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Abstract: The gut microbiota includes a diverse community of microorganisms, including both
beneficial and pathogenic species that play a crucial role in human health and disease. Emerging
evidence highlights its involvement in colorectal cancer (CRC) pathogenesis through multiple
mechanisms, including chronic inflammation, bacterial virulence factors, genotoxic compounds,
metabolic alterations, and biofilm formation. CRC remains a major global health burden and is
among the leading causes of cancer-related mortality. Recent studies have implicated Fusobacterium
nucleatum as a key contributor to CRC progression, facilitating tumor cell proliferation through
various virulence-associated mechanisms. Furthermore, the molecular mutations, which have a
direct impact on proliferation of CRC, especially KRAS mutations that approximately shape around
60% of CRC cases. This review aims to elucidate the role of gut microbiota, molecular mutations in
cancer, with a particular focus on CRC, detailing the molecular pathways involved in tumor initiation
and progression. Additionally, we discussed the mechanisms by which F. nucleatum promotes CRC
as well as how genotypic biomarkers are being utilized to enhance our understanding of cancer
biology, establish prognostic markers, and forecast therapeutic success.

Keywords: gut microbiota; Fusobacterium nucleatum(Fn); colorectal cancer (CRC); molecular
mutations; genotypic biomarkers; KRAS

1. Introduction

Colorectal cancer (CRC) refers to cancer of the colon or rectum. It is considered more common
in women than in men and is defined as the third most common cancer diagnosed in men and the
second most common cancer in women([1,2]. In 2010, a study focused on the prevalence and impact
of CRC on public health. The study reported more than one million new cases of CRC worldwide [3].
CRC has been identified as the third most prevalent malignancy by the International Agency for
Research on Cancer. In 2018, the World Health Organization (WHO) classified CRC as an aggressive
cancer and as the second leading cause of cancer-related mortality worldwide [4]. In 2030, the death
rate due to CRC is expected to increase by 25%, whereas in 2018, it was estimated to be approximately
0.88 million deaths [5]. Recently, in China, the infection rate was 74.6 per 100,000 men and 58.3 per
100,000 women. A recent estimate reported approximately 36,000 new CRC cases and approximately
191,000 deaths related to CRC occurring annually [6]. According to certain studies, those who
consume red meat have a greater prevalence of CRC. Anemia, weight loss, abdominal tenderness,
and rectal bleeding are all considered common symptoms of CRC [7].

The gut microbiota includes approximately one billion microorganisms, such as bacteria,
viruses, archaea, fungi, and protozoa [8]. It plays a crucial role in the body by promoting immunity
to pathogens, influencing the immune system, and affecting digestion and metabolism [9], regulating
epithelial cell proliferation and differentiation, moderating insulin resistance, influencing insulin
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secretion, and affecting the host’s behavioral and neurological functions [10]. One of the most
significant factors contributing to the rise in CRC is lifestyle, particularly the increase in obesity due
to decreasing physical activity [11].

More than 90% of the gastrointestinal tract has been linked to dietary choices, according to
research evaluating the relationship between CRC and diet [12]. Currently, the precise mechanisms
for developing CRC remain unclear in most patients, while some risk factors have been identified as
genetic; others are linked to environmental and epigenetic factors [13]. There are several treatment
methods for CRC, such as chemotherapy, radiotherapy, and surgery [14]; however, all these methods
have side effects that prompt researchers to explore alternative treatments. Such an approach
involves using bacteria for CRC treatment. For instance, using probiotics or genetically modified
bacteria, which have the ability to accelerate cancer detection [15]. Although bacteria are associated
with many cancers, they also possess antifungal and antimicrobial properties, which may allow them
to be applied as cancer therapies [16,17]. In animal models, a study by Yang et al [18], investigated
the significant role of Bifidobacteria sp., Salmonellae sp. and Clostridia sp, which act as a vector to
deliver a massive range of genes such as apoptosis genes, anti-angiogenic genes, tumor-linked
antigens, and tumor suppressor genes.

Fusobacterium nucleatum (Fn) does not require oxygen for growth, cannot form spores, and is a
gram-negative, spindle-shaped bacterium [19]. It plays a key role in human health and illness, acting
as a bridge [20]. Fn is commonly found in the oral cavity [21], and is also associated with diseases
such as abscesses in the brain and liver [22]. Furthermore, it is linked to intrauterine inflammation
related to pregnancy complications [23]. Additionally, Fn affects colorectal cancer, as it may inhibit
the immune system and promote tumor growth [24]. Understanding the pathogenic pathways of Fn
is valuable for developing targeted interventions and improving human health [25].

Through the analysis of the bacteria’s 165 rDNA sequencing and quantitative PCR, which
included tumor tissues and feces, higher densities of Fusobacterium nucleatum (Fn) were discovered
in CRC patients than in healthy individuals [26]. Due to changes in gut composition, the percentage
of Fn in CRC gradually increases from colon cancer to rectal cancer [27]. The exact mechanism by
which Fn impacts the development and drug resistance of CRC is still inadequately understood [28],
despite the abundance of data [29]. Fn is a virulence factor that strongly contributes to CRC through
various mechanisms [30]. FadA and lipopolysaccharides (LPS), which play significant roles in Wnt/-
catenin signaling stimulation, lead to CRC cell generation [31]. Fibroblast activation protein 2 (Fap2)
binds with D-galactose-(1-3)-N-acetyl-D-galactosamine (Gal-GalNAc). Fap2 and RaD proteins
interact, ultimately leading to apoptosis and suppression of CRC[32].

The main objective of this paper is to review several factors related to CRC in addition to the key
mutations, which participate closely in CRC disease. Moreover, we discuss the vital role of
genotyping biomarkers in understanding the cancer biology, developing prognostic markers, and
predict therapeutic success. First, we will discuss the dangers associated with gut microbiota,
confirming its importance as a health concern and its role in various types of cancer, including CRC.
Second, the associations between gut microbiota and CRC will be examined, focusing on the probable
role of specific microorganisms in CRC development and progression. Fusobacterium nucleatum (Fn)
is involved in CRC, and it is believed that some of its virulence factors contribute to increasing the
risk of the disease. The review will provide in-depth information on the specific virulence factors
produced by Fn and how they contribute to the proliferation of CRC cells that can adhere to host
cells, modulate immune responses, and promote inflammation within the gut microenvironment.
Additionally, different mechanisms by which Fn affects CRC will be discussed. Finally, we elaborated
the KRAS biomarker and its role to inform the targeted therapy for CRC.

2. Gut Microbiota

Gut microbiota refers to the collection of microorganisms in the human intestine [33], while the
gut microbiome represents the microbial genome [34]. The gut microbiome participates in many
important processes, such as large-scale digestion and vitamin synthesis [35]. The composition of
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microbes in the microbiota varies throughout the digestive tract, and small intestine [36], whereas the
colon harbors a greater diversity of microbes. Most intestinal bacteria are anaerobic, and
microorganisms are found in high numbers [37]. For example, the cecum contains a variety of
microorganisms, including Firmicutes [38], Bacteroidetes [39], Actinobacteria [40], Proteobacteria [41],
Bacteroides [42], Clostridium [43], Bifidobacterium [44], and Ruminococcus [45].

Gut microbiota can help maintain health by defending against pathogens, producing various
antimicrobial compounds, and enhancing the immune system [46]. It also plays a role in food
absorption and metabolism [47], controls cell proliferation in epithelial cells [48], modifies insulin
resistance and secretion [49], and affects brain and nerve functions by influencing communication
between the brain and gut[50].

There are many factors affecting gut microbiota and its composition, such as diet, which are
crucial for influencing the gut microbiota, potentially in both positive and negative ways. These
changes can occur by enhancing or reducing the abundance of certain microorganisms in the gut of
infants, diet is a significant factor in determining gut microbiota [51]. After birth, the gut microbiota
is enriched with genes that help digest oligosaccharides obtained from breast milk. Over time, genes
associated with the metabolism of vitamins and polysaccharides become more prevalent in the
metagenome [51]. Additionally, the microbial composition of infant microbiota is influenced by the
method of feeding [52]. As mentioned earlier, gut microbiota formation includes some pathogenic
phyla, such as Actinobacteria, Firmicutes, and Proteobacteria. Breastfed infants may show a decrease in
Firmicutes and Proteobacteria in addition to an increase in Actinobacteria [53]. In contrast, formula-fed
infants experience a decrease in Bacteroides, Streptococci, Clostridia, and Enter bacteria. Furthermore,
breast milk contains oligosaccharides that these bacterial species can effectively metabolize, leading
to the production of short-chain fatty acids (SCFAs) that enhance the expression of immunoglobulin
G [54].

The extent of microbiota colonization becomes apparent immediately after birth. Aerobic
bacterial strains, such as Proteobacteria, are considered the first bacteria detected in the intestine. These
bacteria lead to a deficiency of oxygen, allowing anaerobic bacterial strains like Firmicutes, Bacteroides,
and Actinobacteria to colonize [55]. Host genetics also influence species diversity, individual
variations, and pathogen sensitivity, linking the microbiome and genes to the host’s innate immune
system. Pattern recognition receptors detect bacteria in the intestines and thus regulate the
configuration of the microbiome and microbiome-related illnesses [56].

The diversity of the microbiota increases due to exercise. Compared to non-athletes, athletes
have higher proportions of Firmicutes and lower levels of Bacteroidetes.

Lactobacillus, Bifid bacterium, and Akkermansia are among the bacterial taxa that respond to
exercise, while Proteobacteria, Turicibacter, and Rikenellaceae show a reduction [57]. SCFAs (Short-
chain fatty acids) are a measure of gut health. Additionally, it has been demonstrated that the
production of butyrate-producing taxa, such as Clostridiales, Roseburia, Lachnospiraceae, and
Erysipelotrichaceae, increases in response to exercise and plays a crucial role in moderating the effects
of stress on the host gut microbiota [58].

Although antibiotics are used to kill harmful bacteria, they can be detrimental because they affect
beneficial microorganisms, leading to dysbiosis, a disruption of the gut microbiota [59]. Antibiotics
interfere with the competitive exclusion process that the microbiota uses to prevent pathogen growth
[60]. Depending on the type of antibiotics used and the duration of treatment, different antibiotics
will have varying impacts on gut flora [61]. For instance, two years of clindamycin therapy can alter
the gut microbiota without restoring the Bacteroides population [62]. Additionally, the use of
ciprofloxacin has been reported to reduce Ruminococcus, which had not recovered six months after
treatment, whereas clarithromycin, used to treat Helicobacter pylori, causes a decrease in the number
of Actinobacteria [63]. Vancomycin therapy reduces Bacteroidetes, Fuminococcus, and Faecalibacterium
species but increases Proteobacteria species [64].

Another factor affecting gut microbiota is smoking [65]. The fecal microbiota of healthy
individuals who quit smoking showed significant changes, including an increase in the relative
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abundance of Firmicutes and Actinobacterian and a reduction in Bacteroidetes and Proteobacteria.
Additionally, research has demonstrated that the oral microbiota of smokers and non-smokers differs
significantly [66]. Smokers’ oral cavities are particularly affected by an increase in Porphyromonas and
Neisseria species and a reduction in Gemella species. However, there is little difference between smokers
and non-smokers in their lung microbiota [67]. According to geographical location, the composition
of phyla in the human gut microbiota varies [68]. These geographical differences are influenced by
various lifestyle factors, including genetics, nutrition, and environmental characteristics [69]. Studies
have shown that individuals in non-industrialized countries have higher Firmicutes counts, while in
Westernized countries; the ratio of Bacteroidetes to Firmicutes appears to be higher [70].

3. Gut Microbiota and Cancer

The gut microbiota can influence several types of cancer [71]. Studies have demonstrated that
the gut microbiota plays a significant role in cancer development [72]. Anaerobic bacteria are widely
present in the gut microbiota [73]. They can ferment mucin once undigested food reaches the large
intestine, ultimately producing metabolites, some of which may be beneficial while others can be
harmful [74].

3.1. Gut Microbiota and Colorectal Cancer (CRC)

Although there are differences in gut microbiota, many bacterial species are relevant to CRC.
Streptococcus bovis is considered a dangerous aspect of CRC; it is a gram-positive cocci bacterium [75].
Diarrhea and inflammatory bowel disease (IBD) are associated with the toxin produced by entero-
toxigenic Bacteroides fragilis [76]. Fusobacterium nucleatum is regarded as a critical factor in CRC that
may contribute to the progression of the disease from adenoma to cancer due to its role in human
colorectal function[77]. In this review, we will illustrate the role of F. nucleatum as a member of the
gut microbiota, which has been extensively studied in patients at the early stages of CRC [78].
According to certain studies, CRC patients have higher levels of Enterococcus faecalis than healthy
individuals [79]. Superoxide, which damages DNA in epithelial cells, is produced in response to
Enterococcus faecalis [80]. Additionally, research has shown that CRC patients exhibit greater levels of
Escherichia coli than healthy individuals [81]. Samples from the fecal and mucosal microbiotas of
CRC patients have been found to be enriched with Peptostreptococcus anaerobius [82].

3.2. Gut Microbiota and Colorectal Cancer (CRC)

Carcinogenesis of colorectal is extremely complicated Figure (1) . It involves environmental,
mental, and genetic factors. Recent studies suggest that various mechanisms are involved, including
inflammation, virulence factors from pathogenic bacteria, biofilm formation, genotoxins, the
production of oxidative stress elements, and numerous bacterial metabolites [83].
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Figure 1. Gut microbiota mechanisms in colorectal carcinogenesis. 1. Myeloid cells are tumor-related cells that
can be activated by products of pathogenic bacteria. 2. The adhesion of pathogenic bacterial virulence factors to
intestinal epithelial cells (IECs) promotes tumorigenesis. 3. By damaging DNA in IECs and accelerating the
production of genotoxins, this process is considered the first step in CRC development. 4. DNA damage is
activated by reactive oxygen species (ROS) and reactive nitrogen species (RNS), which are produced by
inflammatory cells. 5. Many bacterial metabolites, including NOCs and secondary bile acids, contribute to DNA
damage, resulting in the promotion of CRC carcinogenesis. 6. Biofilm formation by different pathogenic bacteria

enhances carcinogenesis through IL-6 and by activating the STAT3.

3.2.1. Inflammation

Over the past ten years, substantial evidence has been gathered demonstrating that
inflammation plays a critical role in tumorigenesis [84]. The gastrointestinal microbiota interacts
closely with the host immune system. Inflammation has been evaluated in the context of colorectal
cancer (CRC). Bacterial stimulation of the immune response can accelerate chronic low-grade
inflammation [85]. Typically, the gastrointestinal microbiota is separated from immune cells by the
intestinal mucosal barrier, which is composed of layers of intestinal epithelial cells (IECs) connected
by tight junctions (TJ) [86]. Disruption of the gastrointestinal mucosal barrier using dextran sodium
sulfate-induced colitis leads to increased susceptibility to CRC [87].

The distinct removal of matriptase, a membrane-associated serine protease that enhances the
intestinal epithelial barrier by promoting tight junction formation, contributes to the development of
CRC [88]. This enzyme alters the decline of intestinal epithelial cells (IECs) to establish an effective
barrier, allowing commensal microorganisms and their metabolites to interact with the tumor
microenvironment. The microbiota is recognized by various pattern recognition receptors (PRRs),
such as Toll-like receptors (TLRs), which regulate the inflammatory response to microbe-associated
molecular patterns, including lipopolysaccharides (LPS) [89]. The activation of commensal bacteria
and their components through TLRs on cancer-infiltrating myeloid cells triggers the MyD88-
mediated production of inflammatory cytokines, particularly interleukin (IL)-23, which subsequently
stimulates the production of IL-17A, IL-6, and IL-22 [90].

Finally, the activation of the nuclear factor kappa B (NF-B) and STAT3 signaling pathways
initiates the proliferation of malignant growth cells [91]. Furthermore, IL-17C in modified intestinal
epithelial cells (IECs) upregulates commensal bacteria and their metabolites through TLR/MyD88-
dependent signaling. B-cell lymphoma 2 (Bcl-2) and Bcl-xL are activated by IL-17C, and they are
expressed in IECs in an autocrine manner to promote cancer cell survival and tumorigenesis [92].
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Peptostreptococcus anaerobius is capable of creating a favorable, inflammatory, and immune
microenvironment that facilitates tumorigenesis. In Apc Min/+ mice, Peptostreptococcus anaerobius
significantly induces the expression of pro-inflammatory cytokines, which subsequently recruits a
range of tumor-infiltrating immune cells, particularly immunosuppressive myeloid-derived
suppressor cells, tumor-associated macrophages, and granulocytic tumor-associated neutrophils, to
promote tumor growth [82].

3.2.2. Virulence Factors

Many pathogenic bacteria play a crucial role in colorectal cancer (CRC), with Streptococcus bovis
being commonly found in the human gastrointestinal tract [93]. In the context of CRC progression,
IL-1, cyclooxygenase-2 (COX-2), and IL-8 are among the key mediators of inflammation-driven
carcinogenesis [94].

3.2.3. Genotoxins

Bacteria produce genotoxins that are associated with colonic carcinogenesis due to their DNA-
damaging effects. A genomic island in Escherichia coli (E. coli) contributes to the production of
polyketide synthase (pks), which encodes the synthesis of the polyketide-peptide genotoxic colibactin
[83]. Studies have shown that colibactin toxin induces cellular changes that lead to tumor cell
proliferation in liver cells [95]. Additionally, Campylobacter jejuni produces genotoxins that cause
DNA damage, facilitating the development of CRC [96]. Furthermore, Salmonella produces
genotoxins and typhoid toxin, which induce DNA damage through the PI3K pathway in the
epithelial cells of the colon [97].

3.2.4. Oxidative Stress

Oxidative stress is an imbalance between the production of pro-oxidative molecules, such as
reactive oxygen species (ROS), and the body’s ability to eliminate them. It is well-known for
contributing to chronic inflammation caused by gut microorganisms. In the context of chronic
inflammation, various ROS are produced by inflammatory cells, which can enhance DNA damage
and further promote the progression of colorectal cancer (CRC) by activating oncogenes. The gut
microbiota can generate ROS directly. For instance, infection with Enterococcus faecalis activates
superoxide production, leading to DNA damage in epithelial cells through a bystander effect [98].
Additionally, cholesterol synthesis is stimulated by the action of TLR2/TLR4, and Propionibacterium
anaerobius can promote cell proliferation [99]. Moreover, ROS production is increased by Escherichia
coli in colonic epithelial cells [100].

3.2.5. Metabolism

A new study found that 38.3% of CRC cases are associated with poor dietary habits,
characterized by a high intake of red and processed meats, and a low consumption of grains and
dairy products [101]. The risk of CRC increases by 19% due to obesity, and being overweight has
been recognized as a significant risk factor for CRC [102]. Diet influences CRC, particularly when an
imbalance in food intake alters the composition of the gut microbiome. A diet rich in animal fat and
protein promotes the dominance of Bacteroides enterotypes [103]. The gut microbiota serves as an
intermediary factor, playing a critical role in food digestion. Intestinal microbes ferment undigested
food components, such as fructo-oligosaccharides, and bile acids, which are produced by the host.
Short-chain fatty acids (SCFAs), including acetate, butyrate, and propionate, are organic acids formed
through fermentation in individuals who maintain a balanced diet [104]. Conversely, pro-
carcinogenic substances, such as secondary bile acids and N-nitroso compounds (NOCs), are
produced through microbial metabolism when dietary intake is unbalanced [105].

Butyrate is the primary energy source for colonocytes and a key regulator of epithelial
proliferation. Firmicutes primarily produce it through the fermentation of resistant starches and
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dietary fiber. Butyrate can suppress the activity of histone deacetylases in immune cells and
colonocytes, which in turn reduces pro-inflammatory cytokines and induces apoptosis in CRC cells
[106].

3.2.6. Biofilms

The concept of biofilm is still being researched in relation to colorectal cancer (CRC) and gut
microbiota. Biofilms are aggregates of microbial groups encased in a polymeric matrix that have a
direct connection with epithelial cells by invading the colonic mucosal layer. The formation of
biofilms increases colonic epithelial permeability, facilitating bacterial antigen conversion and
promoting pro-carcinogenic inflammation [107]. Previous researchers have found that the gut
microbiota plays a key role in various physiological processes. It assists in the digestion and
metabolism of nutrients, helps maintain the health and integrity of the intestinal lining, and
participates in immune system functions [108]. Although the gut microbiota is essential for human
health, disruptions in its composition and function can lead to dysbiosis, which has been linked to
various health conditions, including CRC [109]. Researchers have investigated the complex
relationship between gut microbiota and CRC development, seeking to understand how changes in
microbiota composition or metabolic activities may influence CRC progression [110]. Imbalances in
gut microbiota, particularly with the presence of pathogenic bacteria, can initiate the development of
CRC [111]. Previous studies have shown higher levels of certain bacteria associated with CRC, such
as Escherichia coli, Fusobacterium nucleatum, and Streptococcus bovis. Among these bacteria,
Fusobacterium nucleatum has been identified as one of the causative agents of CRC in humans [112].

4. Fusobacterium nucleatum Mechanisms of Action

In the investigation of colorectal cancer (CRC) tissue structure and normal tissue in relation to
the gut microbiota, Fusobacterium nucleatum (Fn) was discovered in CRC tissue, establishing it as a
causative agent of CRC[113]. Through the application of 165 rRNA and metagenomic analysis, a
significant increase in Fusobacterium species sequences associated with CRC has been observed (Figure
2) [114]. Fusobacterium species are known to act as pathogens in oral infections, appendicitis, and
inflammatory bowel disease [115].

Recent research has provided experimental evidence supporting the role of Fusobacterium
nucleatum in the initiation of colonic tumorigenesis. Apc (Min/+) mice continuously exposed to F.
nucleatum show a significant increase in colon and small bowel tumors[116]. The data indicate that F.
nucleatum can modulate the colonic tumor microenvironment, leading to an increase in myeloid-
derived immune cells and the upregulation of inflammation-associated genes. Additionally, a higher
abundance of F. nucleatum was detected in fecal samples from healthy individuals compared to those
with tumors. These findings suggest that the detection of Fusobacterium may not be an adequate
biological marker for identifying individuals at high risk of developing CRC. Various factors
associated with Fusobacterium nucleatum aid in the initiation and progression of CRC (Figure 3) [111].

4.1. Fusobacterium nucleatum Virulence Factors

FadA and lipopolysaccharides (LPS) are virulence factors demonstrated by Fusobacterium
nucleatum. The 3-catenin signaling pathway is activated by the action of FadA through its connection
with E-cadherin [28]. LPS binds to Toll-like receptor 4 (TLR4), leading to the activation of PAK1 (P21-
activated kinase), which results in the phosphorylation of -catenin at Ser675. Phosphorylated -catenin
enhances transcriptional activity and promotes the expression of CCND and MYC [117].

Fibroblast activation protein 2 (Fap-2), which binds to D-galactose-(1-3)-N-acetyl- D-
galactosamine (Gal-GalNAc), is overexpressed in CRC [118]. Fap-2 interacts with TIGIT, inhibiting
the activity of natural killer (NK) cells and lymphocytes. This interaction supports CRC growth.
Endothelial and epithelial cells are the targets of FadA interaction, while only Gal-GalNAc is bound
by Fap-2 [119].
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4.1.1. FadA and LPS Virulence Factors Mechanisms in Colorectal Cancer

FadA, an adhesion protein, has been identified as the most notable virulence factor of Fn, as it
can fully attach to host cells, facilitate bacterial adhesion, and disrupt epithelial cells[120]. Several
studies have shown that FadA positive F. nucleatum was detected in biopsy specimens from CRC
patients. Patients with CRC have detectable levels of FadA, in contrast to patients without CRC. It
has been found that FadA can bind to E-cadherin on the surface of CRC epithelial cells. This binding
leads to the expression of various transcription factors, oncogenes, and Wnt-regulated genes. The
activation of the {3-catenin signaling pathway due to Fad A and E-cadherin binding results in
inflammation that promotes CRC cell growth [121].

Fad A enhances the stimulation of E-cadherin/B-catenin proteins through the phosphorylation
and internalization of E-cadherin Figure (4) . This interaction causes -catenin to undergo nuclear
translocation and cytoplasmic accumulation [122]. Downstream genes, such as Cyclin D1, are
activated by nuclear 3-catenin. Furthermore, Fad A modifies annex in Al via E-cadherin to activate -
catenin signaling, accelerating colorectal cancer growth [88]. LPS-containing F. nucleatum activates
P21-activated kinase 1 (PAK1). Tumor cell proliferation is driven by the phosphorylation of (3-catenin
at Ser675 [117]. LPS also triggers TLR4 signaling, which increases the expression of microRNA- 21.
Numerous microRNAs play significant roles in the development of colorectal cancer (CRC). Some,
like microRNA-21, lower the level of the RAS GTPase RASA1, stimulating tumor growth and
development in mouse CRC cells, and have also been utilized to diagnose the disease[88]. TLR4 may
accelerate tumor growth by stimulating the Wnt/{3-catenin pathway [28].
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Figure 2. Relative Abundance of Fusobacterium nucleatum and Other Microbial Groups in CRC vs. Normal
Tissue. F. nucleatum abundance in CRC tissues is estimated at 15% to reflect its significant enrichment (noted as
a dominant fusobacterial species in 94.1% of biofilm-positive tumors). Paired normal tissues have minimal F.

nucleatum (2%). Healthy biopsies have even lower abundance (1%), based on Figure 5a showing significant
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differences from CRC tissues. Other Fusobacterium species (F. necrophorum, F. periodonticum, L. trevisanii) are less
abundant, estimated at 5% in CRC tissues. “Other Bacteria” (e.g., Bacteroidetes, Lachnospiraceae, Proteobacteria)

dominate the remaining composition.
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| Metabolism | Virulence factors miRNA |
FaD A Fap2 OMVs
Bacterial . E-cadherin  Gal-GalNAc  TIGIT  Proteases
metabolites | F T |
products act as Activate Wnt / Fe— t Bacterial -
chemoattractant for B- catenin Localization systemcells  invasion and Inhibition
myeloid cells singling of bacteria as NK cells EMT markers RASA1

AN

Colorectal cancer cell initiation
and proliferation

-

Figure 3. The role of Fusobacterium nucleatum in the initiation and progression of colorectal cancer. There are
various factors, which play a significant role in the initiation and progression of colorectal cancer as described
above. Abbreviations; EMT: epithelial-mesenchymal transition; Fap2: fibroblast activation protein 2; Gal-

GalNAc: D-galactose-(1-3)-N-acetyl-D-galactosamine; NK: natural killer; OMV: outer membrane vesicle.

Fn -
FadA @ LpPs

E-cadherinO > g Fine
< /
RASA1——Ras

RASATmMRNA MAPK cascade
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B-catenin (B-catenin ) (s675)—0

|—>( Ciclin D1) > Proliferation

Figure 4. The role of Fusobacterium nucleatum virulence factors in enhancing CRC cell proliferation. 1.FadA
protein binds to E-cadherin on epithelial cells. At the same time, Annexin A (ANXA1) is regulated by FadA in
conjunction with E-cadherin, leading to the activation of the Wnt/B-catenin pathway. 2. PAKI1 is activated by
LPS binding through TLR4. PAK1 phosphorylates -catenin at ser675. 3. This phosphorylation increases the
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nuclear accumulation of -catenin. 4. The activation of the Cyclin D1 (CCND1) gene by nuclear -catenin leads to
CRC promotion. 5. Transcription of miR- 21 occurs due to the activation signaling of TLR4, MYD88, and NF-B.
6. MAPK is activated by miR-21 through RASA1 inhibition, leading to accelerated cancer cell proliferation.

4.1.2. Fap2 and Radiation gene (RadD) Virulence Factors Mechanisms in Colorectal Cancer

Fap2 plays a significant role in Fusobacterium nucleatum infection [60]. It mediates the
enhancement of Fn in colorectal cancer (CRC) by interacting with the host factor (Gal-GalNAc)
expressed by tumors, contributing to the colonization and adherence of Fn to CRC tissue.
Additionally, Fn inhibits immune system cells, such as natural killer (NK) cells, through binding with
TIGIT [123]. It also induces lymphocytic apoptosis by binding Fap2 to RadD Figure (5) [124].

C " Fn
ap2 Fap2 RadD
|

Fap2 F
aI GalNac TIGIT
...Q.OC.Q L JEJE JEK JK J ® O
Connection
Suppression NK cells
T cells
v Apoptosis
Cell proliferation ‘ e ——
enriched

toxic environment

Figure 5. Fap2 and Rad D mechanisms in colorectal cancer: (1) Fap2 binding to Gal-GalNAc leads to
colonization of F.nucletum in CRC tissue (2) Function of the immune system has been inhibited because of Fap2-
TIGIT binding (3) Fap2 and Rad D connection leads to lymphocytic apoptosis induction. (4) Additionally, a
kynurenine-enriched toxic environment could be created by F. nucleatum inside the immune cells' tryptophan

metabolism.

In summary, we can outline the Fn components in colorectal disease through the following
pathways: (1) The binding and activity of FadA from Fn to human epithelial and endothelial cells,
while pro-inflammatory cytokine levels such as IL-6, IL-8, IL-10, and NF-B increase in a pro-
inflammatory microenvironment, thereby promoting the progression of colorectal tumors. (2) FadA’s
interaction with E-cadherin in the signaling pathway. (3) Fn-infected cells increase miRNA
expression by activating costimulatory receptors, leading to the release of miRNAs. Human
lymphocyte activity is reduced by Fusobacterium nucleatum in a tumor-associated microenvironment.
(4) Fap2 from F. nucleatum interacts with the human inhibitory receptor TIGIT, which leads to the
death of human lymphocyte cells, creating an inflammatory environment that accelerates the
progression of CRC [125].

4.2. Outer Membrane of Fusobacterium nucleatum

It has been stated that outer membrane vesicles (OMVs) can be secreted by gram-negative
bacteria, serving as vehicles for virulence factors [126]. OMVs can communicate with host epithelial
cells due to their surface proteins and binding particles [127]. E-cadherin, a tight junction protein, is
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degraded by intra-OMV proteases from Fusobacterium nucleatum, facilitating bacterial invasion and
triggering inflammatory reactions. Furthermore, OMVs promote epithelial-mesenchymal transition
(EMT), a significant pathway in cancer metastasis. F. nucleatum and OMVs can upregulate EMT
markers, which include N-cadherin, integrin-5, bone morphogenetic proteins (BMPs), Snail, Bend,
ZEB-1, and fibronectin-1 [128].

4.3. MicroRNA

Several microRNAs (miRNAs) are involved in colorectal cancer (CRC) tumorigenesis; a few of
them are used as diagnostic tools and to track the progress of CRC in patients [129]. MiR-21 is crucial
in the development of colitis related to CRC and chronic intestinal inflammation [130]. The potential
impact and underlying mechanism of Fusobacterium nucleatum on colorectal cancer (CRC) in both
laboratory settings and living organisms have been suggested. When CRC cells were treated with F.
nucleatum, an increase in cell proliferation and invasion was observed. Similarly, APC Min/+ mice
infected with F. nucleatum showed an increase in tumor burden and tumor size. Microarray analysis
conducted after treating CRC cell lines with F. nucleatum revealed that out of the 657 miRNAs
examined, 50 miRNAs were upregulated and 52 miRNAs were downregulated [131]. Among these,
miR-21 showed the highest expression rate of all the miRNAs. It was proposed that miR-21 is a direct
target of the bacteria. Subsequent analysis demonstrated that miR-21 directly targets RASA1, and
RASA1 expression is upregulated when miR-21 is inhibited. The RAS oncoprotein can bind to RASA1
and become inactive . The TLR4/MYD88/NE-B axis can be activated by F. nucleatum in CRC cells, and
miR-21 expression is regulated by this signaling pathway[131].

4.4. Bacterial Metabolism

Amino acids and peptides are used as nutritional sources by Fusobacterium nucleatum in the
cancer microenvironment. Myeloid cell chemoattractant includes short chain fatty acids (SCFAs) and
formyl methionyl-leucyl-phenylalanine, which are products of Fusobacterium’s amino acid
metabolism. Furthermore, Fusobacterium’s unique electron transport chain allows it to proliferate in
the hypoxic tumor microenvironment [20].

5. Molecular Mutations of Colorectal Cancer (CRC) and Targeted Therapy

A molecular mutation is a change in the nuclear material of an organism’s genome. These
mutations may occur due to errors during DNA replication, such as the substitution, insertion, or
deletion of nucleotides in the DNA sequence. Additionally, defects in DNA repair mechanisms, along
with exposure to chemical or radiation mutagens, can be responsible for these mutations [132].
Mutations in a collection of tumor suppressor genes or oncogenes participate in the proliferation and
development of colorectal cancer (CRC) worldwide. Crucial genes associated with these mutations
are listed in Table 1, indicating their role in the presence of CRC[133].

5.1. Genotypic Biomarkers in Colorectal Cancer (CRC): Understanding Cancer Biology, Prognosis, and
Therapeutic Success

Genotypic biomarkers include mutations, polymorphisms, and epigenetic changes, providing
insights into the field of cancer biology. As prognostic indicators, they inform therapeutic strategies.
The percentages of prevalence of biomarkers in colorectal cancer (CRC) are illustrated in Figure 6
[134,135]. In the context of CRC, these biomarkers are crucial for therapeutic purposes. We
summarize in Table 2 the key genotypic biomarkers used in CRC, their roles in cancer biology, and
their significance as prognostic and therapeutic indicators, with a focus on mutations.
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Figure 6. The prevalence of Genotypic Biomarkers in CRC. In particular, MYC shows a striking incidence of
100%, indicating that this mutation exists among universally studied samples. The PEN mutations are observed
in 30% of cases, while CIMP is present in 55% of patients, suggesting significant participation in the CRC
pathology. KRAS mutation, a well -known oncogenic driver, appears in 35% of the samples, while TP53
mutations are found in 55%, highlighting their importance in the progression of the tumor. In addition, PIK3CA
mutations and BRAF mutations show the spread of 17.5% and 12.5%, respectively, which indicates their roles in
the disease. Finally, the presence of microsatellite instability (MSI) observed in 15% cases, as well as Lynch
syndrome genes of 3%, reflects their contribution to hereditary cancer syndrome. Overall, this data forms the
varying occurrence of the important major biomarkers of CRC's diverse genetic landscape and individual
treatment strategies. Abbreviations: MSI: Microsatellite Instability, CIMP: CpG Island Methylator Phenotype, KRAS:
Kirsten Rat Sarcoma Viral Oncogene Homolog, BRAF: B-Raf Proto-Oncogene, PIK3CA: Phosphoinositide-3-Kinase
Catalytic Subunit Alpha, TP53: Tumor Protein p53, PTEN: Phosphatase and Tensin Homolog , MYC: MYC Proto-

Oncogene.

5.2. Therapeutic Achievements

KRAS G12C mutations carry out in around 4% of CRC disease. Recently achievements in aimed
treatment, have led to develop small- molecules, covalent KRAS G12C inhibitors, such as sotorasib
and adagrasib[136,137] . One of the most apparently proto-oncogenes known to date is Kirsten Rat
Sarcoma gene (KRAS), where it accounts for around 60% of all colorectal cancer mutations[138]. These
mutations promote tumor growth by activating continuous significant signaling pathways, such as
RAS-RAF-Make-made (MAPK) and PI3K actor, to promote the development of tumors, cause
treatment resistance and diagnose adverse diseases [139]. Lately, progress in targeted therapy has
resulted in the creation of small-molecule, covalent KRAS GI12C inhibitors like sotorasib and
adagrasib. These drugs specifically and permanently attach to the mutant KRAS G12C protein,
keeping it in an inactive GDP-bound form and shutting down its cancer-causing signals[139].

A study involved 129 patients with advanced stage tumor because of KRAS G12C mutation.
57% participants experienced with random grade of treatment-related adverse events (TRAESs),
where 12% with grade 3 or 4. Another study involved 62 patients with advanced stages of CRC with
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KRAS G12C-mutant, to dose of 960 mg from sotorasib monotherapy once a day. A partial response
has been recorded in 6 patients[140].

A combination therapy strategy is being recommended, where KRYSTAL-1 and CodeBreaK 100
have displayed moderate response rates[141]. Panitumumab and sotorasib (960 mg once daily) have
been combined and evaluated in 40 patients with chemotherapy-refractory KRAS-G12C-mutant
mCRC, leading to a 30% objective response rate (ORR)[142]. Furthermore, a total of 94 patients were
treated with a combination of cetuximab and 600 mg twice daily dose of adagrasib, leading to 40 %
ORR[143]. A 42% ORR was recorded in among of 38 patients received a combination treatment of
cetuximab and around 150 mg twice daily dose[144].

6. Conclusions

This review highlights the important role of gut microbiota and genotype biomarkers in CRC
pathogenesis and progression. Integration of microbioma analysis with genotype profiles promises
avenues for individual therapy in CRC, facilitates the development of targeted treatments and
improves patient results through better development. Ongoing research is necessary to highlight the
columns in these interactions and translate conclusions into clinical practice.

Table 1. Key Molecular Mutations in Colorectal Cancer.

Gene/Mutation location Prevalence in CRC (%) Biological Implication Reference

TP53 (Exons 5-8) ~50% Loss of DNA-binding ability, impairs cell [145,146]

cycle arrest and apoptosis; late event in
adenoma-to-carcinoma transition

KRAS (Codons 12/13) 25-60% Constitutively active Ras protein, drives [147,148]

proliferation via MAPK pathway

KRAS (Codon 61) ~5% Similar to codons 12/13; promotes [149]

uncontrolled cell growth

BRAF (V600E) 5-10% Constitutively active kinase, activates [150]

MAPK pathway in a RAS-independent

manner
APC (Truncations, 20-48% Disrupts Wnt signaling, increases f3- [151,152]
Hypermethylation) (hypermethylation); catenin activity, promotes proliferation;
~70% (mutations) early event in CRC

p-Catenin (Point mutations, Up to 10% Stabilizes  (-catenin, activates Wnt [153]
Deletions) signaling; mutually exclusive with APC

mutations
SMAD4 (MH2 Region) ~10-20% Disrupts TGF-f3 signaling, impairs growth [154,155]

regulation
AXIN1/AXIN2 (Point ~5-10% Disrupts B-catenin destruction complex, [156,157]
mutations, Deletions) activates Wnt signaling
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Table 2. Genotypic Biomarkers in Colorectal Cancer.
Biomarker Role in Cancer Biology Prognostic Therapeutic Prediction Reference
Significance
KRAS Activates MAPK pathway, Worse survival in Resistance to anti-EGFR [158]
drives proliferation metastatic CRC, therapies; use VEGF
higher recurrence inhibitors or chemotherapy
TP53 Impairs cell cycle Poorer prognosis in May influence [159,160]
arrest/apoptosis, increases advanced CRC chemotherapy response;
genomic instability p53-targeted therapies in
trials
BRAF Activates MAPK pathway, Poor prognosis, Resistance to anti-EGFR; [161,162]
RAS-independent shorter survival BRAF/MEK inhibitors
APC Activates Wnt pathway, Linked to FAP and Wnt inhibitors in trials [163]
promotes proliferation sporadic CRC
progression
p-Catenin Activates Wnt pathway, Variable; may  Wnt inhibitors in trials [164]
mutually exclusive with indicate aggressive
APC mutations disease
SMAD4 Disrupts TGF-3 signaling, Worse prognosis in  TGF- modulators in trials [165]
impairs growth regulation metastatic CRC
AXINT/AXIN2 Activates Wnt pathway via May indicate tumor  Wnt inhibitors in trials [166]
[-catenin dysregulation aggressiveness
NRAS Activates MAPK pathway, Poorer prognosis in Resistance to anti-EGFR [167,168]
similar to KRAS metastatic CRC therapies
PIK3CA Activates PIBK/AKT Variable; exon 20 Partial anti-EGFR resistance; [169-171]
pathway mutations linked to  PI3K inhibitors in trials
worse outcomes
MSI-High MMR defects (e.g, MLH1, Favorable Predicts response to [172,173]
MSH2) cause genomic prognosis, better immunotherapy (e.g.
instability survival pembrolizumab)
CIMP Promoter hypermethylation Poor prognosis in May influence [174,175]
silences tumor-suppressor some subtypes, chemotherapy response
genes often with BRAF

mutations
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