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Technical advances in genome sequencing and the implementation of next-generation sequencing (NGS) in
clinical oncology have paved the way for individualizing cancer patient therapy based on molecular profiles.
When and how to use NGS testing in the clinic is at present an unsolved issue, although new research results
provide evidence favoring this approach in some types of advanced cancer. Clinical research is evolving rap-
idly, from basket and umbrella trials to adaptative design precision oncology clinical studies, and genomic
and molecular data often displace the classical clinical validation procedures of biomarkers. In this context,
physicians must be aware of the clinical evidence behind these new biomarkers and NGS tests available, in
order to use them in the right moment, and with a critical point of view. This review will present the status
of currently available targeted drugs that can be effective based on actionable molecular alterations, and the
NGS tests that are currently available, offering a practical guide for the application of Clinical Precision Oncol-
ogy in the real world routine practice.

© 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license. (http://creativecommons.org/licenses/by-nc-nd/4.0/)
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1. Precision oncology at a glance

Precision Oncology is the form of medicine which uses cancer
treatments that are targeted to individual patients on the basis of
genetic, biomarker, phenotypic, or psychosocial characteristics that
distinguish a given cancer patient from other patients with similar
clinical presentations [1]. While this is not an entirely new approach
in oncology, it takes advantage of recent advances in genome
sequencing and the growing availability of clinical data, and also
offers an unprecedented opportunity to make personalized precision
patient care a clinical reality [2].

1.1. From the TCGA project to targeted therapy

The Cancer Genome Atlas (TCGA) project was undertaken in 2005
to map the human cancer genome [3,4], The TCGA project, a joint
effort of the National Cancer Institute (NCI) and the National Human
Genome Research Institute (NHGRI), has identified new oncogenic
point mutations, fusions and variants that have therapeutic impact,
and impact the clinical course cancer patients.

This growing data about cancer opened up the first steps towards
precision oncology with the aim of ensuring that cancer patients get
the right treatment at the right dose at the right time, with minimum
ill consequences and maximum efficacy [5]. While an early precedent
of precision oncology was the use of tamoxifen in estrogen receptor-
positive breast cancer [6], the first precision cancer medicines
approved specifically against a molecular target were trastuzumab
(for HER2+ breast cancer in 1998) and imatinib (for Bcr/abl-positive
chronic myelogenous leukemia in 2001). In the ensuing 20 years, the
number of actionable alterations that have a corresponding targeted
therapy has been growing steadily, and these include both single
genes (such as BRAF or ALK), or composite genetic signatures (such
as mismatch repair or homologous recombination deficiency). A
timeline of the most remarkable precision oncology highlights is
shown in Fig. 1.
1.2. Actionable molecular alterations and biology-guided signatures

Molecular testing has become useful in clinical practice to detect
actionable genomic alterations for both diagnostic and therapeutic
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Fig. 1. Timeline showing the main clinical precision oncology highlights. a) Therapeutic landmarks and their molecular targets (in green). b) Most relevant diagnostic technologies
(in blue) and regulatory landmarks (in yellow).
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purposes. As a general rule, molecular testing (like most medical test-
ing) should be ordered when results may impact clinical manage-
ment.

At the end of 2019, the number of anticancer therapies targeted
against a molecular alteration was 64, and the number of targetable
molecular alterations was 24. It is very relevant that in 19 of these,
the detection of the alteration was required in order to effectively
indicate a particular prescription (Table 1).

Furthermore, TRK fusions and microsatellite instability have both
been validated as histology-agnostic biomarkers for FDA approval of
larotrectinib and entrectinib, and pembrolizumab, respectively. These
markers are detected in some but not all NGS platforms, emphasizing
the need for clinicians to know the differences between platforms
and to keep in mind what is likely to be detected in different tumor
types when initiating NGS testing. The European Society for Medical
Oncology (ESMO) has developed a Scale of Clinical Actionability for
molecular Targets (ESCAT) that defines six levels of clinical evidence
for molecular targets according to the implications for patient man-
agement [7]. The number of patients eligible for a genome-driven
therapy has been estimated to be 5% in 2006 and 8.33% in 2018. The
estimated clinical benefit has increased from 0.7% in 2006 to 4.9% in
2018 [8].

Multigene panels allow grouping patterns of mutations into
mutational signatures [9]. The most relevant currently are homolo-
gous recombination deficiency (HRD), TMB, and MSI. Defective DNA
repair pathways (like mutations in BRCA1/2) cause HRD, and it has
been shown that somatic substitution, insertion/deletion and rear-
rangement patterns are also associated with HRD. Thus, a model
called “HRDetect” has been developed, which identifies HRDtumours.
These tumours may also be sensitive to PARP inhibition. Using NGS, it
is also possible to quantify the TMB, which might be associated with
response to immunotherapy. Also, pembrolizumab has been
approved for patients with tumours (of any histology or organ of ori-
gin) which are MSI-high. Yet some of these markers need a complete
clinical validation in clinical cancer management [10].
2. Next generation sequencing platforms

Multigene sequencing avoids performing multiple sequential sin-
gle tests with the advantages of sparing tissue samples, avoiding
delays for patients and being able to direct the patient to the most
appropriate clinical trial [11].
Targeted panels rely on amplicon-based or hybridization capture-
based NGS, which show consistent results in detecting single nucleo-
tide variations and insertions or deletions in a range of clinical appli-
cations. These can identify druggable alterations that show value in
some (but not all) malignancies.

2.1. Approved NGS tests

The two broad molecular profiling NGS tests approved in 2017 by
the FDA that interrogate a higher number of genes at once are the
FoundationOne CDx (F1CDx) test, and the MSK-IMPACT test. There
are also several other NGS tests that are approved by the FDA that
target a specific gene or set of genes, such as Oncomine Dx Target
Test for lung cancer (in 2017), Illumina Extended RAS Panel for colon
cancer (in 2017), or Foundation Focus CDx BRCA LOH (in 2018).

Other NGS tests are in development. Caris MI Transcriptome CDx
is a next-generation sequencing-based in vitro diagnostic test that
uses RNA isolated from formalin-fixed paraffin embedded (FFPE)
tumor tissue to detect structural rearrangements. In 2019, it has
received Breakthrough Device designation for detection of FGFR gene
fusions in solid tumors. In 2019, the FDA also granted Breakthrough
Device Designation for Illumina's pan-cancer assay, TruSight Oncol-
ogy 500, which utilizes DNA and RNA from tumor samples to identify
small DNA variants, fusions, and splice variants, as well as tumor
mutational burden (TMB) and microsatellite instability (MSI).

The characteristics of a selection of NGS platforms are displayed in
Table 2. The progressive cost reduction of NGS platforms suggests
that, in a near future, testing with a 300-gene panel may have a simi-
lar cost to that of testing 5 or 6 alterations individually [12]. The
information generated, although not always usable immediately,
may prove of extreme value in future evaluations.

In Europe, the assessment of genetic tests has traditionally been
regulated mostly at the national level [13]. The European Network
for Health Technology Assessment has started to centrally perform
health technology assessments [14], although EUnetHTA has not yet
performed evaluations of cancer-related next generation sequencing
testing.
2.2. Understanding NGS limitations

There are several limitations for the detection of gene alterations
in NGS. Discrepancies may be related to tumor heterogeneity, either



Table 1
FDA approved targeted therapies in solid malignancies.y.

GENE TARGET GENOMIC ALTERATION MALIGNANCY THERAPEUTIC AGENTS

EML4-ALK* Rearrangement Lung Cancer Crizotinib, Alectinib, Ceritinib, Brigatinib,
Lorlatinib

BRAF* Mutation Melanoma Vemurafenib, Dabrafenib, Trametinib, Cobi-
metinib, Encorafenib, Binimetinib

Mutation Anaplastic thyroid cancer, lung cancer Dabrafenib, trametinib
BRCA1/2* Mutation Ovarian Cancer, Prostate Cancer Olaparib, Niraparib, Talazoparib, Rucaparib

Mutation Triple negative breast cancer Olaparib
CKIT* Mutation GIST, Mastocytosis Imatinib, Sunitinib, Regorafenib
EGFR* Mutation Lung Cancer Erlotinib, Gefitinib, Afatinib, Osimertinib,

Dacomitinib
EGFR* Expression Colon Cetuximab, Panitumumab

Lung Cancers Necitumumab
HER2* Amplification, overexpression Breast Cancer Trastuzumab, Lapatinib, Pertuzumab, Ado-

trastuzumab emtansine, Neratinib
Amplification, overexpression Gastric Cancer Trastuzumab

FGFR3, FGFR2* Mutation Bladder cancer Erdafitinib
Homologous Recombination Deficiency (HRD)* Composite Ovarian cancer Niraparib
C-KIT* Mutation, expression GIST Imatinib, sunitinib, regorafenib
Mismatch Repair (MMR)* Expression, mutation Tumor-agnostic, MSI-H Cancers Pembrolizumab

Expression, mutation Colorectal MSI-H Cancers Nivolumab
NTRK* Fusion Tumor-agnostic, NTRK+ cancers Entrectinib, larotrectinib
PDGFRA* Mutation GIST, Sarcoma Imatinib, Sunitinib, Olaratumab
COL1A1-PDGFB Rearrangement Dermatofibrosarcoma protuberans Imatinib
PDL-1* Expression Lung, triple negative breast, urothelial, cervi-

cal cancer
Pembrolizumab, atezolizumab

PI3K* Mutation Breast Cancer Alpelisib
SMO and PTCH1 Mutation Basal Cell Carcinoma Vismodegib, Sonidegib
K-RAS* Mutation Colon cancer Cetuximab, panitumumab (in RAS-non

mutated)
RET* Mutation Thyroid Cancer Vandetanib, Cabozantinib, Lenvatinib
ROS-1* Rearrangement Lung cancer Crizotinib, Entrectinib
VEGF/VEGFR Expression Kidney, Colon, Lung, Gastric, Cervix, Ovarian

Cancers
Bevacizumab, Ramucirumab, Regorafenib,

Ziv-aflibercept, Axitinib, Pazopanib, Suniti-
nib, Sorafenib

CDK4/6 Amplification Breast Cancer Palbociclib, Ribociclib, Abemaciclib
mTOR Mutation Breast, Renal, Brain Cancers Everolimus, Temsirolimus
Estrogen Receptor* Expression Breast Cancer Tamoxifen, fulvestrant, anastrozole, letro-

zole, exemestane, everolimus, palbociclib,
ribociclib, abemaciclib

Androgen Receptor Expression Prostate Cancer Abiraterone, Enzalutamide, Apalutamide,
Darolutamide

y in 2019(modified from[63]).
* Required for prescription.
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static (in the tumor tissue) or dynamic (in different time points of
tumor biopsy-plasma sampling or of plasma sampling), and different
sequencing techniques. A recent analysis of concordance among
tumor, normal, and replicate plasma samples along with orthogonal
ctDNA assays revealed that discordance was a result of technical var-
iations and, to a lesser extent, biologic factors such as clonal hemato-
poiesis of indeterminate potential and tumor heterogeneity [15].

In some cases in which the primary biopsy was performed years
before the development of advanced disease, the tissue may not be in
good conservation state for NGS test. It has been suggested that DNA
extracted from FFPE cancer tissue samples of surgical specimens
older than 7 years are not adequate for NGS analysis [16]. In these
cases, fresh biopsies should be done if possible or plasma NGS should
be considered.

Perhaps the most relevant and still not fully acknowledged limita-
tion for NGS testing is the existence of cancer-associated mutations
in normal tissue [17]. Mutations frequently seen in cancer, commonly
referred to as ‘driver mutations’ (for example, TP53) are also fre-
quently mutated in normal tissues and other benign conditions that
rarely progress to malignancy. Mutations in normal tissues frequently
cluster in functionally relevant portions of the cancer associated
gene, such as DNA-binding domains or regions involved in protein-
protein interactions, in a pattern nearly identical to the distribution
of mutations seen in tumor sequencing data. This has been
considered a normal phenotype of aging, and may be related to an
age-related decreased efficacy of the normal tumor suppression
mechanisms such as contact inhibition, senescence or immune sur-
veillance [25].

There is an urgent need to coordinate and homogenize NGS test-
ings and NGS results reports, in order to perform observational Real
World studies that collect the experience of a very large number of
patient results (that record patient characteristics, stages, and
whether there is a therapeutic intervention), and to establish the real
utility of these profilings based on the ESMO and the FDA criteria.

3. Precision medicine clinical trials: a new paradigm for research

Precision Medicine strategies have been studied with several clin-
ical trial designs, although only a limited number are controlled and
randomised. Many of these trials are included in the categories of
umbrella trials or basket trials [18]. “Basket” trials enroll patients of
different histologies that harbor the same genomic alteration; all
patients receive the same drug targeting such alteration, while
“umbrella” trials enroll patients of the same histology and stratify
them by different genomic alterations, administering a different drug
to each alteration/patient. These trials are powered to assess the effi-
cacy of a specific drug in a molecularly- and histologically-defined
subgroup of patients, allowing to run parallel phase II trials. Another



Table 2
A selection of Next Generation Sequencing Platforms and other genetic companion devices.

PLATFORM GENES
ASSESSED

FDA APPROVAL MUTATIONS

FoundationOne CDX (Foundation Medicine) 324 Yes Copy number alterations, gene fusions, MSI, TMB, PDL-1 (IHC)
MSK IMPACT (Integrated Mutation Profiling Of Actionable Cancer
Targets) (Memorial Sloan Kettering)

468 Yes Somatic single nucleotide variants, insertions, deletions, and
microsatellite instability

Oncomine Dx Target Test (Thermofisher) 46 Yes DNA single-nucleotide variants (SNVs) and deletions in 35 genes,
and RNA sequence variantions from 21 genes (Non-small cell
lung cancer)

Caris Mollecular Intelligence CDX (Caris Life Sciences) 592 Partial DNA: copy number alterations, MSI, TMB
RNA: gene fusions, mRNA variants

Oncomine Comprehensive Assay (Thermofisher) 161 � DNA sequencing: copy number alterations, gene fusions
Trusight Oncology 500 (Illumina) 523 � DNA + RNA assay for assessment of small variants, TMB, MSI,

splice variants, and fusions
FoundationOne Liquid 70 � Plasma: DNA sequencing: copy number alterations, specific gene

fusions for lung malignancies, MSI
Guandant360 (Guardant) 76 � Plasma: DNA sequencing: copy number alterations, 6 gene fusions
GENETIC COMPANION DEVICES
Praxis Extended RAS Panel (Illumina) 2 Yes K-ras and N-ras (colorectal cancer)
Therascreen KRAS RGQ PCR Kit (Qiagen) 1 Yes K-ras (colorectal cancer)
BRACANALYSIS CDX (Myriad Genetic Laboratories) 2 Yes BRCA1, BRCA2 (Ovarian and Breast cancers)
FoundationFocus CDX BRCA Assay (FoundationOne) 2 Yes BRCA1, BRCA2 (Ovarian cancer)
Therascreen EGFR RGQ PCR KIT (Qiagen) 1 Yes EGFR (Non-small cell lung cancer)
COBAS EGFR Mutation Test V2 (Roche Molecular Systems) 1 Yes EGFR (Non-small cell lung cancer)
THXID BRAF Kit (Biom�erieux) 1 Yes BRAF (Melanoma)
COBAS 4800 BRAF V600 Mutation Test (Roche Molecular Systems) 1 Yes BRAF (Melanoma)
Therascreen FGFR RGQ RT-PCR Kit (Qiagen) 1 Yes FGFR (Urothelial cancer)
Therascreen PIK3CA RGQ PCR Kit (Qiagen) 1 Yes PIK3CA, tissue and plasma (breast cancer)
Myriad MYCHOICE� CDX (Myriad Genetic Laboratories) Combined asay Yes Loss of heterozygosity (LOH), telomeric-allelic imbalance (TAI),

large-scale state transitions (LST) (ovarian cancer)
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major precision medicine trial category mixes multiple tumor types,
multiple molecular targets and multiple drugs. Given the usually
high number of molecularly- and histologically-defined subgroups of
patients in these studies, they are most often not powered to assess
the efficacy of the drugs in each subgroup of patients, although the
efficiency of the treatment algorithm that has been used to allocate
drugs to patients (“algorithm-testing studies”) [15,19]. Several differ-
ent types of algorithm-testing precision medicine studies have been
reported to date, and some of them have provided evidence that
molecularly targeted therapies can be given in a histology-agnostic
way, based only on molecular profiling.

3.1. Impact of precision clinical trials in last decades

The French SHIVA trial was the first randomised algorithm-testing
precision medicine study. SHIVA01 compared molecularly-targeted
therapy based on tumor molecular profile versus treatment at physi-
cian’s choice in patients with diverse types of metastatic cancers that
had failed standard of care treatment [20]. This controlled, phase II
trial included patients for whom amolecular alteration was identified
within one of three molecular pathways (hormone receptor, PI3K/
AKT/mTOR, RAF/MEK), which could be matched to one of ten regi-
mens including 11 available molecularly targeted agents (erlotinib,
lapatinib plus trastuzumab, sorafenib, imatinib, dasatinib, vemurafe-
nib, everolimus, abiraterone, letrozole, tamoxifen). 195 (26%) patients
were randomized, 99 to the experimental group and 96 to the control
group. Median progression-free survival was 2.3 months in the
experimental group and 2.0 months in the control group (p = 0.41).
The primary endpoint of the trial was not met, with no statistical dif-
ference in PFS between the two treatment arms. These results show
that the specific treatment algorithm used in SHIVA01 involving tar-
geted therapies allocation according to the presence of some genetic
alterations was not able to improve patients’ outcome when they
received purely empirical treatment. The authors concluded that off-
label routine use of molecularly targeted agents should be discour-
aged, although enrolment in clinical trials should be encouraged to
assess predictive biomarkers of efficacy.
The Molecular Screening for Cancer Treatment Optimization
(MOSCATO 01) study was a non-randomised prospective trial that
evaluated the clinical benefit of high-throughput genomic analyses in
different types of advanced cancer (n = 1035). NGS testing was per-
formed on a fresh biopsy. A total of 199 patients were finally treated
with a targeted therapy, and objective responses were observed in 22
patients (11%) [21]. The authors observed that 63 patients obtained a
PFS ratio (PFS2/PFS1) above the predefined threshold of 1.3, and con-
cluded that the trial was positive because tumor sequencing
improved outcome in one-third of those patients with advanced can-
cers that received targeted therapy.

The MyPathway study is a non-randomised multiple basket study
in patients with refractory solid tumors harboring molecular altera-
tions in HER2, EGFR, B-RAF or the Hedgehog pathway (n = 251). Ther-
apies used in this Roche/Genentech sponsored study were
trastuzumab/pertuzumab, erlotinib, vemurafenib and vismodegib,
respectively. Objective responses were observed, most notably in the
HER2+ colorectal cohort (38%) and the BRAF V600 lung cancer cohort
(43%) [22]. The authors concluded that the targeted therapy regimens
produced meaningful responses in several refractory solid tumor
types not currently labeled for these agents.

The Novartis Signature Program is a series of 8 phase 2, agent-spe-
cific basket protocols (buparlisib, dovitinib, binimetinib, encorafenib,
sonidegib, BGJ398, ceritinib, or ribociclib) in cancer patients with an
actionable mutation (n = 595). The Signature Program uses a modified
Bayesian adaptive design with a hierarchical model, and allowed
enrollment based on local testing of archival or fresh tissue. Frequent
genetic alterations were observed in PIK3CA, RAS, p16, and PTEN.
Overall, 30 partial or complete responses were observed with 6 of
the compounds studied, in 16 tumor types [23]. The authors con-
cluded that the Program was a successful approach, because it led to
rapid signal finding, reduced patient exposure to toxicity, and sub-
stantially shortened trial start-up times .

The American Society of Clinical Oncology (ASCO) sponsored the
Targeted Agent and Profiling Utilization Registry (TAPUR) Study.
TAPUR is an ongoing non-randomized phase II, open label that aims
to define signals of drug activity of FDA-approved targeted anticancer



Table 3
TAPUR study cohorts that have been closed as of February 20, 2020* (adapted).

Treatment Cancer Variant Findings

Pertuzumab +
Trastuzumab

Colorectal ERBB2 amplification or
overexpression

Positive

Colorectal ERBB2/ERBB3 mutation Pending
Vemurafenib +

Cobimetinib
Colorectal BRAF V600E/D/K/R

mutation
Positive

Pembrolizumab Metastatic breast High tumor mutational
burden

Positive [25]

Colorectal High tumor mutational
burden

Positive

Palbociclib Non-small-cell lung CDKN2A alterations Positive [24]
Pancreatic CDKN2A loss or

mutation
Negative

Gallbladder and bile
ducts

CDKN2A loss or
mutation

Negative

Sunitinib Colorectal FLT-3 mutation or
amplification

Negative

Cetuximab Breast KRAS, NRAS, BRAF wild
type

Negative

Bronchus and lung KRAS, NRAS, BRAF wild
type

Negative

Ovarian KRAS, NRAS, BRAF wild
type

Pending

Olaparib Colorectal ATMmutation or
deletion

Pending

Prostate BRCA1/BRCA2 mutation Pending
Pancreatic BRCA1/BRCA2 mutation Pending

* Accessed on March 23, 2020.
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drugs prescribed for treatment of patients with advanced cancer that
have a potentially actionable genomic alteration. There are currently
113 TAPUR Study sites and nearly 1400 participants who have
received study therapy [24]. TAPUR evaluates 8 drug or drug combi-
nations from several manufacturers in a total of 44 cohorts. Currently,
15 cohorts have been closed, of which five had positive results,
[25�29], five had negative results, and five have results pending
(Table 3). Twenty-nine cohorts have been expanded. Objective
responses in the positive cohorts were pertuzumab + trastuzumab in
ERBB2 amplified or overexpressed colorectal cancer, 25%;
vemurafenib + cobimetinib in BRAF V600E/D/K/ mutated colorectal
cancer, 29%; pembrolizumab in metastatic breast cancer with high
mutational burden, 21%; pembrolizumab in metastatic colorectal
cancer with high mutational burden, 11%; and palbociclib in non-
small-cell lung cancer with CDKN2A alterations, 3.6%. The most
recent results of the TAPUR study indicate that this approach is valid
in order to identify new signals of activity with the use of targeted
drugs in off-label molecularly-guided indications.

Finally, some histology-specific umbrella studies assigned tar-
geted therapy randomly based on their molecular profile. One of
these is the BATTLE-2 program, a targeted therapy study performed
in previously treated patients with advanced refractory NSCLC
(n = 334). Activity was modest, yielding no new predictive markers
and not warranting further exploration [30].
Table 4
Precision Oncology NGS studies with novel designs published in 2019.

Trial name (ref) Design Innovation N Objective response,
number (%)

WINTHER (30) Fresh biopsy:
DNA + RNA testing

253 12 (4.7%)

DRUP (31) Fresh biopsy: WGS; off-
label use

215 33 (15.3%)

I-PREDICT (32)

Genetic + Immunotherapy markers (MSI, PDL1 by IHC); Drug combinations14917 (11%)
TARGET (33)ctDNA testing1004 (4.0%)
3.2. Precision clinical trials in 2019

In 2019, four precision oncology studies that use genetic NGS test-
ing to guide cancer therapy in patients with advanced malignancies
have been published. Each one of these studies has an innovative,
original approach (Table 5)[31�34].

The WINTHER study, from the Worldwide Innovative Network,
performed fresh biopsy-derived DNA sequencing or RNA expression
in tumor and normal tissues in 253 patients [30]. Oncogenic driver
mutations/amplifications/translocations were detected through Next
Generation Sequencing (NGS) performed by Foundation Medicine
(arm A), and in patients negative for oncogene events, genome based
relevant information was obtained through functional genomics
(micro arrays and gene expression profiling) performed by Institut
Gustave Roussy (arm B). 107 patients (69 in arm A and 38 in arm B)
were evaluable for therapy. Objective response was observed in 12
patients (9 in arm A and 3 in arm B). The study identified that few
previous therapies, good performance status and a high matching
score correlated with improved clinical outcome. Although the
WINTHER trial did not meet its primary end point related to a PFS2/
PFS1 ratio of >1.5, there were some innovative advances, that
included performing RNA testing, the presence of a clinical manage-
ment committee that recommended therapies, and also that the trial
design navigated patients to a clinical trial or to on-label-approved or
off-label-approved drugs.

The Drug Rediscovery protocol (DRUP) is an adaptive trial that
aims to identify signals of activity in cohorts of patients with defined
tumor types and molecular variants, who are being treated with anti-
cancer drugs outside of their approved label. In this Dutch trial,
patients with all types of metastatic cancer were offered the opportu-
nity to undergo a fresh tumor biopsy for whole-genome sequencing
(WGS) before starting systemic anticancer treatment. In a total of 215
patients, 76 cohorts were initiated. Objective response rate was not
reported, although clinical benefit (CB) was observed across all types
of treatment, comprising immunotherapy (n = 79 patients, CB rate of
38%), treatment with small-molecule inhibitors (including PARP
inhibitors) (n = 81 patients, CB rate of 36%) and with monoclonal
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antibodies (n = 55 patients, CB rate of 27%). The study identified a suc-
cessful cohort of 30 cases with microsatellite unstable tumors who
received nivolumab and had a response rate of 40%, and also an
unsuccessful cohort of patients with colorectal cancer with low TMB,
that had only a marginal benefit with immunotherapy.

The Investigation of Profile-Related Evidence Determining Indi-
vidualized Cancer Therapy (I-PREDICT) study evaluated tissue geno-
mic profiling using Foundation Medicine and, if possible, PD-L1 IHC,
tumor mutational burden, MSI status, and the NGS of blood-derived
circulating tumor DNA (ctDNA). Of the 83 treated patients, 73 were
administered a personalized, precision therapy consisting of �1
molecularly ‘matched’ treatments; since no two molecular profiles
were identical, most treatment regimens were not exactly alike. The
authors achieved a matching rate of 49% (73 of 149 patients), a num-
ber considerably high. The high matching rate was based on using
expanded NGS testing, and also on timely discussions of the Molecu-
lar Tumor Board, which occurred immediately on receipt of molecu-
lar results.

The British TARGET study was designed to use circulating tumor
DNA (ctDNA) to identify actionable alterations in patients and direct
them to clinical trials [35]. They used a 641-gene panel ctDNA NGS,
with which data was generated successfully for 99% of patients, com-
pared to tumor tissue DNA analysis in 95%. For the first 100 TARGET
patients, ctDNA data showed good concordance (74.5%) with
matched tumor and results were available within a clinically accept-
able timeframe for Molecular Tumour Board (MTB) review. When
applying a 2.5% Variant Allele Frequency (VAF) threshold, actionable
mutations were identified in 41/100 patients and 11 of these patients
received a matched therapy. In 4 of these, an objective response was
observed. A limitation was the lack of available trials or the declining
performance status that did not allow any form of treatment.

In the near future, new forms of analysis that include proteomic
and epigenetic assessments will increase the number of relevant
actionable molecular alterations, and possibly improve the results
[36].

Currently, there are additional clinical trials ongoing and nation-
wide projects, applying multigene sequencing to a number of differ-
ent tumor types. Two randomised histology-agnostic studies that
will end in 2020 are the IMPACT II study from MD Anderson (that has
enrolled 391 cases) and the M-PACT study from the NCI (that expects
to enroll 700 cases) [37]. Other ongoing examples are the non-rando-
mised “Adjuvant Lung Cancer Enrichment Marker Identification and
Sequencing Trial” (ALCHEMIST) from the NCI that expects to enroll
8300 patients, the randomised Lung Cancer Master Protocol, or Lung-
MAP (SWOG S1400) that plans to enroll 10,000 patients, and the
randomised SAFIR-02 (Lung) and SAFIR-02 (Breast) that plan to enroll
650 and 1460 patients, respectively.

4. When should a NGS test be considered clinically in 2020

Some authors have expressed a conservative approach towards
generalized NGS testing, and have suggested that currently NGS may
be mainly useful in controlled research environments or clinical tri-
als, where off-label administration of expensive drugs is restricted to
prospective patient registry cohorts [38]. Considering that only a
minority of patients with cancer derive a clear benefit for matched
treatments, they support that NGS for precision oncology based on
emerging biomarkers remain an investigational strategy [39,40].

In contrast, other authors advocate that routine upfront NGS test-
ing should be used for all patients with metastatic cancer with lim-
ited standard of care options [41]. In addition, the use of
multiplatform technologies seems to identify a higher number of
potential targets than conventional consecutive molecular testing
and this might subsequently translate in a higher probability to
detect an effective matching drug [42]. Furthermore, NGS testing
may identify "hypermutations" or DNA damage repair signatures
that can predict a response to immunotherapy (TMB, MSI), that oth-
erwise would not be detected.

4.1. Multi-testing

For certain diseases in which a first-line decision depends on mul-
tiple molecular markers, such as advanced non-small cell lung cancer,
the use of a NGS panel at diagnosis is becoming increasingly attrac-
tive given the growing number of actionable gene alterations and the
ability to obtain at the same time all the therapy-oriented informa-
tion [42]. The fact that the specimens most commonly available for
advanced lung cancer have a low tumor cell content (patients are
commonly diagnosed only by small biopsies) is very relevant in this
setting [43]. In one study of 1402 NSCLC samples, the large majority
of tissue samples submitted for clinical testing were small (10% FNA,
70% core needle biopsies) [44], and the NGS test used provided a high
success rate for reporting 5 or more biomarkers on core needle biop-
sies, and 5 or more on FNAs.

There are other tumor types where multi-testing is relevant, such
as colorectal carcinoma (RAS, BRAF) or melanoma (BRAF, KIT),
although rarely NGS testing is currently performed.

4.2. Infrequent molecular alterations and exceptional responders

An additional reason to favor NGS panels in lung cancer is that
infrequent molecular alterations occurring in other cancers can also
be present in a small proportion of NSCLCs, such as NTRK gene rear-
rangements that are amenable to transversal or tumor-agnostic treat-
ment with NTRK TKIs[49] (in this case RNA-based NGS is preferred),
or microsatellite instability, and NGS contributes to the opportunity
of testing for these additional and rare biomarkers. The informed
integration of genomic markers is therefore becoming increasingly
crucial.

In a recent study, a decision analytic model showed that NGS was
cost-effective over sequential single-gene testing modalities for
newly diagnosed advanced NSCLC in the USA, without introducing
delays in patient management [45]. However, the same model could
give opposite results if applied in patients with NSCLC from a differ-
ent region, such as Asian population, where the incidence of EGFR
mutation is higher than in Caucasians (50% vs 11%) [40], and a differ-
ent study of precision medicine treatment was not cost-effective as
fourth-line treatment for metastatic lung adenocarcinoma [46].

Furthermore, next-generation sequencing may be of great value
in identifying what has been defined as "exceptional responders" to
anticancer drugs, or patients with extreme phenotypes [47]. A sys-
tematic search of the medical literature identified 180 cases of excep-
tional response, and the most common class of drug therapy used
was targeted therapies [48]. Of the publications that reported dura-
tion of response to a previous drug given in the unresectable setting,
49% demonstrated a progression-free survival ratio of exceptional
response to prior line of 1.3 or greater. Programs such as the NCI's
Exceptional responders initiative[49] will perform NGS testing to
characterize molecularly these cases and accumulate learning for the
future of precision oncology [50].

4.3. Rare cancers

Rare cancers are those found in a small number of patients, and
often standard second-line therapy is not established. Due to their
rarity, these malignancies are often not studied in conventional phase
III clinical trials that establish the value of newer therapies. Some
examples are biliary tract cancers, sarcomas, mesothelioma and can-
cer of unknown primary.

In biliary tract cancers, cisplatin-gemcitabine combination che-
motherapy is the reference first-line treatment regimen, but there is
no standard second-line therapy. Mutation profiling has highlighted



Fig. 2. When to order a NGS Test in 2020. NGS is occasionally indicated in advanced cancers when there are several actionable targets (such as NSCLC), in some selected rare can-
cers, when there are clinical trials guided by molecular testing available, and in those cases with an exceptional response to a molecularly guided therapy. NGS is not indicated in
early stage cancer, especially when definitive therapy will be delivered, or in patients with very advanced cancers that show rapid progression and have poor performance status or
short expected lifetime.
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the genomic differences between the intra, extrahepatic cholangio-
carcinoma, and gallbladder cancer [51]. There is a series of 75 cholan-
giocarcinoma patients in whom NGS-based testing was performed.
There were significant differences in gene expression between intra-
hepatic and extrahepatic cholangiocarcinomas. IDH1 and DNA repair
gene alterations occurred more frequently in intrahepatic cholangio-
carcinomas, while ERBB2 gene alterations occurred in the extrahe-
patic group. BAP1 and FGFR gene pathway alterations occurred in
both types of cholangiocarcinomas. Clinical benefit was noted with
EGFR, FGFR, C-met, B-RAF and MEK inhibitors [52]. Very interestingly,
NGS screening of intrahepatic cholangiocarcinomas identified gene
fusions of NTRK, and responses have been observed with larotrectinib
[53]. An estimated 15% of gallbladder cancers have Her2/neu amplifi-
cation and could be targeted with antiHER2 therapies, and an esti-
mated 10�15% of cholangiocarcinomas have DNA repair mutations
and might be candidates for immune therapies. The MOSCATO trial
analysed separately the 43 cases with advanced biliary tract cancer,
and managed to administer molecular targeted agents in 18 cases, of
which six had an objective response [54].

Sarcomas are a heterogeneous group of rare malignancies, with
more than 50 subtypes recognized, and the majority of mutations
detected by NGS are not drivers and do not translate into clinical ben-
efit for patients [55]. However, for a patient with few treatment
options, a clinical trial based on NGS-derived data may offer the treat-
ment chance of research drugs.

At present, no therapies are approved in the second-line setting
following progression of mesotheliomas after a platinum compound
combined with pemetrexed. The mutational and transcriptomics
landscape of mesothelioma has been published over the past several
years, and highlights a limited number of loss-of-function tumor sup-
pressor actionable mutations, most frequently in CDKN2A, BRCA1-
associated protein-1 (BAP1), neurofibromin 2 (NF2), LATS2 and TP53
[56]. These gene alterations have been confirmed in small series of
patients that were tested with NGS [57].

A recent review of 10 published studies using NGS on patients
with Cancers of Unknown Primary (CUP) shows that mutations with
potential therapeutic relevance were identified in 30%�85% of
patients [58]. It is interesting that results from the AACR Project
GENIE show that CUP were within the top 10% most highly mutated
samples [59].
4.4. Clinical trial networks

An additional use of NGS and precision medicine is to direct
patients to a particular clinical trial. This of course needs an organized
structure of Clinical trial networks and new clinical trial designs.
Currently, there is an unprecedented evolution in the design of early-
stage cancer clinical trials, such as rapid phase 1 dose-escalation trials
followed by remarkably large expansion cohorts, or new trials, as
adaptive studies with basket and umbrella designs aimed at optimiz-
ing the biomarker�drug co-development process [60].

4.5. Clinical judgement-oriented testing

Clinical judgement must always precede molecular testing in can-
cer patients, since a NGS test is not indicated in a considerable num-
ber of cases. In general, a NGS test should not be ordered when the
genomic test result will most likely not have an impact in cancer clin-
ical management. For example, early-stage patients undergoing
definitive treatment do not tipically require somatic gene panels.
They will not have actionable alterations provided by NGS beyond
what can be ascertained from standard evaluation (ER, PR, HER2 in
the case of breast cancer) [44]. In another example, those cases with
a rapidly progressing cancer, poor performance status, or with an
expected lifetime of less than 3 months should not, as a rule, be
molecularly profiled. These patients should most often be candidates
for palliative therapy. (Fig. 2) Clinical judgement should also consider
the frequency of targetable alterations in a specific population (e.g.
advanced lung cancer in an elderly non-Asian smoker).

4.6. Outstanding questions

Only in a number of practices single-gene sequencing has been
routinely replaced with NGS sequencing and, therefore, the fre-
quency of NGS testing is markedly regionally different.

Future issues that will need to be addressed in the near future will
include establishing who should provide funding for NGS testing
beyond government of insurance restrictions, improving the repro-
ducibility of tests, improving the proportion of tests that are able to
produce a meaningful result, and improving the algorithms for pre-
diction of therapeutic benefit.

Conclusions

NGS-enabled precision oncology is adding a new layer of com-
plexity to daily clinical decision making [61]. We have shown that
NGS is most appropriate for patients who have an advanced cancer in
which there are several commonly identified molecular targets, par-
ticularly when they are useful at the initial therapy. Additionally,
NGS testing can be helpful in navigating patients to clinical trials, and
can offer individual options in patients with rare cancers. For other
cancers, NGS may be currently less appropriate because either the



8 R. Colomer et al. / EClinicalMedicine 25 (2020) 100487
probability of identifying a targetable mutation is low [62], the cancer
is in early stages with recognized and effective forms of standard
treatment, or the patient has an irreversible disease with very short
life-expectancy. As with any other laboratory test, doctors and
patients must be sure before ordering an NGS test that its result will
have an impact of the therapeutic plan. In any case, standard single-
gene molecular testing must always be performed when indicated,
since important therapeutic targets might be potentially missed if no
molecular analyses were performed.

Clinical trials are showing that NGS testing can have an impact in
the response rate and progression-free survival of patients, and can
therefore be a very useful strategy leading to new molecularly-tar-
geted treatment indications. Key factors responsible for improved
results in precision-oriented clinical research, include refining the
molecular pathways studied, developing molecular testing that inte-
grates standarised genomic tests with transcriptomic analysis and
immunohistochemistry, selecting more active targeted agents,
designing combinations of targeted agents -also with other forms of
therapy, and providing early treatment recommendations with avail-
able Molecular Multidisciplinary Boards. Interdisciplinary discussion
are very important to help with the interpretation of unclear molecu-
lar results that are oftentimes seen with NGS testing.

Important unsolved issues that will need to be addressed in the
future include deciding which is the best tissue to perform NGS (pri-
mary tumor vs metastasis, tumor DNA vs circulating tumor DNA),
when is the right moment to test (at first diagnosis of advanced dis-
ease or when the disease is refractory), and whether there are NGS
clinical trial designs that allow for the use of control groups. Finally,
using a complete informed consent before NGS testing and communi-
cating NGS reports to patients are two very important aspects of the
procedure that have raised ethical concerns, and that must be always
addressed by the practicing oncologists when ordering a NGS test.
Search strategy and selection criteria

We identified references through PubMed with the search terms
“cancer AND NGS,” “cancer AND next generation sequencing,” “can-
cer AND genomics,” for articles published to March 30, 2020. The final
reference list was generated on the basis of originality and relevance
to the broad scope of this Review.
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