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Background: Colorectal cancer (CRC) is the third most diagnosed cancer globally and the second leading cause
of cancer-related deaths. Despite advancements, metastatic CRC (mCRC) has a five-year survival rate below
20%. Next-generation sequencing (NGS) can identify rare actionable mutations and assess tumour mutational
burden (TMB), but its clinical utility in mCRC is debated due to limited survival improvement and cost-
effectiveness concerns. Methods: This retrospective study included mCRC patients (>18 years) treated at a single
oncology center who underwent NGS during treatment planning. Tumour samples were analyzed using either
a 52-gene Oncomine™ Focus Assay or a 500+ gene Oncomine™ Comprehensive Assay Plus. Variants were
classified by clinical significance (ESMO ESCAT) and potential benefit (ESMO-MCBS and OncoKBTM). Kaplan-
Meier and Cox regression analyses evaluated survival outcomes, with significance at p<0.005. Results: Eighty-
six metastatic colorectal cancer (mCRC) patients were analysed, all MMR proficient. Most cases (73.3%)
underwent sequencing at metastatic diagnosis, using primary tumour samples (74.4%) and a focused NGS assay
(75.6%). A total of 206 somatic variants were detected in 86.0% of patients, 31.1% of which were classified as
clinically significant, predominantly KRAS mutations (76.6%), with G12D and GI12V variants as the most
frequent. Median overall survival (OS) was 39.5 months, with no single mutation predictive of OS. Among 33.7%
RAS/BRAF wild-type patients, 65.5% received anti-EGFR therapies. Eleven patients (12.8%) had other actionable
variants ESCAT level I-1I, including four identified as TMB-high, four KRAS G12C, two BRAF V600E and one
HER?2 amplification. Four received OncoKbTM level 1-2 and ESMO-MCBS score 4, leading to disease control in
three cases. Conclusions: NGS enables the detection of rare variants, supports personalized treatments, and
expands therapeutic options. As new drugs emerge and genomic data integration improves, NGS is poised to
enhance real-world mCRC management.

Keywords: Next-generation sequencing; Colorectal cancer; Actionable variants; Targeted treatments; Real-world
data

1. Introduction

Colorectal cancer ranks as the third most diagnosed cancer globally and stands as the second
leading cause of cancer-related mortality [1] . Despite significant advancements in treatment over the
past decade, 20% of patients are diagnosed with upfront metastatic colorectal cancer (mCRC) and up
to 40% of patients initially treated for localised cancer will eventually develop metastatic disease.
Despite recent advances in systemic treatment of mCRC, five-year survival rate remains below 20%
[2,3]. Prognosis and treatment approaches for mCRC are strongly influenced by clinical and
pathological factors, including tumour location (right or left colon) and the presence of RAS or BRAF
variants [3].

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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To date, regarding molecular profiling, to define the first-line treatment for mCRC patients it is
only required to know the presence or absence of RAS/BRAF variants and the microsatellite
instability (MSI) status [4]. Searching for KRAS and NRAS variants at codons 12, 13, 61,117,146 and
for BRAF at codon 600 is considered standard of care[5]. However, most experts and societies
recommend multigene next-generation sequencing testing (NGS) at diagnosis of mCRC, particularly
when there are no extra costs when compared with more traditional gene-directed polymerase chain
reaction (PCR) [6,7]. Larger NGS panels not only allow for the calculation of tumoral mutational
burden (TMB), determination of MSI status, and detection of HER2 amplifications but also potentially
rare actionable gene variants [5,8]. Because such alterations tend to be truncal, one-time testing in the
primary tumour or metastasis tissue is sufficient [5,9].

The Princess Margaret IMPACT/COMPACT multitumour trial showed that patients submitted
to NGS and enrolled in genotype-matched trials had higher response rates to treatment than those
included in genotype-unmatched trials [10]. A few years later, the OCTANE study enrolled over 4500
patients and found that NGS results changed the drug treatment in 15.7% of patients, however,
overall survival was not different for patients receiving genotype-matched therapies [11]. Specifically
for colorectal cancer, patients undergoing NGS testing in OCTANE had higher general health-
associated costs and were more exposed to supportive care rather than clinical trial involvement [12].

While wide genome analyses are unveiling the genetic profile of colorectal cancer and the
potential impact of different gene signatures on patient’s prognosis and clinical outcomes, the
methodologies used in such studies are dissociated from clinical practice [13,14]. Some cohorts have
used more targeted sequencing to analyse real-world patients, but usually in a retrospective manner
or using surgical samples, failing to show the impact of NGS in selecting patients” treatment [15,16].

Up to 53% of patients with colorectal cancer have KRAS/NRAS variants. BRAF V600E variants
can be found in 8,5% of patients but their hotspot variants are detectable through more traditional
techniques [6]. A high level of MSI (MSI-high) can be found in 8,5% of patients and can be detected
by an immunohistochemical surrogate biomarker, mismatch repair (MMR) proteins expression [4,6].
Therefore, beyond the RAS/BRAF status and MSI-high, other actionable variants are rare, but
detectable by NGS [6]. With unknown cost-benefit or real-world implications of NGS in mCRC, we
aim to explore de clinical impact of the sequencing in a real-world cohort of mCRC, regarding the
actionability of the encountered gene variants and its influence on disease management and
prognosis.

2. Materials and Methods
2.1. Patient Selection

Metastatic CRC patients, followed in the same oncological centre, aged 18 years-old or more,
were selected between 2022 and 2023, to perform NGS. Patients with newly diagnosed mCRC were
included (before palliative treatment), as well as previously treated mCRC patients in need for further
treatment strategies, accordingly to physician evaluation. Only patients eligible for treatment were
included (systemic or locoregional). Patients with multiple active cancers, without clinical
information regarding previous lines of treatment or accurate diagnostic dates were excluded.

2.2. Molecular Studies

Sequencing was performed using the most recently available biological tumour sample (surgical
sample or biopsy of primary tumour or metastasis). Two different sequencing platforms were used,
according to physician choice upon patient evaluation: 1) A focused assay, using the OncomineTM
Focus Assay (Thermo Fisher Scientific), that allows the study of DNA and RNA across 52 genes; 2) a
comprehensive assay, using OncomineTM Comprehensive Assay Plus (Thermo Fisher Scientific) for
DNA analysis across more than 500 genes, and OncomineTM Focus Assay (Thermo Fisher Scientific)
for RNA analysis. Both tests can detect SN'Vs, indels, CNVs and gene fusions and the last allows for
tumoral mutational burden (TMB) determination.
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MSI status was determined by the surrogate marker of MMR proteins expression. It was
preformed using a four-antibody immunohistochemical panel including MLH1, MLH2, PMS2 and
MSHe.

2.3. Variant and Targeted Treatment Classification

Variants were classified according to the Consensus Recommendation of the Association for
Molecular Pathology, American Society of Clinical Oncology, and College of American Pathologists
in variants with clinical significance (CSV) or variants with uncertain clinical significance (VUS) [17].
Bening variants were not reported. TMB was considered high if above 10 mutation/mb [18].

The clinical actionability of the variants was classified according to the European Society for
Medical Oncology (ESMO) Scale for Clinical Actionability of Molecular Targets (ESCAT) in tiers. The
ESCAT scale defines six levels of clinical evidence for molecular targets: tiers I to V and X (lack of
evidence). Tier I corresponds to the highest level of clinical evidence [19]. In this study, we only
considered ESCAT tier I and II molecular alterations.

The potential clinical benefit of targeted treatments offered was classified according to the ESMO
Magnitude of Clinical Benefit Scale (ESMO-MCBS) in the non-curative setting, from level 1 to 5, and
to OncoKBTM, from level 1 to 4 and level R (resistance). Level 5 corresponds to the highest level of
clinical benefit for ESMO-MCBS, while level 1, in the therapeutic setting of OncoKBTM, corresponds
to the highest evidence [20-22].

2.4. Patient Characterization

All clinical, histological and radiological data were collected retrospectively from electronic
entries. Clinical data include the patient’s age and gender, all systemic and locoregional cancer
treatments received, and time of death. Histological data was retrieved from pathological reports,
including tumour stage and anatomical location and identification of the origin of the sample used
for sequencing (primary tumour specimen/biopsy or metastasis specimen/biopsy). Radiological
information was used to determine the pattern of metastatic spread at diagnosis of mCRC, response
to treatments and time of disease progression.

2.5. Statistical Considerations

The sample was described with descriptive statistics. The chi-square test was used to study the
influence of clinical factors on the capability of NGS to detect genetic variants. Stage, primary tumour
location, previous treatments, the biological sample used for sequencing, the sequencing panel used,
and genetic variants were used as stratification factors.

Overall survival (OS) was defined as the time between diagnosis of mCRC and the time of death.
Median duration of response (DOR) was defined as the time between the first cycle of treatment and
the time of clinical or radiological progression. The impact of the stratification factors on OS and DOR
was analysed with Kaplan Meier curves and univariate Cox regression. Results were considered
significant for p<.0053.

3. Results

This section may be divided by subheadings. It should provide a concise and precise description
of the experimental results, their interpretation, as well as the experimental conclusions that can be
drawn.

3.1. Sample Characteristics

Eighty-six patients were included, 66.3% of male sex, 57% with colon and 43% with rectal cancer,
predominantly left-side disease (83.7%). Sequencing was offered to most patients at diagnosis of
metastatic disease (73.3%), using biological material from the primary tumour (74.4%) and a focused
NGS assay (75.6%). Regarding the molecular profile, no patient had MMR deficiency. Most included
tumours were RAS/BRAF mutant (65.1%). The sample baseline characteristics are presented in Table
1.
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Table 1. Patients and disease characterization.

Characteristics » (%)
Sex
Male 57 (66.3)
Female 29 (33.7)
Age (years)
Median (amplitude) 64.5 (27-80)
Stage at diagnosis
I 9 (10.5)
I 28 (32.6)
v 49 (56.9)
Location of primary
Colon 49 (57.0)
Rectum 37 (43.0)
Sidedness
Left 72 (83.7)
Right 14 (16.3)
MMRp 86 (100)
RAS/BRAF mutant 56 (65.1)
Surgery (primary tumour) 53 (61.6)
Chemotherapy in curative setting 39 (45.3)
Number of metastatic locations
Median (amplitude) 1,62 (1-4)
Metastatic locations
Liver 58 (67.4)
Lung 33 (38.4)
Peritoneal 20 (23.3)
Lymph nodes 16 (18.6)
Local recurrence 6 (7.0)
Others 6 (7.0)
NGS setting
Before palliative treatment 63 (73.3)
Previously treated mCRC 23 (26.7)
NGS panel
Focused assay 65 (75.6)
Comprehensive assay 21 (24.4)
Origin of biological material
Primary tumour 59 (74.4)
Metastasis 27 (25.6)
Collection of biological material
Surgical sample 49 (57.0)
Biopsy 37 (43.0)

ECOG PS: Eastern Cooperative Oncology Group performance status;
MMRp: mismatch repair proteins proficiency (tissue).

3.2. Detected Variants

A total of 206 somatic variants were detected in 74 patients (86.0%). Sixty-four variants (31.1%)
were classified as clinically significant (CSV). Of these, 49 occurred in KRAS (76.6%), 4 in NRAS (6.3%)
and 2 in BRAF (3.1%). Other clinically significant variants were also found in PIK3CA, PTEN, HER2
and TSC2. All CSV found were single nucleotide variants, except for one HER2 amplification and the
two TSC2 deletions. The frequency of encountered variants can be found in Figure 1.
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Figure 1. Relative frequency of variants classified as clinically significant, and variants classified as of
uncertain significance. The relative frequency was calculated based on the total amount of identified
variables (n=206), however there are other 49 VUS not represented in the graphic. From those 49 VUS,
each occurred only once in the sample and all in different genes. The total amount of CSV is
represented in the graphic.

Of the 49 KRAS variants, all were classified as CSV and occurred in exons 2,3 and 4. Most were
G12D and G12V (24,5% each). Detailed information regarding KRAS variants found is presented in
Figure 2. The median allele frequency (MAF) for KRAS variants was 31% (IQR 17). The detection of
RAS variants was independent of primary tumour location (p=.592), stage at diagnosis (p=.852),
origin of biological material (p=.516) or technique used for its collection (p=.209).

Regarding actionable variants, KRAS G12C represented 8.2% of the KRAS CSV and was found
in 4.7% of patients. The BRAF variants classified as CSV were two BRAF V600E and were found in
2.3% of patients. Median TMB of the patients that performed de comprehensive assay was 5.7 mut/mb

(IQR 4.73).
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Figure 2. Relative frequencies of each KRAS variant according to stage at diagnosis (a) or location of
primary tumour (b). Graphic (c) shows a box plot for the distribution of median allele frequency of
each KRAS variant.

3.3. Actionability and Therapeutic Implications

Table 2 shows the scoring of actionable variants in the sample according to ESCAT. Twenty-nine
patients were RAS/BRAF wild type (33.7%). Nineteen received anti-EGFR therapies (65.5%), 17 of
which in first-line treatment (89.5%). Eight patients already progressed, with a median duration of
response for anti-EGFR therapies in combination with fluoropyrimidine-based chemotherapy in first-
line of 20.9 months (CI95% 9.6 — 32.1). This combination is therapeutic level 1 in OncoKbTM and
ESMO-MCBs score 4 in the non-curative setting.

Table 2. clinical actionability of different tier I and II variants and molecular profiles according to
the Scale for Clinical Actionability of Molecular Targets (ESCAT).

Variant/profile N=86 (%) ESCAT tier
RAS/BRAF wild-type 29 (33.7) ND
KRAS G12C 4(4.7) IA
TMB high (>10 mut/mb) 4(47) IC
BRAF V600E 2(23) IA
HER?2 amplification 1(1.2) 1IB

a — ESCAT scoring for tumour-agnostic genomic alteration; ND — not defined.

In subsequent lines of treatment, two RAS/BRAF wild-type patients received
irinotecan/cetuximab in third-line and achieved partial response, despite the absence of ESCAT or
ESMO-MCBs scoring for this strategy. Another patient received panitumumab monotherapy beyond
the third-line (ESMO-MCBS score 3) with progression at first radiological evaluation. All subsequent
lines of treatment containing anti-EGFR were guided by liquid biopsy for confirmation of RAS/BRAF
status.

Besides RAS/BRAF wild-type patients, there are 11 patients (12.8%) with other actionable
variants, including four patients that were identified as being TMB-high. Of these eleven patients,
four (36.4%) already received targeted treatment in subsequent lines of mCRC. Figure 3 shows in
more detail the therapies received, treatment outcomes, and potential clinical benefit scoring for those

4 patients.
T - &
Variant Drug Tm;tment OnlcoKh ESMO-MCBs B Progression
ne evel score B Partial response / disease stability
TMB-high Pembrolizumab 3 1 ND - 1
HERZ2 Traztuzumab/

amplification Pertuzumab

w
[X]
=z
o
<

Encorafenib/
BRAFVBO0E ' imab 3 1 4

<

BRAFVE0OE  Cncorafenib/ 2 1 4
cetuximab

-}

2 4 ] 8

Median duration of response (months)

Figure 3. The table (left) presents four patients treated with targeted therapies in subsequent lines of
systemic treatment for mCRC. The variant matched treatment is scored according to its potential
clinical benefit with ESMO Magnitude of Clinical Benefit Scale (ESMO-MCBS) in the non-curative
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setting and to OncoKBTM therapeutic level. The bars (right) show the median duration of treatment
(months) and best response to treatment: progression (red) or partial response/disease stability (in
blue). One patient as died () and two are still on treatment (0). ND — not defined.

3.4. Prognostic Significance of NGS-Detected Variants

With a median follow-up of 22.8 months (IQR 18.4), 29 patients died (33.7%). The median overall
survival was 39.5 months (CI95% 25.5-53.6). None of the most frequently mutated genes in the sample
(KRAS/NRAS, APC, PIK3CA, TP53 or SMAD4) showed to be predictive of OS as shown in Figure 4.
Whitin KRAS mutant tumours, no variant showed to be predictive of a worse prognosis. Median OS
for patients that were treated beyond first-line with NGS-guided treatments, for other than
BRAF/BRAF wild-type variants, was not met.

(a) (e)

2l prociabiity

Surval Propacasy

(d)

‘Sunvival Prodedity

B Variant present
B Variant absent

Figure 4. Impact of different variants on overall survival. Individually, there is not a predictive role
for variants on APC (a), TP53 (b), SMAD4 (c), PIK3CA (d) or KRAS/NRAS (e).Cox regression showed
an hazard-ratio of 0.65 (CI95% 0.26-1.61) for APC (p=.332); 0.75 (CI95% 0.31-1.84) for TP53 (p=.524);
1.13 (CI95% 0.39-3.30) for SMAD4 (p=.831); 1.70 (CI95% 0.71-4.04) for PIK3CA (p=254); and 1.11
(CI95% 0.51-2.42) for KRAS/NRAS (p=.800).

3.5. Factors Impacting NGS Results

The origin of biological material (p=.556) or the technique used for its collection (p=.699) did not
influence the capability of the NGS test to detect variants of clinical significance. The capability of
detecting any variant was influenced by the NGS platform used (p=.034) but not the detection of
pathogenic variants (p=.100). Considering other potential clinically relevant factors like location of
primary tumour (p=.300), sidedness (p=.537), stage at diagnosis (p=.475) and use of chemotherapy in
the curative setting (p.921), none affected the detection of pathogenic variants.

4. Discussion

Beyond the lack of real-world data on the clinical utility of NGS for mCRC, there is also the need
to explore the clinical impact of these molecular platforms in different populations, since each country
regulations may impact the possibility of offering NGS-directed cancer treatments [23]. In our
Portuguese cohort, beyond RAS/BRAF wild-type profile, NGS was able to detect actionable variants
or molecular characteristics in 11 out of 86 patients (12.8%), classified as ESCAT tier 1 and 2 [19]. Of
these, to date, four already accessed targeted therapy, with a high potential clinical benefit of
OncoKbTM level 1 or 2, three of each with disease control [22]. Our sample shows a slightly lower
detection of targetable alterations classified by ESCAT when compared with a recent larger real-
world cohort. However, there was no representativity for MMR deficient cancers in our sample and
we only considered ESCAT tier I and II genomic alterations, excluding hypothetical targets (tier III
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and beyond) for which would be difficult to obtain matched treatments outside clinical trials, like
PIK3CA and HER? activating mutations [24].

NGS helps to better characterize the tumour genome, particularly when a comprehensive assay
is used. A total of 206 somatic variants were identified in our sample, with 64 CSV. Fifty-eight percent
of patients were RAS mutant, with RAS variants occurring in exons 2, 3 and 4, as expected from the
preexisting bibliography [6]. Despite lack of futile parallel application of traditional techniques in our
study, NGS already showed to detect rare RAS mutations, but also other gene variants related to anti-
EGEFR resistance, providing a more complete platform when choosing the first-line treatment in
mCRC [23]. This is the case of HER2 amplifications, which we could find in one patient (1.2%). For
this, it was possible to not only personalize treatment choices but also treat the patient with a NGS-
directed therapy in a subsequent line [25,26].

Beyond the detection of rare variants, NGS provides new biomarkers with potential prognostic
and therapeutic value, like MAF and TMB. While the prognostic role of MAF seems to be restricted
to tumour-circulating DNA and not tissue samples, the possibility of NGS to detect variants with low
MAF improves treatment selection, particularly for RAS mutant mCRC [27-29]. TMB is a known drug
target that predicts response to immunotherapy [6], however, TMB calculation requires more
comprehensive and expensive NGS panels [18]. In our sample, only one-quarter of patients received
a comprehensive assay, which yielded the detection of 4 TMB-high cases (19%), one treated with
pembrolizumab to date [30].

A retrospective study showed a prognostic impact of the number of detected variants in a
Chinese cohort of colorectal cancer, but this finding may be highly dependent on the restricted panel
used and the genes included [23,31]. Differently, previous studies demonstrated the potential impact
of independent variants, like APC, on the prognosis of colorectal cancer, which we could not find in
our sample [32]. Recent evidence confirms that there may not be a prognostic role of individual gene
variants in mCRC [33,34], however codon-specific variants or expression profiles, may be used, in the
future, as predictive biomarkers [35]. A large integrated genome and transcriptome analysis of
colorectal cancer showed that the prognostic impact of variants should be integrated into the
mutational profile of the tumour and disease stage. For example, APC mutations seem to predict
better OS, but only for non-hypermutated colorectal cancers [13].

Our study has several limitations, namely the short follow-up and limited sample size. Mainly,
the use of two different NGS platforms, causes an imbalance between the available genomic
information between patients and a selection bias regarding the timing and the NGS panel offered.
This is supported by the observed interference of the NGS panel and the capability of detecting any
variants, but not pathogenic ones, since the most common pathogenic variants in mCRC are included
in both panels. This selection bias could explain the absence of MMR-deficient cancers in this sample
for whom immunotherapy is already approved in first line, without the need for a comprehensive
molecular study before the beginning of treatment [4]. Despite the use of different tests, as expected,
the use of primary cancer or metastatic tissue didn’t affect the detection of variants [9,36].

In advanced cancers, previous studies had discouraging results, with a low number of patients
benefiting from comprehensive gene sequencing and lack of clinical benefit for genome-matched
therapies [5,37,38]. More recently, a comprehensive review shows that NGS-informed treatments
may be beneficial across all tumour types, with no exception for mCRC [39]. However, the evidence
remains restricted to small cohorts [40,41]. In the future, a longer follow-up of this sample and more
sequenced patients will allow for a more extended contribution of this work to understanding the
real-world benefit of routine NGS sequencing and NGS-matched therapies in advanced mCRC.

5. Conclusions

Our study shows that standard NGS testing is feasible in the real-world setting. While some
targetable genomic alterations may be detectable by PCR, rare and low allele frequency variants,
amplifications, rearrangements and other biomarkers, such as tumour mutational burden, allow for
more personalized treatment and increase access to further lines of treatment. The importance of
sequencing as a biomarker and its clinical benefit will possibly increase in the future, as more drugs
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are developed and more genomic information is collected and discussed in molecular tumour boards,
to generate real-world evidence on NGS-directed treatment.
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