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ARTICLE INFO ABSTRACT

Keywords: Advances in molecular biology have markedly increased our understanding of the heterogeneous molecular
BRAF ) landscape of colorectal cancer (CRC). Up to 15% of CRCs harbor the BRAF p.V600E somatic mutation (BRAFmt),
Colorectal adenocarcinoma a well-established negative prognostic marker in patients with metastatic CRC (mCRC). The BEACON CRC trial
Molecular . . . . - s
o set a new standard of care in patients with progressive BRAFmt cancers, consisting of the combination of
Liquid biopsy . . . . . . .
encorafenib and cetuximab. On these bases, BRAF mutational testing is now recommended in patients with

mCRC. However, efforts are needed to further stratify patients carrying this mutation.

Here, we discuss the heterogeneous pathologic and molecular landscape of BRAFmt CRCs, focusing on the
promises and pitfalls of molecular diagnostics, on novel biomarkers to improve patients’ stratification and on the
current diagnostic scenario for CRC.

We believe that a better stratification based on histopathological features and novel molecular biomarkers
should be performed to optimize patient management and therapeutic decision-making.

1. Background

Colorectal cancer (CRC) accounts for approximately 10% of all
cancers and cancer-related deaths worldwide, with 1.9 million new
cases and almost 0.9 million deaths in 2020 (Sung et al., 2021).

Advances in molecular biology have increased our understanding of
the complex and heterogeneous molecular landscape of CRC, which is
responsible for the significant variability in patients’ prognosis and
response to therapy (The Cancer Genome Atlas Network, 2012; Guinney
et al., 2015).

About 8%-15% of CRCs harbor the p.V600E somatic mutation in the
BRAF (v-raf murine sarcoma viral oncogene homolog B) gene (BRAFmt),
which is almost always mutually exclusive with the RAS (rat sarcoma
virus) gene mutation (Morkel et al., 2015). BRAF exerts its oncogenic
activity by positively modulating the MAPK (mitogen-activated protein
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kinase) cascade, which plays a crucial role in tumor cell proliferation
and survival (Davies et al., 2002). Several studies demonstrated that
BRAFmt CRCs represent a distinct clinico-pathological subgroup with
specific molecular features (Fanelli et al., 2020).

The presence of BRAF mutation is a well-established negative prog-
nostic biomarker in metastatic CRC (mCRC), and patients bearing this
alteration in most cases do not respond to therapeutic regimens based on
multi-kinase inhibitors (Pietrantonio et al., 2015; Loupakis et al., 2009).
The BEACON CRC trial set a new standard of care in patients with
progressive Y®°EBRAF cancers, consisting of the combination of the
BRAF inhibitor encorafenib plus the anti-epidermal growth factor re-
ceptor (EGFR) monoclonal antibody cetuximab (Kopetz et al., 2019).

Because of its increasing clinical significance, the National
Comprehensive Cancer Network (NCCN) (Benson et al., 2021) and Eu-
ropean Society of Medical Oncology (ESMO) (Van Cutsem et al., 2016)
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guidelines recommend BRAF mutational testing in patients with mCRC.

However, the predictive role of BRAF mutation in mCRC is not fully
elucidated yet and more efforts are needed to further stratify the BRAF
mutant population.

In this review, we will provide insights into the heterogeneous
pathologic and molecular landscape of BRAFmt CRCs, focusing on the
promises and pitfalls of molecular diagnostics and on novel biomarkers
to improve patients’ stratification.

2. BRAF gene and Y%’ BRAF mutation

BRAF is a proto-oncogene that encodes for a cytoplasmic serine/
threonine kinase (STK), which activates the RAS/RAF/MEK/extracel-
lular signal-regulated kinase (ERK) signaling cascade-known as the
MAPK pathway. The MAPK pathway promotes cell proliferation, dif-
ferentiation, migration, survival and angiogenesis and its dysregulation
is a common event in tumorigenesis (Ascierto et al., 2012).

BRAF was reported to be mutated at several sites; however, the most
common mutation in CRC (90%) and other cancer types as well is
V600E, a single nucleotide change at residue 1799 (T1799A) leading to
an amino acid substitution from valine to glutamic acid at codon 600
and resulting in a constitutive active-active kinase (Davies et al., 2002).
V600EBRAF mutation is common in many malignancies other than CRC,
particularly melanoma (66%) (Thompson et al., 2009), papillary thyroid
cancer (30%) (Kimura et al., 2003), serous ovarian cancer (30%) (Singer
et al., 2003), cholangiocarcinoma (6%) (Tannapfel et al., 2003) and
non-small cell lung cancer (4%) (Baik et al., 2017) (Fig. 1).

3. Clinico-pathological features of BRAFmt CRCs

BRAFmt CRCs are characterized by distinct clinico-pathological
characteristics and specific molecular alterations defining a discrete
subgroup (Fig. 2).

While the overall BRAF mutation frequency is estimated to be
approximately 10%, its prevalence varies among different ethnic groups
(Western countries have a higher frequency than Asian countries) (Chen
et al., 2014). Among CRCs, the rate of BRAF mutations is significantly
higher in the metastatic setting (stage IV) rather than in stage II-II
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(15-20% vs 10-5%) (Clarke and Kopetz, 2015).

According to several studies, BRAF mutation appears to be associated
with advanced age (>70 years old), thus indicating that BRAF alteration
is an acquired genetic event in the carcinogenetic cascade, sporadic
CRC, female sex and proximal location (BRAF mutations are a rare
finding in rectal cancers)(Chen et al., 2014; Clancy et al., 2013).

Additionally, a distinct pattern of metastatic spread characterizes
BRAF mutant tumors, namely high rates of peritoneal metastases and
distant lymph node metastases, together with low rates of lung metas-
tases (Tran et al., 2011).

BRAFmt CRCs are associated with specific histopathological features,
such as mucinous component and poorly differentiated histology (Chen
et al., 2014; Clarke and Kopetz, 2015; Clancy et al., 2013; Loupakis
etal., 2016; Guan et al., 2020; Jang et al., 2017). Other frequent findings
include signet ring cell component, serrated architecture, lymphovas-
cular invasion, tumor budding, growing infiltrative pattern and peritu-
moral lymphoid reactions (Jang et al., 2017).

4. BRAF mutation as a predictive factor for mCRC

Several treatment options are available for patients with BRAFmt
mCRC. Systemic chemotherapy regimens, including FOLFOX, FOLFIRI,
and capecitabine plus oxaliplatin, have been the standard of care for the
past several decades (Benson et al., 2021; Van Cutsem et al., 2016).

Due to the inherent chemotherapy-refractory nature of BRAFmt
mCRGC, it is rational to explore novel approaches involving targeted
therapeutic agents, alone and in combination with chemotherapy
(Johnson and Kopetz, 2020).

Similar to patients with BRAF wild-type tumors, patients with
BRAFmt cancers appear to benefit from anti-VEGF (vascular endothelial
growth factor) therapy (Hurwitz et al., 2004). The TRIBE study evalu-
ated FOLFOXIRI plus bevacizumab versus FOLFIRI plus bevacizumab as
the first-line treatment for mCRC. However, no evidence of a clear
benefit to triplet chemotherapy over doublet chemotherapy was found
(Loupakis et al., 2014; Cremolini et al., 2020).

Although BRAF mutation is associated with wild-type RAS, several
studies have identified BRAF mutation as a predictor of resistance to
anti-EGFR therapy (Di Nicolantonio et al., 2008; Fakih, 2015). There is

A

Fig. 1. Representative images of BRAF mutated neoplasms. A) Colorectal Cancer B) Thyroid Papillary Carcinoma C) Malignant melanoma D) Cholangiocarcinoma E)
Lung adenocarcinoma F) Hairy cell leukemia G) Langerhans cell histiocytosis H) Low-grade serous ovarian carcinoma.



V. Angerilli et al.

LY &c&/"\w

Critical Reviews in Oncology / Hematology 172 (2022) 103647

] ,:‘» GJ,';
(‘“4 %? 3"

e nﬁ

fane ""

Fig. 2. The heterogenous pathological landscape of BRAF mutated colorectal adenocarcinoma. A) Mucinous histotype B) Serrated architecture C) Lymphocytes’

infiltration D) loss of expression of MLH1 in a BRAFmt/MSI CRC.

currently limited and conflicting evidence regarding the use of
anti-EGFR monoclonal antibodies in combination with cytotoxic agents
in patients with BRAFmt cancers (Pietrantonio et al., 2015; Van Cutsem
et al., 2011). For this reason, anti-EGFR therapy is indicated exclusively
for patients who are RAS/BRAF wild-type (Benson et al., 2021; Van
Cutsem et al., 2016).

In contrast to the successful results achieved for Y**°*BRAFmt mel-
anoma (Chapman et al., 2011), single-agent BRAF inhibition resulted in
zero complete response and an overall response rate of 5% in BRAFmt
mCRC (Kopetz et al., 2015). In CRC, BRAF blockade alone is responsible
for feedback reactivation of EGFR and persistent MAPK signaling acti-
vation. On the contrary, the simultaneous BRAF and EGFR inhibition in
preclinical models resulted in inhibition of tumor growth, by over-
coming the MAPK feedback loop (Corcoran et al., 2012; Prahallad et al.,
2012). Subsequent clinical trials showed promising activity of
EGFR-inhibitors combined with anti-BRAF monoclonal antibodies
(Yaeger et al., 2015; van Geel et al., 2017).

Preclinical and early clinical studies showed that the addition of a
MEK inhibitor to BRAF inhibition exerts greater antitumor activity by
strengthening inhibition of the MAPK pathway (Corcoran et al., 2018).
Recently, the initial results of the BEACON CRC study, the first ran-
domized phase III study and largest clinical trial for previously treated

V600EBRAF mCRCs, have been published. The BEACON CRC study
evaluated the activity of a BRAF inhibitor encorafenib plus cetuximab,
with or without the MEK inhibitor binimetinib versus irinotecan plus
FOLFIRI and cetuximab. According to the updated results, encorafenib
plus cetuximab with or without binimetinib significantly improved OS
(overall survival) and PFS (progression-free survival) in comparison to
the control group (Kopetz et al., 2019; Roviello et al., 2020). The out-
comes of this landmark trial represent the first survival benefit over the
current standard of care and led to the approval by the FDA and Euro-
pean Commission of the doublet encorafenib plus cetuximab in previ-
ously treated Y®°°® BRAF mCRC patients.

5. Molecular pathogenesis of BRAFmt CRC

CRC develops via a multistep carcinogenetic process, involving a
gradual accumulation of genetic and epigenetic alterations that deter-
mine the intestinal mucosa’s phenotypic transformation into precan-
cerous lesion and invasive carcinoma (Vogelstein et al., 2013).

Two alternative carcinogenetic pathways have been described: i) the
“conventional” pathway or “classic adenoma-carcinoma sequence”
(tubular and tubulovillous adenomas — invasive CRC) and ii) the
“serrated” pathway (traditional serrated and sessile serrated adenomas
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— invasive CRC) (Cappell, 2005; Higuchi and Jass, 2004).

At the molecular level, the “classic adenoma-carcinoma sequence”
consists of an accumulation of genetic mutations associated with chro-
mosomal instability (CIN) (Fearon and Vogelstein, 1990). CIN comprises
aneuploidy, which is an imbalance in the chromosome number, and loss
of heterozygosity (LOH) generated by chromosomal mis-segregation
(Thompson et al., 2010). The primum movens of the CIN pathway is
the inactivating mutation of the tumor suppressor gene APC, followed
by mutations of KRAS, SMAD4 and finally TP53 (Smith et al., 2002).

The “serrated” pathway (15-30% of sporadic CRCs) is linked with
two, often overlapping, molecular pathways: the CpG island methylator
phenotype (CIMP), which can be either low level (CIMP-L) or high level
(CIMP-H) and the microsatellite instability (MSI) (Weisenberger et al.,
2006). The molecular trigger of the serrated pathway is MAPK pathway
activation by either BRAF or KRAS mutation, followed by CpG island
methylation that causes the silencing of critical tumor suppressor genes.
Although important, MSI is not a defining molecular feature of the
serrated neoplasia pathway (Rajagopalan et al., 2002; O’Brien et al.,
2006).

In 2007, Jass proposed three molecular profiles for CRCs developing
via the “serrated” pathway: i) BRAFmt/CIMP-H/MS]I, ii) BRAFmt/CIMP-
H/MSS (Microsatellite Stable) and iii) KRASmt/CIMP-L/MSS (Jass,
2007).

In most cases, BRAFmt/CIMP-H tumors arise from the sessile
serrated lesions (SSLs). The distinctive morphological feature of SSL is
the distortion of the crypt profile, probably resulting from alterations of
the proliferative zone, together with bland cytology and prominent
serrations of the crypts (Galuppini et al., 2021).

BRAF mutation is present in 70-80% of SSLs and is thought to be the
initiating event of the carcinogenetic process. MLH1 methylation and
MSI are late events and are limited to SSLs with dysplasia. Activation of
the Wnt signaling pathway has also been associated with the progression
of SSLs (Bettington et al., 2013; De Palma et al., 2019; Cappellesso et al.,
2019).

Traditional serrated adenomas (TSAs) are rare (1-6% of serrated
colorectal lesions). TSAs are characterized by slit-like serrations and tall
cells that contain prominent eosinophilic cytoplasm and pencillate
nuclei (Galuppini et al., 2021). TSAs can harbor either KRAS or BRAF
mutations and are MSS. KRASmt TSAs have CIMP-L phenotype and
progress into KRASmt/CIMP-L/MSS tumors via late Wnt signaling
pathway activation and TP53 mutation. BRAFmt TSAs and, more
frequently CIMP-H. In addition, Wnt signaling pathway activation and
CDKN2A silencing appear to be pivotal to malignant progression.
Interestingly, residual presence of an SSL was found in approximately
30% of TSAs, suggesting that SSLs that do not undergo MLH1 methyl-
ation could progress via a TSA to BRAFmt/MSS tumor (Bettington et al.,
2015).

6. BRAFmt/MSI versus BRAFmt/MSS

MSI is a condition of genetic hypermutability resulting from a defi-
cient DNA mismatch repair (AMMR) system. MSI is present in approxi-
mately 15% of CRCs and is associated with a better survival outcome
(Vilar and Tabernero, 2013; Popat et al., 2005; Roth et al., 2012). A
germline mutation in mismatch repair (MMR) genes is the cause of
dMMR in Lynch syndrome (or Hereditary Non-Polyposis Colorectal
Cancer, HNPCC), which accounts for 3% of CRCs (Sinicrope, 2018). In
sporadic CRC, dMMR is caused by MLHI gene promoter hyper-
methylation. BRAF mutation is strongly linked with (~60%) the somatic
inactivation of the DNA MMR genes and is virtually absent in Lynch
syndrome (Weisenberger et al., 2006; Fassan et al., 2020). Hence, BRAF
mutation analysis is a valid tool to implement in Lynch syndrome
diagnosis (Fassan et al., 2020).

Several studies evaluated the prognostic role of BRAF mutation in
relation to MSI status. Although some studies suggest that the adverse
prognostic association of BRAF mutation is limited to MSS tumors
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(Samowitz et al., 2005; Roth et al., 2010; Farina-Sarasqueta et al., 2010),
others suggest that BRAF mutation remains prognostic regardless of MSI
status (Lochhead et al., 2013; Sinicrope and Sargent, 2012). Tran and
colleagues (Tran et al., 2011) reported poorer survival outcomes in MSI
mCRC, indicating that, unlike early-stage disease, MSI is a negative
prognostic factor in advanced disease and is likely driven by BRAF
mutation. Of note, recent population-based data reported that
BRAFmt/MSI mCRC patients have a worse survival outcome in com-
parison to BRAFmt/MSS ones (Chu et al., 2020).

The introduction of immune checkpoint inhibitors has revolution-
ized the therapeutic landscape of MSI mCRC (Le et al., 2020; Overman
etal., 2017; Overman et al., 2018). A sporadic MSI phenotype is isolated
in 20-30% of BRAFmt mCRCs, representing a subgroup that derives
clinical benefit from treatment with programmed death-1 (PD-1) and
cytotoxic T-lymphocyte- associated protein 4 (CTLA-4) inhibitors.
Recent data from the KEYNOTE-177 (André et al., 2020) trial evaluating
the anti-PD-1 antibody pembrolizumab versus standard-of-care reported
durable response in treatment naive BRAFmt/MSI mCRC patients.
However, additional data should be collected in order to establish the
best therapeutic sequential approach for this subgroup.

BRAFmt/MSS CRCs have not been as well-characterized as BRAFmt/
MSI tumors. Although they both develop via the “serrated” pathway,
BRAFmt/MSS CRCs represent a unique subgroup, with different clinico-
pathologic and molecular features.

BRAFmt/MSS tumors have a younger age of onset and equal gender
distribution and present at a more advanced stage when compared to
BRAFmt/MSI tumors (Bond and Whitehall, 2018). Histologically, BRAF
mt/MSS CRCs are frequently mucinous and poorly differentiated.
However, they display aggressive morphological features such as
frequent tumor budding, lack of tumor-infiltrating lymphocytes (TILs),
frequent angio-lymphatic and perineural invasion and increased lymph
node metastases rate BRAFmt/MSI and BRAF wild-type cancers
(Samowitz et al., 2005; Landau et al., 2014).

The more adverse clinico-pathologic features might be the product of
specific molecular features. BRAFmt/MSS tumors originate from SSLs
that do not methylate MLH1. Because the residual presence of an SSL has
been found in approximately 30% of TSAs, It has been suggested that
SSLs could progress via a TSA to BRAF mt/MSS cancer (Bettington et al.,
2013). The BRAFmt/MSS subgroup is characterized by: i) a higher fre-
quency of CIMP (60%), but lower than MSI (70-80%) (Bond et al., 2012;
Bond et al., 2014), ii) a “focal” pattern of CIN (i.e., high proportion of
small, targeted copy number aberrations) versus “whole chromosome
arm” pattern of BRAF wild-type cancers (Bond et al., 2014), iii) high rate
of TP53 mutations, which is frequently observed in the conventional
pathway and is associated with advanced disease (Samowitz et al., 2002;
Bond et al., 2012).

7. BRAFmt CRCs in the context of novel CRC molecular
classifications

In 2012, The Cancer Genome Atlas Network proposed a novel
genomic classification of CRCs, identifying two main groups by muta-
tion rate: hypermutated and non-hypermutated cancers. Hypermutated
CRCs (13%) are characterized by a high mutation rate, with the majority
displaying MSI due to defective dMMR, CIMP and low rate of somatic
copy number alterations (SCNAs). A further 2-3% are classified as ultra-
mutated CRCs, with an exceptionally high mutation rate resulting from
the DNA-replicating enzyme POLE mutation. Non-hypermutated cases
(83%) have a low frequency of mutations, are MSS, but have a high rate
of SCNAs. Approximately 46% of hypermutated CRCs harbor a BRAF
mutation, and almost all BRAFmt CRCs are part of the hypermutated
subgroup. However, a small part BRAFmt CRCs can be classified as non-
hypermutated (The Cancer Genome Atlas Network, 2012).

By using multiple microarrays or RNA-sequencing datasets of pri-
mary CRC samples enriched with additional molecular data, the Colo-
rectal Cancer Subtyping Consortium identified four gene expression
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consensus molecular subtypes (CMS): CMS1 Immune (MSI, hyper-
mutated; 14%), CMS2 Canonical (Wnt and Myc activation; 37%), CMS3
Metabolic (metabolic dysregulation, KRAS mutations; 13%) and CMS4
Mesenchymal (Stromal infiltration, TGF-p activation and angiogenesis;
23%), which were later found to be independent prognostic factors. The
majority of BRAFmt CRCs (up to 70%) are classified as CMS1, while 7%
and 17% are clustered in CMS3 and CMS4, respectively (Guinney et al.,
2015). According to the results of a study by Smeby and colleagues
(Smeby et al., 2018), the well-established poor prognostic impact of
BRAF mutations in MSS tumors is strengthened among CMS1 tumors,
probably due to strong mutation enrichment in this subtype, leading to a
propensity for metastatic disease.

Being transcriptomic closely linked with tumor behavior and clinical
phenotype, the uneven distribution of BRAFmt CRCs across the CMSs
indicates that BRAFmt CRC is a molecularly heterogeneous subgroup.
Further prognostic and predictive stratification is needed.

8. Gene expression-based molecular subtypes of BRAFmt CRC

Barras and colleagues (Barras et al., 2017) categorized BRAFmt CRCs
into two subtypes based on gene expression profiling. BM1 subtype ac-
counts for one-third of the cases, while BM2 for the remaining
two-thirds. The BM1 subgroup is characterized by an upregulation of
KRAS/mTOR/AKT/4EBP1 signaling pathway, an enhanced expression
of genes  associated with  macrophage  activity and
epithelial-mesenchymal transition (EMT). In contrast, the BM2 sub-
group displays an enrichment in cell cycle and cycle checkpoint asso-
ciated genes. Interestingly, all CMS4 BRAF mutants are classified as
BM1, whereas CMS1 BRAF mutants are distributed into both BM1 and
BM2, indicating that the BM classification can capture a further level of
heterogeneity within BRAFmt CMS1 tumors.

Although differences between the two subgroups in relapse-free and
overall survival were not significant, it is currently under investigation
whether this novel gene expression-based classification of BRAFmt CRCs
could have therapeutic implications. In fact, it has been hypothesized
that BM1 tumors could benefit from a combination of anti-BRAF, anti-
MEK, and anti-AKT/mTOR/4EBP1 drugs, while drugs targeting cell-
cycle components might be effective in BM2 patients (Barras et al.,
2017).

According to the results of a recent Phase II clinical trial, the com-
bination of dabrafenib, trametinib, and panitumumab resulted in longer
OS and PFS of BM1 patients, who tend to have a worse outcome than
BM2 patients. Therefore, BM subtype could represent a key biomarker to
aid in the stratification of those patients who are more likely to benefit
from the combination of BRAF, MEK and EGFR inhibitors (Middleton
et al., 2020).

9. The heterogenous landscape of BRAF mutations: beyond
V600E

Nearly all of our current knowledge of BRAFmt CRC clinical features
has been derived from patients with the V600EBRAF mutation. In recent
years, the adoption of expanded mutational testing has allowed the
identification of additional mutational hotspots within genes of interest.
Overall, "°"V69EBRAF mutations occur in approximately 2% of mCRCs
and 22% of BRAFmt mCRCs and cover 19 different codons, mainly
mutations in codons 594,596 (Jones et al., 2017; Van Cutsem and
Dekervel, 2017).

CRCs harboring "°*V6%0EBRAF mutations represent a molecular
subtype with excellent prognosis and distinct clinico-pathologic fea-
tures. First, patients with ""V69'BRAF mutations present a less
aggressive disease course and are likely to have significantly longer OS
than patients harboring V600EBR AF mutations (Cremolini et al., 2015;
Calegari et al., 2021; Schirripa et al., 2019). Furthermore, """
V600EBRAFmt CRCs arise more frequently in younger male patients and
are often left-sided, non-mucinous, MSS, have no peritoneal spread and
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lower grade at presentation (Cremolini et al., 2015; Calegari et al., 2021;
Schirripa et al., 2019).

Based on studies on preclinical models, BRAF mutations have been
categorized in three different classes: activating RAS-independent BRAF
mutations signaling as monomers (class 1; V60OE mutation) or as dimers
(class 2; mutations in codons 464, 469, 597 or 601) and RAS-dependent
BRAF mutations with impaired kinase activity or kinase-dead (class 3;
mutations in codons 287,459,466,467,469,581,594,595 or 596) (Zheng
et al., 2015; Yao et al., 2017).

Class 3 mutants bind more tightly than wild-type BRAF to RAS-GTP,
and they activate ERK signaling by heterodimerizing with CRAF. Hence,
class 3 BRAF mutations can coexist with RAS/EGFR activating muta-
tions, while these genetic alterations are mutually exclusive in other
cases (Yao et al., 2017; Yao et al., 2015).

To date, there are no specific guidelines for the management of pa-
tients with "°"V600EBRAF mCRC. However, several clinical trials are
exploring tailored treatment options.

Yeager and colleagues (Yaeger et al., 2019) investigated whether
patients with class 2 and class 3 ""V°O BRAFmt CRC might benefit from
EGFR inhibitors. According to the results, patients with class 2 mutation
have limited or no benefit, while class 3 mutation carriers achieved 50%
response rate with some durable responses when treated with anti-EGFR
monoclonal antibodies (Fontana and Valeri, 2019). This is an intriguing
finding; however, there is some contradictory evidence in the literature.
In a small cohort of patients harboring "™ Ve%9BRAF mutations of both
class 2 and class 3, Johnson and colleagues (Johnson et al., 2019) found
no complete or partial responses to anti-EGFR therapy in any of the
cases.

The lack of efficacy of EGFR inhibitors indicates that new targeted
approaches are needed. Novel inhibitors of MEK or ERK alone or in
combination with next-generation RAF inhibitors that target dimeriza-
tion are currently under evaluation (Johnson and Kopetz, 2020). In this
context, the BIG BANG study assesses the efficacy of a combinatorial
approach of simultaneous inhibitions of MEK, BRAF and EGFR, which
exhibited potent antitumor activity in the preclinical model (Kotani
et al., 2020).

10. Novel biomarkers for risk stratification

Despite its recognized prognostic value (Seligmann et al., 2017),
there is great heterogeneity in survival outcome among Y9°°EBRAF
mutated mCRCs. Indeed, some patients with BRAFmt mCRC achieve
durable responses, while other patients rapidly develop resistance. A
better stratification based on histopathological features and novel mo-
lecular biomarkers should be performed to optimize patient manage-
ment and therapeutic decision-making.

In a study by Loupakis and colleagues (Loupakis et al., 2019), a large
cohort of BRAFmt mCRC patients was analyzed to identify novel prog-
nostic markers. The major findings were that: i) CDX2 loss, ii) high CK7
expression, iii) fewer TILs, iv) CMS2-3 or CMS4 (compared to CMS1)
were associated with worse survival outcomes (both OS and PFS).

In most cases, CRC is CK7 negative and CK20/CDX2 positive
(Werling et al., 2003). However, some evidence in the literature suggests
that BRAFmt mCRC may have a different cytokeratins’ profile, with
lower CDX2 and higher CK7 expression (Landau et al., 2014; Zlobec
et al.,, 2011; Kim et al., 2013). Furthermore, it has been hypothesized
that V69 BRAF mutation cooperates with CDX2 silencing to promote
serrated carcinogenesis (Sakamoto et al., 2017) and that CK7 acts as a
promoter of EMT (Harbaum et al., 2011).

The finding that a high number of TILs and CMS1, which are both
tightly linked with MSI, are associated with a better survival outcome
pinpoints the role of the tumor-immune system interaction in affecting
prognosis in BRAFmt mCRCs (Guinney et al., 2015; Deschoolmeester
et al., 2010).

Neuroendocrine differentiation has been associated with a worse
prognosis and has been identified as mechanisms of therapy resistance
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in several cancers, mainly in lung adenocarcinomas and prostate cancers
(Antonescu et al., 2005; Davies et al., 2018). Fassan and colleagues
(Fassan et al., 2021) reported that, among a large cohort of BRAFmt
mCRCs, 22% of tumors showed positivity for synaptophysin at immu-
nohistochemistry (IHC) and that synaptophysin expression was linked
with a worse survival outcome, thus identifying a new subgroup with
worse prognosis.

In a recent study, Angerilli and colleagues (Angerilli et al., 2021)
found that approximately 20% of BRAFmt mCRCs displayed intratumor
morphologic heterogeneity (i.e. the coexistence of two different histo-
logic variants within the primary tumor). Of note, intratumor hetero-
geneity is a rather frequent finding in MSI tumors because the mutator
phenotype of MSI tumors may produce in several molecular clones with
possible distinct morphological features. According to the results of this
study, intratumor phenotypic heterogeneity was linked with
gene-expression intratumor heterogeneity and with enrichment of CMS4
among the samples analyzed. CMS4 being associated with worse sur-
vival outcomes, it might be speculated that morphologic heterogeneity
might predispose patients to inferior clinical outcomes.

11. The diagnostic scenario of BRAFmt mCRC

1. Molecular testing

The NCCN panel recommends BRAF mutational analysis of tumor
tissue (either primary tumor or metastasis) at diagnosis of stage IV
disease (Benson et al., 2021). Testing for the BRAF mutation is car-
ried out on formalin-fixed paraffin-embedded (FFPE) tissues and is
usually done by Sanger Sequencing, Mass Spectrometry, quantitative
real-time PCR (qRT-PCR) or next-generation sequencing (NGS)
(Fig. 3).

When choosing an assay for routine diagnostics, several factors are
needed to be addressed, such as pre-analytical factors (tissue avail-
ability, DNA quality, percentage of tumor cells), sensitivity and
specificity of the various tests and additional factors such as work-
load, hands-on time, turnaround time and assay and equipment cost
(Angerilli et al., 2021).

NGS allows the sequencing of thousands of genes in a single run. It
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has greater sensitivity in comparison to the other methods (approx-
imately to 0.001-5% of mutant alleles in a background of wild-type
alleles) and can detect the broad spectrum of BRAF mutations.
However, the implementation of NGS in routine diagnostics has
many challenges, such as high costs and turnaround time, along with
the need of bioinformatic expertise. qRT-PCR and Mass Spectrometry
have a high sensitivity (1-5% of mutant alleles), faster turnaround
time and lower cost. Nonetheless, only hotspot BRAF mutations can
be detected. On the contrary, Sanger sequencing allows the identi-
fication of all BRAF mutations but has a limit of detection of 10-20%
of mutant alleles and is a time-consuming technology because it se-
quences a single DNA fragment at a time (Ihle et al., 2014; Surrey
et al., 2019; McCourt et al., 2013; Gao et al., 2016; Malapelle et al.,
2015).

. Immunohistochemistry

Mutation-specific Y°*°EBRAF THC is an accepted screening tool for
melanoma (Pearlstein et al., 2014) (Fig. 3). As previously stated,
BRAF mutation is usually detected through various PCR-based mo-
lecular tests in CRC. However, these methods can be expensive,
multi-step and time-consuming.

Studies evaluating the concordance between Y®°°EBRAF THC and
molecular testing and the diagnostic accuracy of Y°°°EBRAF in
colorectal adenocarcinomas have provided mixed results. Though
most have reported high sensitivity and specificity with a good
interobserver agreement and concordance between surgical resec-
tion specimens and biopsies as well (Affolter et al., 2013; Sinicrope
etal., 2013; Rossle et al., 2013; Day et al., 2015; Vakiani et al., 2015;
Galuppini et al., 2017), others have found a lower sensitivity and
specificity using the same VE1 antibody (Adackapara et al., 2013).
Furthermore, Y6°°EBRAF IHC assay demonstrated high rates of
intratumoral homogeneity of VE1 immunostaining, showing a uni-
form staining pattern in most cases (Bledsoe et al., 2014).

V600EpR AF immunostaining could represent a viable alternative to
molecular profiling for mCRC and may help identify Lynch syndrome
patients. IHC has the advantages of being faster, less expensive
compared to molecular testing, and can be implemented in
community-based laboratories when there is a lack of molecular

SANGER REAL-TIME PCR MASS NEXT-GENERATION IMMUNOHISTO-
SEQUENCING SPECTROMETRY SEQUENCING CHEMISTRY
(VE1 clone)

Nucieotide

S
10-20% AF 1-5% AF 1-5% AF 0.001-5% AF 0.001-5% AF
Low cost Low cost Low cost High cost Low cost
High TAT Low TAT Low TAT High TAT Low TAT
All BRAF Only hotspot BRAF Only hotspot BRAF All BRAF mutations Only YS"tBRAF
mutations mutations mutations mutations

Fig. 3. Principal molecular diagnostics used in the clinical practice in the assessment of BRAF status.
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pathology infrastructures and expertise. In addition, IHC could pro-
vide an alternative method for mutation detection in cases where the
samples are inadequate for molecular testing (i.e. biopsies with few
tumor cells). However, being the VE1 antibody highly specific for the
V600EBRAF mutation, molecular profiling is preferred over IHC also
for the possibility of detecting "°™V6°°EBRAF mutations, which ac-
counts for 22% of all BRAF mutations (Galuppini et al., 2017).
3. Liquid biopsy

Liquid biopsy is a promising tool in the diagnostic scenario of mCRC.
Liquid biopsy can be defined as detecting tumor-derived biomarkers
isolated from biological fluids (i.e. blood, urine, saliva) of cancer pa-
tients. It is rapid and minimally invasive and allows to recapitulate
tumor spatial and temporal heterogeneity (Normanno et al., 2018).

In mCRC patients, liquid biopsy could represent an alternative to
tissue sampling to assess predictive and prognostic biomarkers, such as
RAS genes mutations. A landmark study by Thierry and colleagues
(Thierry et al., 2014) circulating free DNA (cfDNA) analysis showed
100% concordance with CRC tissue analysis for Y*°°(BRAF mutation.

However, the results obtained from liquid biopsies must be inter-
preted with caution. The main limitations include: i) limited diagnostic
sensitivity in low-tumor-burden patients; ii) the inability to distinguish
free non-tumor cell DNA from tumor cell DNA; iii) the lack of infor-
mation regarding the histological type; iv) impossibility to perform IHC
(Angerilli et al., 2021). An additional point to consider is that BRAF
mutations are common in several cancer types, so a silent BRAFmt tumor
(i.e. papillary thyroid carcinoma) could cause a false positivity in a CRC
patient. For the aforementioned reasons, it is unlikely that liquid biopsy
will substitute tissue analysis in the future, but will instead provide
additional clinically relevant information.

Various studies demonstrated that high levels of total cfDNA con-
centration and mutant cfDNA concentration were linked with a worse
prognosis in mCRC (Thierry et al., 2014; Fan et al., 2017). Furthermore,
the analysis ¢fDNA may find application in identifying minimal residual
disease and in predicting recurrence in surgically resected patients (Tie
et al., 2016; Tie et al., 2019; Tarazona et al., 2019). However, one of the
most flourishing fields of application of liquid biopsy testing is the
possibility of monitoring the response to therapy and tracking CRC
evolution over time. Longitudinal profiling of cfDNA has been used to
model resistance to anti-EGFR therapy and identity resistant clonal and
subclonal populations harboring various genetic alterations, including
BRAF mutations (Siravegna et al., 2015; Misale et al., 2014; Parseghian
et al., 2019; Zhao et al., 2017).

12. Conclusion

Approximately 8-15% of CRCs harbor a BRAF mutation. Although
BRAF mutation identifies a discrete subgroup of CRC with specific
clinico-pathologic features and a detrimental prognosis, its predictive
role is still blurred. Several studies have portrayed the heterogenous
molecular landscape of BRAFmt CRCs on various levels to identify novel
biomarkers for risk stratification and the optimization of therapeutic
strategies (Table 1). However, more efforts are needed to provide the
knowledge for rational use of targeted and combined therapies. It is
fundamental to implement accurate and efficient molecular testing in
routine diagnostics and advance in diagnostic technologies for trans-
lational and clinical research to achieve this goal.

Ethics approval
Not required.
Funding

Funding This manuscript has been supported by an unrestricted
educational grant from Pierre Fabre Oncology. The study was partly

Critical Reviews in Oncology / Hematology 172 (2022) 103647

Table 1
Predictive and prognostic biomarkers for stratification of BRAFmt CRCs.

Prognostic factor Prognostic value References

MSI No prognostic value of BRAF
mutation in MSI CRCs

Samowitz et al. (2005)
Roth et al. (2010)
Farina-Sarasqueta et al.
(2010)

Lochhead et al. (2013)
Sinicrope and Sargent
(2012)

MSI Poorer survival outcomes in
both MSI and MSS CRCs

CDX2 loss Worse OS and PFS Loupakis et al. (2019)
High CK7
expression
Fewer TILs
CMS2-3/CMS4
Synaptophysin Worse OS and PFS Fassan et al. (2021)
expression
Predictive factor Predictive value References
MSI Response to Immune Check-Point André et al.
Inhibitors (improved OS and PFS) (2020)
BM classification Response to BRAF, MEK and EGFR Middleton et al.
(BM1, BM2) inhibitors of BM1 subgroup (improved (2020)
0OS and PFS)
non-V60OEBRAF (class  Limited or no benefit to anti-EGFR Yaeger et al.
2, class 3) therapy in class 2 (2019)
Response to anti-EGFR therapy in class 3
non-V60OEBRAF (class  Resistance to anti-EGFR therapy in class ~ Johnson et al.
2, class 3) 2and 3 (2019)

Abbreviations: Colorectal cancer (CRC); microsatellite instability (MSI); Tumor-
Infiltrating Lymphocytes.
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