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Abstract: Colorectal cancer (CRC) arises through a combination of genetic and epigenetic alterations
that affect key pathways involved in tumor growth and progression. This review examines the major
molecular pathways driving CRC, including Chromosomal Instability (CIN), Microsatellite Instability
(MSI), and the CpG Island Methylator Phenotype (CIMP). Key mutations in genes such as APC, KRAS,
NRAS, BRAF, and TP53 activate signaling pathways like Wnt, EGFR, and PI3K/AKT, contributing to
tumorigenesis and influencing responses to targeted therapies. Resistance mechanisms, including
mutations that bypass drug action, remain challenging in CRC treatment. This review highlights the
role of molecular profiling in guiding the use of targeted therapies such as tyrosine kinase inhibitors
and immune checkpoint inhibitors. Novel combination treatments are also discussed as strategies to
improve outcomes and overcome resistance. Understanding these molecular mechanisms is critical
to advancing personalized treatment approaches in CRC and improving patient prognosis.

Keywords: colon cancer; targeted therapy; immunotherapy; BRAF mutations; MSI/dMMR; PI3K/
AKT/mTOR pathway; KRAS mutations; APC pathway

1. Introduction

Colorectal cancer (CRC) represents the third most common cause of death in Europe, rep-
resenting 11.6% of all cancer deaths and directly taking approximately 215,000–250,000 human
lives in the European population yearly [1]. In Romania, colorectal cancer is a significant
health concern, ranking as the most common cancer across both sexes, with approximately
13,541 new cases recorded in 2022, representing 12.9% of all cancer cases in the country [2].

The general risk factors are well known in both the scientific community and the
general population. Despite this, the incidence of most gastrointestinal malignancies is on
the rise, especially in younger generations when compared to counterparts in older cohort
studies, making the need for novel effective therapies imperative [3].

Targeted therapies have revolutionized colorectal cancer treatment in recent years,
focusing on specific genes, proteins, or the tissue environment, which is crucial for cancer
cell survival and growth. These therapies act through various mechanisms, either by
blocking signals that tell cancer cells to grow and divide, like tyrosine kinase inhibitors
(TKI), or by inducing cell death (apoptosis) in cancerous cells. Another targeted approach
is preventing the formation of blood vessels (angiogenesis) that supply the tumor [4].
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The first such agent approved by a regulatory body was cetuximab (marketed as
Erbitux), approved by the U.S. Food and Drug Administration (FDA) in 2004 for use in
metastatic colorectal cancer (mCRC). The second revolution came with the discovery of
small molecule inhibitors, especially kinase inhibitors, which are that drugs interfere with
specific enzymes or receptors within the cancer cells. The first tyrosine kinase inhibitor
approved for colorectal cancer was regorafenib (marketed as Stivarga), which was approved
by the U.S. FDA in 2012. The first non-tyrosine kinase small molecule inhibitor approved
for colorectal cancer was trifluridine/tipiracil (marketed as Lonsurf), which was approved
by the U.S. FDA in 2015 [4,5].

Since then, the therapeutic options have become broader, especially with the help
of oncogenetics and molecular tumor profiling. The aim of this paper is to present an
up-to-date review of current and upcoming molecular agents used for the treatment of
both mCRC and CRC.

2. Key Molecular Pathways in Colorectal Cancer Carcinogenesis

In colorectal cancer, three major molecular pathways drive carcinogenesis: the Chro-
mosomal Instability (CIN) pathway, Microsatellite Instability (MSI) pathway, and the CpG
Island Methylator Phenotype (CIMP) pathway [6]. Although these pathways provide a
framework for understanding CRC’s genetic and molecular changes, tumors often do not
follow a single pathway exclusively. Instead, significant overlap and interaction between
these pathways exist, highlighting the complexity of CRC and the necessity for person-
alized treatments that target multiple pathways simultaneously. The main pathways of
carcinogenesis are illustrated in Figure 1 below.
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CIN is observed in over 70% of CRCs, typically involving mutations in the APC
gene and affecting the distal colon. These tumors are characterized by chromosomal
abnormalities, including mutations in KRAS and loss of TP53, and often exhibit loss of
heterozygosity on chromosome 18, which contributes to tumor progression [7].

MSI is found in up to 30% of CRCs, particularly in tumors located in the proximal colon.
This instability occurs when errors during DNA replication, particularly in microsatellite
regions, go uncorrected due to defects in the DNA mismatch repair (MMR) system [8,9].
Key genes involved in this process include MLH1, MSH2, MSH6, and PMS2, which play
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an important role in correcting replication errors [8]. MSI is especially significant in
Lynch syndrome, where inherited mutations in these MMR genes result in a higher risk of
CRC [10]. MSI tumors frequently show mutations in TGFBR2, BAX and also APC, TCF7L2,
and CTNNB1, activating the Wnt signaling pathway [7,11].

CIMP, also known as the Serrated Neoplasia Pathway, is implicated in around 15% of
CRCs and is frequently associated with BRAF mutations and high Microsatellite Instability
(MSI-H) status. These tumors are typically located in the proximal colon, are more prevalent
in older females, and often arise from serrated polyps, characterized by a distinctive “saw-
toothed” histological pattern [12]. The pathway is driven by epigenetic modifications,
primarily the hypermethylation of CpG islands in promoter regions of specific genes. The
BRAF V600E mutation plays a central role by activating the MAPK/ERK pathway, leading
to uncontrolled cell proliferation. Furthermore, this mutation facilitates the formation of
repressive complexes, such as the MAFG (Musculoaponeurotic Fibrosarcoma Oncogene
Homolog G) corepressor complex, which methylates promoter regions of target genes. This
hypermethylation and histone modification silences crucial genes involved in DNA repair,
apoptosis, and other regulatory processes. One significant gene often silenced is MLH1, a
critical component of the mismatch repair system. MLH1 silencing disrupts DNA repair
mechanisms, resulting in Microsatellite Instability, a hallmark of CIMP-high (CIMP-H)
tumors. However, about half of CIMP-positive CRCs do not exhibit MLH1 methylation
or MSI, reflecting the heterogeneity of this pathway [13]. From a clinical perspective,
CIMP-positive CRCs have shown variable responses to chemotherapy, with some studies
indicating poor outcomes with 5-fluorouracil (5-FU) therapy, while others suggest potential
benefits from irinotecan-based regimens [14].

Overall, the molecular landscape of CRC is fluid, with tumors often engaging more
than one pathway, which necessitates complex and personalized treatment strategies.

2.1. Actionable Molecular Pathways
2.1.1. EGFR Pathway

The epidermal growth factor receptor (EGFR) plays an important role in colorectal
cancer by activating key signaling pathways, such as Ras-MAPK and PI3K-Akt, which
drive tumor growth, angiogenesis, and survival [15]. EGFR is expressed in 60–80% of
CRC cases and contributes to tumorigenesis by dysregulating the cell cycle and promoting
survival factors [16]. The overexpression of EGFR is linked to poor prognosis, making
it a vital therapeutic target. Anti-EGFR monoclonal antibodies, such as cetuximab and
panitumumab, have proven effective in treating metastatic CRC, but only in patients with
RAS wild-type tumors. Mutations in KRAS and NRAS lead to constant activation of
downstream pathways, bypassing EGFR inhibition and causing primary resistance to these
therapies [15,17]. Additional biomarkers, such as BRAF mutations, PIK3CA mutations and
PTEN loss, also contribute to resistance. BRAF mutations, found in approximately 10%
of mCRC cases, are particularly concerning as they predict a poor response to anti-EGFR
treatment [17].

Despite these challenges, research into novel resistance mechanisms, such as changes
in EGFR ligands (e.g., amphiregulin and epiregulin) and other receptors like HER2, is
ongoing. These findings underscore the complexity of resistance in CRC and highlight the
need for comprehensive molecular profiling in clinical practice to better select patients for
targeted therapies [18]. In order to address these obstacles, combination therapies targeting
multiple pathways are under investigation, alongside the development of new agents, such
as allosteric inhibitors targeting specific RAS mutations. These advances hold promise for
more personalized and effective treatment strategies for mCRC patients, addressing the
dynamic and evolving landscape of resistance mechanisms [19].

Figure 2 below illustrates key therapeutic targets in the EGFR, KRAS, BRAF, and
PI3K/AKT/mTOR pathways, with inhibitors that can block critical nodes in colorectal
cancer progression.
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2.1.2. HER2 (ERBB2) Pathway

Human Epidermal Growth Factor Receptor 2 (HER2), also known as ERBB2 (Ery-
throblastic Oncogene B, Receptor Tyrosine Kinase 2), is a proto-oncogene that encodes a
transmembrane glycoprotein receptor with tyrosine kinase activity. Unlike other mem-
bers of the EGFR family, HER2 does not directly bind ligands. Instead, it is activated
through homodimerization (pairing with another HER2 receptor) or heterodimerization
(pairing with other receptors like EGFR, HER3, or HER4). These dimers trigger down-
stream signaling pathways involved in cell growth and survival, particularly the PI3K/AKT
and MAPK/ERK pathways [20]. HER2 gene amplification or overexpression, observed
in approximately 3–5% of metastatic colorectal cancers, is linked to aggressive disease
behavior and poor response to anti-EGFR therapies. HER2 dimerization with HER3 is
especially potent, leading to the strong activation of survival pathways, which complicates
treatment [20,21].

Current guidelines recommend HER2 testing to identify patients who could benefit
from targeted therapies, particularly those who are KRAS and BRAF wild-type. Testing
methods like immunohistochemistry (IHC), in situ hybridization (ISH), and next-generation
sequencing (NGS) are critical for accurate diagnosis and for guiding personalized treatment
plans for HER2-positive patients [22,23].

In HER2-positive mCRC, first-line treatment generally involves chemotherapy com-
bined with EGFR inhibitors or bevacizumab, depending on the RAS/BRAF mutation
status [24]. Recent studies have highlighted the efficacy of HER2-targeted therapies, par-
ticularly in RAS/BRAF wild-type cases, with agents such as trastuzumab and tucatinib
receiving accelerated FDA approval [25]. The HERACLES and MyPathway trials have
further demonstrated the effectiveness of anti-HER2 combinations like trastuzumab with
lapatinib or pertuzumab, underlining the importance of routine HER2 testing in mCRC
patients [22,26,27].

Although HER2-targeted therapies have shown promise, overcoming treatment re-
sistance remains a significant challenge. Ongoing research into combination strategies
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and molecular monitoring aims to optimize treatment outcomes for HER2-positive mCRC
patients [20].

2.1.3. KRAS Pathway

The Kirsten rat sarcoma viral oncogene homologue (KRAS) pathway plays a pivotal
role in colorectal cancer oncogenesis, being involved in cell signaling processes that regulate
proliferation, differentiation, and survival. KRAS, a member of the RAS family of oncogenes,
encodes a GTPase protein that acts as a molecular switch in the RAS-RAF-MEK-ERK
signaling pathway, which is responsible for transmitting signals from the cell surface to
the nucleus, controlling gene expression and cellular behavior. KRAS gene mutations lead
to the disruption of GTP hydrolysis, locking KRAS in its active form (GTP-bound state),
resulting in persistent signaling and uncontrolled cell growth [28,29].

KRAS mutations are found in approximately 40% of CRC cases, with the majority
occurring in codon 12 (around 65%) and the rest in codons 13 and 61 [29]. These mutations
are frequently associated with right-sided colon tumors and with more aggressive disease
phenotypes, including poor differentiation, advanced disease stage, and distant metastasis.
Furthermore, KRAS mutations correlate with poorer survival and resistance to several
therapeutic strategies [30].

The specific variants of KRAS mutations in CRC have distinct biological behaviors and
clinical implications. Among the mutations at codon 12, the G12D (glycine to aspartic acid)
and G12V (glycine to valine) variants are the most common and are associated with more
aggressive disease and worse prognosis [31]. Notably, codon 13 mutations, specifically
G13D, have a slightly better prognosis, and some studies suggest that CRC patients with
G13D mutations may benefit from certain EGFR inhibitors, such as cetuximab [31–33].

KRAS mutations can also be used as predictive biomarkers for response to EGFR
inhibitors therapy, which are widely used in the treatment of metastatic CRC. Cetuximab
and panitumumab, monoclonal antibodies targeting EGFR, are only effective in patients
with KRAS wild-type tumors [34,35]. Up to 50% of the patients harboring KRAS mutations
are resistant to these therapies, highlighting the importance of genetic testing in clinical
practice [32].

The development of KRAS G12C inhibitors represents a breakthrough in CRC targeted
therapy. Sotorasib (AMG 510) and adagrasib (MRTX849) are small-molecule inhibitors
specifically designed to target the G12C variant. They bind covalently to the cysteine
residue, locking KRAS in its inactive GDP-bound state, thereby halting downstream sig-
naling and tumorigenesis. Sotorasib has shown significant efficacy in preclinical models
and early-phase clinical trials, particularly in NSCLC patients. However, its effectiveness
in CRC has been less promising, probably due to the reactivation of EGFR signaling, which
circumvents the inhibitory effects of sotorasib in CRC [36,37]. As a result, combination
therapies, including KRAS G12C and EGFR inhibitors, are being explored to enhance
therapeutic outcomes [38,39].

Despite these advances, targeting KRAS mutations directly remains challenging due
to the high affinity of KRAS for GTP and the lack of suitable binding pockets for small-
molecule inhibitors. Moreover, the indiscriminate inhibition of both wild-type and mutant
KRAS may lead to significant toxicity [40]. To overcome these challenges, current research
is focused on developing allosteric inhibitors and combination therapies that can selectively
target mutant KRAS. This strategy holds promise for improving outcomes in patients with
KRAS-mutant CRC [41].

2.1.4. NRAS Pathway

Although less frequent than KRAS mutations, neuroblastoma ras viral oncogene ho-
molog (NRAS) mutations occur in 5–9% of colorectal cancer cases, typically associated with
tumor progression and resistance to anti-EGFR therapies in KRAS wild-type tumors [42].
NRAS and KRAS mutations share phenotypic traits, such as promoting tumorigenicity,
but certain NRAS variants like Q61K can enhance tumor proliferation, while others like
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G12D might reduce proliferation and increase apoptosis. NRAS mutations at codons 12 and
61 activate pathways including IL1, JAK/STAT, and NF-κB, promoting an inflammatory
tumor microenvironment, enhancing cell proliferation and survival, and contributing to
therapy resistance [43]. Mutated NRAS loses its GTP hydrolysis ability, staying persistently
active, which drives oncogenic signaling and complicates targeting due to its “undruggable”
nature [44].

Furthermore, mutant NRAS protects colonic epithelial cells from stress-induced apop-
tosis, a function crucial in chronic inflammation contexts like inflammatory bowel disease.
This anti-apoptotic role is mediated via the RAF-1 and STAT3 pathway, a unique mech-
anism distinguishing NRAS from KRAS or HRAS. The BEACON CRC trial highlights
promising therapeutic avenues, as the combination of encorafenib (BRAF inhibitor), binime-
tinib (MEK inhibitor), and cetuximab (anti-EGFR antibody) has demonstrated a survival
benefit (9.0 months) and a 26% response rate in advanced CRC, underscoring the efficacy of
multi-targeted regimens in overcoming pathway reactivation [44,45]. Other strategies, espe-
cially those targeting the MAPK, PI3K, and RAL pathways, remain essential in addressing
resistant CRC cases [43].

Moreover, a new structural study has identified a therapeutic target in NRAS Q61K’s
switch II region, offering the potential for new inhibitors. This structural insight, along
with targeting the NRAS-STAT3 axis, could significantly enhance treatment options for
patients with NRAS-mutant CRC [44].

2.1.5. BRAF Pathway

Mutations in the v-raf murine sarcoma viral oncogene homolog B1 (BRAF) gene,
which encodes a serine/threonine protein kinase, also lead to the constitutive activation of
RAS-RAF-MEK-ERK cascade, resulting in unchecked cell growth and tumor development.
In CRC, approximately 8–10% of patients harbor BRAF mutations, with the BRAF V600E
variant being the most common one [46]. This mutation results in a substitution of valine
to glutamic acid at position 600, which mimics phosphorylation of the kinase activation
loop, causing uncontrolled cell proliferation, independent of RAS activity [47]. The BRAF
V600E mutation induces aggressive tumor biology and is associated with right-sided colon
tumors, poor differentiation, and metastatic disease. Studies have shown that this mutation
correlated with worse overall survival and progression-free survival compared to BRAF
wild-type tumors [48]. Furthermore, these patients are less likely to benefit from standard
chemotherapy regimens such as FOLFOX (5-fluorouracil, leucovorin, and oxaliplatin) and
FOLFIRI (5-fluorouracil, leucovorin, and irinotecan) [49].

Early attempts at using BRAF inhibitors such as vemurafenib, which has been success-
ful in treating BRAF-mutant melanoma, showed limited efficacy in CRC, mostly due to
rapid reactivation of EGFR signaling, a compensatory mechanism that allows cancer cells to
bypass BRAF inhibition [50]. This feedback activation of EGFR is particularly pronounced
in CRC compared to other cancers. Given the limitations of BRAF inhibitors as monother-
apy, combination therapies targeting multiple nodes within the signaling pathway have
emerged as more effective strategies. Encorafenib, a small-molecule BRAF inhibitor, dis-
rupts the MAPK/ERK signaling pathway, leading to decreased tumor cell proliferation and
survival [51]. The BEACON trial evaluated the combination of encorafenib with cetuximab
(an EGFR inhibitor), and in some cases, binimetinib (a MEK inhibitor), in patients with
metastatic CRC with BRAF V600E mutation. The combination demonstrated significant
improvement in survival rate, with an increase in median overall survival to 9.3 months,
compared to 5.9 months for patients receiving standard chemotherapy [52].

MEK inhibitors, such as trametinib and binimetinib, target the MEK proteins, which
are direct substrates of BRAF, thereby providing a more comprehensive blockade of the
signaling pathway. However, the BEACON trial showed that adding binimetinib to en-
corafenib and cetuximab provided only marginal additional benefit over the two-drug
combination [53].
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Another combination regimen, using encorafenib, cetuximab, and an ERK1/2 selective
inhibitor, ulixertinib, led to significant tumor regression in the BRAF V600E-mutant CRC
model in preclinical studies. The regimen suggests great potential in overcoming resistance
and enhancing treatment efficacy in comparison with monotherapy or double combination
treatment [54].

Despite these advancements, BRAF V600E-mutant CRC remains difficult to treat.
The resistance mechanisms that develop in response to combination therapy, particularly
through the activation of alternate pathways such as the PI3K/AKT, present ongoing chal-
lenges. Preclinical models have suggested that further combination approaches may help
to overcome resistance [55]. Immune checkpoint inhibitors, such as anti-PD1 antibodies,
have shown limited efficacy as a monotherapy in microsatellite-stable BRAF-mutant CRC
but may provide benefits when combined with targeted therapies or in tumors exhibiting
high Microsatellite Instability [56,57].

2.1.6. PI3K/mTOR Pathway

The PI3K/AKT/mTOR pathway plays an essential role in regulating a variety of
cellular processes, including growth, metabolism, survival, and proliferation. In colorectal
cancer, dysregulation of this pathway is a common event that contributes to oncogenesis.
Central to this pathway is phosphoinositide 3-kinase (PI3K), a lipid kinase that phos-
phorylates PIP2 to produce PIP3, which then activates AKT (known as protein kinase B).
Activated AKT phosphorylates and inactivates several downstream targets, including the
mammalian target of rapamycin (mTOR), a key regulator of protein synthesis, cell growth,
and metabolism. Mutations and amplifications in genes encoding components of this
pathway, particularly PIK3CA, are frequently observed in CRC and play a significant role
in tumorigenesis [58,59].

PIK3CA mutations are found in approximately 15–20% of CRC cases. These muta-
tions lead to the constitutive activation of PI3K signaling, promoting uncontrolled cell
proliferation. The most common ones are E542K, E545K, and H1047R mutations, which
are frequently associated with resistance to various standard therapies, including EGFR
inhibitors [60,61]. Additionally, alterations in other components of the pathway, such as
PTEN loss (a tumor suppressor that negatively regulates PI3K signaling), are also seen in
CRC and enhance oncogenic potential [62].

Despite the critical role of the PI3K/AKT/mTOR pathway in CRC, therapeutic tar-
geting has proven challenging. Feedback loops and crosstalk with other pathways, such
as RAS/RAF/MEK/ERK, can lead to compensatory mechanisms that undermine the ef-
ficacy of specific inhibitors. For instance, the inhibition of PI3K often leads to activation
the of MAPK pathway, reducing the therapeutic impact of the targeted treatment [63].
However, several PI3K inhibitors are being investigated for their potential to overcome
these challenges.

One of the most prominent PI3K inhibitors is alpelisib, a PI3Kα inhibitor that has
shown efficacy in breast cancer [64]. Early-phase trials suggested that alpelisib may benefit
patients with PIK3CA-mutant CRC, particularly when combined with other agents, such
as anti-EGFR therapies or MEK inhibitors, although several more recent studies reported
contradictory findings regarding the synergistic effect [64–67].

Ipatasertib (GDC-0068) is a potent, ATP-competitive, selective AKT inhibitor that
targets all three AKT isoforms. Preclinical and clinical data shows its utility as a promising
therapeutic option for CRC when used alone or in combination with standard therapies,
especially in tumors with PTEN loss or PI3K pathway mutations [68,69].

Another therapeutic approach involves mTOR inhibitors, such as everolimus. Sim-
ilarly to other targeted agents, mTOR inhibitors have been more effective when used in
combination with PI3K inhibitors or cytotoxic chemotherapy. This combination strategy
aims to block multiple points in the PI3K/AKT/mTOR pathway, reducing the likelihood
of resistance [67].
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To address the limitations of single-agent therapies, dual PI3K/mTOR inhibitors have
been developed. Voxtalisib (XL765) is one such agent that has shown potential in preclinical
models and early-phase clinical trials for CRC. Early studies suggest that dual inhibition
may offer improved outcomes, though further investigation is necessary to optimize its
clinical application [67,70].

2.1.7. MSI/dMMR Pathway

The DNA mismatch repair (MMR) system is essential for maintaining genomic stability
by identifying and correcting replication errors, such as short insertions, deletions, and
base mismatches. Deficiencies in MMR proteins (dMMR) lead to Microsatellite Instability, a
key biomarker in approximately 15% of CRC cases [71]. Tumors with dMMR/MSI-H status
often have high mutation rates, resulting in more favorable outcomes in early-stage cancers
but poorer prognoses in metastatic settings, particularly with mutations like BRAFV600E.
This instability also reduces the effectiveness of standard chemotherapy [72].

Diagnostic and Treatment Guidelines recommend assessing MMR status in all CRC
cases, irrespective of stage. Immunohistochemistry and polymerase chain reaction (PCR) are
standard initial diagnostic tools with a high concordance rate (90–97%) [71]. While IHC is
preferred as the first-line test, NGS has recently been approved by the FDA for MSI/dMMR
testing, providing expanded analysis capabilities. New algorithms, such as MSICare, are also
being developed to improve MSI detection sensitivity and specificity [71,73].

The introduction of Immune Checkpoint Inhibitors (ICIs), such as pembrolizumab and
nivolumab, has transformed treatment for MSI-H/dMMR metastatic CRC. The KEYNOTE-
177 trial established pembrolizumab as the standard first-line therapy for MSI-H/dMMR
mCRC, showing significant improvements in progression-free survival (PFS) and overall
survival (OS) compared to chemotherapy alone [74]. Additional trials, such as those inves-
tigating atezolizumab (a PD-L1 inhibitor) combined with bevacizumab (a VEGF inhibitor),
have shown a 30% objective response rate (ORR) and a 90% disease control rate in MSI-H
mCRC patients pretreated with chemotherapy. The combination of atezolizumab, beva-
cizumab, and FOLFOX chemotherapy achieved an ORR of 52% and a PFS of 14.1 months,
regardless of MSI status [16,72].

Resistance mechanisms in dMMR/MSI-H CRC include the development of alternative
immune escape mechanisms, such as loss of antigen presentation and T-cell exclusion
within the tumor microenvironment. Mutations in RAS and BRAFV600E, as well as immune
milieu alterations, have been associated with reduced response to PD-1 inhibitors [73].
Addressing these challenges, current research is exploring combination therapies, such
as dual checkpoint blockade with nivolumab and ipilimumab, which have shown higher
response rates in early clinical trials. The CheckMate-142 trial demonstrated promising
outcomes, with increased response rates and survival in previously treated MSI-H/dMMR
mCRC patients [75].

Integrating ICIs with targeted therapies, especially for BRAFV600E-mutant patients,
has shown potential. For example, the SEAMARK trial is currently assessing pembrolizumab
combined with encorafenib (a BRAF inhibitor) and cetuximab (an EGFR inhibitor) in un-
treated BRAFV600E-mutant MSI-H/dMMR mCRC [73]. These combination therapies aim to
overcome limitations associated with standard ICIs by targeting specific genetic alterations
alongside immune checkpoints.

Immune checkpoint inhibitors act by blocking inhibitory signals, enhancing the im-
mune system’s ability to recognize and destroy dMMR/MSI-H colorectal cancer cells, and
improving treatment outcomes in affected patients; the process is depicted in Figure 3.
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2.1.8. APC Pathway

Another oncogenic pathway in CRC is the Adenomatous polyposis coli (APC) pathway,
particularly by regulating the Wnt/β-catenin signaling. APC is a tumor suppressor gene
that encodes a protein responsible for β-catenin degradation, a key regulator of gene
transcription that controls cell proliferation and differentiation [76,77].

APC gene mutations are found in about 80–90% of sporadic colorectal cancers, making
it one of the most common and earliest genetic alterations in CRC tumorigenesis [78].
These mutations typically result in a truncated APC protein that loses its ability to form
the β-catenin destruction complex, leading to the accumulation of β-catenin in the nucleus.
Consequently, β-catenin drives the expression of Wnt target genes such as MYC, CCND1
(cyclin D1), and AXIN2, promoting uncontrolled cell division and, subsequently, the
development of adenomas and carcinomas [79].

The loss of APC function is a hallmark of early colorectal adenoma formation, and
studies have shown that this alteration frequently precedes other key mutations, such as
those in KRAS or TP53, in the multistep model of colorectal carcinogenesis. Germline mu-
tations in APC are also responsible for familial adenomatous polyposis (FAP), a hereditary
condition characterized by the development of hundreds to thousands of colorectal adeno-
mas and an almost inevitable progression to CRC if left untreated [80]. The importance of
APC in regulating Wnt/β-catenin signaling highlights its critical role in both hereditary
and sporadic forms of CRC.

Despite the central position of the APC pathway in CRC, directly targeting APC
mutations or the Wnt/β-catenin pathway for therapeutic purposes has proven challenging.
The Wnt/β-catenin pathway is highly conserved and is involved in numerous physiological
processes, making it difficult to selectively target this pathway without causing significant
off-target effects and toxicity. Additionally, β-catenin lacks an easily druggable binding
site, further complicating the development of inhibitors against this protein [81].

However, indirect therapeutic strategies targeting downstream or regulatory compo-
nents of the Wnt/β-catenin pathway are under investigation. One promising approach
involves inhibiting tankyrase, an enzyme that regulates β-catenin stability through the
degradation of axin, a key scaffold protein in the β-catenin destruction complex. Inhibiting
tankyrase increases the levels of axin, thereby enhancing the degradation of β-catenin and
reducing its oncogenic signaling [82]. Preclinical studies using tankyrase inhibitors, such
as G007-LK, have demonstrated the potential to restore β-catenin degradation and inhibit
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tumor growth in APC-mutant CRC models [83]. Despite these promising results, tankyrase
inhibitors are still in the early stages of clinical development, and their safety and efficacy
in humans are yet to be fully established.

Another strategy focuses on PORCN inhibitors, which target Porcupine, an enzyme
required for the secretion and activity of Wnt ligands. Through the inhibition of Wnt ligand
secretion, PORCN inhibitors can effectively block Wnt signaling, reducing the nuclear
accumulation of β-catenin and its oncogenic effects. LGK974, a PORCN inhibitor, has
shown efficacy in preclinical CRC models and is currently undergoing early-phase clinical
trials in patients with Wnt-driven cancers, including CRC [84].

Furthermore, other approaches are being explored to target Wnt/β-catenin signaling
in CRC. These include small-molecule inhibitors targeting β-catenin interactions with other
proteins, such as CBP/p300, which are essential for β-catenin-mediated transcription. By
disrupting these interactions, it may be possible to reduce β-catenin’s oncogenic transcrip-
tional activity. PRI-724 is one such compound that targets the CBP/β-catenin interaction
and has shown potential in preclinical studies, and more recently, in early human trials,
though its clinical efficacy remains under further investigation [85,86].

Immunotherapy is also being explored as a treatment strategy for CRC with dysregu-
lated APC/Wnt/β-catenin signaling. Recent studies have shown that activation of the Wnt
pathway in tumors can lead to an immunosuppressive tumor microenvironment, limiting
the effectiveness of immune checkpoint inhibitors, such as anti-PD-1 antibodies. There-
fore, combining Wnt pathway inhibitors with immunotherapy could enhance anti-tumor
immune responses and improve outcomes for patients with APC-mutant CRC [87].

2.1.9. TP53 Pathway

The TP53 pathway is also of great importance in the regulation of cell cycle control,
apoptosis, and DNA repair, playing a central role in maintaining genomic integrity. The
TP53 gene encodes the tumor suppressor protein p53, a transcription factor activated in
response to various cellular stress signals such as DNA damage, hypoxia, and oncogene
activation. Once activated, p53 can induce cell cycle arrest, DNA repair, senescence, or
apoptosis, preventing the propagation of damaged cells that could otherwise develop into
cancer [88,89].

In colorectal cancer, mutations in TP53 occur in approximately 50–60% of cases, partic-
ularly in the later stages of tumor progression. The majority of TP53 mutations are missense
mutations that result in a loss of function or dominant-negative effects, allowing cancer
cells to evade apoptosis and continue proliferating. Unlike other tumor suppressors, such
as APC, which are usually inactivated early in CRC development, TP53 mutations are
typically acquired later in the adenoma–carcinoma sequence, contributing to the transition
from a benign adenoma to an invasive carcinoma [88,90].

The p53 protein functions primarily as a transcription factor, so the mutated form of
TP53 loses its ability to regulate key genes involved in cell cycle control and apoptosis,
such as CDKN1A (p21), BAX, and PUMA. Mutant p53 proteins allow the accumulation of
various genetic alterations due to DNA damage and can also gain oncogenic properties by
promoting cell migration, invasion, and metabolic reprogramming, further contributing to
the malignancy of CRC [91,92].

Unlike oncogenes such as KRAS or BRAF, which can be inhibited by small molecules
targeting their constitutive activation, restoring the function of mutant p53 or overcoming
its loss of function has proven difficult from a pharmacological perspective. However,
recent advances have led to the development of several promising therapeutic strategies
that aim to either reactivate mutant p53 or exploit the vulnerabilities of p53-deficient
cancers [89,91].

MDM2 inhibitors block the interaction between MDM2 and p53, preventing p53 degra-
dation and enhancing its tumor-suppressive function. These inhibitors, like idasanutlin,
are mainly effective in tumors with wild-type TP53, but may also benefit some TP53-
mutant CRCs that still have functional p53 [93]. Early clinical trials of idasanutlin have
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shown promising results, especially when combined with chemotherapy or targeted
treatments [94].

APR-246 (eprenetapopt) is a small-molecule that can restore p53 function, promoting
its refolding and stabilizing its structure. Preclinical studies have demonstrated that APR-
246 can induce apoptosis in TP53-mutant CRC cell lines, and early-phase clinical trials have
shown activity in TP53-mutant hematologic malignancies [95].

Additionally, there is a growing interest in exploiting the synthetic lethality concept,
with TP53-deficient tumors being more vulnerable to certain therapies due to their reliance
on compensatory survival pathways. For instance, p53-deficient cancers are more depen-
dent on CHK1 and ATR for cell cycle checkpoint control, sensitizing them to inhibitors of
these kinases [96,97]. CHK1 inhibitors, such as prexasertib, and ATR inhibitors, such as cer-
alasertib, are being evaluated in clinical trials for their ability to selectively kill TP53-mutant
or p53-deficient tumors by exploiting these vulnerabilities [98,99].

Immunotherapy is also emerging as a potential approach for treating TP53-mutant
CRC. Mutant p53 proteins often generate neoantigens recognizable by the immune system,
making these tumors potentially more responsive to immune checkpoint inhibitors, such
as anti-PD-1/PD-L1 therapies. Recent studies have suggested that p53 mutations may
correlate with an increased tumor mutational burden (TMB) and a more immunogenic
tumor microenvironment, although the efficacy of immunotherapy in microsatellite-stable
(MSS) CRCs with TP53 mutations is yet to be fully explored [100–102].

2.1.10. NTRK Fusions

Neurotrophic tropomyosin kinase receptor (NTRK) fusions arise when the NTRK
genes (NTRK1, NTRK2, and NTRK3) fuse with other unrelated genes, generating ab-
normal proteins that stimulate uncontrolled cancer growth. The TRK family of tyrosine
kinases—TRKA, TRKB, and TRKC—encoded by these genes is crucial for regulating cell
growth, differentiation, and survival. Typically, these receptors are activated by neu-
rotrophins, triggering downstream pathways like MAPK, PI3K/AKT, and PLC-γ. When
fused with other genes, however, the TRK receptors become permanently active, driving
persistent cell proliferation and promoting cancer progression [18].

Although NTRK fusions are relatively uncommon, accounting for less than 1% of
solid tumors, they occur more frequently in specific rare cancers, such as secretory carci-
noma of the salivary gland and congenital infantile fibrosarcoma. In colorectal cancer, the
most frequent fusion involves the TPM3-NTRK1 rearrangement. Detection methods for
NTRK fusions include IHC, fluorescence in situ hybridization (FISH), and next-generation
sequencing (NGS) [103,104]. The majority of NTRK alterations, however, are variants of
unknown significance (VUS) and are often missense mutations, making them not currently
actionable. These mutations are more prevalent in tumors with a high tumor mutation
burden (TMB > 10), though their clinical relevance is still not fully understood [105]. Given
the therapeutic potential, systematic screening for NTRK fusions in dMMR/MSI-H CRC
patients, particularly those RAS/RAF wild-type, is recommended to optimize treatment
strategies [106].

A study analyzing 7008 colonic adenocarcinomas revealed a 0.23% occurrence rate for
NTRK fusions, primarily involving NTRK1 and NTRK3 [105]. Common fusion partners
included TPM3, LMNA, TPR, and EML4, leading to the aberrant activation of TRK proteins,
which stimulate oncogenic pathways such as MAPK and PI3K/AKT, resulting in unchecked
cell proliferation. Clinically, patients with NTRK fusion-positive CRC were predominantly
women, and their tumors were typically located in the right colon, exhibiting moderate
to poor differentiation. Additionally, many of these tumors had a mucinous component
and high levels of tumor-infiltrating lymphocytes, often associated with Microsatellite
Instability [105,107].

The discovery of NTRK fusions has led to the development of targeted therapies,
including larotrectinib and entrectinib, both TRK inhibitors designed to block the activity
of these aberrant TRK proteins [108,109]. These first-generation NTRK tyrosine kinase
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inhibitors have been approved by the U.S. FDA for both adult and pediatric patients. The
clinical benefits observed in NTRK fusion-positive cancers, regardless of tumor location or
histology, highlight the importance of NTRK fusions as biomarkers for personalized cancer
treatment, offering a pathway to targeted therapeutic interventions [18,107].

Table 1 summarizes the molecular pathways implicated in CRC carcinogenesis and
the major therapeutic strategies previously discussed.

Table 1. Main pathways, therapeutic strategies and treatment response in CRC.

Pathway Prevalence Therapeutic
Response

Future
Strategies

EGFR Overexpressed
in many CRCs

Anti-EGFR therapies (cetuximab,
panitumumab) are effective in RAS

wild-type tumors.

Combination therapies targeting EGFR
and downstream pathways; developing

allosteric inhibitors for specific RAS
mutations.

HER2 ~3–5% of mCRC cases
Anti-HER2 therapies (trastuzumab,

lapatinib) are effective, particularly in
HER2+ tumors.

Combining HER2-targeted therapies
with agents like EGFR or BRAF

inhibitors to overcome resistance.

KRAS ~40% of CRC cases
EGFR inhibitors (cetuximab,

panitumumab) are only effective in
KRAS wild-type tumors.

Development of KRAS G12C inhibitors
(e.g., sotorasib) and combination

therapies targeting multiple pathways.

NRAS ~5–9% of CRC cases
MEK/ERK inhibitors are explored due

to constitutive activation of
MAPK/PI3K pathways.

Developing inhibitors targeting newly
discovered structural sites in NRAS
mutants (e.g., Q61K); targeting the

NRAS-STAT3 axis.

BRAF ~8–10% of CRC cases Combination of BRAF (encorafenib),
EGFR (cetuximab), and MEK inhibitors

Combination therapies targeting BRAF,
EGFR, and MEK inhibitors; immune

checkpoint inhibitors for MSI-H
BRAF tumors.

PI3K/mTOR ~15–20% of CRC cases
PI3K inhibitors (alpelisib) and mTOR
inhibitors (everolimus) show promise

in combination therapies.

Dual PI3K/mTOR inhibitors and
combination with anti-EGFR or MEK

inhibitors to address resistance.

MSI/dMMR ~15% of CRC cases
Strong response to immune

checkpoint inhibitors
(e.g., pembrolizumab, nivolumab).

Combination therapies, dual
checkpoint blockade (e.g., nivolumab +
ipilimumab), or BRAF/EGFR inhibitors

for BRAFV600E tumors.

APC ~80–90% of CRC cases
Targeting tankyrase (G007-LK) and

PORCN inhibitors (LGK974) in
preclinical trials.

Indirect strategies such as tankyrase or
PORCN inhibitors; combination with

immunotherapy to overcome
immunosuppressive TME.

TP53 ~50–60% of CRC cases
MDM2 inhibitors (idasanutlin) and
mutant p53 reactivators (APR-246)

show preclinical promise.

Exploiting synthetic lethality with
CHK1/ATR inhibitors; immunotherapy

for tumors with p53 neoantigens.

NTRK Fusions <1% of CRC cases
TRK inhibitors (larotrectinib,

entrectinib) are highly effective across
cancers with NTRK fusions.

Early detection of NTRK fusions and
combination therapies to

prevent resistance.

2.2. Future Directions in CRC Treatment

Chimeric Antigen Receptor (CAR)-T cell therapy, a groundbreaking immunotherapy,
has revolutionized the treatment of certain hematological malignancies, demonstrating
remarkable efficacy in conditions like leukemia and lymphoma. This success triggered in-
terest in investigating CAR T-cell therapy applications for solid tumors, including colorectal
cancer. CAR T-cell therapy involves engineering T cells to express chimeric antigen recep-
tors (CARs) that recognize tumor-specific antigens (TSAs) or tumor-associated antigens
(TAAs) [110]. However, translating the therapy to CRC presents various challenges, primar-
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ily due to the tumor microenvironment (TME), which is often immunosuppressive, hinder-
ing the infiltration and activity of CAR T-cells. The TME in CRC is characterized by hypoxia
and suppressive immune components, such as regulatory T cells and myeloid-derived
suppressor cells. Additionally, immune checkpoint molecules, particularly the PD-1/PD-L1
axis, inhibit T-cell activity, enabling tumors to evade immune detection. Furthermore, the
identification of suitable antigens in CRC is complex, as many potential targets are also
expressed in normal tissues, raising concerns about treatment toxicity [111,112].

TSAs, derived from tumor-specific mutations, are highly specific but rare in CRC.
TAAs, such as epithelial cell adhesion molecule (EpCAM), carcinoembryonic antigen
(CEA), and guanylyl cyclase C (GUCY2C), are more abundant, but pose risks of off-target
effects due to expression in normal tissues [111,113].

Despite these limitations, ongoing research is exploring innovative strategies to en-
hance CAR T-cell efficacy against CRC. These include engineering CAR T-cells with im-
proved tumor-penetrating capabilities, developing dual-targeting CARs to increase speci-
ficity, and combining CAR T-cell therapy with other treatments to modulate the tumor
microenvironment [112].

Preclinical studies have shown significant promise. EpCAM-targeted CAR-T cells sup-
pressed peritoneal metastases in mouse models, while CEA-specific CAR-T cells showed
improved tumor infiltration and efficacy when combined with cytokines like IL-12 or when
delivered intraperitoneally [113,114]. Similarly, GUCY2C-directed CAR-T cells demon-
strated tumor suppression with minimal toxicity to healthy tissues, emphasizing their
specificity [115].

CAR-T cells targeting stress-induced antigens, such as heat shock protein 70 (Hsp70) and
placental alkaline phosphatase (PLAP), have shown specificity and reduced toxicity [116,117].
Combining CAR-T therapy with immune checkpoint inhibitors, such as anti-PD-1 or LAG-3
antibodies, has enhanced CAR-T cells persistence and restored cytotoxicity function, com-
monly suppressed by TME [113].

A promising advancement is CD6-CAR-T cells targeting CD166, a glycoprotein highly
expressed in CRC but minimally in normal tissues. These cells demonstrated potent
cytotoxicity against CRC cells and cancer stem cells, which play a central role in drug
resistance, metastasis, and recurrence. CD6-CAR-T cells effectively suppressed epithelial–
mesenchymal transition (EMT) markers, linked to tumor aggressiveness and CSC survival.
Importantly, they spared non-tumor cells with low CD166 expression, highlighting their
precision and safety [118].

Other innovative strategies complement CAR-T therapy. Bispecific antibodies (BiTEs),
which connect T cells to tumor cells by targeting CD3 on T cells and TAAs like EpCAM or
CEA, have shown efficacy against KRAS- and BRAF-mutated CRC cells, where conven-
tional therapies fail. mRNA-lipid nanoparticle delivery systems have further enhanced
BiTE specificity and efficacy [119]. While still in experimental stages, these advancements
hold promise for integrating CAR T-cell therapy into the therapeutic arsenal against col-
orectal cancer.

Tumor-infiltrating lymphocytes (TILs) are another promising approach. TIL therapy
involves expanding immune cells extracted from tumors ex vivo and reinfusing them into
patients. While effective in cancers like melanoma, CRC poses challenges due to lower TIL
abundance. Nevertheless, ongoing clinical trials are refining this therapy [119,120].

Oncolytic viruses (OVs) provide a unique mechanism by selectively infecting and
destroying tumor cells while activating anti-tumor immunity. Adenoviruses, herpes sim-
plex viruses (HSV), and reoviruses have shown potential in preclinical studies [121]. For
example, the vaccinia virus JX-594 (Pexa-Vec) effectively treated peritoneal metastases by
restoring peritoneal anti-tumor immunity [122].

Anti-tumor vaccines also hold promise by stimulating immune responses against TSAs
or TAAs. Platforms include whole tumor vaccines, peptide antigen vaccines, viral vector
vaccines, and dendritic cell (DC) vaccines [123]. While whole tumor vaccines have shown
limited efficacy due to poor immunogenicity, peptide antigen vaccines targeting CEA or



Int. J. Mol. Sci. 2024, 25, 12507 14 of 20

mucin-1 have demonstrated positive trends in clinical trials, albeit with HLA-restricted
applicability [124]. Viral vector vaccines, such as the CEA/TRICOM platform, and DC
vaccines, which use autologous DCs to activate T cells, are also under investigation, though
challenges like cost and scalability remain [125].

Combining these novel therapies with traditional treatments, such as chemother-
apy or immune checkpoint blockade, offers significant potential to overcome resistance
and improve CRC outcomes. These advancements represent a shift toward personalized
approaches in CRC treatment.

3. Conclusions

Genetic testing has become pivotal in diagnosing and treating CRC, enabling a tailored
approach based on the tumor’s molecular profile. Personalized management is especially
critical given CRC’s rising incidence among younger populations, notably those aged 40–50,
which impacts both productivity and healthcare systems, particularly in low-resource
regions with limited advanced medical access [4]. NGS and molecular profiling facilitate
key gene mutation detection, such as KRAS, NRAS, BRAF, and PIK3CA. These mutations
not only provide insight into tumor behavior, but also allow the choice of targeted therapies.

Targeted therapies, particularly those inhibiting angiogenesis like bevacizumab, have
become fundamental in CRC treatment [126]. For BRAF V600E-mutated tumors, combining
encorafenib with anti-EGFR agents such as cetuximab has shown promise, as this approach
disrupts multiple signaling pathways that contribute to tumor growth and chemotherapy
resistance [127]. Furthermore, immunotherapies such as pembrolizumab and nivolumab,
which target PD-1 to enhance T-cell responses, are being explored in combination with
CTLA4 inhibitors like ipilimumab. These combinations are particularly beneficial for MMR-
deficient and MSI-H CRC cases, which tend to respond favorably to immune checkpoint
blockade [128].

A broad range of FDA-approved therapies now address specific molecular targets
within CRC. Anti-EGFR antibodies like cetuximab and panitumumab are effective in RAS
wild-type tumors, while agents targeting HER2, such as trastuzumab, are undergoing
evaluation in HER2-positive CRC. Approved immunotherapies like pembrolizumab and
nivolumab serve MSI-H/dMMR patients well due to their propensity for immune check-
point inhibition. Notably, the combination of encorafenib and cetuximab provides a critical
option for patients with BRAF V600E-mutant CRC, a population previously limited to
chemotherapy [52].

Despite these advances, therapeutic resistance remains a major hurdle, prompting
research into combination therapies that counteract resistance pathways. The SUNLIGHT
Phase 3 trial, for instance, explores the combination of trifluridine/tipiracil (FTD/TPI) with
bevacizumab to extend survival in resistant CRC cases. Comparisons with established
therapies have shown that FTD/TPI is well-tolerated, offering an option for patients unable
to endure irinotecan’s side effects. Novel therapies like fruquintinib, a selective VEGFR
inhibitor, show encouraging results in clinical trials, such as FRESCO-2, underscoring the
evolving landscape of CRC treatments [4].

Future CRC strategies involve leveraging advanced nanocarriers, such as polymeric
nanoparticles, to improve drug delivery to tumor cells while sparing healthy tissue. This
approach aligns with the goal of personalized medicine by minimizing toxicity and opti-
mizing drug efficacy [129]. Additionally, innovative immunotherapy combinations, as seen
in the AtezoTRIBE study, combine immune checkpoint inhibitors with VEGF/VEGFR and
anti-angiogenesis agents, which could significantly enhance outcomes in metastatic, hard-
to-treat cases [130,131]. Ongoing trials underscore the potential of multi-modal therapy
approaches to improve survival and reduce resistance in CRC, highlighting the promise of
innovative treatment paradigms for CRC patients.

Current treatments integrating chemotherapy, immunotherapy, and targeted agents
show improved outcomes, yet challenges remain with therapy resistance. Ongoing research
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into biomarkers, novel combinations, and adaptive strategies offers hope for enhanced
efficacy and broader treatment options, paving the way for future advances in CRC care.
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