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Colorectal cancer (CRC) is a leading cause of death among cancer patients, and the liver is the most common visceral

metastatic. Molecular cancer biomarkers are any measurable molecular indicator of the risk of cancer, the occurrence of

cancer, or patient outcome, to help personalize treatment and to identify patients who may benefit most from a specific

therapy. They may include germline or somatic genetic variants, epigenetic signatures, transcriptional changes, and

proteomic signatures.

Keywords: colorectal cancer ; liver metastases ; biomarkers

1. Introduction

Colorectal cancer (CRC) is the third-most common form of cancer with the fourth highest mortality rate worldwide . Over

half of CRC patients undergoing autopsy have been found to have liver metastases, suggesting that colorectal cancer

liver metastases (CRLM) are a major cause of death in this population . Despite promising advances in chemotherapy

and liver-directed locoregional therapies (i.e., surgery, ablation, and arterially directed treatments), recurrences with

eventual progression of disease and liver failure are common .

2. Genetic Alterations in Colorectal Cancer

Cancers are caused by the accumulation of mutations in genes that change the normal programming of cellular

differentiation, proliferation, and death. Through the development of DNA sequencing, the understanding of the DNA

changes associated with CRC is rapidly growing . The ability to identify sequence variants in genes has improved the

understanding of how cancer develops, allowing the development and application of treatments targeting these variants

.

The Cancer Genome Atlas (TCGA) was created to study genomic changes in various cancer forms . Each individual

CRC contains between 60 and 1500 mutations. Few of these mutations have been found to be clinically relevant . CRC

generally divides biologically to those types exhibiting microsatellite instability (MSI) and those that are stable.

According to the TCGA, in non-hypermutated tumors (mutation rates of ≤12 per 10  base pairs), the most commonly

mutated genes were APC, TP53, KRAS, PIK3CA, NRAS, SMAD4, FBXW7, and TCF7L2 . Mutated NRAS and KRAS

genes typically displayed oncogenic mutations of codon 61 or codon 12 and 13 . In hypermutated tumors, TGFBR2,

APC, ACVR2A, MSH3, MSH6, TCF7L2, SLC9A9, and BRAF (V600E) were frequently mutated . However, the APC and

TP53 genes were more commonly mutated in non-hypermutated tumors versus hypermutated tumors: APC (81 vs. 51%)

and TP53 (60 vs. 20%) . These results suggest that hypermutant and non-hypermutant tumors advance through

different series of genetic events.

Changes in MAPK, WNT, PI3K, TGF-b, and p53 signaling pathways are present in CRC . WNT is the most prominent

with regards to the carcinogenesis of colorectal cancer . WNT signaling regulates the amount of β-catenin through

processes that involve ubiquitin-mediated degradation and phosphorylation, thus impacting overall signal transduction .

Loss of adenomatous polyposis coli (APC), a negative regulator of the WNT pathway, is the hallmark of human CRC .

Different clinical and biologic characteristics have been observed between left-sided (arising from the splenic flexure,

descending, or sigmoid colon) versus right-sided (arising from the cecum, ascending colon, hepatic flexure, or transverse

colon) primary tumors. Genetic expression patterns differ between the right- and left-sided colonic epithelium, including a

higher expression in cytochrome P-450 in the right colon, suggesting varying levels of exposure to ingested metabolites

. Overall, right-sided colon cancers carry a worse prognosis when compared to left-sided tumors and are more likely

to have advanced TNM staging, peritoneal dissemination, MSI leading to a hypermutated state,

BRAF/KRAS/PIK3Ca/SMAD4/FBXW7 mutations, and hypermethylation via the CpG island methylator phenotype (CIMP)
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. On the other hand, mutations in TP53 and APC are often seen in left-sided CRC . In addition to point

mutations, left-sided CRC express more receptor tyrosine kinase amplifications, such as those in epidermal growth factor

receptor (EGFR) and ERBB2 . The variations in CRC sidedness can also have embryonic roots: the right side of the

colon develops from the midgut, whereas the left side develops from the hindgut, influencing blood flow . Lastly, gut

microbiome differences can participate in the phenotypic expression of CRC sidedness .

Classifying tumor aggressiveness is based on several variables including the ability to create distant metastasis, lymph

node status, tumor stage, and vascular invasion. Tumor aggressiveness has been associated with certain localized

amplifications, deletions, and gene expression modification, including those of SCN5A, a well-known regulator of colon

cancer . Certain gene mutations also carry prognostic significance . For example, highest cure rates have been

observed in patients with NOTCH1 and PIK3C2B mutations, compared to patients with SMAD3 mutations, who had the

lowest rates of cure .

3. Molecular Biomarkers of Colorectal Cancer

In the 1980s, the median overall survival (OS) of patients diagnosed with metastatic CRC (mCRC) did not exceed six

months. The development and implementation of biomarkers, combined with significant advances in chemotherapeutics

and locoregional treatments, have increased OS to a median of almost 30 months in the same population 

. Elevated carcinoembryonic antigen (CEA) levels have been associated with poor prognosis and shorter OS following

CRC resection. Of note, CEA levels can be elevated in other malignancies and inflammatory states, and therefore CEA is

not a specific diagnostic biomarker . Lack of normalization of CEA levels following resection is likely the result of

inadequate resection and presence of metastatic disease. Routine CEA monitoring can help identify early, recurrent, or

metastatic disease, that may benefit from additional therapies . CEA is considered a sensitive indicator of post

treatment recurrence .

Currently, the National Comprehensive Cancer Network (NCCN) recommends testing for the following gene mutations in

patients with CRC, as they are potentially actionable biomarkers that can guide therapeutic considerations: BRAF and

KRAS/NRAS mutations, HER2 amplifications, and microsatellite instability high (MSI-H)/mismatch repair (MMR) (Table 1)

.

Table 1. NCCN recommended biomarkers for CRC.

Biomarkers Clinical Implication

KRAS/NRAS Anti-EGFR therapy are not indicated for the treatment of patients harboring NRAS or KRAS mutations.

BRAF V600E

Poor prognosis regardless of treatment.
Prognostic marker for BRAF-targeted therapy.

Related to sporadic CRC, excludes Lynch syndrome.

MSI/dMMR

Improve patient prognosis.
dMMR’s ties to Lynch syndrome.
Prognostic marker for checkpoint inhibitors therapy.
dMMR status is a strong negative predictor of 5-fluorouracil efficacy.

HER2 Predictive biomarker for HER2-targeted therapy in patients with wild-type RAS and BRAF tumors.
Predict resistance to monoclonal antibodies that target EGFR.

3.1. KRAS and NRAS Mutations

RAS proteins are GTPases that regulate cell survival and proliferation. Human RAS genes, including Kirsten RAS

(KRAS), Harvey RAS (HRAS), and neuroblastoma RAS (NRAS), are integral in GTPase activity . Oncogenic mutations

in RAS signaling pathways are associated with different aspects of cancer development. Since oncogenic mutations in

various components of the RAS/MAPK pathway seem to be mutually exclusive in many tumors, deregulating RAS-

dependent signaling is essential in tumorigenesis . Regarding the prevalence of RAS mutations in CRC patients, a

recent study showed that just over 50% of patients had KRAS mutations, with HRAS and NRAS mutations occurring at

lower rates . RAS signaling is not unique for CRC, as it is also present in non-malignant conditions such as diabetes,

autoimmune, and inflammatory disorders .

Because the RAS/RAF/MEK/ERK pathway is downstream of EGFR, there are significant considerations that must be

made regarding treatment of tumors expressing KRAS or NRAS mutations. Mutations within this pathway are robust

negative predictive markers, and treatment with panitumumab or cetuximab is ineffective for tumors that have mutations in
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exons 2, 3, or 4 of the NRAS or KRAS genes . Furthermore, these same mutations have been shown to

express resistance to anti-EGFR therapy, both with and without chemotherapy, and correlate with worse outcomes 

. Nevertheless, patients with left-sided CRC wild type RAS tumors have excellent outcomes when treated with

anti-EGFR based therapy .

The NCCN Colon and Rectal Cancers Panel recommends determination of the RAS mutation status at diagnosis of stage

IV disease . Consistent with these recommendations, the American Society for Clinical Pathology (ASCP), Association

for Molecular Pathology (AMP), College of American Pathologists (CAP), and the American Society of Clinical Oncology

(ASCO) also developed a guideline on molecular biomarkers for CRC that also recommends RAS (KRAS/NRAS)

genotyping of tumor tissue in all patients with mCRC . KRAS and NRAS codons 12 and 13 (exon 2), 59 and 61 (exon

3), and 117 and 146 (exon 4) should all be included in mutational analysis . Either the primary tumor or liver

metastases can be tested for KRAS mutation analysis since there is a 96.4% concordance of mutational status between

the primary sites and a metastasis . Cetuximab or panitumumab are not indicated for the treatment of patients

harboring NRAS or KRAS mutations, regardless of whether the drugs are used in isolation or with other anti-cancer

therapies  since they will not respond to such agents. This minimizes toxicity and improves treatment cost-

effectiveness. RAS genotyping of CRC at stage I, II, or I II is not recommended, and RAS testing should not be used for

regimen selection in the first-line setting .

3.2. BRAF V600E Mutations

BRAF is a protein kinase downstream of RAS protein in the RAS-RAF-MEK-ERK kinase in the EGFR pathway .

RAF genes code for cytoplasmic serine/threonine protein kinase activity after binding RAS protein . The

RAS/RAF/MEK/MAP kinase pathway is an essential mechanism of tumor cell proliferation that mediates cellular

responses to growth signals . BRAF mutations, specifically with the V600E variant, occur in several malignancies

. In mCRC, BRAF mutations are found in 8–12% of patients (in 90% with V600E). BRAF-mutated tumors are more

frequently seen in elderly and female patients . Since BRAF is downstream of RAS, BRAF V600E mutations

makes response to cetuximab or panitumumab highly unlikely, unless administered with a BRAF inhibitor .

At diagnosis of stage IV disease, NCCN recommends BRAF genotyping of either the primary or a metastatic tumor site as

a predictive and prognostic marker for BRAF-targeted therapy . BRAF V600E mutations have a poor prognosis

regardless of treatment . BRAF V600E mutation testing can be performed via direct DNA sequence analysis on

formalin-fixed paraffin-embedded tissues and PCR amplification. Other methods for detecting this mutation include allele-

specific polymerase chain reaction, immunohistochemistry (IHC), or next generation sequencing (NGS) .

A lower median OS for patients with BRAF-mutant mCRC compared to patients with wild-type BRAF (10.4 months vs.

34.7 months) has been reported . Moreover, recurrences of resected stage III colon cancer had significantly worse

survival in BRAF mutated tumors .

MSI-H/dMMR status is also strongly associated with the BRAF V600E mutation, with approximately 60% of MSI-H tumors

having a BRAF mutation and only 5–10% of Microsatellite Stable (MSS) tumors having the same mutation in sporadic

CRCs . Because the BRAF V600E mutation is related to sporadic CRC patients but excludes Lynch syndrome, it is a

key biomarker in distinguishing between the two etiologies .

In creating guidelines for CRC molecular biomarkers, the ASCP, CAP, AMP, and ASCO recommended that patients with

dMMR tumors with loss of MLH1 receive BRAF p.V600 mutational analysis to evaluate for risk of Lynch syndrome.

Although the absence of BRAF mutation does not completely exclude the risk of Lynch syndrome, the presence of a

BRAF mutation would strongly favor a sporadic etiology .

3.3. Microsatellite Instability (MSI)/DNA Mismatch Repair Deficiency (dMMR) Status

Microsatellites are short segments of DNA that repeat at specific genomic locations. Under normal circumstances, in the

event of an insertion or deletion within these regions, the MMR system rectifies any error. However, defects in this system

cause deficient mismatch repair (dMMR). Although tumors with MSI retain their chromosomal number, they contain

microsatellites that vary in length due to dMMR, which is thought to be a principle of early tumorigenesis . About 15% of

CRCs are affected by dMMR, which is more frequently seen in early stages of the disease (15–20% in stages I–II, 10–

15% in stage III, and just 5% in stage IV) . Up to 20% of patients with sporadic CRC have dMMR which is usually

caused by hypermethylation of the MLH1 promoter .
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Despite the numerous mutations present in dMMR tumors, mutant proteins are able to circumvent the immune system by

binding to the T-effector cell’s programmed cell death protein (PD-1) receptor via programmed-death ligands 1 and 2 (PD-

L1 and PD-L2) . This system was initially thought to be protective for the host, but tumor cells that upregulate PD-1

have been shown to be elusive to the immune system . As a result, it was theorized that dMMR tumors may have

sensitivity to PD-1 inhibitors. This was validated in a small prospective phase 2 study, that showed complete response in

12 dMMR patients with stage II–III rectal cancer treated with single-agent dostarlimab (an anti-PD-1 monoclonal

antibody), without any resection or radiotherapy . There was no evidence of tumor in any patients after a minimum 6-

month follow-up period . In MSI-H CRCs, a recent study established a link between inflammatory states and suboptimal

tumor response to PD-1 inhibition; an elevated neutrophil-to-lymphocyte ratio indicated poor tumor response to checkpoint

inhibitors .

As a result, the NCCN now recommends MSI or MMR testing for any patient with a history of CRC, and checkpoint

inhibitors for dMMR/MSI-H disease . dMMR/MSI-H testing is essential for four main reasons. Firstly, because of the

potential connection between dMMR and Lynch syndrome, it is a potent screening test to identify the most common cause

of hereditary CRC . Secondly, identifying dMMR status has proven to be one of the best ways to improve patient

prognosis, particularly in those with stage II CRC, where MSI-H was associated with longer OS, relapse-free survival, and

time to recurrence when compared to MSS . Moreover, dMMR status was a strong negative predictor of 5-

fluorouracil efficacy, making it a good marker to guide chemotherapy choice . Finally, MSI-H/dMMR status increased

the ability to predict response to checkpoint inhibitors . Patients previously treated for MSI-H/dMMR mCRC

experienced a 30% plateau in OS and progression-free survival (PFS) at five years in the phase II KEYNOTE-164 study

.

dMMR status can be tested via IHC, and MSI status can be tested using PCR or NGS based assays. IHC is usually the

test of choice because of the test’s high concordance (>90%) , but NGS or PCR testing can be used if IHC findings are

inconclusive . There is no need to analyze both the primary and the metastatic sites since concordance is over 90%

.

3.4. HER2 Amplification

Human epidermal growth factor receptor 2 (HER2) is a factor involved in multiple tumor types, including colorectal, breast,

and gastroesophageal cancers . HER2 (also known as ERBB2) codes for a transmembrane protein on the long arm of

chromosome 17 and activates downstream signaling pathways by complexes with other HER proteins . Cell

differentiation, migration, proliferation, and apoptosis inhibition are all facilitated by HER2 . IHC and fluorescence in situ

(FISH) can be used to identify HER2 overexpression and amplification .

HER2 amplification is present in 2–5% of all CRCs  with higher prevalence in wild type RAS/BRAF tumors

(approximately 5–14%) . Following anti-EGFR treatments, the frequency of HER2 overexpression increases,

possibly suggesting HER2′s involvement in resistance to the anti-EGFR agents .

The NCCN Guidelines recommend HER2 amplification testing in mCRC patients, but not for KRAS/NRAS or BRAF

mutant tumors . It is shown that in patients with wild-type RAS/BRAF mCRC, the HER2 status did not impact median

PFS on therapy without an EGFR inhibitor . Thus, in patients with wild-type RAS and BRAF tumors with HER2

overexpression, HER2 targeted treatment can be used as a subsequent therapy . Additionally, previously treated

patients with HER2-positive mCRC responded to trastuzumab deruxtecan, an antibody-drug conjugate, with a 45%

response rate . Although HER2 is a predictive biomarker of resistance to monoclonal antibodies that target EGFR 

 the current level of evidence does not support HER2 overexpression as a prognostic tool .

3.5. NTRK Fusions

Neurotrophic Tropomyosin Receptor Kinase (NTRK) genes encode the tropomyosin receptor kinase (TRK) proteins

involved in cell homeostasis and embryonal neural development . These genes can fuse with other genes,

producing NTRK gene fusions that can lead to uncontrolled cell growth and division . These can be detected with IHC,

plasma cell-free DNA profiling, and tumor DNA and RNA sequencing . NTRK gene fusions exist in several cancers,

including CRC, where they are present in only <1% . NTRK fusions are more common in MSI-H/dMMR CRC 

and are connected to APC and TP53 mutations . Patients with NTRK gene fusion-positive mCRC are good candidates

for TRK inhibitors therapies. According to the NCCN guidelines; larotrectinib and entrectinib have received FDA approval

for treating patients with NTRK gene fusion-positive metastatic, unresectable solid tumors .
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