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Abstract: Colorectal cancer (CRC) represents approximately 10% of all cancers and 
is the second most common cause of cancer deaths. Initial clinical presentation as 
metastatic CRC (mCRC) occurs in approximately 20% of patients. Moreover, up to 
50% of patients with localized disease eventually develop metastases. Appropriate 
clinical management of these patients is still a challenging medical issue. Major ef-
forts have been made to unveil the molecular landscape of mCRC. This has resulted 
in the identification of several druggable tumor molecular targets with the aim of 
developing personalized treatments for each patient. This review summarizes the im-
provements in the clinical management of patients with mCRC in the emerging era of 
precision medicine. In fact, molecular stratification, on which the current treatment 
algorithm for mCRC is based, although it does not completely represent the complex-
ity of this disease, has been the first significant step toward clinically informative 
genetic profiling for implementing more effective therapeutic approaches. This has 
resulted in a clinically relevant increase in mCRC disease control and patient survival. 
The next steps in the clinical management of mCRC will be to integrate the compre-
hensive knowledge of tumor gene alterations, of tumor and microenvironment gene 
and protein expression profiling, of host immune competence as well as the applica-
tion of the resulting dynamic changes to a precision medicine-based continuum of 
care for each patient. This approach could result in the identification of individual 
prognostic and predictive parameters, which could help the clinician in choosing the 
most appropriate therapeutic program(s) throughout the entire disease journey for 
each patient with mCRC. CA Cancer J Clin. 2022;72:000-000.
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Introduction
Colorectal cancer (CRC) is the third most common cancer in males and the sec-
ond most common in females, with approximately 1.9 million new cases and 0.9 
million deaths in 2020 worldwide.1 CRC incidence has increased in recent years. It 
represents approximately 10% of all cancers and is the second most frequent cause 
of cancer deaths.2,3 Therefore, CRC is a global public health challenge in terms of 
morbidity, mortality, and utilization of health care services, including increasingly 
high medical costs.4

Approximately 20% of patients with CRC have metastases at the time of di-
agnosis, whereas up to 50% of patients with initially localized disease will develop 
metastases. CRC can spread by lymphatic and hematogenous dissemination as well 
as by contiguous and peritoneal routes.5 The most frequent metastatic sites are re-
gional lymph nodes, liver, lungs, and peritoneum. The prognosis of patients who 
have metastatic CRC (mCRC) has significantly improved in the past 20 years with 
the introduction of more effective therapeutic approaches, including surgery of liver 
and lung metastases and novel anticancer drugs.6 However, mCRC in most cases 
remains a noncurable disease.
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This review summarizes the improvement in the clini-
cal management of patients with mCRC in the emerging 
era of precision medicine. An individual, personalized ther-
apeutic approach based on comprehensive knowledge of the 
complex genetic and environmental bases of the disease is 
required to achieve long-term control of mCRC with sig-
nificantly better quality and quantity of life.

Molecular Pathogenic Routes of Colorectal 
Cancer Development
CRC is a heterogenous disease characterized by a plethora 
of molecular alterations that determine the dysregulation 
of different signaling pathways, leading to tumor onset, 
progression, and invasiveness.7 The high intertumor and 
intratumor variability at different genetic levels highlights 
the complex molecular biology of the neoplasm, which, in 
turn, affects tumor response to therapies and patient sur-
vival.8 Even in the presence of a recognized and druggable 
gene alteration, the antitumor activity of the corresponding 
matched target therapy remains unpredictable.9 Hence, bet-
ter knowledge of the multiple developmental trajectories of 
CRC is fundamental to identify and tackle cancer vulner-
abilities and to change the clinical course of the disease.10

Molecular heterogeneity may already be found at prema-
lignant stages. This is determined by genetic and epigenetic 
regulations, which will influence different CRC molecular 
profiles.8 In this regard, 3 distinct pathways have been iden-
tified in the pathogenesis of CRC: chromosomal instability, 
high microsatellite instability (MSI-H), and CpG island 
methylator phenotype (CIMP).11

Chromosomal instability is reported in approximately 
65% to 70% of sporadic CRC and refers to an abnormal ac-
cumulation of gain or loss of entire regions of chromosomes 
that, in turn, results in chromosome number alterations, 
chromosome amplifications, and/or loss of heterozygosity 
(LOH).12 In 1990, Fearon and Volgestein described a multi-
step genetic model for the adenoma-to-carcinoma sequence 
that represented a milestone in the understanding of CRC 
initiation and progression.13 The first step in the tumorigenic 
process is silencing, mutation, or LOH of the gatekeeper ad-
enomatous polyposis coli (APC) gene. Loss of APC function 
causes the constitutive activation of WNT signaling, which 
controls the proliferation, differentiation, and renewal of in-
testinal stem cells, leading to the transformation of normal 
epithelium to early adenoma. A subsequent accumulation 

of gene alterations, including KRAS, TP53, and LOH 
18q, occurs during the transition from adenoma to car-
cinoma. Finally, dysregulation of the phosphoinositide-3 
kinase (PI3K) and transforming growth factor β (TGF-β)  
pathways is frequently observed in later stages.14,15

The second group of CRCs (approximately 15%-20%) 
is characterized by a deficit in the DNA mismatch-repair 
(dMMR) system, leading to an abnormal accumulation of 
gene mutations.16 The integrity of the dMMR machinery 
(MLH1, MSH2, MSH6, and PMS2 proteins) is neces-
sary for recognizing, correcting, and thus preventing errors 
during DNA replication.17 A dysfunctional dMMR system 
causes the generation of novel microsatellite fragments and 
of neoantigens, thus determining the MSI-H phenotype. 
Germline mutations in one of the dMMR genes are the hall-
mark of hereditary nonpolyposis CRC or Lynch syndrome, 
in which there is an increased risk of developing different 
gastrointestinal malignancies, including CRC.18,19

The serrated neoplasia pathway is the third pathogenic 
route in CRC development.20 Epigenomic instability of ser-
rated neoplasia relies on the dysregulation of CpG island 
methylation. Aberrant hypermethylation in the promoter re-
gion of suppressor genes results in gene silencing and favors 
tumor onset (CIMP phenotype).21 Of note, nonhereditary, 
sporadic MSI-H tumors also could be the result of MLH1 
silencing and are strictly associated with BRAF valine-to-
glutamate substitution at codon 600 (V600E) mutations.22 
Epigenetic silencing of other tumor suppressor genes, such 
as MGMT, p16INK4, and IGFBP7, could play a significant 
role in the development of CIMP CRC.23-25 However, a 
subgroup of MSI-H tumors could also present features of 
serrated neoplasia.

Mutational Landscape of Metastatic Colorectal 
Cancer
Major efforts have been made to better understand the 
genomic landscape of CRC and to identify druggable muta-
tions, with the aim of developing a truly precision medicine-
based, personalized treatment for each patient.26 The 
effective development of precision oncology for patients 
with mCRC has been more challenging than expected.27-29 
This may be explained in part by the genetic heterogene-
ity of these tumors, the paucity of druggable targets, and the 
complex interplay between different signaling pathways that 
could allow cancer cells to escape single-target inhibition.9
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After more than 20 years of translational and clinical in-
vestigation, targeting the epidermal growth factor receptor 
(EGFR) family and its intracellular signaling pathways still 
represents the most relevant keystone for the targeted mo-
lecular treatment of mCRC (Fig. 1).30

EGFR (HER1) is a growth factor receptor belonging 
to a family of cell membrane growth factor receptors with 
tyrosine kinase enzymatic activity, which includes HER2/c-
neu (ERBB2), HER3 (ERBB3), and HER4 (ERBB4).31 
Numerous specific ligands that activate EGFR signaling 
have been discovered, including epidermal growth factor 
(EGF), transforming growth factor α (TGF-α), amphireg-
ulin, and epiregulin. Ligand binding to the EGFR extracel-
lular domain induces receptor tridimensional conformation 
changes, which allow receptor homodimerization or heterod-
imerization (with one of the other 3 EGFR-related recep-
tors), which, in turn, triggers the phosphorylation of specific 
tyrosine residues in the EGFR intracellular domain. This 
activates a complex intracellular signaling cascade, includ-
ing the RAS-RAF-MEK-MAPK and PTEN-I3K-AKT-
mTOR pathways, which regulate cancer cell proliferation, 

survival, invasiveness, metastatic spread, and tumor-induced 
angiogenesis.32

The RAS family comprises 3 different genes that encode 
for 4 proteins: HRAS, NRAS, KRAS4A, and KRAS4B (the 
latter 2 are isoforms that are produced by different splic-
ing).33 Because KRAS4B is the predominant splice variant, 
it is also simply referred as KRAS. In physiologic conditions, 
RAS (KRAS and NRAS) changes continuously between the 
active guanosine triphosphate (GTP)-bound and the inactive 
guanosine diphosphate (GDP)-bound states, depending on 
the cellular context and on signaling stimuli. Transition from 
the stable, inactive GDP-bound form to the active GTP-
bound form is stimulated by guanine nucleotide exchange-
factors (GEFs), whereas the switch to the reverse process is 
mediated by GTPase-activating proteins (GAPs). Mutations 
that determine the constitutive activation of RAS in the 
GTP-bound state promote tumorigenesis and modulate the 
tumor microenvironment by inducing immune escape and 
cancer progression.34 The presence of KRAS-activating mu-
tations was the first predictive negative biomarker discovered 
for anti-EGFR treatment in mCRC.35 Different studies 

FIGURE 1. EGFR and HER2 Pathways in Metastatic Colorectal Cancer. Epidermal growth factor receptor (EGFR) is a member of the human epidermal growth 
factor receptor (HER)/erbB family, which includes EGFR (ERBB1), HER2/c-neu (ERBB2), HER3 (ERBB3), and HER4 (ERBB4). After ligand-binding receptor 
homodimerization or heterodimerization occurs, this activates 2 main intracellular downstream pathways (P): RAS-RAF-MEK-MAPK and PI3K-AKT-mTOR, which 
are involved in the regulation of cancer cell proliferation, survival, migration, invasion, and metastasis. Adagrasib is an irreversible inhibitor of KRAS glycine-to-
cysteine substitution at codon 12 (G12C)-mutated protein; binimetinib, a reversible MEK inhibitor; cetuximab, a human-mouse chimeric immunoglobulin G1 
(IgG1) anti-EGFR monoclonal antibody; encorafenib, a reversible inhibitor of BRAF substitution of valine by glutamate in codon 600 (V600E)-mutated protein; 
lapatinib, a reversible anti-EGFR and anti-HER2 tyrosine kinase inhibitor; panitumumab, a fully human IgG2κ anti-EGFR monoclonal antibody; pertuzumab, 
a humanized IgG1 anti-HER2 monoclonal antibody; sotorasib, an irreversible inhibitor of KRAS G12C-mutated protein; T-DM1, trastuzumab emtansine is an 
antibody-drug conjugate composed of DM1 (a microtubule inhibitor) covalently linked to trastuzumab; trastuzumab, a humanized IgG1 anti-HER2 monoclonal 
antibody; trastuzumab-deruxtecan, an antibody-drug conjugate composed of deruxtecan (a topoisomerase I inhibitor) covalently linked to trastuzumab; 
tucatinib, a reversible anti-HER2 tyrosine kinase inhibitor.
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have demonstrated that KRAS exon 2 mutations lead to the 
constitutive activation of MAPK signaling, bypassing the up-
stream blockade of EGFR with the therapeutic monoclonal 
antibodies cetuximab or panitumumab.36-38 Subsequent 
investigations have shown that not only KRAS exon 2 but 
also other KRAS and NRAS mutations confer resistance to 
anti-EGFR treatments.39,40 More than 40% mCRCs have 
KRAS mutations, which are most frequent in exon 2 and in 
codons 12 (approximately 80% of all KRAS mutations) and 
13 and are less common in exons 3 (codons 59 and 61) and 4 
(codons 117 and 146).41 NRAS mutations are rare (5%-10% 
of mCRC) and occur mostly in exons 3 (codon 61) and 2 
(codons 12 and 13).42 RAS mutations are generally associated 
with a poor prognosis and an impaired response to antican-
cer therapies. However, not all RAS mutations have the same 
impact on the clinical course of the disease. The KRAS sub-
stitution of glycine by cysteine within codon 12 (G12C) is 
reported in approximately 3% to 4% of mCRC and correlates 
with major aggressiveness and worse outcome.43,44

BRAF mutations are observed in 10% to 15% of 
mCRC.45,46 The substitution of valine by glutamate within 
codon 600 (V600E) is the most frequent BRAF alteration. 
This mutation is almost mutually exclusive with KRAS and 
NRAS mutations. It causes constitutive activation of the 
MAPK signaling pathway, confers high clinical aggressive-
ness and resistance to anti-EGFR monoclonal antibody 
treatment, and is associated with poor survival.47 BRAF 
V600E-mutant mCRC may display the CIMP phenotype 
and, in 10% to 20% of cases, is also MSI-H.48,49 BRAF 
V600E-mutant mCRC more often correlates with older age, 
female sex, proximal colon (right side location), peritoneal 
and hepatic metastatic spread, and mucinous or poorly dif-
ferentiated histology.50 Intriguingly, BRAF V600E-mutant 
CRC is not a unique disease and could display various re-
sponses to molecular target therapies.51 Two subtypes of 
BRAF V600E mutants have been identified: BM1 and 
BM2, which are distinguished by different gene expression 
profiles.52 The BM1 subtype occurs in one-third of cases; it 
is characterized by KRAS and AKT pathway activation and 
a strong immune infiltrate, increased angiogenesis, TGF-β 
dysregulation, and epithelial-to-mesenchymal transition 
(EMT). The BM2 group represents two-thirds of BRAF 
V600E mCRC; it is enriched in activated metabolic path-
ways and has high CDK1 and low cyclin-D1 levels. Of note, 
a trend toward poorer survival has been observed in the BM1 
BRAF V600E subtype compared with the BM2 subtype. 
Non-V600E BRAF-mutant mCRC is rare, occurring in ap-
proximately 2% of cases.53 A large, multicenter, retrospective 
study has recently shown that overall survival (OS) is sig-
nificantly longer in patients who have non-V600E BRAF-
mutant mCRC compared with those who have either BRAF 
V600E-mutant or BRAF wild-type (WT) mCRC.53

Regulatory agencies, including the US Food and Drug 
Administration (FDA) and the European Medicine Agency, 
require mandatory hot-spot mutation analysis for KRAS, 
NRAS, and BRAF before treatment choices for patients with 
mCRC. In fact, the use of anti-EGFR monoclonal antibod-
ies (cetuximab or panitumumab) is restricted to RAS WT 
tumors because EGFR inhibition has therapeutic efficacy 
only in mCRC in which the EGFR-driven intracellular 
signaling machinery is composed of normal, nonmutated 
proteins.54,55 Assessment of the mutational status of KRAS, 
NRAS, and BRAF may be done using real time-polymerase 
chain reaction or next-generation sequencing (NGS) on 
DNA extracted either from the primary tumor or from a 
metastatic site.56 Recent studies also support the use of liq-
uid biopsy-based approaches for detecting the presence of 
circulating tumor DNA (ctDNA) in the plasma of patients 
with mCRC.57 Relatively good concordance in the detec-
tion of RAS and BRAF mutations in tumor tissues compared 
with plasma has been reported.58 A potential advantage of 
liquid biopsy is the possibility of repeating this procedure 
to evaluate the dynamic tumor mutation changes under the 
selective pressure of therapies for a better choice of molecu-
lar target drugs to use.59 Furthermore, assessment of ctDNA 
allows the comprehensive detection of different mutated 
cancer clones, which may arise in different metastatic sites.60 
In this respect, several NGS extended gene panels for liquid 
biopsy analysis are currently available.

HER2 gene alterations are relatively rare in mCRC. 
HER2 protein overexpression due to HER2 gene amplifi-
cation has been reported in approximately 3% of mCRCs, 
mostly in patients with RAS/BRAF WT tumors.61 HER2 
overexpression generally causes primary resistance to anti-
EGFR therapies, as suggested by retrospective studies.62-64 
However, a subset of patients with HER2-amplified mCRC 
might still benefit from EGFR inhibition.65

Other rare gene alterations include receptor tyrosine ki-
nase (RTK) fusion genes, such as ALK, ROS1, and NTRK, 
occurring in 0.2% to 2.4% of mCRCs.66 Of note, these 
RTK gene rearrangements are more frequent in patients 
with right-sided primary CRC, RAS/BRAF WT tumors, 
and MSI-H tumors. In a retrospective study, poorer survival 
was observed in patients who had mCRC with ALK, ROS1, 
or NTRK gene rearrangements. Primary resistance to anti-
EGFR therapies was also suggested in these cases.

The presence of MSI-H or dMMR has been identified in 
approximately 15% of CRCs, with some differences accord-
ing to tumor stage. Frequency is higher in localized CRC 
compared with mCRC: approximately 20% in stage II tu-
mors, 12% in stage III tumors, and 5% in stage IV tumors.17 
Approximately 3% of MSI-H tumors are associated with 
the hereditary Lynch syndrome, whereas another 12% are 
caused by sporadic, acquired hypermethylation of the MLH1 
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gene promoter, which occurs in tumors with the CIMP phe-
notype. In any case, the presence of impaired mismatch-
repair function causes an accumulation of DNA replication 
errors, facilitates insertions or deletions, and leads to the 
generation of a huge number of neoantigens.67 Some of 
these neoantigens will be processed, presented on the major 
histocompatibility complex (MHC), and recognized as for-
eign molecules by T cells. This will determine high levels of 
tumor-infiltrating lymphocytes (TILs) in MSI-H/dMMR 
mCRC. However, the overexpression of inhibitory immune 
checkpoint molecules could suppress activation of the im-
mune system in these cases.68 Therefore, removing the brake 
with the use of antiprogrammed death 1 (anti–PD-1)/pro-
grammed death ligand 1 (PD-L1) monoclonal antibodies 
could activate the immune response, with strong antitumor 
activity.69 Therefore, because immunotherapy with immune 
checkpoint inhibitors could be highly effective in these pa-
tients, an evaluation of tumor microsatellite status is highly 
recommended for each patient with mCRC.55 Diagnosis of 
MSI-H/dMMR may be performed using different method-
ologies, including real time-polymerase chain reaction anal-
ysis, immunohistochemistry, or NGS, with a relatively good 
level of concordance.69

High tumor mutational burden is not exclusively ob-
served in MSI-H/dMMR tumors. In fact, DNA polymerase 
ε (POLE) and DNA polymerase δ (POLD1) are 2 enzymes 
involved in DNA synthesis and repair.70 Mutations of these 
genes affect DNA repair and lead to the production of high 
numbers of neoantigens, rendering patients with mCRC 
whose tumors harbor such mutations potentially responsive 
to immune checkpoint inhibitors.71 POLE mutations are 
rare, being detected in approximately 1% to 2% of mismatch-
repair–proficient (pMMR) mCRC, with higher prevalence 
in younger patients.

Consensus Molecular Subtype Classification of 
Colorectal Cancer
Major efforts have been dedicated to identifying biologi-
cally homogeneous CRC subtypes for a better prognostic 
assessment and for improving the development of novel 
therapies.72 An international consortium performed a com-
prehensive transcriptome analysis of gene expression on 
tumor cells as well as on tumor-infiltrating stroma and the 
tumor microenvironment. Four different consensus molecu-
lar subtypes (CMS) groups were defined.73 CMS1 tumors 
(MSI-H immune; approximately 14% of early stage CRCs) 
are hypermutated and hypermethylated, display an enrich-
ment in BRAF V600E mutations, and show robust immune 
infiltration (CD8-positive T cells, TILs, and CD68-positive 
macrophages). CMS2 tumors (canonical; approximately 
37% of early stage CRCs) are epithelial tumors characterized 

by activation of the WNT and MYC pathways. CMS3 tu-
mors (metabolic; approximately 13% of early stage CRCs) 
frequently have KRAS mutations, display deregulated cancer 
cell metabolic pathways, and have lower gene copy number 
alterations. CMS4 tumors (mesenchymal; approximately 
23% of early stage CRCs) are characterized by the activation 
of pathways related to EMT, such as TGF-β signaling, en-
hanced angiogenesis, stromal activation, and inflammatory 
infiltrate.

The CMS groups in part may recapitulate the divergent 
pathogenic routes of adenoma-to-carcinoma progression. 
Interestingly, serrated sessile adenomas, which depend on 
the levels of TGF-β, may progress to CMS4 (with high 
TGF-β signaling) and to CMS1 (with low TGF-β signal-
ing) tumors.72,74 Remarkably, adenomatous polyps displayed 
a CMS2-like phenotype with prominent WNT and MYC 
activation, whereas hyperplastic and serrated polyps with a 
CMS1-like phenotype displayed a significant enrichment of 
genes involved in immune and stromal infiltration.75 Only a 
limited number of adenomas with a CMS4-like phenotype 
were included in the analysis. However, a significant enrich-
ment for stromal signatures along with TGF-β activation 
was observed.

Distinct characteristics and outcomes have been reported 
across the different CMS groups.73 CMS1 tumors are more 
frequent in female patients with right-sided primary tumors, 
have undifferentiated histopathologic grading, and exhibit 
a poor outcome after relapse. CMS2 tumors are more fre-
quently localized in the left side of the colon or in the rectum 
and have a better prognosis. CMS4 tumors are more often 
diagnosed in advanced-disease stage with poorer relapse-
free survival and OS. Recently, a translational study that 
included more than 1700 primary tumor samples from pa-
tients treated on the PETACC-8 adjuvant trial (Clini​calTr​
ials.gov identifier NCT03362684), reported that, in 55% of 
tumor samples, ≥2 CMS groups could be identified. These 
results strongly suggest that intratumor CMS heterogeneity 
is a frequent finding.76 Of note, intratumor heterogeneity 
was correlated with reduced disease-free survival and with 
worse OS. Another layer of complexity could be represented 
by the presence of intrapatient tumor heterogeneity.77 In this 
regard, an analysis of the transcriptomic profiles from 317 
primary tumors and 295 liver metastases indicated that me-
tastases were classified more frequently as CMS2 or CMS4 
and less frequently as CMS1 or CMS3 compared with pri-
mary tumors. This heterogeneity may be a consequence of 
the complex tumor biology and of the interaction between 
cancer cells and the microenvironment. In fact, CMS classi-
fication could be affected by gene expression changes from 
the tumor core to the invasion front, which may be caused by 
regional differences in immune infiltrates and stroma con-
tent and composition.78

http://clinicaltrials.gov
http://clinicaltrials.gov
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Integrating Molecular Target Therapies in the 
Continuum of Care of Metastatic Colorectal 
Cancer
Major therapeutic advances have been achieved in mCRC, 
resulting in clinically relevant survival improvements.2,79,80 
The chemotherapy era started with the development of 
5-fluorouracil (5-FU), a fluoropyrimidine antimetabolite 
drug, in 1957.81,82 Key developments in the early 2000s in-
cluded the addition of irinotecan, a topoisomerase I inhibitor, 
and oxaliplatin, a DNA cross-linking drug, as components 
of 5-FU–based cytotoxic combination therapies (FOLFIRI 
[folinic acid, 5-FU, and irinotecan] and FOLFOX [folinic 
acid, 5-FU, and oxaliplatin], respectively). These combina-
tions provide higher response rates and better progression-
free survival (PFS) than 5-FU alone. Furthermore, the 
possibility of sequential treatments with FOLFIRI and 
FOLFOX, or vice versa, has established 2 subsequent lines 
of therapy for most patients with mCRC.83,84 This has led to 
a significant increase in median survival from 6 to 9 months 
up to 15 to 18 months.

A major improvement with more effective therapeu-
tic options has been the introduction of molecular target 
drugs (initially, antivascular endothelial growth factor-A 
[anti–VEGF-A], VEGF-A, and anti-EGFR monoclonal 
antibodies) in addition to chemotherapy.85 The increasing 
number of effective anticancer drugs (Fig. 2), together with 

the improvement of surgical procedures and the availabil-
ity of local ablative treatments for liver and lung metasta-
ses, has significantly increased patient survival by allowing 
a continuum-of-care treatment strategy with multiple lines 
of therapy (≥4 in most patients). Currently, most patients 
with mCRC experience a survival of 24 to 36 months. 
Furthermore, up to one-third of patients who have mCRC 
limited to the liver (and, in some cases, the lungs) may even 
be cured by an integrated clinical management with systemic 
medical treatments and locoregional radical surgical removal 
of metastases.86,87

The first successful step toward personalized cancer med-
icine has been the definition of different treatment options 
and sequences, which are based on tumor molecular stratifica-
tion.88 The search for RAS and BRAF gene alterations and the 
evaluation of microsatellite status are currently the gold stan-
dard for mCRC molecular characterization, which is needed 
for selecting the most appropriate treatments (Figs.  3 and 
4).55 Moreover, it is becoming standard of care to also screen 
for HER2 gene amplification.55 In addition to molecular 
stratification, several factors influence the choice of up-front 
treatment, including patient characteristics (performance sta-
tus, comorbidities, age) and tumor features (tumor burden, 
sites of metastases, the presence of potentially resectable liver 
or lung metastases, primary tumor location). Effective first-
line treatment is a critical determinant for therapeutic efficacy. 

FIGURE 2.  Timeline of US Food and Drug Administration Approvals With the First Indication for Each Drug in the Treatment of Metastatic Colorectal 
Cancer. dMMR indicates DNA mismatch-repair–deficient; FOLFIRI, folinic acid, 5-fluorouracil, and irinotecan; mCRC, metastatic colorectal cancer; MSI-H, high 
microsatellite instability.
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The most appropriate first-line chemotherapy options in-
clude FOLFIRI or FOLFOX.84,85 A possibility for further 
increasing objective responses, PFS, and OS in selected fit pa-
tients with mCRC is to combine these chemotherapies in the 
triplet FOLFOXIRI regimen (folinic acid, 5-FU, oxaliplatin, 
and irinotecan).89 Because the maximum clinical benefit is 
achieved during first-line treatment, strategies to consolidate 

antitumor response and to maintain disease control in a bal-
ance with safety and tolerability of treatments may vary. These 
strategies include the duration of first-line therapy, the use of 
chemotherapy-free intervals, and/or the implementation of less 
toxic, long-term maintenance therapies.

In this scenario, targeting neoangiogenesis has been the 
first biologic therapy with additive or synergistic activity 

FIGURE 3. Therapeutic Algorithm of First-Line and Second-Line Treatments for “Fit” Patients With Unresectable Metastatic Colorectal Cancer. The algorithm 
indicates treatment according to molecular stratification for RAS (KRAS and NRAS), BRAF V600E (substitution of valine by glutamate in codon 600), high 
microsatellite instability (MSI-H)/DNA mismatch-repair–deficient (dMMR) genetic alterations *if the goal is tumor shrinkage. **In patients who obtain a 
benefit from chemotherapy (CT) plus bevacizumab in first-line treatment, bevacizumab also could be maintained in second-line treatment, and ziv-aflibercept 
or ramucirumab could be used in combination with FOLFIRI (folinic acid, 5-fluorouracil [5-FU], and irinotecan) after progression on prior oxaliplatin-based 
therapy plus bevacizumab. ***If a CT triplet plus bevacizumab was used in the first line for a fixed time, then treatment was deescalated to 5-FU plus 
bevacizumab. ****It may be an option not to use anti-epidermal growth factor receptor (anti-EGFR) monoclonal antibodies in the first line. CT doublet 
indicates FOLFIRI or FOLFOX (folinic acid, 5-FU, and oxaliplatin); CT triplet, FOLFOXIRI (folinic acid, 5-FU, oxaliplatin, and irinotecan). The antiangiogenic drugs 
used were bevacizumab, ziv-aflibercept, and ramucirumab; and the anti-EGFR drugs were cetuximab and panitumumab. mCRC indicates metastatic colorectal 
cancer; MT, mutated; WT, wild type.

FIGURE 4. Therapeutic Algorithm of Later Lines of Treatment for Unresectable Metastatic Colorectal Cancer. *Although not yet considered as a standard 
of care (for the absence of randomized trials), rechallenge with epidermal growth factor receptor (EGFR) inhibitors has shown clinically relevant antitumor 
activity in patients with RAS/BRAF wild-type (WT) circulating tumor DNA, as assessed by pretreatment liquid biopsy. **If not administered in the previous line 
of treatment. ***In patients who have not received prior immunotherapy (anti–PD-1, nivolumab or pembrolizumab; anti–CTLA-4, ipilimumab). +/– indicates 
with or without; dMMR, DNA mismatch-repair–deficient; MSI-H, high microsatellite instability; MT, mutated.
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when combined with chemotherapy.90-93 Tumor-induced 
angiogenesis is a hallmark of cancer development and pro-
gression in all solid cancers, including CRC. Bevacizumab, a 
humanized anti–VEGF-A monoclonal antibody, is the first 
antiangiogenic drug to be successfully added to the thera-
peutic armamentarium for mCRC. Several phase 2 and 3 
studies have established the efficacy of adding bevacizumab 
to 5-FU–based chemotherapy regimens in improving PFS 
and OS in patients with mCRC, as shown in Table 1.90-101 
Bevacizumab can be used in either first-line or second-line 
therapy or, according to a beyond progression strategy, in both 
first-line and second-line therapy by switching chemother-
apy.97,98 Two other antiangiogenic drugs (ziv-aflibercept 
and ramucirumab) may be combined with FOLFIRI in 
the second line after progression on FOLFOX plus beva-
cizumab.99-100 Furthermore, regorafenib, a broad-spectrum, 
antiangiogenic, multikinase inhibitor, can be used in third-
line therapy after disease progression.102,103 Unfortunately, 
despite 2 decades of extensive translational and clinical in-
vestigation, no predictive biomarkers of antitumor activity 
or efficacy of antiangiogenic drugs have been identified. 
Therefore, similar to chemotherapy, these drugs are still used 
in unselected patients with mCRC.

Conversely, the therapeutic use of the 2 anti-EGFR mono-
clonal antibodies cetuximab and panitumumab is restricted 
to selected patients with mCRC. However, this selection is 
based on predictive molecular biomarkers of lack of response 
(ie, RAS-activating or BRAF-activating mutations) rather 
than the presence of positive predictive biomarkers of anti-
tumor activity and efficacy104,105 (Tables 2 and 3).39,40,106-115  
Either cetuximab or panitumumab is combined with stan-
dard chemotherapy regimens as first-line or second-line 
therapy after chemotherapy plus bevacizumab for patients 
with RAS/BRAF WT tumors. Extensive clinical investiga-
tion has been done to evaluate which is the most effective 
first-line therapy in patients with RAS/BRAF WT mCRC. 
A meta-analysis of 6 randomized phase 2 and 3 clinical 
trials has evaluated the combination of chemotherapy plus 
cetuximab or panitumumab compared with the same che-
motherapy with or without bevacizumab in patients with 
RAS/BRAF WT mCRC.116 An anti-EGFR monoclonal 
antibody plus chemotherapy is the most effective treatment 
in terms of tumor response, PFS, and OS in patients with 
mCRC whose primary tumors are localized in the left side 
of the colon or in the rectum. In this respect, mCRC that 
originates in the right colon has different gene alterations 
and expression profiles, which determine reduced sensitivity 
to EGFR inhibition.

In addition to left-sided primary tumor localization, 
anti-EGFR monoclonal antibody treatment seems to be 
more effective in patients whose tumors express high lev-
els of amphiregulin and epiregulin, which are identified 

more frequently in well differentiated epithelial mCRC.31 
Conversely, the features of EMT, including TGF-α over-
expression, enhanced AXL and EPHA2 signaling, and in-
creased TGF-β signaling, are associated with resistance to 
anti-EGFR drugs.117-120

The role of CMS classification in predicting response to 
chemotherapy combined with antiangiogenic or anti-EGFR 
drugs is controversial and is still debated.121 Retrospective 
analyses of 2 large, randomized phase 3 trials, in which dif-
ferent chemotherapies (FOLFIRI or FOLFOX) in combi-
nation with bevacizumab or cetuximab have been evaluated 
as first-line treatment in patients with RAS WT mCRC, 
have been published, with discordant results. In fact, patient 
survival was better with bevacizumab plus chemotherapy in 
those with CMS1 and CMS4 tumors, whereas cetuximab 
plus chemotherapy determined better survival in those with 
CMS2 tumors, according to the Cancer and Leukemia 
Group B trial CALGB-80405 (Clini​calTr​ials.gov iden-
tifier NCT00265850), in which 75% of patients received 
FOLFOX and 25% received FOLFIRI. Conversely, in the 
FIRE3 trial (Clini​calTr​ials.gov identifier NCT00433927), 
in which 100% of patients were treated with FOLFIRI, a 
survival benefit in favor of cetuximab versus bevacizumab 
was reported for the CMS3 and CMS4 subgroups.122,123 
The discrepancies between the results of these 2 studies 
highlight the complexity of interactions between mCRC bi-
ology and treatment.121 In fact, the chemotherapy backbone 
(FOLFIRI or FOLFOX) in combination with either cetux-
imab or bevacizumab may have different functional interac-
tions with the tumor microenvironment, which may affect 
antitumor activity. It has been hypothesized that irinotecan 
may synergize with cetuximab in all CMS groups, whereas 
oxaliplatin may synergize with cetuximab only in fibroblast-
poor tumor microenvironments (CMS2 and CMS3) and 
may antagonize with cetuximab in fibroblast-rich tumor 
microenvironments (CMS1 and CMS4). However, the 
CMS classification is not yet considered a valid predictive 
biomarker for choosing either antiangiogenic or anti-EGFR 
drugs.

Although chemotherapy combined with anti-EGFR 
monoclonal antibodies is highly effective in patients with 
mCRC who have left-sided RAS/BRAF WT tumors, with 
major objective responses observed in approximately two-
thirds of patients and a median PFS of 11 months, disease 
progression occurs in all patients.116 In approximately one-
third of patients, this is caused by the emergence of RAS-
mutant and, less frequently, BRAF-mutant or ectodomain 
EGFR-mutant cancer cell clones as escape mechanism(s) 
of EGFR inhibition.124 In fact, treatment with anti-EGFR 
drugs eliminates RAS/BRAF WT-sensitive clones, whereas 
acquired RAS-mutant–resistant clones become the preva-
lent cancer cell population. Therefore, second-line treatment 

http://clinicaltrials.gov
http://clinicaltrials.gov
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generally consists of switching the chemotherapy backbone 
with the addition of an antiangiogenic drug. However, in-
creasing numbers of clinical studies have suggested a possi-
ble role of anti-EGFR drug retreatment in the continuum 
of care of patients with RAS/BRAF WT mCRC. In fact, 
during second-line, EGFR-inhibitor–free treatment, ac-
quired resistant RAS-mutant clones progressively decay 
(with a half-life of approximately 4 months), whereas RAS/
BRAF WT clones may proliferate, restoring sensitivity to 
anti-EGFR drugs.125 This has led to the concept of anti-
EGFR therapy rechallenge (Table  4).126-135 This potential 
third-line or fourth-line therapy may be offered to those 
patients who had a major response to first-line or second-
line chemotherapy plus either cetuximab or panitumumab, 
after second-line or third-line treatment without EGFR 
inhibitors, respectively.126 However, anti-EGFR therapy re-
challenge should be considered only for those patients who 
have RAS/BRAF WT mCRC at the time of retreatment, as 
assessed by liquid biopsy analysis of plasma ctDNA.127-130 
Several clinical trials are currently ongoing to better define 
the activity and efficacy of anti-EGFR therapy rechallenge, 
with the aims of better identifying potentially respon-
sive patients and of selecting the best treatment options 
(cetuximab or panitumumab as monotherapy or in com-
bination with chemotherapy or with immune checkpoint 
inhibitors).131-133,135

Another relevant step toward a more personalized ther-
apeutic approach has been the development of anti-BRAF–
targeted therapies. Patients with BRAF V600E-mutant 
mCRC have the worst prognosis, with modest efficacy 
of chemotherapy regimens and with a median survival 
of only 12 months.45,47,49 Several selective BRAF inhib-
itors have been developed and evaluated in clinical trials 
(Table  5).51,136-142 A major therapeutic improvement was 
caused by the discovery that BRAF inhibition causes an es-
cape mechanism in BRAF-mutant CRC cells, with the up-
regulation of EGFR-driven signaling, which allows cancer 
cell survival despite treatment.142 Therefore, anti-BRAF 
monotherapy has limited therapeutic efficacy. In this respect, 
a pivotal, multicenter, randomized phase 3 study has demon-
strated significant increases in objective responses, PFS, and 
OS after treatment with encorafenib, a selective BRAF in-
hibitor, in combination with the anti-EGFR monoclonal 
antibody cetuximab, in patients who have BRAF V600E 
mCRC after first-line or second-line therapy failure.51 A 
still debated question is whether the efficacy of encorafenib 
plus cetuximab could be integrated with chemotherapy as 
first-line treatment.143,144 This is being evaluated in a multi-
center, randomized phase 3 study in which encorafenib plus 
cetuximab alone or in combination with FOLFOX is com-
pared with FOLFOX/FOLFOXIRI plus bevacizumab as 
first-line therapy for patients with BRAF V600E mCRC.145TR
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The identification of HER2 gene amplification in a 
small subgroup of patients with RAS/BRAF WT mCRC 
has led to a series of clinical trials that have tested differ-
ent anti-HER2 therapeutic approaches (Table 6).146-151 On 
the basis of elegant preclinical studies with patient-derived 
tumor xenografts, the combination of trastuzumab, a hu-
manized anti-HER2 monoclonal antibody, with lapatinib, 
an anti-HER2 tyrosine kinase inhibitor, has been the first 
successful, effective therapy in chemorefractory patients with 
HER2-amplified mCRC.62 Other promising approaches in-
clude the combination of trastuzumab with the humanized 
anti-HER2 monoclonal antibody pertuzumab and, more 
recently, the use of trastuzumab-deruxtecan, in which the 
topoisomerase I inhibitor deruxtecan is covalently linked to 
trastuzumab.147,151 Finally, antitumor activity also has been 
observed with the combination of trastuzumab plus the se-
lective anti-HER2 tyrosine kinase inhibitor tucatinib.149 
Because the efficacy of anti-HER2 therapies has been estab-
lished in the treatment of chemorefractory patients, clinical 
trials are currently ongoing to evaluate their potential role in 
earlier phases, including first-line therapy.

KRAS mutations are the most frequent oncogenic mu-
tations in mCRC, occurring in >40% of cases.3 Until re-
cently, KRAS has been considered an undruggable oncogenic 
driver. All of the efforts to develop selective KRAS inhibi-
tors were unsuccessful for long time. The first generation of 
potential KRAS inhibitors was represented by farnesyltrans-
ferase inhibitors, which were developed to block the post-
translational modifications of KRAS that are needed for 
protein localization to the inner face of the cell membrane, 
which is crucial for its activity.43 However, these drugs failed 
in clinical development. A different class of KRAS inhibitors 
has been developed since 2013, rapidly opening a new thera-
peutic scenario. These are selective, irreversible inhibitors of 
the KRAS G12C mutant, which occurs in approximately 3% 
to 4% mCRCs.44 Recently, 2 drugs, sotorasib and adagrasib, 
have been approved by the FDA for the treatment of KRAS 
G12C-mutant, advanced lung cancer and are currently under 
extensive clinical investigation in mCRC (Table  7).152-155 
Although signs of clinical activity with either sotorasib or 
adagrasib monotherapy have been reported in chemorefrac-
tory patients with KRAS G12C mCRC, preclinical studies 
strongly support the need for combining these inhibitors 
with anti-EGFR monoclonal antibodies to overcome cancer 
cell escape mechanisms caused by the activation of EGFR 
signaling when they are used as single agents. In this respect, 
signals of better antitumor activity of these combinations in 
early phase clinical studies have generated 2 large, random-
ized phase 3 trials, which are currently ongoing, to evalu-
ate the efficacy of sotorasib plus panitumumab as third-line 
therapy or adagrasib plus cetuximab as second-line therapy 
in patients who have KRAS G12C mCRC compared with TA
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appropriate standard therapies. This is only the beginning of 
a new therapeutic era. However, targeting the most frequent 
activating RAS mutations remains a major unmet medical 
need in mCRC.

NTRK fusions are very rare gene alterations in 
mCRC.66,156 However, the development of 2 inhibitors 
(entrectinib and larotrectinib) that received recent approval 
by the FDA and the European Medicines Agency for their 
therapeutic use, which is based on the presence of the spe-
cific gene alteration regardless of tumor type, in a so-called 
agnostic indication, offers another relevant treatment oppor-
tunity for chemorefractory patients who have mCRC with 
NTRK fusion.157,158

In this respect, for patients with chemorefractory mCRC, 
the use of molecularly selected treatments based on the pres-
ence of druggable tumor gene alterations (as in the case of 
anti-EGFR rechallenge) for anti-BRAF V600E, anti-HER2, 
anti-KRAS G12C, or anti-NTRK therapies is a clinically 
relevant goal. In fact, the current treatment options after 
progression on second-line therapy rely on the use of either 
regorafenib or trifluridine-tipiracil, a fluoropyrimidine-
derivative drug, which have been established as third-
line or fourth-line therapies for unselected patients with 
mCRC.102,159,160 Randomized phase 3 trials have shown that 
treatment with either regorafenib or trifluridine-tipiracil de-
termines a statistically significant, but clinically modest, in-
crease in survival compared with best supportive care.102,159 
Therefore, the application of a precision medicine-based 
approach could allow an opportunity to provide further ef-
fective line(s) of selected therapies before treatment with re-
gorafenib and/or trifluridine-tipiracil.

Integrating Immunotherapies in the Continuum 
of Care of Metastatic Colorectal Cancer
Evaluation of microsatellite status or of the mismatch-repair 
machinery is currently mandatory before treatment decision 
choices are made for mCRC first-line therapy.161 MSI-H/
dMMR mCRC tumors are characterized by high numbers 
of neoantigens, which increase immunogenicity, are associ-
ated with a high immune infiltrate in the tumor microenvi-
ronment, and, in turn, may render these tumors amenable to 
immune checkpoint inhibitor therapy.162 MSI-H/dMMR 
is the first predictive biomarker of immunotherapy efficacy 
for mCRC. Although these tumors are a small subgroup 
of mCRC (approximately 5% of cases), the introduction of 
immune checkpoint inhibitors has been a revolution in the 
precision medicine approach to mCRC therapies.163 Two 
anti–PD-1 monoclonal antibodies—pembrolizumab and 
nivolumab—and the combination of nivolumab plus the 
anti–CTLA-4 monoclonal antibody ipilimumab have been 
approved by the FDA for the treatment of patients with 
MSI-H/dMMR mCRC.164 According to phase 2 data,165 

the combination of nivolumab plus ipilimumab seems to 
be more effective in terms of increased objective responses, 
disease control, and survival compared with nivolumab 
monotherapy (Table 8).21,164,166-174 The results of a multi-
center, randomized phase 3 trial, in which pembrolizumab 
was compared with standard therapy as first-line treat-
ment, have demonstrated a highly statistically significant 
doubling in median PFS, which reached 16.5 months, in 
pembrolizumab-treated patients.167 This is the longest me-
dian PFS reported to date in randomized phase 3 trials for 
any first-line treatment in mCRC. Furthermore, the major-
ity of pembrolizumab-treated patients achieved major objec-
tive responses of long duration (84% lasted ≥2 years).

According to the CMS classification, MSI-H/dMMR 
mCRC belongs to the immune-activated CMS1 subgroup. 
Conversely, immunotherapy is not effective in microsatel-
lite stable (MSS)/pMMR tumors, which are approximately 
95% of mCRCs. MSS/pMMR tumors display a low num-
ber of neoantigens, with generally low immune infiltrate in 
the microenvironment, poor expression of MHC molecules, 
and, consequently, lack of sensitivity to immune checkpoint 
inhibitor blockade.41 These mCRCs could be classified in 
the CMS2 and CMS3 subgroups, which are defined as an 
immune desert, or in the CMS4 subgroup, which is character-
ized by an inflamed tumor microenvironment with enhanced 
TGF-β signaling, increased angiogenesis, and EMT.78

Therefore, a major challenge for the clinical manage-
ment of patients with mCRC is to find novel therapeutic 
approaches that could render immune-competent those tu-
mors that are designated as an immune desert or as inflamed. 
It has been shown that cytotoxic drugs, antiangiogenic 
agents, molecular target therapies, and radiotherapy could 
activate immunogenic cell death (ICD) in cancer cells. ICD 
could determine the release of a high numbers of tumor an-
tigens as well as proinflammatory cytokines, which increase 
the immune infiltrate in the tumor microenvironment.175-177 
Moreover, ICD may cause the activation and maturation of 
antigen-presenting cells, including macrophages and den-
dritic cells, with the final result of eliciting specific immune 
responses against tumor antigens.178,179 Taken together, 
these observations support the hypothesis that a combina-
tion of immune checkpoint inhibitors and anticancer ther-
apies could overcome primary resistance of MSS/pMMR 
mCRC to immunotherapy. Several clinical studies are inves-
tigating the potential role of immune checkpoint inhibitors 
in combination with chemotherapy, including combinations 
with antiangiogenic drugs (monoclonal antibodies and mul-
tikinase inhibitors); anti-EGFR monoclonal antibodies; 
inhibitors of intracellular signal-transduction pathways, in-
cluding KRAS G12C, BRAF V600E, or MEK inhibitors; 
or radiotherapy.129,171-174,180-190 Although promising signs 
of therapeutic activity have been observed in some of these 
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studies, further translational and clinical investigation is 
needed to identify the most effective combination strategies 
as well to appropriately select the patients who could obtain 
a clinical benefit from this approach.

Next Steps for Implementing Precision 
Medicine in the Clinical Management of 
Metastatic Colorectal Cancer
The molecular stratification on which the current treatment 
algorithm for mCRC is based does not fully represent the 
complex and heterogeneous genotypes and phenotypes of 
this disease. A more informative profiling would be needed 
to implement more effective and individualized therapies for 
each patient. Therefore, the next steps in the clinical man-
agement of patients with mCRC will be to integrate the 
comprehensive knowledge of tumor gene alterations, tumor 
and microenvironment gene and protein expression, host 
immune competence, and their dynamic changes through-
out the disease course at an individual patient level for a truly 
precision medicine-based continuum of care.

The first model of human CRC development and progres-
sion, which was described by Fearon and Vogelstein in 1990, 
was based on a progressive, linear sequence of genetic events 
involving oncogenes and tumor-suppressor genes.13 We are 
now moving to a multiparametric approach for better ex-
plaining the disease network complexity through the study of 
transcriptomics, proteomics, metagenomics, and radiomics.191

The first attempt has been the development of a molec-
ular classification that includes not only genetic alterations 
but also transcriptomics features, such as gene expression 
profiles, microRNA patterns, and methylation status, of both 
cancer cells and the tumor microenvironment. These efforts 
have resulted in the CMS classification.72 Subsequent stud-
ies have been focused on proteomics, with the aim of iden-
tifying protein panels involved in mCRC dynamics.192-194 
Unfortunately, we are still far from the discovery of prog-
nostic and predictive proteomic biomarkers for mCRC that 
could be validated in the clinical setting. This is in part be-
cause of the complex interpretation of results, which are often 
heterogeneous or even discordant among different studies.

Metagenomics studies have highlighted the role of the 
gut microbial community in CRC pathogenesis as well as in 

modulating response to anticancer therapies.195 In fact, an-
other factor of complexity that should be taken in account 
for a more comprehensive definition of mCRC in the era of 
precision medicine is gut microbiota, the presence of which 
has recently been proposed as a key factor in the dynamic 
process of acquisition of the hallmarks of cancer.196 Trillions 
of microbes, including bacteria, are physiologically hosted in 
the human gastrointestinal tract. Gram-negative Bacteroidetes 
and Gram-positive Firmicutes constitute approximately 90% 
of gut microbiota in healthy conditions. In a physiologic bal-
ance with the host, gut microbiota produce useful metabo-
lites, including vitamins and short-chain fatty acids, such as 
butyrate, to support the integrity of the intestinal epithelial 
barrier and of host immune defenses.197 Preclinical and clin-
ical research has highlighted an emerging role for intestinal 
bacteria species in CRC development and progression as 
well as in response to anticancer treatments.198 In this re-
spect, gut microbiota have been implicated in cancer immu-
notherapy activity and toxicity.199-201 The short-chain fatty 
acid butyrate, which can be produced by selected intestinal 
bacteria species, is a potential modulator of host innate and 
adaptive immunity in both physiologic and pathologic con-
ditions.202,203 A major clinical challenge is to develop suitable 
therapeutic approaches with the aim of increasing immune 
checkpoint inhibitor activity and efficacy through the modu-
lation of gut microbiota in patients with mCRC.

Finally, an emerging field of research comes with the im-
plementation of radiomic analyses of mCRC. Radiogenomic 
models, which are developed from diagnostic imaging data, 
could identify radiomic signatures of antitumor activity after 
treatment with molecular target drugs or immunotherapy.204-207

In this scenario, the future will be the development of a 
global functional and dynamic multiomic classification of 
mCRC. This will require major efforts for implementing 
standardized and reproducible technologies before it can be 
applied to clinical practice. However, this classification ap-
proach could result in individually defined prognostic and pre-
dictive parameters, which could help the clinician in choosing 
the most appropriate therapeutic program(s) throughout the 
entire disease journey for each patient with mCRC. ■
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