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Abstract: Liver metastases are the most common site of metastatic spread in colorectal cancer.
Current treatment approaches involve effective systemic therapies in combination with surgical
and/or interventional strategies. Multimodal strategies greatly improved clinical outcomes of
patients with metastatic colorectal cancer over the last decades. Identification of predictive and
prognostic biomarkers helped to comprehensively refine individual targeted treatment approaches
and resulted in median overall survival rates of 30 months or longer. Current guidelines, thus,
recommend treatment selection according to patients’ performance status, tumor localization and
stage as well as the tumor’s molecular and genetic status. Here, we outline the latest developments in
molecular decision-making for patients with upfront resectable, potentially or initially unresectable
and non/never-resectable colorectal cancer liver metastases.
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1. Introduction

Colorectal cancer (CRC) is the third most common cancer and leading cause of cancer
related death worldwide [1]. When diagnosed in late stages of the disease, patient prog-
nosis remains poor [2]. Prevention, such as precautionary colonoscopy, remains the best
strategy against CRC. Various further methods have been proposed with an increased inter-
est in non-invasive biomarkers [3]. However, clinical outcomes of patients with metastatic
disease (mCRC) have also improved significantly over the last decades due to identification
of prognostic and predictive molecular biomarkers and subsequent individual refinement
of treatment strategies [4,5]. The significant improvement in overall survival in patients
with mCRC is based on an increasing number of patients that are treated in specialist
cancer centers by multidisciplinary teams. Most importantly, application of multimodal
treatment approaches, including effective and biomarker-based systemic therapies as
well as resection and local ablation of metastases, is now considered standard of care for
therapy of mCRC [5]. Therapeutic decision-making for patients with mCRC is mainly
based on (i) patients’ performance status (PS), (ii) the extent and localization of disease
and (iii) molecular profiles [6,7]. Combined chemotherapy with a fluoropyrimidine back-
bone (fluoropyrimidine/leucovorin (5-FU/LV) or capecitabine) together with irinotecan
(FOLFIRI) or oxaliplatin (FOLFOX), or a combination of both (FOLFOXIRI), is the standard
systemic therapy. First-line regimens are generally combined with targeted approaches
including monoclonal antibodies directed towards vascular endothelial growth factor
(VEGF), i.e., bevacizumab, or towards the epidermal growth factor receptor (EGFR) with
panitumumab and cetuximab. Recently, immune checkpoint inhibitors (ICI) also received
FDA approval for first-line treatment in patients with mCRC that harbor microsatellite
instability. For further lines of therapy, other anti-angiogenic therapies as well as molec-
ularly guided therapeutic strategies have been identified, especially for BRAF-mutated
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mCRC [8]. Several guidelines have been developed based on results of randomised phase
III clinical trials, and provide evidence-based recommendations to assist decision-making
in this rapidly evolving treatment landscape [5,7,9].

This review outlines key aspects of decision-making for patients with colorectal
liver metastases (CLM), focusing on predictive and prognostic molecular biomarkers.
A literature research of the last ten years for mCRC, using the PubMed platform with
keywords such as ‘colorectal molecular biomarkers’, ‘colorectal liver metastasis’, ‘colorectal
systemic therapy’ and ‘colorectal cancer treatment’, was performed. Therapeutic algorithms
and treatment regimens described in this review will be classified and delineated following
the European Society of Medical Oncology (ESMO) guidelines into (i) resectable (i.e., ESMO
group 0) or (ii) potentially resectable (i.e., ESMO group 1) and (iii) non/never-resectable
CLM (i.e., ESMO group 2 and 3) [6].

2. General Treatment Considerations Based on Predictive and Prognostic Molecular
Biomarkers

In cases of metastatic disease, molecular profiling of CRC has become a pre-requisite
for optimal therapeutic decision-making and is based on a high level of evidence.

The most commonly affected molecular alterations that should be explored are Kirsten
rat sarcoma (KRAS) and Neuroblastoma rat sarcoma (NRAS) mutations occurring in 45%
of CRC, BRAF mutations in 9%, HER2 amplification in 4%, and mismatch repair deficiency
(MMRd)/microsatellite instability (MSI-H) in approximately 5%, along with many others
that occur at a frequency of less than 5%. Upfront testing is broadly established for
mutations in genes of RAS and BRAF as well as MMRd/MSI-H due to their high predictive
and/or prognostic value [5].

2.1. RAS

RAS mutations are crucial predictive biomarkers for therapeutic choice of EGFR
antibody therapy in mCRC. Results of multiple controlled randomised trials showed
that patients with mCRC with wildtype RAS show a significantly improved treatment
response when treated with chemotherapy in combination with monoclonal antibody
therapy targeting EGFR, compared to those that harbored any RAS mutation [10,11].
Results have been confirmed by several systemic reviews and meta-analyses including
5948 patients [12]. Importantly, BRAF mutations of codon V600 and RAS mutations are
mutually exclusive.

2.2. BRAF

BRAF mutations, mainly the BRAF V600E mutation, have a high negative prognostic
impact [13]. In comparison to other more infrequent BRAF mutations of codons D594 and
G596, BRAF V600E mutations have been detected more frequently in right-sided primary
tumors with peritoneal metastases [14]. Furthermore, mCRC with BRAF V600 mutations,
albeit not associated with germline MMR mutations, more frequently present with MSI
with sporadic defects in mismatch repair genes [15].

2.3. MMRd/MSI-H

MMRd/MSI-H status is associated with a high tumor-mutational burden and, thus,
relevant as positive predictor for immune-checkpoint inhibition (ICI) in first- and second-
line therapy of mCRC [16–18].

In cases of refractory disease, further molecular markers, including HER-2 and PIK3CA
among others, can be explored to identify additional targeted approaches [19].

Several studies have further investigated predictive value of non-invasive molecular
biomarkers, i.e., liquid biopsies such as circulating long-coding RNAs or microRNAs for
CRC. Meta-analyses and systemic-reviews conclude, that they have high diagnostic and
prognostic value for patients with CRC [20–22]. However, no RNA-based biomarkers have
yet entered routine clinical practice. Genetic heterogeneity of both, patient and CRC, might
hamper translational breakthrough and future well-designed and standardized studies
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compromising large patient cohorts including high quality controls will be needed to
promote this field of interest [23].

Established in clinical routine are further genetic tests that also predict sensitivity to-
wards and toxicity of classical chemotherapies: Dihydropyrimidine dehydrogenase (DPD)
is crucial for the metabolic catabolism of 5-FU and capecitabine. Deficiencies in DPD are
associated with severe drug-related toxicities [24]. UDP glucuronosyltransferase 1 family,
polypeptide A1 (UGT1A1), is an enzyme important for glucuronidation processes, i.e.,
glucuronidation of SN-38, the active metabolite of irinotecan [25]. Certain polymorphisms
of UGT1A1 are predictive for irinotecan-related side effects, such as diarrhea, neutropenia
and vomiting. DPD genetic testing is an option prior to therapy and UGT1A1 genetic test-
ing should be considered, especially in patients who experienced severe toxicities and/or
who have known bilirubin-conjugation disorders [5,7].

3. Resectable Liver Metastases

Resection of CLM is considered the mainstay and, potentially, only curative treatment
approach for patients with mCRC [26]. Multimodal (neo)adjuvant or perioperative treat-
ment approaches combining surgery and systemic therapies have been investigated. In
this context, perioperative treatment refers to chemotherapy application before and after
surgery.

Clinical evidence for the efficacy of neoadjuvant treatments is low for patients with
clearly resectable CLM. Few randomised controlled trials have been performed. They
showed that therapy can be safely applied in this context, but did not demonstrate an
advantage in overall survival (OS) in this patient population [27,28]. Similarly, the benefit
of adjuvant/additive chemotherapy after resection of metastatic liver lesions has not been
proven with sufficient statistical power [7,29]. A landmark study for perioperative treat-
ments for patients with clearly resectable liver metastases was the EORTC-40983 trial [30].
The randomised, controlled, phase III trial investigated perioperative FOLFOX4 chemother-
apy and surgery versus surgery alone for resectable CLM regardless of mutational status.
Updated long-term analysis for patients randomly assigned to the treatment arms showed
that median progression-free survival (PFS) did not differ significantly between periopera-
tive chemotherapy (n = 182) and surgery alone (n = 182): 20.0 months versus 12.5 months,
hazard ratio (HR) 0.81, 95% confidence interval (CI) 0.64–1.02, p = 0.068. Furthermore, no
difference in OS was detected by addition of chemotherapy [30]. The New EPOC phase
III trial investigated the addition of cetuximab to perioperative chemotherapy in KRAS
wild-type (codons 12, 13, and 61), resectable or suboptimally resectable CLM (n = 257).
Results of long-term analyses have been recently published and concluded that the median
PFS did not differ significantly between chemotherapy plus cetuximab and chemotherapy:
15.5 months versus 22.2 months; HR 1.17, 95% CI, 0.87–1.56, p = 0.304. Median OS was
significantly lower with chemotherapy plus cetuximab compared to chemotherapy alone:
55.4 months vs. 81.0 months; HR 1.45, 95% CI, 1.02–2.05, p = 0.036 [31,32]. Thus, peri-
operative treatment with chemotherapy plus cetuximab is not recommended in patients
with clearly resectable CLM. Notably, the cited studies mainly included patients with
good prognostic factors (i.e., 1–4 resectable CLM of mainly metachronous disease; KRAS-
wildtype (wt) tumors). Systemic reviews and meta-analyses on clinical significance and
prognostic relevance of molecular subtypes for patients with resectable CLM revealed that
BRAF and KRAS mutations consistently confer poor clinical outcomes and insufficient
responses in patients undergoing hepatic resection [33–36]. Interestingly, investigations
on surgical resection margins revealed that presence of any RAS mutation was associated
with a positive resection margin and adverse survival of the patients [37]. A different study
consistently showed that non-anatomical, tissue-sparing hepatectomy was associated with
poor disease free-survival in patients with KRAS-mutated tumors in comparison to anatom-
ical hepatectomy [38]. Thus, it is conceivable that a wider surgical resection margin as
well as anatomical resection might be beneficial in these patients. Taken together, results
of available studies clearly highlight the clinical need for further characterization of the
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impact of mutational status in the context of resectable CLM and might guide treatment
decisions for surgical procedures.

4. Potentially Resectable or Initially Unresectable Liver Metastases

Although the EPOC and new EPOC trials could not demonstrate a benefit of pe-
rioperative chemotherapy in patients with a favourable prognosis, guidelines suggest
preoperative treatment in cases of unfavourable disease such as synchronic disease and/or
in patients with initially sub-optimal, only potentially, or even unresectable CLM in order
to improve subsequent resectability [5,7]. Recommendations are based on a few phase II
and III clinical trials that investigated this strategy as a primary endpoint. Further data can
be extrapolated from phase III trials that evaluated resectability in patients with mCRC as
secondary endpoints or in subgroup analyses.

For patients with KRAS exon 2-wt and technically unresectable and/or ≥5 CLM,
efficacy of FOLFOX and cetuximab (arm A) and FOLFIRI and cetuximab (arm B) was
evaluated in the CELIM trial. Response rates of 68% in patients treated with FOLFOX and
57% in those treated with FOLFIRI were reached with one-third of R0 resections across
both treatment arms [39]. Patients who achieved R0 resection had better median OS, at
53.9 months, compared to those who did not (21.9 months) [40]. Similar results were
obtained for panitumumab in combination with either FOLFOX6 or FOLFIRI in patients
with KRAS-wt with multiple or non-resectable liver metastases in the PLANET study [41].
However, in both mentioned studies, both treatment arms included targeted therapy. Thus,
the design allowed for revealing the impact of different chemotherapies, rather than the
relevance of intensified systemic therapy in this setting. A randomised, controlled phase
II trial by Ye et al. addressed this question and compared resection rates and survival
of KRAS-wt patients treated with either chemotherapy alone or in combination with
cetuximab. The primary endpoint was the rate treatment conversions in CLM (n = 138).
Cetuximab combined with chemotherapy resulted in significantly higher R0 resection rates
of 25.7% versus 7.4% (p < 0.01) as well as in improved response rates and survival compared
with chemotherapy alone [42]. Data of the recently published phase II VOLFI trial confirm
these results. The study evaluated the activity and safety of mFOLFOXIRI-panitumumab
vs. FOLFOXIRI alone in ECOG 0–1, primarily non-resectable mCRC patients [43]. In this
study, two cohorts were analysed, cohort 1 with non/never-resectable mCRC and cohort 2
with patients considered for secondary resection of metastatic lesions with a primary
endpoint of overall response rates (ORR). For all patients results showed a better ORR in
the panitumumab arm vs. FOLFOXIRI alone (87.3% v 60.6%; odds ratio, 4.469; 95% CI,
1.61 to 12.38; p = 0.004). PFS was similar in both treatment arms, whereas OS showed a
trend in favor of the panitumumab-containing arm (hazard ratio for death, 0.67; 95% CI,
0.41 to 1.11; p = 0.12). Secondary resection rates of metastases were also significantly higher
with 21 (33%) of 63 patients (cohort 1, n = 6; cohort 2, n = 15) in the panitumumab arm
compared with four (12.1%) of 33 patients in the control arm (OR, 3.63; 95% CI, 1.13 to 11.67;
p = 0.02) [43]. Therefore, the addition of targeted therapy to chemotherapy might yield a
higher efficiency and improve secondary resectability of CLM.

Intensified chemotherapy in the context of treatment conversion was recently ad-
dressed in the ATOM trial. The study performed a head-to-head comparison of beva-
cizumab versus cetuximab for initially unresectable CLM in KRAS-wt patients (n = 122).
PFS, the primary endpoint of this phase II trial, did not differ significantly between patients
in the bevacizumab-containing and cetuximab-containing arms with 11.5 and 14.8 months
(hazard ratio 0.803; p = 0.33), respectively. Although response rates were higher in the
cetuximab-containing arm (84.7% versus 68.4%), resection rates were similar across both
treatment arms (49.2% and 56.1%) [44].

Further studies compared the impact of triplet chemotherapy versus doublet regi-
mens. The METHEP trial was one of the first trials that randomised 125 patients to either
standard (FOLFIRI/FOLFOX4) or intensified chemotherapy (FOLFIRI-HD/FOLFOX7/
FOLFIRINOX) in potentially resectable or unresectable CLM. Based on the results of this
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trial it can be concluded that FOLFIRINOX offers a better conversion rate (67%) [45]. The
randomised, controlled phase II (OLIVIA) trial evaluated the efficacy of bevacizumab with
either mFOLFOX or FOLFOXIRI in patients with initially unresectable CLM regardless of
mutational status. Non-resectability was defined as >1 of the following criteria: no possi-
bility of upfront R0/R1 resection of all lesions, <30% residual liver volume after resection
and metastases in contact with major vessels of the remnant liver. The ORRs were 81%
with FOLFOXIRI-bevacizumab and 62% with mFOLFOX6-bevacizumab. Concurrently,
overall resection rates were 61% with FOLFOXIRI-bevacizumab and 49% with mFOLFOX6-
bevacizumab, resulting in prolonged PFS (18.6 months versus 11.5 months) [46].

The relevance of the KRAS status was investigated in the randomised, controlled
Prodige 14-ACCORD 21 (METHEP-2) phase II trial. This multicenter trial compared the
efficacy of targeted therapy with doublet chemotherapy versus targeted therapy with
triplet chemotherapy for patients with initially unresectable CLM. Cetuximab was applied
in KRAS-wt and bevacizumab in KRAS-mutated patients. Chemotherapy with FOLFIRI-
NOX in combination with a target therapy resulted in significantly higher resection rates
(56.9% versus 45.2%) and OS, while severe toxicity rates were similar between treatment
arms. Resection rates were also similar for patients treated with bevacizumab (RAS-mutant)
and cetuximab (RAS-wt) (44.7% vs. 55.6%; p = 0.087) [47]. Further studies investigated
the impact of loco-regional therapies such as transarterial chemoembolization (TACE) or
selective internal radiotherapy (SIRT) for treatment of CLM. The most robust data exist
for SIRT application in the treatment of potentially resectable or initially unresectable liver
metastases. The phase III SIRFLOX trial studied secondary resection of CLM with the
addition of SIRT using yttrium-90 resin microspheres to FOLFOX-based chemotherapy
versus FOLFOX alone. Primary endpoint was technical resectability of CLM. 472 pa-
tients were randomised without significant baseline differences between both treatment
arms. Significantly more patients were resectable in the SIRT arm versus the control arm
(38.1% vs. 28.9%; p < 0.001) [48]. Adding SIRT to chemotherapy therefore may improve
the resectability of initially unresectable CLM. Clinical trials on TACE for CLM are lim-
ited and restricted to palliative care/unresectable CLM only. Results of phase I and II
studies showed that TACE can be safely applied in combination with chemotherapy, with
promising tumor responses [49–52].

Taken together, available data suggest that intensified systemic treatments achieve
high response rates and resection rates of potentially or initially unresectable CLM and
should be rigorously applied in initially unresectable patients (Table 1). Addition of loco-
regional therapies to chemotherapy might improve down-staging of CLM, but need to
be further investigated in randomised controlled trials. Overall, studies demonstrate im-
proved long-term outcomes for patients responding to conversion therapy and undergoing
secondary resection. Re-evaulation for treatment response and resectability should be
performed early and every two months, in order to prevent overtreatment of secondarily
resectable patients [53].
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Table 1. Resection rates and outcomes of potentially or initially unresectable CLM.

Study (Ref.) Treatment ORR (%) RR (%) mPFS (Months) mOS (Months)

CELIM [39,40]
FOLFOX + Cet 68 38 11.2 35.8
FOLFIRI + Cet 57 30 10.5 29

PLANET [41]
FOLFOX6 + Pan 74 34 13 37
FOLFIRI + Pan 67 36 14 41

Ye et al. [42]
FOLFIRI/ FOLFOX6 + Cet 57.1 25.7 3-year: 10.2 3-year: 30.9

FOLFIRI/ FOLFOX6 29.4 7.4 3-year: 5.8 3-year: 21.0

VOLFI [43]
mFOLFOXIRI + Pan 87.3 33 9.7 35.7

FOLFOXIRI 60.6 12.1 9.7 29.8

ATOM [44]
mFOLFOX6 + Bev 68.4 56.1 11.5 30.4
mFOLFOX6 + Cet 84.7 49.2 14.8 not reached

METHEP [45]

FOLFIRI/FOLFOX4 33 40 9.2 17.7
FOLFIRI-HD 47 59.4 12.1 29.4

FOLFOX7 43 43.3 8.5 26.9
FOLFIRINOX 57 66.7 14.1 48.8

OLIVIA [46]
mFOLFOX + Bev 62 61 11.5 32.2
FOLFOXIRI + Bev 81 49 18.6 not reached

Prodige 14 [47] Douplet + Bev/Cet - 45.2 - 36
Triplet + Bev/Cet - 56.9 - not reached

Cet: Cetuximab; Pan: Panitumumab; ORR: overall response rate; RR: Resection rate; mPFS: median progression-free survival; mOS: median
overall survival.

5. Non-Resectable Liver Metastases

For patients with mCRC without or unlikely chances of reaching resectability, systemic
therapies are the standard-of-care considering tumor-, patient- and treatment-related
factors [5–7]. In order to decide on a therapy regimen, patients are commonly subdivided
into those with urgent need of intensive treatment due to severe symptoms or organ failure
(ESMO group 2) with the aim of rapid tumor remission, and those with oligosymptomatic
disease with the aim of disease control (ESMO group 3) [6].

5.1. First-Line Regimens

Both anti-VEGF- and anti-EGFR-directed therapies combined with chemotherapy
regimens represent efficient and well-established treatment options for patients with mCRC
in the first line [8]. The addition of biologicals to chemotherapy has been studied in several
phase III trials and resulted in prolongation of PFS and favorable OS [54].

For decision-making for either anti-VEGF or anti-EGFR therapy, both the mutational
status (i.e., resistance to anti-EGFR treatment in RAS-mutant mCRC), and the tumor
localization have to be appreciated. Left-sided tumors derive from a different embryologic
origin than right-sided tumors. Hindgut and midgut are biologically different tissues,
with different physiological functions as well as differences in epigenetic alterations, i.e.,
methylation patterns, and other oncogenic changes. A pooled analysis of six randomised
trials (FIRE3, CALGB 80405, PEAK, CRYSTAL, PRIME, and 20050181) investigated the
prognostic and predictive impact of localization of primary tumor in patients with non-
resectable RAS-wt mCRC [55]. Results confirm poor prognosis for patients with right-sided
tumors compared to those with left-sided tumors in terms of mOS, mPFS, and ORR. In
addition, while significant benefit for anti-EGFR combination therapy could be recognised
in patients with left-sided tumors, benefit for right-sided tumors was less pronounced.
Patients with right-sided RAS-wt tumors likely benefit more from chemotherapy plus
bevacizumab compared to cetuximab. Therefore, the side of tumor manifestation needs to
be taken into account for the choice of treatment regimen.

For left-sided mCRC, the mutational status of KRAS needs to be tested before treat-
ment is started, since anti-EGFR treatments with cetuximab or panitumumab have been
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shown to be mainly effective in KRAS-wt patients [54,56]. Data on head-to-head compar-
ison of anti-VEGF and anti-EGFR treatments in a first-line setting are provided by three
randomised trials (FIRE-3, CALGB/SWOG 80405, and PEAK). The phase III FIRE-3 study
compared the efficacy of FOLFIRI-cetuximab versus FOLFIRI-bevacizumab in patients
with KRAS-wt tumors. The study failed to show significant differences in ORR and PFS.
However, the secondary endpoint OS was significantly prolonged for combination with
cetuximab (28.7 months compared to 25 months) [57]. The phase II PEAK trial consistently
reported an improvement in median OS of 41.3 versus 28.9 months (HR, 0.63; 95% CI,
0.39 to 1.02; p = 0.058) for FOLFOX-panitumumab compared to FOLFOX-bevacizumab in
KRAS exon 2 wt patients [58]. On the other hand, the largest head-to-head trial with 2334
randomised patients (CALGB/SWOG 80405 trial) compared FOLFOX with FOLFIRI (by
investigator’s discretion) in combination with cetuximab or bevacizumab, and could not
confirm these results and observed no significant difference across treatment arms [59].
Taken together, evidence for choosing an anti-EGFR over an anti-VEGF treatment in first-
line settings in patients with mCRC and KRAS-wt mCRC indicates a benefit for anti-EGFR
in left-sided tumors, but the data are still inconclusive.

Accumulating evidence established BRAF mutations as negative predictive biomark-
ers for EGFR antibody therapy. Two meta-analyses confirmed that efficacy of anti-EGFR
treatment is higher in patients with RAS-wt/BRAF-wt tumors compared to those with RAS-
wt/BRAF-mutant tumors [60,61]. Importantly, the ongoing phase II FIRE-4.5 trail (EudraCT
Number: 2015-004849-11) might reveal new findings in this clinical scenario. The study
investigates FOLFOXIRI plus cetuximab versus FOLFOXIRI plus bevacizumab as first-line
treatment of BRAF-mutated mCRC with the primary endpoint of ORR. Current guide-
lines suggest intensive treatment regimens for this molecular subgroup including triplet
chemotherapy (FOLFOXIRI plus bevacizumab) [5,7,9]. Indeed, several randomised trials
demonstrated greater efficacy for triplet combination therapy [46,62]. A subgroup analysis
of the TRIBE study confirmed the benefit of intensive chemotherapy in BRAF-mutated
mCRC; however, since the subgroup was small (n = 28), results need to be interpreted with
caution. Results from the phase II VOLFI trial also supported high ORR resulting from
triplet therapy plus panitumumab in BRAF-mutant CRC. However, the small number of
patients with BRAF-mutant tumors (n = 16), including two non-V600E-mutant tumors,
limited general conclusions [43].

Interestingly, a recently published meta-analysis showed a significant benefit for
triplet therapy versus doublet therapy with anti-VEGF treatment, except for BRAF-mutated
mCRC [61]. Therefore, first-line treatment of this subgroup still poses an unmet medi-
cal need.

In case of successful induction therapy and disease control, capecitabine plus beva-
cizumab is commonly used as maintenance therapy based on results of phase III studies,
regardless of mutational status of the tumor [63]. However, thanks to our increasing un-
derstanding of biological subtypes and molecular alterations, biomarker-driven studies,
especially on maintenance therapy after successful induction therapy, are emerging, but
positive results are still pending. The randomised FOCUS4 trial tests targeted agents in
patients with advanced mCRC in molecularly stratified cohorts after 16 weeks of chemother-
apy induction therapy. Patients eligible for maintenance therapy are randomised according
to five molecular subtypes, i.e., BRAF mutant, PI3KCA subtype (mutation of PI3KCA gene
or loss of PTEN protein), RAS mutant, RAS WT, and non-classified subtype comparing new
targeted agents versus placebo maintenance or standard of care [64]. First results have re-
cently been reported on patients with triple wild-type for RAS, BRAF, PIK3CA and no PTEN
loss. The cohort was treated with an oral pan-HER tyrosine kinase inhibitor, AZD8931,
on the background of preclinical and molecular data indicating that combined inhibition
of EGFR (HER1), HER2, and HER3 might lower the risk of de-novo resistance to EGFR
targeted drugs. Treatment with AZD8931 failed to show efficient anti-tumor effect, and
median PFS was shorter in the AZD8931 group than in the placebo group without reaching
statistical significance (2.96 months vs. 3.48 months) [65]. The MODUL trial (NCT02291289)
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is another biomarker-driven randomised maintenance trial. After four months of induction
therapy with FOLFOX-bevacizumab, patients with stable disease or better will be separated
into cohorts for maintenance therapy according to their mutational status and compared to
a control arm treated with fluoropyrimidine with bevacizumab. Results from both studies
are eagerly awaited in the near future and might provide a new basis for molecular-driven
maintenance therapies after first-line induction.

5.2. Immune Checkpoint Inhibition (ICI) in mCRC

ICI has entered the field of cancer treatment in several tumor entities [66,67]. For
mCRC, existing evidence revealed an impressive clinical benefit for patients with high mu-
tational burden and mismatch repair deficiency (MMRd) [68]. MMRd CRC tumors account
for approximately 5% and result in a high mutational burden, which is believed to increase
the generation of neoantigens on cancer cell surface [69]. Positive results from phase II
studies of ICI in previously treated MMRd mCRC led to accelerated approval of ICI by the
U.S. Food and Drug Administration (FDA) in 2017, regardless of the tumor entity. Studies
reported ORR of 27.9–52% and DCR of 82–90% with 1-year PFS of 34–71% and 1-year OS
of 72–87% [17,18,70,71]. Very recently, interim results of the open-label, randomised phase
III Keynote-177 trial were presented by Thierry André and colleagues [16]. The study in-
vestigated the efficacy and safety of pembrolizumab as first-line treatment versus standard
of care (mFOLFOX6 or FOLFIRI ± anti-EGFR (cetuximab) or anti-VEGF (bevacizumab)) in
MMRd mCRC. Significant improvement of PFS was detected for pembrolizumab in com-
parison to control arms (median 16.5 mo vs. 8.2 mo; HR 0.60; 95% CI, 0.45–0.80; p = 0.0002).
12- and 24-month PFS rates were 55.3% and 48.3% with pembrolizumab versus 37.3% and
18.6% with standard of care with confirmed ORR of 43.8% versus 33.1%. Importantly, grade
3–5 treatment related adverse events were 22% for pembrolizumab versus 66% for the
control arm. Evaluation of OS as co-primary endpoint is pending. However, this strong
clinical benefit by pembrolizumab led to approval by the FDA and approval from the EMA
is currently awaited. Notably, only the presence of MMRd in mCRC has been confirmed
as a predictor for ICI response in mCRC. None of the other biomarkers investigated, i.e.,
PD-L1 expression, mutational status in BRAF and KRAS or history of Lynch syndrome,
were positive predictors [18,72].

5.3. Further Lines of Treatment

Sequential therapy is well established for mCRC. For further lines of therapy, targeted
agents against VEGF, such as aflibercept or ramucircumab and anti-metabolite TAS-102, as
well as the thyrosinkinase-inhibitor regorafenib, are approved for patients who progressed
to previous treatment and regardless of mutational status of mCRC [73–75]. In the context
of molecular driven treatments, a proof-of-concept study was provided by the phase
2 HERACLES trial, which evaluated dual-targeted treatment with the HER-2 antibody
trastuzumab and the EGFR and HER-2 inhibitor lapatinib in treatment-refractory Her2-
positive, KRAS exon 2-wt mCRC. Results showed ORR of 30.3%. Data on treatment safety
revealed no drug-related serious adverse events. 22% of patients had grade 3 adverse
events. Therefore, combination therapy seems to be safe and active in Her2-positive
mCRC [19].

Patients with BRAF V600E-mutations showed a median OS of 4–6 months after failure
of initial therapy, indicating the urgent clinical need in this patient cohort [76]. Interestingly,
while BRAF V600E-mutated melanomas show sensitivity to BRAF-mutant inhibitor vemu-
rafenib, efficacy in mCRC is limited [77–79]. Studies on resistance mechanisms suggest
feedback activation of EGFR signaling, resulting in limited responses to BRAF inhibitors in
CRC [79,80]. Therefore, the BEACON trial investigated combination therapy of cetuximab
with a BRAF inhibitor encorafenib +/− a MEK inhibitor binimetinib versus cetuximab
in combination with chemotherapy. The primary endpoints were OS and ORR in the
triplet-therapy group as compared to the control group. Median OS was 9 months in the
triplet-therapy group versus 5.4 months in the control group (HR for death, 0.52; 95% CI,
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0.39 to 0.70; p < 0.001). Confirmed response rates were 26% (95% CI, 18 to 35) in the
triplet-therapy group and 2% (95% CI, 0 to 7) in the control group (p < 0.001). Adverse
events of grade 3 or higher did not differ significantly across treatment arms. Median
overall survival in the doublet-therapy group was 8.4 months (hazard ratio for death vs.
control, 0.60; 95% CI, 0.45 to 0.79; p < 0.001) [81]. These positive results led to the approval
of chemotherapy-free doublet therapy for patients with progressive disease and BRAF
V600E mutations by the FDA and EMA.

Besides approval for ICI for any MMRd/MSI-H tumor disease (regardless of tumor
entity), larotrectinib and entrectinib gained approval for solid tumors with neurotrophic
tyrosine receptor kinase (NTRK) gene fusion. Although incidence of NTRK fusion genes is
low, with less than 1% in CRC, and occurs only in BRAF- and MLH1/PMS2-wt patients,
testing should be performed in cases of refractory disease.

6. Conclusions

Multimodal and efficient treatment strategies have continuously improved outcomes
of patients with CLM. Radical resection of CLM has especially greatly improved survival
rates. Importantly, the benefit of perioperative or additive chemotherapy could not be
confirmed in patients with favorable prognostic factors and clearly resectable CLM, regard-
less of underlying mutational status. However, prospective trials need to clarify specific
surgical procedures or combinations of surgery with systemic treatment in patients with
unfavorable clinical or molecular factors, including KRAS or BRAF mutations.

Despite increased understanding of molecular subtypes of mCRC, deciding on the
best treatment approach remains challenging, especially in patients with potentially or
initially unresectable CLM. The Dutch CRC group expert panel for liver metastases prospec-
tively investigated resectability in 183 patients with CLM using a panel of radiologists and
liver surgeons [82]. Interestingly, in over half of the evaluations (52%), a disagreement
between experienced liver surgeons was observed. In 42 evaluations (11%), even major
disagreements (resectable vs. never-resectable) were detected. Thus, results of this study
reflect the complexity in defining resectability and highlight the importance of treatment
in specialist cancer centers and decision-making supported by multidisciplinary teams.
Intensive systemic therapy may render initially unresectable CLM eligible for surgical
approaches with subsequent improvement of clinical outcomes. Results underline the
need for reevaluation of metastatic resection in patients with initially unresectable CLM
during systemic therapy. In more advanced stages, several efficient systemic therapies
are available in first-line settings. However, intensity of treatments should be based on
individual treatment goals considering the need for tumor mass reduction, secondary
resections or disease control, as well as patient preference. Molecular and genetic diag-
nostic workup is crucial and strong evidence exists for the predictive and/or prognostic
value of KRAS and BRAF mutations as well as for MMdr/MSI-H tumors. Generally,
targeted approaches should be applied together with a chemotherapy combination. How-
ever, improved molecular stratification and identification of different biological subtypes
now offers treatment approaches with chemotherapy-free regimens for selected patients,
i.e., ICI monotherapy in MMDr/MSI-H mCRC and targeted combination therapy with
cetuximab and encorafenib for BRAF-mutated CRC. Further advancements in molecular
stratification based on large-scale gene-expression profiles have recently been provided by
an international consortium. As a result of these efforts, a robust classification that defines
four different subtypes could be generated: Consensus molecular subtype (CMS)1 (MSI
Immune-subtype) with hypermutated, microsatellite unstable features and strong immune
activation; CMS2 (Canonical-subtype) showing epithelial features, chromosomally unsta-
ble with marked WNT and MYC signalling activation; CMS3 (Metabolic-subtype) with
epithelial features and evident metabolic dysregulation; and CMS4 (Mesenchymal-subtype)
with prominent TGF-β activation as well as stromal invasion and angiogenesis [83]. An
exploratory analysis of patients of the FIRE-3 trial that grouped 438 patients into the
CRC-CMS types could show improved OS for FOLFIRI plus cetuximab over FOLFIRI plus
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bevacizumab for RAS-wt patients groups in CMS4 [84]. While the clinical relevance of
CMS for the treatment of mCRC remains to be further defined, we now have conclusive
evidence that deeper insights into tumor biology will pave the way to new and effective
molecular-driven therapeutic approaches for patients with mCRC.

Author Contributions: Conceptualization, J.U.M., C.C., N.v.B., K.L.; data curation, C.C. and K.L.;
writing—original draft preparation, C.C. and K.L.; writing—review and editing, J.U.M., C.C., N.v.B.,
K.L.; visualization, C.C.; supervision, J.U.M. and N.v.B. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Conflicts of Interest: J.U.M. reports receiving speaker’s honoraria from Roche AG and Bayer. N.v.B.
reports receiving research funding from Novartis. K.L. reports receiving lecture fees from Sanofy
gemzyme and congress support from Ipsen. C.C. reports receiving consulting fees from MSD and
lecture fees from EISAI. The funders had no role in the design of the study; in the collection, analyses,
or interpretation of data; in the writing of the manuscript, or in the decision to publish the manuscript.

References
1. Siegel, R.L.; Miller, K.D.; Jemal, A. Cancer statistics, 2019. CA Cancer J. Clin. 2019, 69, 7–34. [CrossRef]
2. Chatila, R.; Mansour, J.; Mugharbil, A.; Nsouli, G.; O’Son, L.; Sayad, E.; Deeb, M.E. Epidemiology and Survival of Colorectal

Cancer in Lebanon: A Sub-National Retrospective Analysis. Cancer Control 2021, 28, 10732748211041221. [CrossRef] [PubMed]
3. Gili, F.M.; Rizza, S. Prevention against colorectal cancer: A look between invasiveness and not. Minerva Gastroenterol. Dietol. 2020,

66, 93–95. [CrossRef]
4. Moehler, M.; Thomaidis, T.; Zeifri, C.; Barhoom, T.; Marquardt, J.; Ploch, P.; Schattenberg, J.; Maderer, A.; Schimanski, C.C.;

Weinmann, A.; et al. Inclusion of targeted therapies in the standard of care for metastatic colorectal cancer patients in a German
cancer center: The more the better? J. Cancer Res. Clin. Oncol. 2015, 141, 515–522. [CrossRef] [PubMed]

5. Van Cutsem, E.; Cervantes, A.; Adam, R.; Sobrero, A.; Van Krieken, J.H.; Aderka, D.; Aranda Aguilar, E.; Bardelli, A.; Benson, A.;
Bodoky, G.; et al. ESMO consensus guidelines for the management of patients with metastatic colorectal cancer. Ann. Oncol. 2016,
27, 1386–1422. [CrossRef]

6. Van Cutsem, E.; Cervantes, A.; Nordlinger, B.; Arnold, D.; Group, E.G.W. Metastatic colorectal cancer: ESMO Clinical Practice
Guidelines for diagnosis, treatment and follow-up. Ann. Oncol. 2014, 25 (Suppl. 3), iii1-9. [CrossRef]

7. Schmiegel, W.; Buchberger, B.; Follmann, M.; Graeven, U.; Heinemann, V.; Langer, T.; Nothacker, M.; Porschen, R.; Rodel, C.;
Rosch, T.; et al. S3-Guideline-Colorectal Cancer. Z. Gastroenterol. 2017, 55, 1344–1498. [CrossRef] [PubMed]

8. Vogel, A.; Kirstein, M.M. First-line molecular therapies in the treatment of metastatic colorectal cancer-a literature-based review
of phases II and III trials. Innov. Surg. Sci. 2018, 3, 85–86. [CrossRef]

9. Messersmith, W.A. NCCN Guidelines Updates: Management of Metastatic Colorectal Cancer. J. Natl. Compr. Cancer Netw. 2019,
17, 599–601. [CrossRef]

10. Douillard, J.Y.; Siena, S.; Cassidy, J.; Tabernero, J.; Burkes, R.; Barugel, M.; Humblet, Y.; Bodoky, G.; Cunningham, D.; Jassem, J.;
et al. Final results from PRIME: Randomized phase III study of panitumumab with FOLFOX4 for first-line treatment of metastatic
colorectal cancer. Ann. Oncol. 2014, 25, 1346–1355. [CrossRef]

11. Van Cutsem, E.; Lenz, H.J.; Kohne, C.H.; Heinemann, V.; Tejpar, S.; Melezinek, I.; Beier, F.; Stroh, C.; Rougier, P.; van Krieken, J.H.;
et al. Fluorouracil, leucovorin, and irinotecan plus cetuximab treatment and RAS mutations in colorectal cancer. J. Clin. Oncol.
2015, 33, 692–700. [CrossRef] [PubMed]

12. Sorich, M.J.; Wiese, M.D.; Rowland, A.; Kichenadasse, G.; McKinnon, R.A.; Karapetis, C.S. Extended RAS mutations and
anti-EGFR monoclonal antibody survival benefit in metastatic colorectal cancer: A meta-analysis of randomized, controlled trials.
Ann. Oncol. 2015, 26, 13–21. [CrossRef] [PubMed]

13. Tran, B.; Kopetz, S.; Tie, J.; Gibbs, P.; Jiang, Z.Q.; Lieu, C.H.; Agarwal, A.; Maru, D.M.; Sieber, O.; Desai, J. Impact of BRAF
mutation and microsatellite instability on the pattern of metastatic spread and prognosis in metastatic colorectal cancer. Cancer
2011, 117, 4623–4632. [CrossRef] [PubMed]

14. Cremolini, C.; Di Bartolomeo, M.; Amatu, A.; Antoniotti, C.; Moretto, R.; Berenato, R.; Perrone, F.; Tamborini, E.; Aprile, G.;
Lonardi, S.; et al. BRAF codons 594 and 596 mutations identify a new molecular subtype of metastatic colorectal cancer at
favorable prognosis. Ann. Oncol. 2015, 26, 2092–2097. [CrossRef]

15. Bettstetter, M.; Dechant, S.; Ruemmele, P.; Grabowski, M.; Keller, G.; Holinski-Feder, E.; Hartmann, A.; Hofstaedter, F.; Dietmaier,
W. Distinction of hereditary nonpolyposis colorectal cancer and sporadic microsatellite-unstable colorectal cancer through
quantification of MLH1 methylation by real-time PCR. Clin. Cancer Res. 2007, 13, 3221–3228. [CrossRef]

http://doi.org/10.3322/caac.21551
http://doi.org/10.1177/10732748211041221
http://www.ncbi.nlm.nih.gov/pubmed/34666555
http://doi.org/10.23736/S1121-421X.19.02609-6
http://doi.org/10.1007/s00432-014-1829-6
http://www.ncbi.nlm.nih.gov/pubmed/25230900
http://doi.org/10.1093/annonc/mdw235
http://doi.org/10.1093/annonc/mdu260
http://doi.org/10.1055/s-0043-121106
http://www.ncbi.nlm.nih.gov/pubmed/29212104
http://doi.org/10.1515/iss-2018-0012
http://doi.org/10.6004/jnccn.2019.5014
http://doi.org/10.1093/annonc/mdu141
http://doi.org/10.1200/JCO.2014.59.4812
http://www.ncbi.nlm.nih.gov/pubmed/25605843
http://doi.org/10.1093/annonc/mdu378
http://www.ncbi.nlm.nih.gov/pubmed/25115304
http://doi.org/10.1002/cncr.26086
http://www.ncbi.nlm.nih.gov/pubmed/21456008
http://doi.org/10.1093/annonc/mdv290
http://doi.org/10.1158/1078-0432.CCR-06-3064


Int. J. Mol. Sci. 2021, 22, 11780 11 of 14

16. Andre, T.; Shiu, K.-K.; Kim, T.W.; Jensen, B.V.; Jensen, L.H.; Punt, C.J.A.; Smith, D.M.; Garcia-Carbonero, R.; Benavides, M.; Gibbs,
P.; et al. Pembrolizumab versus chemotherapy for microsatellite instability-high/mismatch repair deficient metastatic colorectal
cancer: The phase 3 KEYNOTE-177 Study. J. Clin. Oncol. 2020, 38, LBA4. [CrossRef]

17. Le, D.T.; Kim, T.W.; Van Cutsem, E.; Geva, R.; Jager, D.; Hara, H.; Burge, M.; O’Neil, B.; Kavan, P.; Yoshino, T.; et al. Phase
II Open-Label Study of Pembrolizumab in Treatment-Refractory, Microsatellite Instability-High/Mismatch Repair-Deficient
Metastatic Colorectal Cancer: KEYNOTE-164. J. Clin. Oncol. 2020, 38, 11–19. [CrossRef] [PubMed]

18. Overman, M.J.; McDermott, R.; Leach, J.L.; Lonardi, S.; Lenz, H.J.; Morse, M.A.; Desai, J.; Hill, A.; Axelson, M.; Moss, R.A.;
et al. Nivolumab in patients with metastatic DNA mismatch repair-deficient or microsatellite instability-high colorectal cancer
(CheckMate 142): An open-label, multicentre, phase 2 study. Lancet Oncol. 2017, 18, 1182–1191. [CrossRef]

19. Sartore-Bianchi, A.; Trusolino, L.; Martino, C.; Bencardino, K.; Lonardi, S.; Bergamo, F.; Zagonel, V.; Leone, F.; Depetris, I.;
Martinelli, E.; et al. Dual-targeted therapy with trastuzumab and lapatinib in treatment-refractory, KRAS codon 12/13 wild-type,
HER2-positive metastatic colorectal cancer (HERACLES): A proof-of-concept, multicentre, open-label, phase 2 trial. Lancet Oncol.
2016, 17, 738–746. [CrossRef]

20. Fang, X.; Wang, D.; Pu, K.; Zhang, Z.; Wang, H.; Wang, H.; Zheng, Y.; Wang, Y.; Guan, Q.; Zhou, Y. Diagnostic value of circulating
lncRNAs as biomarkers of digestive system cancers: A systematic review and meta-analysis. Expert Rev. Mol. Diagn. 2020, 20,
1051–1062. [CrossRef]

21. Zuo, Z.; Jiang, Y.; Zeng, S.; Li, Y.; Fan, J.; Guo, Y.; Tao, H. The value of microRNAs as the novel biomarkers for colorectal cancer
diagnosis: A meta-analysis. Pathol.-Res. Pr. 2020, 216, 153130. [CrossRef] [PubMed]

22. Yuan, J.; Guo, D.; Li, X.; Chen, J. Prognostic and diagnostic value of circRNA expression in colorectal carcinoma: A meta-analysis.
BMC Cancer 2020, 20, 1–8. [CrossRef]

23. Bustin, S.A.; Murphy, J. RNA biomarkers in colorectal cancer. Methods 2013, 59, 116–125. [CrossRef]
24. Deenen, M.J.; Meulendijks, D.; Cats, A.; Sechterberger, M.K.; Severens, J.L.; Boot, H.; Smits, P.H.; Rosing, H.; Mandigers, C.M.;

Soesan, M.; et al. Upfront Genotyping of DPYD*2A to Individualize Fluoropyrimidine Therapy: A Safety and Cost Analysis. J.
Clin. Oncol. 2016, 34, 227–234. [CrossRef] [PubMed]

25. Liu, X.; Cheng, D.; Kuang, Q.; Liu, G.; Xu, W. Association of UGT1A1*28 polymorphisms with irinotecan-induced toxicities in
colorectal cancer: A meta-analysis in Caucasians. Pharm. J. 2014, 14, 120–129. [CrossRef] [PubMed]

26. De Ridder, J.A.M.; van der Stok, E.P.; Mekenkamp, L.J.; Wiering, B.; Koopman, M.; Punt, C.J.A.; Verhoef, C.; de Wilt, J.H.
Management of liver metastases in colorectal cancer patients: A retrospective case-control study of systemic therapy versus liver
resection. Eur. J. Cancer 2016, 59, 13–21. [CrossRef]

27. Nigri, G.; Petrucciani, N.; Ferla, F.; La Torre, M.; Aurello, P.; Ramacciato, G. Neoadjuvant chemotherapy for resectable colorectal
liver metastases: What is the evidence? Results of a systematic review of comparative studies. Surgeon 2015, 13, 83–90. [CrossRef]
[PubMed]

28. Hasselgren, K.; Malago, M.; Vyas, S.; Campos, R.R.; Brusadin, R.; Linecker, M.; Petrowsky, H.; Clavien, P.A.; Machado, M.A.;
Hernandez-Alejandro, R.; et al. Neoadjuvant chemotherapy does not affect future liver remnant growth and outcomes of
associating liver partition and portal vein ligation for staged hepatectomy. Surgery 2017, 161, 1255–1265. [CrossRef]

29. Brandi, G.; De Lorenzo, S.; Nannini, M.; Curti, S.; Ottone, M.; Dall’Olio, F.G.; Barbera, M.A.; Pantaleo, M.A.; Biasco, G. Adjuvant
chemotherapy for resected colorectal cancer metastases: Literature review and meta-analysis. World J. Gastroenterol. 2016, 22,
519–533. [CrossRef]

30. Nordlinger, B.; Sorbye, H.; Glimelius, B.; Poston, G.J.; Schlag, P.M.; Rougier, P.; Bechstein, W.O.; Primrose, J.N.; Walpole, E.T.;
Finch-Jones, M.; et al. Perioperative FOLFOX4 chemotherapy and surgery versus surgery alone for resectable liver metastases
from colorectal cancer (EORTC 40983): Long-term results of a randomised, controlled, phase 3 trial. Lancet Oncol. 2013, 14,
1208–1215. [CrossRef]

31. Primrose, J.; Falk, S.; Finch-Jones, M.; Valle, J.; O’Reilly, D.; Siriwardena, A.; Hornbuckle, J.; Peterson, M.; Rees, M.; Iveson, T.;
et al. Systemic chemotherapy with or without cetuximab in patients with resectable colorectal liver metastasis: The New EPOC
randomised controlled trial. Lancet Oncol. 2014, 15, 601–611. [CrossRef]

32. Bridgewater, J.A.; Pugh, S.A.; Maishman, T.; Eminton, Z.; Mellor, J.; Whitehead, A.; Stanton, L.; Radford, M.; Corkhill, A.; Griffiths,
G.O.; et al. Systemic chemotherapy with or without cetuximab in patients with resectable colorectal liver metastasis (New EPOC):
Long-term results of a multicentre, randomised, controlled, phase 3 trial. Lancet Oncol. 2020, 21, 398–411. [CrossRef]

33. Tsilimigras, D.I.; Ntanasis-Stathopoulos, I.; Bagante, F.; Moris, D.; Cloyd, J.; Spartalis, E.; Pawlik, T.M. Clinical significance and
prognostic relevance of KRAS, BRAF, PI3K and TP53 genetic mutation analysis for resectable and unresectable colorectal liver
metastases: A systematic review of the current evidence. Surg. Oncol. 2018, 27, 280–288. [CrossRef]

34. Loes, I.M.; Immervoll, H.; Sorbye, H.; Angelsen, J.H.; Horn, A.; Knappskog, S.; Lonning, P.E. Impact of KRAS, BRAF, PIK3CA,
TP53 status and intraindividual mutation heterogeneity on outcome after liver resection for colorectal cancer metastases. Int. J.
Cancer 2016, 139, 647–656. [CrossRef] [PubMed]

35. Schneider, M.A.; Eden, J.; Pache, B.; Laminger, F.; Lopez-Lopez, V.; Steffen, T.; Hubner, M.; Kober, F.; Roka, S.; Campos, P.C.; et al.
Mutations of RAS/RAF Proto-oncogenes Impair Survival After Cytoreductive Surgery and HIPEC for Peritoneal Metastasis of
Colorectal Origin. Ann. Surg. 2018, 268, 845–853. [CrossRef]

36. Brudvik, K.W.; Kopetz, S.E.; Li, L.; Conrad, C.; Aloia, T.A.; Vauthey, J.N. Meta-analysis of KRAS mutations and survival after
resection of colorectal liver metastases. Br. J. Surg. 2015, 102, 1175–1183. [CrossRef] [PubMed]

http://doi.org/10.1200/JCO.2020.38.18_suppl.LBA4
http://doi.org/10.1200/JCO.19.02107
http://www.ncbi.nlm.nih.gov/pubmed/31725351
http://doi.org/10.1016/S1470-2045(17)30422-9
http://doi.org/10.1016/S1470-2045(16)00150-9
http://doi.org/10.1080/14737159.2020.1822169
http://doi.org/10.1016/j.prp.2020.153130
http://www.ncbi.nlm.nih.gov/pubmed/32853954
http://doi.org/10.1186/s12885-020-06932-z
http://doi.org/10.1016/j.ymeth.2012.10.003
http://doi.org/10.1200/JCO.2015.63.1325
http://www.ncbi.nlm.nih.gov/pubmed/26573078
http://doi.org/10.1038/tpj.2013.10
http://www.ncbi.nlm.nih.gov/pubmed/23529007
http://doi.org/10.1016/j.ejca.2016.02.003
http://doi.org/10.1016/j.surge.2014.07.005
http://www.ncbi.nlm.nih.gov/pubmed/25257725
http://doi.org/10.1016/j.surg.2016.11.033
http://doi.org/10.3748/wjg.v22.i2.519
http://doi.org/10.1016/S1470-2045(13)70447-9
http://doi.org/10.1016/S1470-2045(14)70105-6
http://doi.org/10.1016/S1470-2045(19)30798-3
http://doi.org/10.1016/j.suronc.2018.05.012
http://doi.org/10.1002/ijc.30089
http://www.ncbi.nlm.nih.gov/pubmed/26991344
http://doi.org/10.1097/SLA.0000000000002899
http://doi.org/10.1002/bjs.9870
http://www.ncbi.nlm.nih.gov/pubmed/26206254


Int. J. Mol. Sci. 2021, 22, 11780 12 of 14

37. Brudvik, K.W.; Mise, Y.; Chung, M.H.; Chun, Y.S.; Kopetz, S.E.; Passot, G.; Conrad, C.; Maru, D.M.; Aloia, T.A.; Vauthey, J.N. RAS
Mutation Predicts Positive Resection Margins and Narrower Resection Margins in Patients Undergoing Resection of Colorectal
Liver Metastases. Ann. Surg. Oncol. 2016, 23, 2635–2643. [CrossRef]

38. Margonis, G.A.; Buettner, S.; Andreatos, N.; Sasaki, K.; Ijzermans, J.N.M.; van Vugt, J.L.A.; Pawlik, T.M.; Choti, M.A.; Cameron,
J.L.; He, J.; et al. Anatomical Resections Improve Disease-free Survival in Patients With KRAS-mutated Colorectal Liver Metastases.
Ann. Surg. 2017, 266, 641–649. [CrossRef]

39. Folprecht, G.; Gruenberger, T.; Bechstein, W.O.; Raab, H.R.; Lordick, F.; Hartmann, J.T.; Lang, H.; Frilling, A.; Stoehlmacher, J.;
Weitz, J.; et al. Tumour response and secondary resectability of colorectal liver metastases following neoadjuvant chemotherapy
with cetuximab: The CELIM randomised phase 2 trial. Lancet Oncol. 2010, 11, 38–47. [CrossRef]

40. Folprecht, G.; Gruenberger, T.; Bechstein, W.; Raab, H.R.; Weitz, J.; Lordick, F.; Hartmann, J.T.; Stoehlmacher-Williams, J.; Lang,
H.; Trarbach, T.; et al. Survival of patients with initially unresectable colorectal liver metastases treated with FOLFOX/cetuximab
or FOLFIRI/cetuximab in a multidisciplinary concept (CELIM study). Ann. Oncol. 2014, 25, 1018–1025. [CrossRef]

41. Carrato, A.; Abad, A.; Massuti, B.; Gravalos, C.; Escudero, P.; Longo-Munoz, F.; Manzano, J.L.; Gomez, A.; Safont, M.J.; Gallego, J.;
et al. First-line panitumumab plus FOLFOX4 or FOLFIRI in colorectal cancer with multiple or unresectable liver metastases: A
randomised, phase II trial (PLANET-TTD). Eur. J. Cancer 2017, 81, 191–202. [CrossRef]

42. Ye, L.C.; Liu, T.S.; Ren, L.; Wei, Y.; Zhu, D.X.; Zai, S.Y.; Ye, Q.H.; Yu, Y.; Xu, B.; Qin, X.Y.; et al. Randomized controlled trial of
cetuximab plus chemotherapy for patients with KRAS wild-type unresectable colorectal liver-limited metastases. J. Clin. Oncol.
2013, 31, 1931–1938. [CrossRef]

43. Modest, D.P.; Martens, U.M.; Riera-Knorrenschild, J.; Greeve, J.; Florschutz, A.; Wessendorf, S.; Ettrich, T.; Kanzler, S.; Norenberg,
D.; Ricke, J.; et al. FOLFOXIRI Plus Panitumumab As First-Line Treatment of RAS Wild-Type Metastatic Colorectal Cancer: The
Randomized, Open-Label, Phase II VOLFI Study (AIO KRK0109). J. Clin. Oncol. 2019, 37, 3401–3411. [CrossRef] [PubMed]

44. Oki, E.; Emi, Y.; Yamanaka, T.; Uetake, H.; Muro, K.; Takahashi, T.; Nagasaka, T.; Hatano, E.; Ojima, H.; Manaka, D.; et al.
Randomised phase II trial of mFOLFOX6 plus bevacizumab versus mFOLFOX6 plus cetuximab as first-line treatment for
colorectal liver metastasis (ATOM trial). Br. J. Cancer 2019, 121, 222–229. [CrossRef]

45. Ychou, M.; Rivoire, M.; Thezenas, S.; Quenet, F.; Delpero, J.R.; Rebischung, C.; Letoublon, C.; Guimbaud, R.; Francois, E.; Ducreux,
M.; et al. A randomized phase II trial of three intensified chemotherapy regimens in first-line treatment of colorectal cancer
patients with initially unresectable or not optimally resectable liver metastases. The METHEP trial. Ann. Surg. Oncol. 2013, 20,
4289–4297. [CrossRef] [PubMed]

46. Gruenberger, T.; Bridgewater, J.; Chau, I.; Garcia Alfonso, P.; Rivoire, M.; Mudan, S.; Lasserre, S.; Hermann, F.; Waterkamp, D.;
Adam, R. Bevacizumab plus mFOLFOX-6 or FOLFOXIRI in patients with initially unresectable liver metastases from colorectal
cancer: The OLIVIA multinational randomised phase II trial. Ann. Oncol. 2015, 26, 702–708. [CrossRef]

47. Ychou, M.; Rivoire, M.; Thezenas, S.; Guimbaud, R.; Ghiringhelli, F.; Mercier-Blas, A.; Mineur, L.; Francois, E.; Khemissa, F.;
Moussata, D.; et al. FOLFIRINOX combined to targeted therapy according RAS status for colorectal cancer patients with liver
metastases initially non-resectable: A phase II randomized Study—Prodige 14–ACCORD 21 (METHEP-2), a unicancer GI trial. J.
Clin. Oncol. 2016, 34, 3512. [CrossRef]

48. Garlipp, B.; Gibbs, P.; Van Hazel, G.A.; Jeyarajah, R.; Martin, R.C.G.; Bruns, C.J.; Lang, H.; Manas, D.M.; Ettorre, G.M.; Pardo, F.;
et al. Secondary technical resectability of colorectal cancer liver metastases after chemotherapy with or without selective internal
radiotherapy in the randomized SIRFLOX trial. Br. J. Surg. 2019, 106, 1837–1846. [CrossRef]

49. Aliberti, C.; Fiorentini, G.; Muzzio, P.C.; Pomerri, F.; Tilli, M.; Dallara, S.; Benea, G. Trans-arterial chemoembolization of metastatic
colorectal carcinoma to the liver adopting DC Bead(R), drug-eluting bead loaded with irinotecan: Results of a phase II clinical
study. Anticancer Res. 2011, 31, 4581–4587.

50. Iezzi, R.; Marsico, V.A.; Guerra, A.; Cerchiaro, E.; Cassano, A.; Basso, M.; Devicienti, E.; Rodolfino, E.; Barone, C.; Bonomo, L.
Trans-Arterial Chemoembolization with Irinotecan-Loaded Drug-Eluting Beads (DEBIRI) and Capecitabine in Refractory Liver
Prevalent Colorectal Metastases: A Phase II Single-Center Study. Cardiovasc. Interv. Radiol. 2015, 38, 1523–1531. [CrossRef]

51. Tanaka, T.; Sato, T.; Nishiofuku, H.; Masada, T.; Tatsumoto, S.; Marugami, N.; Otsuji, T.; Kanno, M.; Koyama, F.; Sho, M.; et al.
Selective TACE with irinotecan-loaded 40 mum microspheres and FOLFIRI for colorectal liver metastases: Phase I dose escalation
pharmacokinetic study. BMC Cancer 2019, 19, 758. [CrossRef]

52. Vogl, T.J.; Marko, C.; Langenbach, M.C.; Naguib, N.N.N.; Filmann, N.; Hammerstingl, R.; Gruber-Rouh, T. Transarterial
chemoembolization of colorectal cancer liver metastasis: Improved tumor response by DSM-TACE versus conventional TACE, a
prospective, randomized, single-center trial. Eur. Radiol. 2021, 31, 2242–2251. [CrossRef]

53. Vivaldi, C.; Fornaro, L.; Cappelli, C.; Pecora, I.; Catanese, S.; Salani, F.; Cacciato Insilla, A.; Kauffmann, E.; Donati, F.; Pasquini,
G.; et al. Early Tumor Shrinkage and Depth of Response Evaluation in Metastatic Pancreatic Cancer Treated with First Line
Chemotherapy: An Observational Retrospective Cohort Study. Cancers 2019, 11, 939. [CrossRef]

54. Bokemeyer, C.; Van Cutsem, E.; Rougier, P.; Ciardiello, F.; Heeger, S.; Schlichting, M.; Celik, I.; Kohne, C.H. Addition of cetuximab
to chemotherapy as first-line treatment for KRAS wild-type metastatic colorectal cancer: Pooled analysis of the CRYSTAL and
OPUS randomised clinical trials. Eur. J. Cancer 2012, 48, 1466–1475. [CrossRef] [PubMed]

55. Arnold, D.; Lueza, B.; Douillard, J.Y.; Peeters, M.; Lenz, H.J.; Venook, A.; Heinemann, V.; Van Cutsem, E.; Pignon, J.P.; Tabernero,
J.; et al. Prognostic and predictive value of primary tumour side in patients with RAS wild-type metastatic colorectal cancer

http://doi.org/10.1245/s10434-016-5187-2
http://doi.org/10.1097/SLA.0000000000002367
http://doi.org/10.1016/S1470-2045(09)70330-4
http://doi.org/10.1093/annonc/mdu088
http://doi.org/10.1016/j.ejca.2017.04.024
http://doi.org/10.1200/JCO.2012.44.8308
http://doi.org/10.1200/JCO.19.01340
http://www.ncbi.nlm.nih.gov/pubmed/31609637
http://doi.org/10.1038/s41416-019-0518-2
http://doi.org/10.1245/s10434-013-3217-x
http://www.ncbi.nlm.nih.gov/pubmed/23955585
http://doi.org/10.1093/annonc/mdu580
http://doi.org/10.1200/JCO.2016.34.15_suppl.3512
http://doi.org/10.1002/bjs.11283
http://doi.org/10.1007/s00270-015-1080-9
http://doi.org/10.1186/s12885-019-5862-3
http://doi.org/10.1007/s00330-020-07253-2
http://doi.org/10.3390/cancers11070939
http://doi.org/10.1016/j.ejca.2012.02.057
http://www.ncbi.nlm.nih.gov/pubmed/22446022


Int. J. Mol. Sci. 2021, 22, 11780 13 of 14

treated with chemotherapy and EGFR directed antibodies in six randomized trials. Ann. Oncol. 2017, 28, 1713–1729. [CrossRef]
[PubMed]

56. Douillard, J.Y.; Oliner, K.S.; Siena, S.; Tabernero, J.; Burkes, R.; Barugel, M.; Humblet, Y.; Bodoky, G.; Cunningham, D.; Jassem, J.;
et al. Panitumumab-FOLFOX4 treatment and RAS mutations in colorectal cancer. N. Engl. J. Med. 2013, 369, 1023–1034. [CrossRef]

57. Heinemann, V.; von Weikersthal, L.F.; Decker, T.; Kiani, A.; Vehling-Kaiser, U.; Al-Batran, S.E.; Heintges, T.; Lerchenmuller, C.;
Kahl, C.; Seipelt, G.; et al. FOLFIRI plus cetuximab versus FOLFIRI plus bevacizumab as first-line treatment for patients with
metastatic colorectal cancer (FIRE-3): A randomised, open-label, phase 3 trial. Lancet Oncol. 2014, 15, 1065–1075. [CrossRef]

58. Schwartzberg, L.S.; Rivera, F.; Karthaus, M.; Fasola, G.; Canon, J.L.; Hecht, J.R.; Yu, H.; Oliner, K.S.; Go, W.Y. PEAK: A randomized,
multicenter phase II study of panitumumab plus modified fluorouracil, leucovorin, and oxaliplatin (mFOLFOX6) or bevacizumab
plus mFOLFOX6 in patients with previously untreated, unresectable, wild-type KRAS exon 2 metastatic colorectal cancer. J. Clin.
Oncol. 2014, 32, 2240–2247. [CrossRef]

59. Venook, A.P.; Niedzwiecki, D.; Lenz, H.-J.; Innocenti, F.; Mahoney, M.R.; O’Neil, B.H.; Shaw, J.E.; Polite, B.N.; Hochster, H.S.;
Atkins, J.N.; et al. CALGB/SWOG 80405: Phase III trial of irinotecan/5-FU/leucovorin (FOLFIRI) or oxaliplatin/5-FU/leucovorin
(mFOLFOX6) with bevacizumab (BV) or cetuximab (CET) for patients (pts) with KRAS wild-type (wt) untreated metastatic
adenocarcinoma of the colon or rectum (MCRC). J. Clin. Oncol. 2014, 32, LBA3. [CrossRef]

60. Pietrantonio, F.; Petrelli, F.; Coinu, A.; Di Bartolomeo, M.; Borgonovo, K.; Maggi, C.; Cabiddu, M.; Iacovelli, R.; Bossi, I.; Lonati, V.;
et al. Predictive role of BRAF mutations in patients with advanced colorectal cancer receiving cetuximab and panitumumab: A
meta-analysis. Eur. J. Cancer 2015, 51, 587–594. [CrossRef] [PubMed]

61. Rowland, A.; Dias, M.M.; Wiese, M.D.; Kichenadasse, G.; McKinnon, R.A.; Karapetis, C.S.; Sorich, M.J. Meta-analysis of BRAF
mutation as a predictive biomarker of benefit from anti-EGFR monoclonal antibody therapy for RAS wild-type metastatic
colorectal cancer. Br. J. Cancer 2015, 112, 1888–1894. [CrossRef] [PubMed]

62. Cremolini, C.; Loupakis, F.; Antoniotti, C.; Lupi, C.; Sensi, E.; Lonardi, S.; Mezi, S.; Tomasello, G.; Ronzoni, M.; Zaniboni, A.; et al.
FOLFOXIRI plus bevacizumab versus FOLFIRI plus bevacizumab as first-line treatment of patients with metastatic colorectal
cancer: Updated overall survival and molecular subgroup analyses of the open-label, phase 3 TRIBE study. Lancet Oncol. 2015, 16,
1306–1315. [CrossRef]

63. Simkens, L.H.; van Tinteren, H.; May, A.; ten Tije, A.J.; Creemers, G.J.; Loosveld, O.J.; de Jongh, F.E.; Erdkamp, F.L.; Erjavec, Z.;
van der Torren, A.M.; et al. Maintenance treatment with capecitabine and bevacizumab in metastatic colorectal cancer (CAIRO3):
A phase 3 randomised controlled trial of the Dutch Colorectal Cancer Group. Lancet 2015, 385, 1843–1852. [CrossRef]

64. Schmoll, H.J. FOCUS4: A new trial design for evaluation of targeted drugs in colorectal cancer? Lancet Gastroenterol. Hepatol.
2018, 3, 143–145. [CrossRef]

65. Adams, R.; Brown, E.; Brown, L.; Butler, R.; Falk, S.; Fisher, D.; Kaplan, R.; Quirke, P.; Richman, S.; Samuel, L.; et al. Inhibition of
EGFR, HER2, and HER3 signalling in patients with colorectal cancer wild-type for BRAF, PIK3CA, KRAS, and NRAS (FOCUS4-D):
A phase 2-3 randomised trial. Lancet Gastroenterol. Hepatol. 2018, 3, 162–171. [CrossRef]

66. Dyck, L.; Mills, K.H.G. Immune checkpoints and their inhibition in cancer and infectious diseases. Eur. J. Immunol. 2017, 47,
765–779. [CrossRef]

67. Marin-Acevedo, J.A.; Dholaria, B.; Soyano, A.E.; Knutson, K.L.; Chumsri, S.; Lou, Y. Next generation of immune checkpoint
therapy in cancer: New developments and challenges. J. Hematol. Oncol. 2018, 11, 39. [CrossRef] [PubMed]

68. Stein, A.; Moehler, M.; Trojan, J.; Goekkurt, E.; Vogel, A. Immuno-oncology in GI tumours: Clinical evidence and emerging trials
of PD-1/PD-L1 antagonists. Crit. Rev. Oncol. Hematol. 2018, 130, 13–26. [CrossRef]

69. Sillo, T.O.; Beggs, A.D.; Morton, D.G.; Middleton, G. Mechanisms of immunogenicity in colorectal cancer. Br. J. Surg. 2019, 106,
1283–1297. [CrossRef]

70. Le, D.T.; Uram, J.N.; Wang, H.; Bartlett, B.R.; Kemberling, H.; Eyring, A.D.; Skora, A.D.; Luber, B.S.; Azad, N.S.; Laheru, D.; et al.
PD-1 Blockade in Tumors with Mismatch-Repair Deficiency. N. Engl. J. Med. 2015, 372, 2509–2520. [CrossRef]

71. Overman, M.J.; Lonardi, S.; Wong, K.Y.M.; Lenz, H.J.; Gelsomino, F.; Aglietta, M.; Morse, M.A.; Van Cutsem, E.; McDermott, R.;
Hill, A.; et al. Durable Clinical Benefit With Nivolumab Plus Ipilimumab in DNA Mismatch Repair-Deficient/Microsatellite
Instability-High Metastatic Colorectal Cancer. J. Clin. Oncol. 2018, 36, 773–779. [CrossRef]

72. Jung, G.; Benitez-Ribas, D.; Sanchez, A.; Balaguer, F. Current Treatments of Metastatic Colorectal Cancer with Immune Checkpoint
Inhibitors-2020 Update. J. Clin. Med. 2020, 9, 3520. [CrossRef]

73. Tabernero, J.; Van Cutsem, E.; Lakomy, R.; Prausova, J.; Ruff, P.; van Hazel, G.A.; Moiseyenko, V.M.; Ferry, D.R.; McKendrick, J.J.;
Soussan-Lazard, K.; et al. Aflibercept versus placebo in combination with fluorouracil, leucovorin and irinotecan in the treatment
of previously treated metastatic colorectal cancer: Prespecified subgroup analyses from the VELOUR trial. Eur. J. Cancer 2014, 50,
320–331. [CrossRef]

74. Tabernero, J.; Yoshino, T.; Cohn, A.L.; Obermannova, R.; Bodoky, G.; Garcia-Carbonero, R.; Ciuleanu, T.E.; Portnoy, D.C.; Van
Cutsem, E.; Grothey, A.; et al. Ramucirumab versus placebo in combination with second-line FOLFIRI in patients with metastatic
colorectal carcinoma that progressed during or after first-line therapy with bevacizumab, oxaliplatin, and a fluoropyrimidine
(RAISE): A randomised, double-blind, multicentre, phase 3 study. Lancet Oncol. 2015, 16, 499–508. [CrossRef] [PubMed]

75. Mayer, R.J.; Van Cutsem, E.; Falcone, A.; Yoshino, T.; Garcia-Carbonero, R.; Mizunuma, N.; Yamazaki, K.; Shimada, Y.; Tabernero,
J.; Komatsu, Y.; et al. Randomized trial of TAS-102 for refractory metastatic colorectal cancer. N. Engl. J. Med. 2015, 372, 1909–1919.
[CrossRef]

http://doi.org/10.1093/annonc/mdx175
http://www.ncbi.nlm.nih.gov/pubmed/28407110
http://doi.org/10.1056/NEJMoa1305275
http://doi.org/10.1016/S1470-2045(14)70330-4
http://doi.org/10.1200/JCO.2013.53.2473
http://doi.org/10.1200/jco.2014.32.18_suppl.lba3
http://doi.org/10.1016/j.ejca.2015.01.054
http://www.ncbi.nlm.nih.gov/pubmed/25673558
http://doi.org/10.1038/bjc.2015.173
http://www.ncbi.nlm.nih.gov/pubmed/25989278
http://doi.org/10.1016/S1470-2045(15)00122-9
http://doi.org/10.1016/S0140-6736(14)62004-3
http://doi.org/10.1016/S2468-1253(17)30402-8
http://doi.org/10.1016/S2468-1253(17)30394-1
http://doi.org/10.1002/eji.201646875
http://doi.org/10.1186/s13045-018-0582-8
http://www.ncbi.nlm.nih.gov/pubmed/29544515
http://doi.org/10.1016/j.critrevonc.2018.07.001
http://doi.org/10.1002/bjs.11204
http://doi.org/10.1056/NEJMoa1500596
http://doi.org/10.1200/JCO.2017.76.9901
http://doi.org/10.3390/jcm9113520
http://doi.org/10.1016/j.ejca.2013.09.013
http://doi.org/10.1016/S1470-2045(15)70127-0
http://www.ncbi.nlm.nih.gov/pubmed/25877855
http://doi.org/10.1056/NEJMoa1414325


Int. J. Mol. Sci. 2021, 22, 11780 14 of 14

76. Shahjehan, F.; Kamatham, S.; Chandrasekharan, C.; Kasi, P.M. Binimetinib, encorafenib and cetuximab (BEACON Trial) combina-
tion therapy for patients with BRAF V600E-mutant metastatic colorectal cancer. Drugs Today 2019, 55, 683–693. [CrossRef]

77. Sosman, J.A.; Kim, K.B.; Schuchter, L.; Gonzalez, R.; Pavlick, A.C.; Weber, J.S.; McArthur, G.A.; Hutson, T.E.; Moschos, S.J.;
Flaherty, K.T.; et al. Survival in BRAF V600-mutant advanced melanoma treated with vemurafenib. N. Engl. J. Med. 2012, 366,
707–714. [CrossRef] [PubMed]

78. Kopetz, S.; Desai, J.; Chan, E.; Hecht, J.R.; O‘Dwyer, P.J.; Maru, D.; Morris, V.; Janku, F.; Dasari, A.; Chung, W.; et al. Phase II
Pilot Study of Vemurafenib in Patients With Metastatic BRAF-Mutated Colorectal Cancer. J. Clin. Oncol. 2015, 33, 4032–4038.
[CrossRef] [PubMed]

79. Prahallad, A.; Sun, C.; Huang, S.; Di Nicolantonio, F.; Salazar, R.; Zecchin, D.; Beijersbergen, R.L.; Bardelli, A.; Bernards, R.
Unresponsiveness of colon cancer to BRAF(V600E) inhibition through feedback activation of EGFR. Nature 2012, 483, 100–103.
[CrossRef]

80. Corcoran, R.B.; Ebi, H.; Turke, A.B.; Coffee, E.M.; Nishino, M.; Cogdill, A.P.; Brown, R.D.; Della Pelle, P.; Dias-Santagata, D.;
Hung, K.E.; et al. EGFR-mediated re-activation of MAPK signaling contributes to insensitivity of BRAF mutant colorectal cancers
to RAF inhibition with vemurafenib. Cancer Discov. 2012, 2, 227–235. [CrossRef] [PubMed]

81. Kopetz, S.; Grothey, A.; Yaeger, R.; Van Cutsem, E.; Desai, J.; Yoshino, T.; Wasan, H.; Ciardiello, F.; Loupakis, F.; Hong, Y.S.; et al.
Encorafenib, Binimetinib, and Cetuximab in BRAF V600E-Mutated Colorectal Cancer. N. Engl. J. Med. 2019, 381, 1632–1643.
[CrossRef]

82. Huiskens, J.; Bolhuis, K.; Engelbrecht, M.R.; De Jong, K.P.; Kazemier, G.; Liem, M.S.; Verhoef, C.; de Wilt, J.H.; Punt, C.J.; van
Gulik, T.M.; et al. Outcomes of Resectability Assessment of the Dutch Colorectal Cancer Group Liver Metastases Expert Panel. J.
Am. Coll. Surg. 2019, 229, 523–532.e522. [CrossRef] [PubMed]

83. Guinney, J.; Dienstmann, R.; Wang, X.; de Reynies, A.; Schlicker, A.; Soneson, C.; Marisa, L.; Roepman, P.; Nyamundanda, G.;
Angelino, P.; et al. The consensus molecular subtypes of colorectal cancer. Nat. Med. 2015, 21, 1350–1356. [CrossRef]

84. Stintzing, S.; Wirapati, P.; Lenz, H.J.; Neureiter, D.; Fischer von Weikersthal, L.; Decker, T.; Kiani, A.; Kaiser, F.; Al-Batran, S.;
Heintges, T.; et al. Consensus molecular subgroups (CMS) of colorectal cancer (CRC) and first-line efficacy of FOLFIRI plus
cetuximab or bevacizumab in the FIRE3 (AIO KRK-0306) trial. Ann. Oncol. 2019, 30, 1796–1803. [CrossRef] [PubMed]

http://doi.org/10.1358/dot.2019.55.11.3035584
http://doi.org/10.1056/NEJMoa1112302
http://www.ncbi.nlm.nih.gov/pubmed/22356324
http://doi.org/10.1200/JCO.2015.63.2497
http://www.ncbi.nlm.nih.gov/pubmed/26460303
http://doi.org/10.1038/nature10868
http://doi.org/10.1158/2159-8290.CD-11-0341
http://www.ncbi.nlm.nih.gov/pubmed/22448344
http://doi.org/10.1056/NEJMoa1908075
http://doi.org/10.1016/j.jamcollsurg.2019.08.1445
http://www.ncbi.nlm.nih.gov/pubmed/31520695
http://doi.org/10.1038/nm.3967
http://doi.org/10.1093/annonc/mdz387
http://www.ncbi.nlm.nih.gov/pubmed/31868905

	Introduction 
	General Treatment Considerations Based on Predictive and Prognostic Molecular Biomarkers 
	RAS 
	BRAF 
	MMRd/MSI-H 

	Resectable Liver Metastases 
	Potentially Resectable or Initially Unresectable Liver Metastases 
	Non-Resectable Liver Metastases 
	First-Line Regimens 
	Immune Checkpoint Inhibition (ICI) in mCRC 
	Further Lines of Treatment 

	Conclusions 
	References

