, Wang S et al. SDC2 and TFPI2 Methyla-
tion in Stool Samples as an Integrated Biomarker for Early
Detection of Colorectal Cancer. Cancer Manag Res. 2021
Apr;13:3601-3617

Moradi K, Babaei E, Rezvani N, Safaralizadeh R, Bashiri H,
Feizi MAH. High potential of SOX21 gene promoter methyla-
tion as an epigenetic biomarker for early detection of colorectal
cancer. Indian J Cancer. 2020 Apr-Jun;57(2):166-171
Alizadeh-Sedigh M, Mahmoodzadeh H, Fazeli MS, et al.
The potential of PIK3CA, KRAS, BRAF, and APC hotspot
mutations as a non-invasive detection method for colorectal
cancer. Mol Cell Probes. 2022 Jun;63:101807

Ghatak S, Mehrabi SE, Mehdawi LM, et al. Identification of
a Novel Five-Gene Signature as a Prognostic and Diagno-
stic Biomarker in Colorectal Cancers. Int J Mol Sci. 2022
Jan;23(2):793

Ahluwalia P, Mondal AK, Bloomer C et al. Identification
and Clinical Validation of a Novel 4 Gene-Signature with
Prognostic Utility in Colorectal Cancer. Int J Mol Sci. 2019
Aug;20(15):3818

Augenlicht LH. Gene structure and expression in colon can-
cer. Cell and molecular biology of colon cancer. 2019:165-86.
(Accessed on 28/08/2023 at https://www.taylorfrancis.com/
chapters/edit/10.1201/9780429260988-9/gene-structure-

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

expression-colon-cancer-leonard-augenlicht)

Lee C-H, Lee C-T, Chen Y-L, et al. Detection of anaplastic
lymphoma kinase gene rearrangement in a patient with
right colon cancer. Journal of Cancer Research and Practi-
ce. 2019;6(2):89. (Accessed on 28/08/2023 at http://www.
taiwanoncologysociety.org.tw/ehc-tos/s/w/ebook/download
File?contentld=ecc8cbb2722a4529b92d51ed070a12d9)
Hsiao SY, He HL, Weng TS et al. Colorectal Cancer with
EML4-ALK Fusion Gene Response to Alectinib: A Case
Report and Review of the Literature. Case Rep Oncol. 2021
Mar;14(1):232-238

Rahi H, Olave MC, Fritchie KJ et al. Gene fusions in ga-
strointestinal tract cancers. Genes Chromosomes Cancer.
2022 May;61(5):285-297

Topham JT, O’Callaghan CJ, Feilotter H, et al. ctDNA-based
mutational landscape following anti-EGFR antibodies in me-
tastatic colorectal cancer (mCRC) to uncover novel resistance
mechanisms in the CCTG CO. 26 trial. American Society of
Clinical Oncology; 2021. (Accessed on 28/08/2023 at https://
ascopubs.org/doi/abs/10.1200/JC0.2021.39.3_suppl.117)
Venkateswaran N, Lafita-Navarro MC, Hao YH et al. MYC
promotes tryptophan uptake and metabolism by the kynure-
nine pathway in colon cancer. Genes Dev. 2019 Sep;33(17-
18):1236-1251

Créancier L, Vandenberghe I, Gomes B et al. Chromosomal
rearrangements involving the NTRK1 gene in colorectal
carcinoma. Cancer Lett. 2015 Aug;365(1):107-11

Lasota J, Chtopek M, Lamoureux J et al. Colonic Adenocarci-
nomas Harboring NTRK Fusion Genes: A Clinicopathologic
and Molecular Genetic Study of 16 Cases and Review of the
Literature. Am J Surg Pathol. 2020 Feb;44(2):162-173
LiS,Wu X, XuY etal. miR-145 suppresses colorectal cancer
cell migration and invasion by targeting an ETS-related gene.
Oncol Rep. 2016 Oct;36(4):1917-26

Mendes Oliveira D, Grillone K, Mignogna C et al. Next-
generation sequencing analysis of receptor-type tyrosine
kinase genes in surgically resected colon cancer: identification
of gain-of-function mutations in the RET proto-oncogene. J
Exp Clin Cancer Res. 2018 Apr;37(1):84

Kloosterman WP, Coebergh van den Braak RRJ, Pieterse M et
al. A Systematic Analysis of Oncogenic Gene Fusions in Pri-
mary Colon Cancer. Cancer Res. 2017 Jul;77(14):3814-3822
Solomon JP, Benayed R, Hechtman JF, et al. Identifying
patients with NTRK fusion cancer. Ann Oncol. 2019
Nov;30(Suppl_8):viiil6-viii22

Cefali M, Epistolio S, Palmarocchi MC, et al. Research
progress on KRAS mutations in colorectal cancer. Journal of
Cancer Metastasis and Treatment. 2021;7:26. (Accessed on
28/08/2023 at https://jcmtjournal.com/article/view/4035)
LiVD, Li KH, LiJT. TP53 mutations as potential prognostic
markers for specific cancers: analysis of data from The Cancer
Genome Atlas and the International Agency for Research
on Cancer TP53 Database. J Cancer Res Clin Oncol. 2019
Mar;145(3):625-636

Huang SC, Huang SF, Chen YT et al. Overexpression of
MutL homolog 1 and MutS homolog 2 proteins have reversed
prognostic implications for stage I-II colon cancer patients.
Biomed J. 2017 Feb;40(1):39-48

Ahadi MS, Fuchs TL, Clarkson A et al. Switch/sucrose-non-
fermentable (SWI/SNF) complex (SMARCA4, SMARCA?2,
INI1/SMARCB1)-deficient colorectal carcinomas are stron-
gly associated with microsatellite instability: an incidence
study in 4508 colorectal carcinomas. Histopathology. 2022
May;80(6):906-921



66

G. Madeo et al.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Rosic J, Miladinov M, Dragicevic S et al. Genetic analysis
and allele-specific expression of SMAD7 3’UTR variants
in human colorectal cancer reveal a novel somatic variant
exhibiting allelic imbalance. Gene. 2023 Apr;859:147217.
Osumi H, Shinozaki E, Yamaguchi K, et al. Clinical utility
of circulating tumor DNA for colorectal cancer. Cancer Sci.
2019 Apr;110(4):1148-1155

Chakrabarti S, Xie H, Urrutia R, et al. The Promise of Cir-
culating Tumor DNA (ctDNA) in the Management of Early-
Stage Colon Cancer: A Critical Review. Cancers (Basel). 2020
Sep;12(10):2808

Cao H, Liu X, ChenY et al. Circulating Tumor DNA Is Capa-
ble of Monitoring the Therapeutic Response and Resistance in
Advanced Colorectal Cancer Patients Undergoing Combined
Target and Chemotherapy. Front Oncol. 2020 Apr;10:466
Miteva-Marcheva NN, Ivanov HY, Dimitrov DK, Stoyanova
VK. Application of pharmacogenetics in oncology. Biomark
Res. 2020 Aug;8:32

Cacabelos R, Naidoo V, Corzo L, et al. Genophenotypic
Factors and Pharmacogenomics in Adverse Drug Reactions.
Int J Mol Sci. 2021 Dec;22(24):13302

Li QH, Wang YZ, Tu J et al. Anti-EGFR therapy in metastatic
colorectal cancer: mechanisms and potential regimens of drug
resistance. Gastroenterol Rep (Oxf). 2020 Jun;8(3):179-191
Mohammadian M, Zeynali-Moghaddam S, Khadem Ansari
MH, et al. Dihydropyrimidine Dehydrogenase Levels in
Colorectal Cancer Cells Treated with a Combination of Heat
Shock Protein 90 Inhibitor and Oxaliplatin or Capecitabine.
Adv Pharm Bull. 2019 Aug;9(3):439-444

Tsai HL, Chen PJ, Chen YC et al. Irinotecan dose reduction
in metastatic colorectal cancer patients with homozygous
UGT1A1#28 polymorphism: a single-center case series. J
Int Med Res. 2022 Jul;50(7):3000605221110697

Dean L. Azathioprine Therapy and TPMT and NUDT15
Genotype. (Accessed on 28/08/2023 at https://www.ncbi.
nlm.nih.gov/books/NBK100661/)

Campos-da-Paz M, Dérea JG, Galdino AS,et al. Carcinoem-
bryonic Antigen (CEA) and Hepatic Metastasis in Colorectal
Cancer: Update on Biomarker for Clinical and Biotechnolo-
gical Approaches. Recent Pat Biotechnol. 2018;12(4):269-
279

Boesch M, Spizzo G, Seeber A. Concise Review: Aggressive
Colorectal Cancer: Role of Epithelial Cell Adhesion Mole-
cule in Cancer Stem Cells and Epithelial-to-Mesenchymal
Transition. Stem Cells Transl Med. 2018 Jun;7(6):495-501
Liang HH, Huang CY, Chou CW et al. Heat shock protein 27
influences the anti-cancer effect of curcumin in colon cancer
cells through ROS production and autophagy activation. Life
Sci. 2018 Sep;209:43-51

Chu G, Li J, Zhao Y et al. Identification and verification of
PRDX1 as an inflammation marker for colorectal cancer
progression. Am J Transl Res. 2016 Feb;8(2):842-59
Papadimitriou N, Gunter MJ, Murphy N et al. Circulating
tryptophan metabolites and risk of colon cancer: Results from
case-control and prospective cohort studies. Int J Cancer. 2021
Nov;149(9):1659-1669.

Rothwell JA, Besevi J, Dimou N et al. Circulating amino acid
levels and colorectal cancer risk in the European Prospective
Investigation into Cancer and Nutrition and UK Biobank
cohorts. BMC Med. 2023 Feb;21(1):80

Vasaikar S, Huang C, Wang X et al. Proteogenomic Analysis
of Human Colon Cancer Reveals New Therapeutic Opportu-
nities. Cell. 2019 May;177(4):1035-1049.e19

Tang M, Zeng L, Zeng Z et al. Proteomics study of colorectal

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

cancer and adenomatous polyps identifies TFR1, SAHH, and
HV307 as potential biomarkers for screening. J Proteomics.
2021 Jul;243:104246

Wyatt M, Greathouse KL. Targeting Dietary and Microbial
Tryptophan-Indole Metabolism as Therapeutic Approaches
to Colon Cancer. Nutrients. 2021 Apr;13(4):1189

Zhong ME, ChenY, XiaoY et al. Serum extracellular vesicles
contain SPARC and LRG1 as biomarkers of colon cancer
and differ by tumour primary location. EBioMedicine. 2019
Dec;50:211-223

Zhang Y, Ye Y, Shen D et al. Identification of transgelin-2 as
a biomarker of colorectal cancer by laser capture microdis-
section and quantitative proteome analysis. Cancer Sci. 2010
Feb;101(2):523-9

Ghazanfar S, Fatima I, Aslam M et al. Identification of actin
beta-like 2 (ACTBL2) as novel, upregulated protein in colo-
rectal cancer. J Proteomics. 2017 Jan;152:33-40

Hao JJ, Zhi X, Wang Y et al. Comprehensive Proteomic
Characterization of the Human Colorectal Carcinoma Reveals
Signature Proteins and Perturbed Pathways. Sci Rep. 2017
Feb;7:42436

Jonsson A, Hjalmarsson C, Falk P, Ivarsson ML. Stability of
matrix metalloproteinase-9 as biological marker in colorectal
cancer. Med Oncol. 2018 Mar;35(4):50

Quesada-Calvo F, Massot C, Bertrand V et al. OLFM4, KNG 1
and Sec24C identified by proteomics and immunohistoche-
mistry as potential markers of early colorectal cancer stages.
Clin Proteomics. 2017 Mar;14:9

Guo J, Zhu C, Yang K et al. Poly(C)-binding protein 1 me-
diates drug resistance in colorectal cancer. Oncotarget. 2017
Feb;8(8):13312-13319.

Yamamoto T, Kudo M, Peng WX et al. Identification of aldo-
lase A as a potential diagnostic biomarker for colorectal can-
cer based on proteomic analysis using formalin-fixed paraffin-
embedded tissue. Tumour Biol. 2016 Oct;37(10):13595-
13606

Zhang Q, Huang R, Tang Q et al. Leucine-rich alpha-2-glyco-
protein-1 is up-regulated in colorectal cancer and is a tumor
promoter. Onco Targets Ther. 2018 May;11:2745-2752
Katsila T, Juliachs M, Gregori J et al. Circulating pEGFR is a
candidate response biomarker of cetuximab therapy in colo-
rectal cancer. Clin Cancer Res. 2014 Dec;20(24):6346-56
Ivancic MM, Megna BW, Sverchkov Y et al. Noninvasive
Detection of Colorectal Carcinomas Using Serum Protein
Biomarkers. J Surg Res. 2020 Feb;246:160-169

Bhardwaj M, Gies A, Weigl K et al. Evaluation and Validation
of Plasma Proteins Using Two Different Protein Detection
Methods for Early Detection of Colorectal Cancer. Cancers
(Basel). 2019 Sep;11(10):1426

Langers AM, Verspaget HW, Hawinkels LJ et al. MMP-2
and MMP-9 in normal mucosa are independently associated
with outcome of colorectal cancer patients. BrJ Cancer. 2012
Apr;106(9):1495-8

YuJ, Zhai X, Li X et al. Identification of MST1 as a potential
early detection biomarker for colorectal cancer through a
proteomic approach. Sci Rep. 2017 Oct;7(1):14265

Martin P, Noonan S, Mullen MP et al. Predicting response
to vascular endothelial growth factor inhibitor and chemo-
therapy in metastatic colorectal cancer. BMC Cancer. 2014
Nov;14:887

Yang Q, Roehrl MH, Wang JY. Proteomic profiling of
antibody-inducing immunogens in tumor tissue identifies
PSMAI1, LAP3, ANXA3, and maspin as colon cancer mar-
kers. Oncotarget. 2017 Dec;9(3):3996-4019



Omics sciences and precision medicine in colon cancer

67

105.

106.

107.

108.

109.

110.

111.

112.

Brown DG, Rao S, Weir TL et al. Metabolomics and me-
tabolic pathway networks from human colorectal cancers,
adjacent mucosa, and stool. Cancer Metab. 2016 Jun;4:11
Deng K, Han P, Song W et al. Plasma metabolomic profiling
distinguishes right-sided from left-sided colon cancer. Clin
Chim Acta. 2018 Dec;487:357-362

Abu-Ghazaleh N, Chua WJ, Gopalan V. Intestinal microbiota
and its association with colon cancer and red/processed meat
consumption. J Gastroenterol Hepatol. 2021 Jan;36(1):75-
88

Shariati A, Razavi S, Ghaznavi-Rad E et al. Association
between colorectal cancer and Fusobacterium nucleatum and
Bacteroides fragilis bacteria in Iranian patients: a preliminary
study. Infect Agent Cancer. 2021 Jun;16(1):41

Cross AJ, Moore SC, Boca S et al. A prospective study of
serum metabolites and colorectal cancer risk. Cancer. 2014
Oct;120(19):3049-57

Long Y, Sanchez-Espiridion B, Lin M et al. Global and
targeted serum metabolic profiling of colorectal cancer pro-
gression. Cancer. 2017 Oct;123(20):4066-4074

Sinha R, Ahn J, Sampson JN et al. Fecal Microbiota, Fecal
Metabolome, and Colorectal Cancer Interrelations. PLoS
One. 2016 Mar;11(3):e0152126

Gao P, Zhou C, Zhao L, Zhang G, Zhang Y. Tissue amino acid
profile could be used to differentiate advanced adenoma from
colorectal cancer. J Pharm Biomed Anal. 2016 Jan;118:349-
355

113.

114.

115.

116.

117.

118.

119.

Ning W, Qiao N, Zhang X, et al. Metabolic profiling analysis
for clinical urine of colorectal cancer. Asia Pac J Clin Oncol.
2021 Aug;17(4):403-413

Wang Z, LinY, Liang J et al. NMR-based metabolomic tech-
niques identify potential urinary biomarkers for early colo-
rectal cancer detection. Oncotarget. 2017 Nov;8(62):105819-
105831

Yang Y, Misra BB, Liang L et al. Integrated microbiome
and metabolome analysis reveals a novel interplay between
commensal bacteria and metabolites in colorectal cancer.
Theranostics. 2019 May;9(14):4101-4114

Van Geelen CM, de Vries EG, de Jong S. Lessons from
TRAIL-resistance mechanisms in colorectal cancer cells:
paving the road to patient-tailored therapy. Drug Resist Updat.
2004 Dec;7(6):345-58

Schrock AB, Ouyang C, Sandhu J et al. Tumor mutational
burden is predictive of response to immune checkpoint inhi-
bitors in MSI-high metastatic colorectal cancer. Ann Oncol.
2019 Jul;30(7):1096-1103

De Roock W, De Vriendt V, Normanno N, et al. KRAS, BRAF,
PIK3CA, and PTEN mutations: implications for targeted
therapies in metastatic colorectal cancer. Lancet Oncol. 2011
Jun;12(6):594-603

Oddo D, Sennott EM, Barault L et al. Molecular Landscape
of Acquired Resistance to Targeted Therapy Combinations
in BRAF-Mutant Colorectal Cancer. Cancer Res. 2016
Aug;76(15):4504-15



