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Abstract: Foundation Medicine® testing is a next-generation sequence (NGS)-based platform that
allows clinicians to obtain the comprehensive genomic profiling (CGP) of several cancers. By using
NGS approaches, relevant genomic alterations can be identified in a short timeframe, providing
guidance to diagnostic and therapeutic decisions. This study reports the implementation of three
commercially available Foundation Medicine® tests in a Portuguese institution and explores the
genomic alterations identified. Data obtained from 72 patients tested with Foundation Medicine®

between July 2017 and December 2020 were analysed retrospectively. A total of 290 gene alterations
were identified, and TP53 was the gene most frequently altered. Among the 67 successfully profiled
samples, 37.3% presented a potentially actionable variation. Breast carcinoma represented the most
frequent tumour-carrying variation that can be targeted using currently approved drugs. A limited
number of potentially actionable variants using approved drugs was found in this study; however,
the genomic information provided by Foundation Medicine® may help clinicians in directing cancer
patients into clinical trials or to off-label treatments.

Keywords: next-generation sequencing; genomic alterations; tumour mutational burden; Foundation
Medicine; solid tumours

1. Introduction

The evolution of precision medicine to specifically target genomic alterations ex-
pressed in different cancers highlights the importance of the efficient detection of actionable
driver variations in cancer patients. Next-generation sequencing (NGS) is nowadays the
gold standard for the sequencing of multiple genes that entail cancer predisposition [1].
When considering performing comprehensive genomic profiling (CGP), NGS can identify
relevant genomic alterations and signatures in a short timeframe, and different studies
have shown that, in selected cases, both patient response and survival may benefit from
this approach [2,3]. When using a CGP, single-nucleotide variation (SNV), insertions
or deletions (indels), copy number variations (CNVs) and gene rearrangements can be
identified [4]. CGP assays also have the advantage of providing information on tumour
mutational burden (TMB) and microsatellite instability (MSI), which represent biomarkers
that can help guide clinicians on treatment decisions [4]. Although tumour tissue is com-
monly used in this analysis, this type of sample is not always available [5,6], and therefore
the implementation of CGP using liquid biopsies gains relevance in a clinical context.

Foundation Medicine® (Cambridge, Massachusetts) testing is a comprehensive NGS-
based testing platform developed and used to aid in the research, development, and
identification of potential targeted therapies [7,8]. There are currently three tests available
that allow for the CGP of all solid tumours, hematologic malignancies, and sarcomas [9–11].
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FoundationOne CDx and FoundationOne Liquid CDx are FDA-approved companion di-
agnostic tests allowing for the identification of alterations occurring in 324 genes that are
known to contribute to cancer through DNA sequencing, whilst FoundationOne Heme
is a laboratory-developed test (LDT) designed for the study of 406 genes through DNA
sequencing and 265 genes via RNA sequencing [9–11]. Different reports have shown that
Foundation Medicine® testing, through CGP, can identify additional information on ge-
nomic alterations, beyond the actionable ones and that possible treatments may apply.
Moreover, these comprehensive panels also contribute to the increased availability of clini-
cal trials [2,12–15]. However, more comprehensive data are needed to fully understand the
impact of performing these CGP tests while seeking to select effective therapeutic options.

The present study reports the implementation of FoundationOne CDx, FoundationOne
Liquid CDx, and FoundationOne Heme services in a selected sample of Portuguese patients
in different hospitals, with data centralised in one reference laboratory, and explores the
identified genomic alterations.

2. Materials and Methods
2.1. Patients

This study involves a retrospective analysis of samples collected from 72 patients
at 20 Portuguese institutions, which were analysed in a reference laboratory in Portugal.
The present analysis reports data collected by the investigators between July 2017 and
December 2020. This period corresponds to the implementation of Foundation Medicine®

tests in Portugal. All patients provided written informed consent for the research use of
their formalin-fixed, paraffin-embedded (FFPE) tissue and peripheral whole blood samples.
After receiving a request from the clinician at IPATIMUP, we filled out a Test Requisition
Form (TRF) on the FMI site. The samples were gathered in the following manner after
receiving the analysis number (TRF number): the pathologist chose the FFPE samples with
representative tumour tissue and sent them to the FMI. In the event that an FFPE sample
was inconclusive, liquid biopsies were obtained by a nurse, transferred to the pathological
department, and forwarded to the FMI.

2.2. Foundation Medicine® Testing

Foundation Medicine® tests are NGS-based CGP platforms that allow for the detection
of somatic genomic alterations: SNVs, indels, CNVs, and rearrangements. For this study, the
estimation of tumour cells was obtained through the ratio between the nuclei quantification
of neoplastic cells vs. non-neoplastic cells, as previously described by Gullo I et al. [16].
NGS assays were carried out following the manufacturer’s instructions [9–11]. This analysis
also allows for the determination of the TMB and MSI status. TMB was classified as high
TMB (≥10 mutations/Mb) and low TMB (<10 mutations/Mb), and MSI was classified
as stable, unstable, and “could not be determined”. To determine a patient’s MSI status,
in Foundation Medicine® testing, a fractional-based (FB) MSI algorithm is employed to
categorise a tumour specimen as MSI high (MSI-H) or microsatellite stable (MSS). The
FB-MSI algorithm calculates the fraction of microsatellite loci determined to be altered
or unstable (i.e., the fraction with unstable loci score) based on a genome-wide analysis
across >2000 microsatellite loci. For a given microsatellite locus, non-somatic alleles are
discarded, and the microsatellite is categorised as unstable if the remaining alleles differ
from the reference genome. The final fraction unstable loci score is calculated as the number
of unstable microsatellite loci divided by the number of evaluable microsatellite loci. Two
FB-MSI score thresholds are applied to classify a tumour specimen as having the MSI-H or
MSS status. The MSI-H status is reported for patients with solid tumours whose samples
have FB-MSI scores ≥ 0.0124, while the MSS status is reported for patients with solid
tumours whose samples have FB-MSI scores ≤ 0.0041. For patients with solid tumours
whose samples have FB-MSI scores > 0.0041 and <0.0124, the MSI result is reported as
“cannot be determined”. Turnaround time (TAT) is defined as the time from receiving the
material to sending out the report.
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2.3. Statistical Analysis

Descriptive statistics of continuous variables are presented with median, minimum,
and maximum. Descriptive statistics of discrete variables are presented as numbers and
percentages.

Spearman’s rho was calculated to determine the correlation between the number of
altered genes and the TMB value.

3. Results
3.1. Patient Characteristics

A total of 72 samples from 72 patients were collected between July 2017 and December
2020. Table 1 presents a summary of the characteristics of the patients included in this
study. In this study, 31 (43.1%) patients were male, and 41 (56.9%) were female. The median
age of patients at the time of sample collection was 60.5 years (range 27–82). Forty-four
(61.1%) of the patients were classified as having a stage IV tumour at the time of testing.

Table 1. Characteristics of the patients evaluated with Foundation Medicine® tests.

Age, median (min–max) 60.5 (27–82)
Sex, female, n (%) 41 (56.9)

Stage, n (%) *
I 0 (0.0)
II 2 (2.8)
III 3 (4.2)
IV 44 (61.1)

Unknown 23 (31.9)
Type of Foundation Medicine® testing, n (%)

FoundationOne CDX 63 (87.5)
FoundationOne Liquid CDX 6 (8.3)

FoundationOne Heme 3 (4.2)
* At the time of testing.

From the 72 samples collected, 63 (87.5%) were evaluated using the FoundationOne®

CDX test, 6 (8.3%) with the FoundationOne Liquid CDX test, and 3 (4.2%) with the Foun-
dationOne Heme test. Within the 63 samples examined using the FoundationOne CDX
test, 38 (60.3%) were derived from a primary tumour site, and 25 (39.7%) were derived
from a metastatic site. Five of these FoundationOne CDX samples were excluded from the
initial genomic analysis: four due to DNA degradation and one because did not contain a
sufficient percentage of tumour cells to allow analysis.

3.2. Tumour Histology

Table 2 summarises the main histological types of tumours identified in the studied
population. The most common tumour types were breast carcinoma (n = 14, 19.4%), cancer
of unknown primary (n = 8, 11.1%), prostate adenocarcinoma (n = 8, 11.1%), and gastric
adenocarcinoma (n = 8, 11.1%).

Table 2. Summary of the main tumour types identified (tumour frequency ≥3).

Tumour Type Frequency Percentage

Breast carcinoma 14 19.4
Unknown primary 8 11.1

Prostate adenocarcinoma 8 11.1
Gastric adenocarcinoma 8 11.1
Colon adenocarcinoma 5 6.9

Glioblastoma 4 5.6
Melanoma 4 5.6

Ovarian carcinoma 3 4.2
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3.3. Characteristics of Foundation Medicine® Testing

The median (min–max) turnaround time evaluated for all the samples analysed
with the three Foundation Medicine® tests was 16 calendar (5–48) days and the median
(min–max) percentage of tumour cells obtained for 66 samples was 40 (10–90). Of those,
3 samples (4.5%) presented with ≤10% of tumour cells, whilst 63 (95.5%) of the samples
contained ≥20% of tumour cells. Table 3 presents the median turnaround time and per-
centage of tumour cells obtained for each of the Foundation Medicine® tests performed.
Among the samples evaluated with FoundationOne CDX, 3 (4.8%) contained ≤10% of
tumour cells, and 60 (95.2%) contained ≥20% of tumour cells. All three samples tested with
FoundationOne Heme contained ≥20% of tumour cells.

Table 3. Turnaround times and percentage of tumour cells obtained for each Foundation Medicine®

tests performed.

Foundation Medicine® Test
Turnaround Time, Median
Calendar Days (Min–Max)

Percentage of Tumour Cells,
Median (Min–Max)

FoundationOne CDX (n = 63) 16 (5–48) 40 (10–90)
FoundationOne Liquid (n = 6) 15 (12–24) N/A
FoundationOne Heme (n = 3) 30 (22–40) 60 (30–70)

N/A: not applicable.

3.4. Frequency of Genomic Alterations

Within the 72 samples studied, a total of 290 genomic alterations in 114 genes were
found. The median number (min–max) of altered genes found per patient was four (0–15).
The most commonly affected genes identified in the tested samples using Foundation
Medicine® testing are summarised in Table 4.

Table 4. Summary of the most frequently altered genes identified with Foundation Medicine®.

Altered Gene SNV CNV Rearrangement Frequency Percentage

FoundationOne CDx

TP53 36 0 0 36 23%
CDKN2A/B 4 12 0 16 10%

KRAS 13 2 0 15 10%
APC 13 0 0 13 8%

PTEN 9 3 0 12 8%
TERT 7 0 0 7 4%
MYC 0 7 0 7 4%

MTAP 0 6 0 6 4%
PIK3CA 6 0 0 6 4%
FGFR1 1 4 0 5 3%

TMPRSS2-ERG 0 0 4 4 3%
ZNF703 0 4 0 4 3%
ERBB2 2 2 0 4 3%
FBXW7 4 0 0 4 3%
MCL1 1 3 0 4 3%
ATM 3 1 0 4 3%
RB1 0 2 0 2 1%

FoundationOne Liquid CDx

KRAS 1 0 0 1 1%
PIK3CA 1 0 0 1 1%

RB1 1 0 0 1 1%

FoundationOne Heme

TP53 2 0 0 2 1%
ZNF703 0 1 0 1 1%

RB1 1 0 0 1 1%

Total

105 47 4 156 100%
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Testing with Foundation Medicine® also allowed for the evaluation of the median (min–
max) TMB, which was 4 (0–33) in the 62 samples evaluated. Four (6.5%) patients presented
a TMB ≥ 10 mutations/Mb, and 58 (93.5%) patients presented a TMB < 10 mutations/Mb.
A positive correlation was found between the number of altered genes and TMB for the
samples tested with FoundationOne CDX (r = 0.400; p = 0.001). Among the 67 patients
assessed for MSI, 60 (89.6%) patients were found to be stable, while for 7 (10.4%), their
status could not be determined.

Among the 67 profiled samples, 25 (37.3%) presented with potentially actionable
genomic alterations with either FDA- and EMA-approved drugs (n = 9, 36.0%) or by
experimental drug(s) in clinical trials (n = 16, 64.0%). Breast carcinoma (six samples, 24.0%),
cancers of unknown primary (four samples, 16.0%), and prostate adenocarcinoma (three
samples, 12.0%) were the most prevalent tumours with potentially actionable alterations.
The most prevalent tumour-carrying alterations that are currently actionable with approved
drugs was breast carcinoma (four samples, 44.4%), followed by prostate adenocarcinoma
(two samples, 22.2%) (Figure 1).
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Figure 1. Potential actionability of detected alterations. A total of 25 samples among the 67 success-
fully sequenced using Foundation Medicine® testing carried potentially actionable alterations with
FDA-/EMA-approved or experimental drug(s). Samples that were derived from breast carcinoma,
prostate adenocarcinoma, gastric adenocarcinoma, colon adenocarcinoma, and melanoma carried
actionable alterations with currently approved drugs. Breast carcinoma was the most prevalent
tumour in this group.
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4. Discussion

The clinical approach to cancer patients is evolving, taking into account the identi-
fication of relevant genomic alterations that may help guide diagnostic and therapeutic
decisions. NGS panels play a key role in this process, providing clinicians with the rele-
vant information within an acceptable time/cost timeframe. The present study reports
the first real-world evidence data on the Portuguese population with solid and non-solid
malignancies that have undergone NGS study with Foundation Medicine®. Founda-
tion Medicine® testing currently provides a comprehensive platform for the analysis of
324 to 406 genes using three different types of tests for the detection of solid tumours,
hematologic malignancies, and sarcomas [9–11]. Additionally, this NGS approach delivers
information on genomic signatures, including MSI and TMB and loss of heterozygosity
(LOH)/homologous recombination deficiency (HDR) [9–11].

The median age of the patients included in our study was 60.5 (range 27–82) years,
which is similar to the median age of the population reported in different studies that
analysed solid tumour samples with the Foundation Medicine® platform [17–20]. A total
of 72 samples were processed for the identification of genomic alterations, and data were
obtained for 67 samples, corresponding to a success rate of 93.1%. The obtained success
rate is similar to that observed in some studies [20] and higher than the success rates of
other reports [21]. The high success rate observed in our series could be attributed to
the fact that, prior to shipping, the tissue was always examined by a pathologist with
experience in morphological assessment of cases using molecular studies. Despite the
logistic factors associated with sending cases to a reference laboratory and conducting a
previous assessment by a pathologist before sending the case, the median turnaround time
for all samples was 16 days calendar days (range 5–48 days), which is in line with the
typical turnaround times expected for Foundation Medicine® testing [9–11]. The median
percentage of tumour cells collected for the analysis is an additional factor positively
contributing to this success rate since the overall median of 40% of tumour cells obtained is
above the 20% threshold estimated as adequate for performing genomic profiling [1,20–22].
Of the five cases initially excluded from the study, four were due to degradation at the DNA
level, and just one was due to insufficient material. All these five cases were reassessed
over the course of the study. Four of them were reassessed using FoundationOne Liquid
CDx, and one was reassessed using FoundationOne CDx in a repeated tissue biopsy. The
results showed significant genomic alterations in three cases, emphasising the need to
repeat the genomic analysis whenever possible. The need to repeat the test has a direct
impact on the TAT. If we consider the final TAT of these five cases, the median time was
29 days (ranging from 20 to 40 days) because another sample was necessary, and even for
blood sample collection, the logistics can be challenging. Although not in the scope of the
present study, more recently, another strategy was applied in our laboratory in some of
these cases, which is repeating the comprehensive genomic testing in-house using other
platforms. We obtained results for around 40% of the cases This is likely related to the strict
criteria of acceptability used by the FoundationOne test.

The most commonly altered gene found in the studied samples was TP53. This result
is in line with previous studies that report TP53 as the most frequent gene mutated in
cancer [23,24]. Previous studies with Foundation Medicine® testing have also reported
TP53 as a frequently altered gene [8,20]. Following TP53, KRAS and CDKN2A/B genes
were also found frequently altered, which is also in line with previous studies reporting
the frequent identification of genomic alterations of KRAS and CDKN2A genes using the
FoundationOne CDX panel [8,20,21,24,25].

TMB data were available from 62 of the 72 total samples. TMB is defined as the total
number of somatic mutations occurring per coding area of a tumour genome, and previous
studies have reported this signature as a potential biomarker that could allow for the
identification of patients that are likely to benefit from a treatment approach, including
immune checkpoint blockers [26]. In our study, samples were classified as high TMB
(≥10 mutations/Mb) and low TMB (<10 mutations/Mb) [20,27,28]. Four samples were
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identified as high TMB through FoundationOne CDX testing. These samples corresponded
to patients with melanoma, breast carcinoma, head and neck squamous cell carcinoma
(SCC), and metastatic ovarian tumours. Also, in our study, within the samples analysed
with FoundationOne CDX, a positive correlation was found between the number of altered
genes and the TMB classification. A high TMB has been associated with patients whose
response to immune checkpoint blockade is improved [29,30]. Previous reports have
associated high TMB values with clinical responses after using antibodies against PD-1 or
PD-L1 [31,32]. TMB has also shown variability among different cancers [33], although a
high value can be expected in cancers such as melanoma or head and neck SCC, which is
in line with our observations [28]. Additionally, all the high-TMB samples identified in this
study corresponded to an MSI-stable status, and MSI-stable tumours linked to a high-TMB
status have been reported as potentially benefiting from immunotherapy [34]. However, in
this previous study, a different cutoff for the TMB status definition was used [34]. This fact
reinforces the need for a consensus on the definition of TMB thresholds that may allow for
robust comparisons between different studies.

A total of 25 (37.3%) of the sequenced samples presented at least one alteration that
was potentially actionable with either FDA-/EMA-approved drug(s) (9 samples, 36.0%)
or experimental drug(s) (16 samples, 64.0%) if there was no approved drug available.
Breast carcinoma represented the most prevalent tumour harbouring directly actionable
alterations using alpelisib and trastuzumab, with PIK3CA E542K and E545K genomic
alterations and ERBB2 amplification.

The samples corresponding to prostate adenocarcinomas were shown to carry ATM
alterations. Olaparib has been approved by the FDA and the EMA for addressing homol-
ogous recombination repair (HRR) gene-mutated metastatic castration-resistant prostate
cancer in 2020 [35], after the date of testing reported for these samples. Additionally, a
gastric adenocarcinoma presenting ERBB2 amplification may currently potentially benefit
from the recently FDA-approved trastuzumab deruxtecan for adult patients with locally
advanced or metastatic HER2-positive gastric adenocarcinoma [36]. Other biomarkers
detected in this study were the presence of BRAF V600K alteration and wild-type NRAS
derived from melanoma and colon adenocarcinoma samples. Information regarding the
follow-up of these patients and specifically concerning their enrolment in clinical trials or
potentially performed targeted therapy was not made available for this study.

Despite the presented data and the potential benefits that patients can gain following
the development of precision oncology, most of the genomic alterations identified in
this study have no direct match with currently approved drugs, as reported in other
large series using the same test [17–19]. One such example in this study is the cancers
of unknown primary, which presented KRAS alterations. Recently, sotorasib has been
approved for the treatment of patients with non-small cell lung cancer harbouring KRAS
G12C alterations [37]. For patients carrying other KRAS alterations such as G12V, further
drug development is needed for achieving selective targeting. These patients may, however,
be candidates to enrol in therapeutic clinical trials or recommended for the off-label use
of approved therapy based on the potentially actionable alterations reported through the
NGS study.

It is also important to note that samples from lung cancer, namely non-small cell lung
cancer (NSCLC), were tested in a specific panel and not by Foundation Medicine. Never-
theless, it is important to highlight that, for patients with newly diagnosed non-squamous
advanced NSCLC, the use of NGS testing may help to avoid potentially missed targeted
therapy options and improve the uptake of testing for recently approved biomarkers and
access to clinical trials of molecularly guided therapies [38].

There are some limitations associated with this study, including a small sample size,
despite the reduced number of samples excluded from testing due to insufficient material
for testing or degradation, and the heterogeneity of the population studied, with most of the
patients in an advanced state of the disease. Another limitation is that it was conducted in
a single centre; however, the aim was to evaluate local practices and highlight the impact of
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the tests in routine practice. Moreover, the real-world design of the present study provides
data with a real clinical impact without the selective criteria of clinical trials. Patients
who underwent testing were selected by physicians, which may lead to selection bias; for
example, our study does not include patients with known actionable driver alterations
such as those with EGFR mutation-positive lung cancer or HER2-positive breast cancer.

There are also important strengths in this study that should be highlighted. This is
the first real-world study reporting the use of Foundation Medicine® testing in Portugal,
relying on the use of all three commercially available tests. Additionally, this study included
samples from different cancers and 20 centres. Despite the expected preanalytical variability,
a high success rate was observed, supporting the robustness of Foundation Medicine® tests.

5. Conclusions

This real-world study demonstrates the successful application of Foundation Medicine®

testing in the Portuguese population. Even though a reduced number of potentially ac-
tionable genomic alterations with FDA-/EMA-approved drug(s) were identified in this
study, the overall genomic information derived from the performed analysis can help
physicians to guide patients in clinical trials or direct patients to off-label treatments. These
data also highlight the need of developing novel targeted agents that can tackle the iden-
tified genomic alterations, either in single or combination therapy. This process may not
only provide additional support to the comprehensive use of NGS platforms such as
Foundation Medicine® for diagnostic and therapeutic decisions but also for improving
patients’ outcomes.
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