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A B S T R A C T

The finalization of the Human Genome Project in 2003 paved the way for a deeper understanding of cancer,
favouring a faster progression towards “personalized” medicine. Research in oncology has progressively focused
on the sequencing of cancer genomes, to better understand the genetic basis of tumorigenesis and identify
actionable alterations to guide cancer therapy. Thanks to the development of next-generation-sequencing (NGS)
techniques, sequencing of tumoral DNA is today technically easier, faster and cheaper. Commercially available
NGS panels enable the detection of single or global genomic alterations, namely gene mutation and mutagenic
burden, both on germline and somatic DNA, potentially predicting the response or resistance to cancer treat-
ments. Profiling of tumor DNA is nowadays a standard in cancer research and treatment. In this review we
discuss the history, techniques and applications of NGS in cancer care, under a “personalized tailored therapy”
perspective.

1. Historic background of DNA sequencing

Cancer is a genetic disease. Decades of research lead to this
knowledge, showing that it is the accumulation of molecular alterations
is the key element of tumorigenesis, directing the acquisition of the
malignant phenotype (Vogelstein et al., 2013). Genes involved in on-
cogenesis are classified in “oncogenes”, whose activation is responsible
for tumor transformation and oncosuppressors, whose inactivation
leads to cellular proliferation. Mutations of oncogenes (gain of func-
tion) or oncosuppressors (loss of function) can be genetically inherited
(germline), but they’re mostly acquired and caused by DNA replication
errors and/or exposure to carcinogens (Kinzler and Vogelstein, 1996).

The understanding of cancer as a genetic disease, though multi-
factorial and non- Mendelian in the majority of the cases, lead re-
searchers to focus on cancer cells genome, looking for the leading cause
(s) of the pathological proliferation which ultimately cause cancer. The
identification of specific driver genomic alterations allowed the devel-
opment of targeted therapies, more effective and less toxic compared to
standard chemotherapies. Trastuzumab (approved in 1998) and im-
atinib (approved in 2001) were the first two drugs to show the potential

of targeted therapy, followed by many molecules nowadays approved
for the treatment of several types of cancer (Fischer et al., 2003). In-
terestingly, the US Food and Drug Administration (FDA) granted an
accelerated approval for imatinib for the dramatic sustained response of
chronic myelocytic leukaemia (CML) patients treated with the novel
tailored approach (Johnson et al., 2003), in 2001; today, both imatinib
and trastuzumab are enlisted as “essential medicines” by the World
Health Organization, for the treatment of CML and breast cancer,
available as a generic and biosimilar, respectively.

Genetic testing soon became a standard in oncological care: in the
2000s we’ve started to stratify patients according to their tumor mu-
tational profile, tailoring therapies according to the genetic signature.
However, we only aimed genetic testing at those few mutations known
to be targetable in each specific tumor type, thus limiting the in-
formation acquired in a strict disease-oriented manner. In order to
better understand the relevance of cancer mutations across different
tumour types and easier identify new actionable targets, a reference
“normal” genome sequence was needed to compare with the abnormal
ones. The Human Genome Project provided such feature in 2003,
thanks to an international effort lasting almost fifteen years, the project
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was accomplished using the Sanger sequencing technique to determine
the exact sequence of nucleotide base pairs of the human genome
(Green et al. (2015)). During the same years, researchers kept studying
the basic mechanisms of cancer growth, identifying new oncogenes and
oncosuppressors. With a complete human genome reference in hand, it
finally became possible to confirm the pathogenic alterations and to
discover new genetic variants linked to human diseases. Large-scale
cancer sequencing projects, such as the American TCGA (The Cancer
Genome Atlas) and the British Cancer Genome Project were born with
this purpose, giving birth to the “genomic era” of cancer research, thus
promoting the progressive evolution of sequencing methods: in 2004,
454 Life Sciences showcased a paralleled form of sequencing called
pyrosequencing, decreasing sequencing expenses at 6-fold compared
with Sanger sequencing. This technological implementation lead to the
birth of the first of many NGS platforms, which allowed a faster and
simpler sequencing by employing microscopic, spatially separated DNA
templates to massively parallelize the capture of data. With such plat-
forms in hand, it became possible to sequence all the coding exons of a
genome (Whole Exome Sequencing, WES) and even a full genome
(Whole Genome Sequencing, WGS) in a short time and at an affordable
price, providing a huge amount of data. Analyzing and interpreting this
data promises to be the challenge of the next decades (Fig. 1).

1.1. The NGS revolution in the context of precision medicine

Besides improving our understanding of cancer, NGS promoted the
birth of a new way of treating cancer patients, which we today call
Precision Medicine (PM). With this term, we refer to the suiting of
medical therapy to the individual characteristics of each subject and its
condition. In cancer care, this means tailoring oncological treatments to
each patient’s features and each cancer genomic alterations. It is not a
new concept, but the use of NGS and the consequent availability of
large-scale human genome databases have created an opportunity for
significant onward movement of this approach (Fig. 2).

We’ve already moved from a One-size-fits-all Medicine to a pro-
gressive stratification of patients according to their disease subtype,
clinical features and biomarkers (Stratified Medicine). NGS promises to
lead the shift toward Precision Medicine, taking into account a wide set
of patient features and the cancer mutational scenario to select the best
therapeutic approach in oncological care (Shin et al., 2017).

PM in oncology involves identifying mutations in cancer genomes
predicting response or resistance to therapies. In the pre-NGS era,

Sanger sequencing and PCR (polymerase chain reaction)-based techni-
ques allowed to obtain a limited amount of information on cancer
mutational status; with NGS panels it is now possible instead to screen a
broad set of genes in one comprehensive test, able to identify altera-
tions even in the scarce biopsy tissue often available in the everyday
practice. And in those frequent cases where collecting tissue for mole-
cular testing is unsafe (e.g. brain, lung, peritoneal lesions), NGS allows
to obtain extensive genetic information from simple blood draws (see
“Liquid Biopsy” below). In fact, it is possible to obtain genetic material
for sequencing from circulating tumor cells (CTCs) and circulating cell-
free tumor DNA (ctDNA), which represent a unique instrument to
capture the intratumoral heterogeneity, to identify prognostic and
predictive factors an imminent resistance mechanisms (Ignatiadis and
Dawson, 2014). It was recently proposed to incorporate this instrument
into cancer staging, shifting to a TNM-B cancer staging system to be
assessed the diagnosis of every cancer and at every successive stage of
the disease (Yang et al., 2018).

2. Technical aspects: from Sanger sequencing to NGS

In 1977 Frederick Sanger and colleagues firstly developed a tech-
nique to sequence DNA (Sanger et al., 1977). Also known as “chain-
termination method”, it can be described as a DNA replication reaction
during which the random incorporation of dideoxynucleotides (ddNTP)
causes the termination of chain elongation. This generates DNA strands
of various lengths that are later separated by electrophoresis.

Elements required for a classic chain-termination reaction are illu-
strated in Table 1.

The Sanger process is a very accurate sequencing method, giving
high-quality sequence for relatively long fragments of DNA (up to 900
base pairs). On the other hand, it is a very expensive process with a low
data output.

The need for simpler and faster sequencing processes led to the
development of new technologies for DNA reading, collectively named
“next-generation sequencing” (NGS). In 2005 the 454 Life Science
launched on market the first NGS platform (Margulies et al., 2005), and
since then many other companies developed NGS platforms that allow
for high-throughput sequencing in a cost- and time- effective way.

Despite the platform used, every NGS process can be summarized in
3 phases: library preparation (± amplification), sequencing and data
analysis.

Fig. 1. Timeline of major achievements in sequencing technologies.
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2.1. Library preparation and amplification

The sequencing library is created by random fragmentation of a
DNA template. Fragments are then linked to platform-specific adapters
and amplified by PCR (polymerase chain reaction) or alternative
techniques (solid-phase bridge amplification or rolling circle amplifi-
cation).

2.2. Sequencing

NGS technology can be categorized into short- and long-read se-
quencing. The difference intuitively lies on read length: 100–600 bp for
the first technique, up to 900 Kb for the second one.

Short-read sequencing approach is the most frequently used today,
it is cheaper and have a higher accuracy. However, the short-read
length limits its capability to resolve complex regions with repetitive or
heterozygous sequences, for which a long-read technique is more sui-
table.

Illumina, Ion Torrent, 454 Life Science and SOLiD are the major

platforms created using a short-read technology. The firsts use a tech-
nique called sequencing “by synthesis”, whereas the SOLiD system is
based on sequencing “by ligation”.

The MinION system, based on nanopore sequencing, and the PacBio
sequencer, which uses a “Single Molecule, Real-Time (SMRT)” se-
quencing approach, represent instead the main long-read technologies
available on market.

A technical comparison of all these NGS platforms is reported in
Table 2.

2.3. Data analysis

The large amount of raw data generated is then inserted into
bioinformatics workflows in order to convert these nucleotide se-
quences into meaningful biological results.

A typical NGS data analysis pipeline can be divided into four main
operations: base calling, read alignment, variant identification (SNVs,
indels, CNAs, SVs), and variant annotation. Table 3 briefly describes
these steps.

Fig. 2. Comprehensive approach in cancer care.

Table 1
Basic elements of a Sanger sequencing reaction.

DNA template A single-strand DNA sample that is previously amplified by PCR to generate many identical copies of a DNA sequence of interest.
DNA polymerase The enzyme that sequentially adds nucleotides into the elongating chain. It catalyses the reaction: dNTP (or ddNTP) + DNAn ⇌

diphosphate+DNAn+1
Primers Short sequences of nucleotides (almost 20) that bind to the DNA template and act as a starter for the DNA polymerase
Deoxynucleotides

(dATP, dCTP, dGTP, dTTP)
Monomers that compose a DNA sequence. Each of them consists of a nitrogenous base, a deoxyribose sugar, and a phosphate group.

Dideoxynucleotides
(ddATP, ddCTP, ddGTP, ddTTP)

ddNTP are special, artificial nucleotides analogous to dNTP, but lacking the –OH group at 3’ carbon position. They act as chain-elongating
inhibitors of DNA polymerase.
To permit automate reading, ddNTP are usually labelled.

dNTP – deoxynucleotides; ddNTP – dideoxynucelotides; PCR – polymerase chain reaction.

S. Morganti et al. Critical Reviews in Oncology / Hematology 133 (2019) 171–182

173



3. NGS methods: genomics, transcriptomics and epigenomics

3.1. Genomics

Next generation sequencing was firstly applied to genomics re-
search, mainly to detect variants in DNA sequence in terms of single
nucleotide variations (SNVs), insertion-deletions (indels), structural
variations (SVs), and copy number alterations (CNAs).

NGS methodology applied to an entire genome is called “whole
genome sequencing”, in which both coding and non-coding regions are
sequenced. WGS generates huge amounts of data per sample, but
usually low depth of coverage. A typical WGS experiment assures a 30X
coverage, enough to detect most germline variants in human genome,
but inadequate to identify all rare somatic mutations present in cancer
genomes.

“Whole exome sequencing” is instead specifically designed to se-
quence only coding DNA. These regions are isolated before sequencing
by an enrichment step which targets only the exons inside the library of
interest. By sequencing only 2% of a genome, a single region can be

read much more time, ensuring a coverage of 100X with a cheaper and
faster process. WES is therefore more suitable to analyse cancer
genome; however, the capability to detect SVs and CNVs is much lower
excluding non-coding regions.

An even more selective genome analysis is given by “targeted se-
quencing”, in which specific regions of interest are isolated and se-
quenced. Many gene panels have been designed specifically for this
purpose, allowing to focus time and resources on selected genes usually
sequenced with a 500-1000X coverage.

3.2. Transcriptomics

The transcriptome can be defined as “the complete set of transcripts
in a cell or a population of cells for a specific developmental stage or
physiological condition” (Wang et al., 2009). Transcriptomics studies
have a pivotal role in cancer research, providing a unique focus of what
happens in neoplastic cells after DNA transcription.

RNA-sequencing (RNA-seq) is a relatively new application of NGS,
which is gradually replacing microarrays as favourite technology to

Table 2
Comparison between commercially available NGS platforms.

PLATFORM SEQUENCING MAXIMUM READ LENGHT (bp) READS PER
RUN

RUN TIME MAXIMUM OUTPUT ERROR RATE

FIRST GENERATION
Sanger NA 900 96 20min – 3h 2.1 Mb 0.3%
SECOND GENERATION
454
GS Junior+ Pyro 700 0.1M 18 h 70 Mb 1% indels
GS FLX Titanium XL+ Pyro 700 1M 23 h 700 Mb 1% indels
Illumina
Hi Seq* SBS 36 (SE)

125 (PE)
Up to 4 B (SE)
Up to 8 B (PE)

< 1– 3.5 h
(Hi Seq 3000/4000)
7 h – 6 d
(Hi Seq 2500)

1500 Gb 0.1%
substitution

MiniSeq** SBS 150 (PE) 25M 4 – 24 h 7.5 Gb <1%
substitution

NextSeq 550** SBS 75 (SE)
150 (PE)

Up to 400M (SE)
Up to 800M (PE)

12–30 h 120 Gb <1%
substitution

MiSeq (v3) SBS 75 (PE)
300 (PE)

25M (PE) 4 – 55 h 15 Gb 0.1%
substitution

Hi SeqX* SBS 150 (PE) 5.3-6 B < 3 d 1800 Gb 0.1%
substitution

NovaSeq6000*** SBS 150 (PE) 20 B 36-44 h 6000 Gb NA
Ion Torrent
PGM SBS 400 (SE) 400,000 – 5.5 M 2.3 – 7.3 h 2 Gb 1% indels
Proton SBS Up to 200 (SE) 60 – 80M 2 – 4 h Up to 10 Gb 1% indels
S5 SBS 600 (SE) 2– 130 M 2.5 – 4 h 25 Gb 1% indels
SOLiD (Sequencing by Oligonucleotide Ligation and Detection)
5500xl SBL 75 (SE)

50 (PE)
∼1.4 B 10 d 240 Gb 0.01%

A-T bias
THIRD GENERATION
PacBio (Pacific Bioscience)
RS II SMRT >15,000 (average) Up to 55000 30min – 4 h 1 Gb 15% indels
Sequel SMRT 30000 (average) ∼ 400,000 30min – 20 h 10 Gb 15%
Oxford Nanopore
MinION SMRT Up to 900 kb Up to 1M Up to 48 h 20 Gb 5-10%

A-T: adenine-thymine; B: billion; bp: base pairs; d: days; Gb: gigabase pairs; h: hours; indels: insertions-deletions; Kb: kilobase pairs; M: million; Mb: megabase pairs;
min: minutes; NA: not applicable; PE: pair-end; Pyro: pyrosequencing; SBL: sequencing by ligation; SBS: sequencing by synthesis; SE: single-end; SMRT: single-
molecule-real-time. * Dual flow cells; ** high output; *** dual S2 flow cells.

Table 3
Basic steps of NGS data processing.

Base calling Signals provided during sequencing are translated into a sequence of bases, removing the noisy signals.
Read alignment DNA of the sequenced sample is compared/aligned to a reference genome. Given that NGS generally produces millions of short reads, each read

needs to find the corresponding part on reference genome.
Variant identification/calling Variants from sequence data are identified in this step. Four main classes of sequence variants exist (SNVs, indels, CNAs, and SVs), each requiring

a different computational approach for sensitive and specific identification.
Variant annotation Real variants are distinguished from sequencing artefacts, trying to identify which ones are potentially pathogenic and have a real clinical value.

SNVs – single nucleotide variations; indels – insertion/deletion; CNAs – copy number alterations; SVs – structure variants.

S. Morganti et al. Critical Reviews in Oncology / Hematology 133 (2019) 171–182

174



transcripts analysis. Differently from arrays, RNA-seq is not designed as
a targeted test and does not require species- or transcript- specific
probes. It can be used both to quantify gene expression and to detect
novel transcripts, gene fusions, SNV and indels at the same time.

Besides gene expression analysis, NGS has also been applied to small
non-coding RNA (ncRNA) discovery and profiling through dedicated
small RNA-seq platforms. Small non-coding RNAs are short sequences
of nucleotides (≈20 bp) not translated into proteins. Several classes of
small ncRNA exist, like transfer RNA (tRNA), ribosomal RNA (rRNA),
microRNA (miRNA), small interfering RNA (siRNA) and Piwi-inter-
acting RNA (piRNA). Between them, miRNA and siRNA are of major
interest to transcriptomic research in oncology because of their role in
gene expression regulation of cancer cells (Gomes et al., 2013).
Through a cellular process called RNA interference (RNAi), both
miRNA and siRNA interact with the so-called “RNA-induced silencing
complex” (RISC) to block and silence target mRNAs.

This powerful gene-silencing process is object of study also from a
therapeutic point of view. RNA-based therapeutics represent a new
class of anti-cancer drugs, inhibiting molecules targets that were in-
accessible until now. None of these drugs is approved by FDA to date,
but many are currently under investigation in clinical trials (Barata
et al., 2016).

3.3. Epigenomics

The term epigenetics refers to “the study of changes in gene function
that are mitotically and/or meiotically heritable and that do not entail a
change in DNA sequence” (Wu and Morris, 2001). DNA methylation,
histone-modification and altered DNA-protein interactions are three
major epigenetic alterations involved in cancer development and pro-
gression.

In past years epigenomics studies were essentially conducted
through microarrays technologies. The arrival of NGS signed a para-
digm shift in this field, dramatically increasing the chance to survey
epigenetic markers genomewide with high-throughput data output at
single nucleotide-resolution. Methylation sequencing (or bisulfite se-
quencing) (Lister et al., 2008) and ChIP-seq (Chromatin Im-
munoprecipitation Sequencing) (Barski et al., 2007) are the NGS-based
assays commonly employed for epigenetics studies.

4. NGS applications for a personalised oncology

4.1. Detection of driver alterations and resistance

The availability of next generation sequencing technologies had
literally revolutionized the comprehension of cancer biology during the
last decades. Massive genome sequencing of thousands of tumors from
all major cancer types has become feasible, leading to identification and
classification of many genetic and epigenetic alterations potentially
involved in tumorigenesis.

By the time a cancer is diagnosed, it comprises billions of these
genomic alterations. Some are responsible for malignant transforma-
tion, others are acquired along the way. The pivotal work of Greenman
and co-workers defined these two categories of mutations as “driver”
and “passenger” (Greenman et al., 2007). The term “driver” is reserved
for somatic mutations that, directly or indirectly, confer a selective
growth advantage to malignancies bearing them. The term “passenger”
is instead referred to alterations that arise in somatic cancer genome
during the progression of a tumor, but do not contribute to its growth.

Detection of driver alterations that results in oncogene addiction is
currently the primary application of NGS in oncology research and
discriminating between driver and passenger alterations is a challenge
point of translational research. Several statistical and computational
techniques to characterize these mutations have been described, in-
cluding variant effect prediction, recurrence/frequency assessment and
pathway/network analysis. These techniques provide alternative

strategies to filter the long list of somatic mutations, thus identifying an
enriched subset of sub-clonal carriers who may undergo further func-
tional validation (Gonzalez-Perez et al., 2013; Raphael et al., 2014;
Ding et al., 2014)

Given that driver mutations are responsible for oncogenic addiction,
any targeted therapy must be based on their identification. The im-
plementation of this “lock-and-key” model lead to the approval of
several specific biologic agents, targeting specific driver alterations in
different cancer types.

Here we present the example of NGS application in clinical practice
for identification of driver and resistance mutations in lung cancer,
breast cancer and cancer of unknown primary origin.

4.1.1. Lung cancer
Lung cancer represents, by far, the disease in which pathways of

oncogenic addiction have been characterized the most.
There are, on average, more than 300 non-synonymous mutations

per lung cancer, but only a minority of these genes can promote tu-
morigenesis, resulting in driver mutations. Large scale genomic studies
have recognized a variety of potential therapeutic targeting, including:

- establish targets: EGFR, ALK, ROS-1, BRAF;
- emergent target: MET, RET, NTRK, HER2, PI3KCA, AKT1, MAP3K1,
FGFR, DDR2;

- elusive targets: KRAS, TP53.

International guidelines recommend molecular testing for these
establish targets in everyday clinical practice.

Detection of EGFR and BRAF mutations are classically carried out
using RT-PCR (Real Time-PCR) or Sanger sequencing, whereas ALK and
ROS1 rearrangements are identified through FISH (fluorescence in situ
hybridization) or IHC (immunohistochemistry) methods. In recent
years, NGS panels implementation is gradually replacing these techni-
ques in clinical laboratories, allowing the analysis of several genes at
the same time. The last MAP (Molecular Analysis for Personalised
Therapy) consensus (Swanton et al., 2016) recommends the use of NGS
panels in the context of clinical trials. For non-small cell lung cancer
(NSCLC) at least 20 genes should be tested in molecular screening
programs to drive patients onto therapeutic trials (EGFR, BRAF, HER2,
KRAS, PI3KCA, NTKR, ALK, MET, AKT1, BRCA1/BRCA2, HRAS, NRAS;
rearrangement status of ALK, ROS1, NTRK; amplification of RET, MET
and EGFR; aberrations (mutations or amplifications) in FGFR1/2/3,
NOTCH1/NOTCH2).

Profiling of EGFR, ALK, ROS1 and BRAF defines as many “subtypes”
of NSCLC, for which specific algorithm of treatment exists. Activating
EGFR mutations in the tyrosine kinase (TK) domain of the EGFR gene,
most frequently exon 19 deletion mutations and the single-point sub-
stitution mutation L858R in exon 21, are predictive for response to the
EGFR TK Inhibitors (EGFR-TKIs) gefitinib, erlotinib, afatinib, osi-
mertinib and dacomitinib. ALK rearrangement-positive NSCLC are in-
stead candidate to frontline therapy with ALK-inhibitors alectinib, cri-
zotinib or ceritinib. The last two of them are also the referred targeted
drugs for ROS1-rearranged NSCLC, whereas cancers positive for BRAF
V600E can receive the combination dabrafenib-trametinib (National
Comprehensive Cancer Network, 2018).

Unfortunately, almost all patients treated with targeted therapies
develop secondary resistance. NGS can be useful to identify the im-
plicated mechanisms of resistance and to aid on following treatment
choices. For instance, T790M mutation has been found in almost 50%
of patients that progress during treatment with first- and second-gen-
eration EGFR-TKIs. This finding led to the development of osimertinib,
a third-generation EGFR TKI that inhibits T790M as well as the
common activating mutations. The AURA 3 trial (Mok et al., 2017)
demonstrated the great superiority of osimertinib to platinum-based
chemotherapy in EGFR-TKIs pretreated patients with T790M mutation,
reporting a PFS of 10.1 months in osimetinib group vs. 4.4 months in
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the control group. The introduction of osimertinib has allowed to pro-
long as possible the chemo-free interval in EGFR-positive population.

Interestingly, the T790M mutation was documented using the
Cobas EGFR Mutation Test v2 on ctDNA on blood and urine samples.
Osimertinib is currently approved only for T790M-positive NSCLC, and
this mutation can be indifferently assessed on tissue sample or liquid
biopsy. In this common clinical scenario, preferring blood- over tissue-
sampling is clinical practice.

4.1.2. Breast cancer
The estrogen receptor (ER) and the HER2 signalling pathways are

the dominant drivers of oncogenesis in breast cancer. The available
arsenal of hormonal agents and anti-HER2 drugs has dramatically
changed the natural history of metastatic breast cancer (MBC) during
last decades, achieving a two-fold increase in 5-year relative survival
rate (Mariotto et al., 2017).

Unfortunately, ER-expression and/or HER2-amplification can well
predict but are not secure guarantee of response to targeted therapy
with endocrine therapy and HER2-signaling blocking agents. Many
patients are resistant ab initio (de novo resistance), whereas others be-
come resistant after an initial phase of therapeutic efficacy (acquired/
secondary resistance).

ESR1 mutations in ER-positive breast cancer is a recognized cause of
resistance to endocrine therapy, more commonly as acquired resistance.
First described in cell models in 1996 (Weis et al., 1996), ESR1 muta-
tions were found to confer ER constitutive activation and resistance to
endocrine agents. Nevertheless, these alterations where rarely found in
subsequent studies (0,5% of cases), and their potential role remained
underappreciated for several years (Koboldt et al., 2012).

With NGS technology applications, several studies renewed interest
in ESR1 mutations by demonstrating high prevalence in ER-positive
MBC after aromatase inhibitor (AIs) therapy, suggesting a role in the
endocrine resistance, both as predictive and prognostic biomarker
(Schiavon et al., 2015; Jeselsohn et al., 2014; Merenbakh-Lamin et al.,
2013; Robinson et al., 2013).

The SOFEA trial compared exemestane alone with fulvestrant-con-
taining regimens (fulvestrant+ anastrozole or fulvestrant+ placebo)
in patients with MBC pretreated with AIs (Johnston et al., 2013). In a
retrospective analysis of this trial, detection of ESR1 mutations (39% of
patients) correlated with an improved PFS after taking fulvestrant
compared with exemestane, whereas wild-type patients had similar
outcomes with both treatments (Fribbens et al., 2016).

Additionally, a retrospective analysis of the BOLERO-2 trial, eval-
uating the benefit of incorporating everolimus to AI therapy, showed
longer PFS with everolimus only in the subgroup of patients harbouring
D538 G ESR1 mutations (21.1%), with similar outcomes when com-
pared to wild-type patients. This benefit was not observed for patients
with Y537S mutation (alone or with D538 G mutation). Despite the
treatment arm, all patients ESR1-mutated had a worse overall survival.
The authors concluded that ESR1 mutations are not predictive of ben-
efit with everolimus, but ESR1 keeps a negative prognostic value
(Chandarlapaty et al., 2016).

In the PALOMA3 trial, pre- and post- menopausal patients failing a
prior ET within 12 months in the adjuvant and 1 month in the meta-
static setting, were randomized to fulvestrant plus palbociclib or ful-
vestrant and placebo (Cristofanilli et al., 2016). ESR1 mutations were
detected in 25% of patients, at baseline, as a finding related to the
endocrine resistance mechanism. A significant PFS benefit was reported
for patients treated with fulvestrant/palbociclib vs. patients receiving
fulvestrant alone, and this benefit was maintained in patients har-
bouring an ESR1 mutation (Fribbens et al., 2016). This evidence con-
firms a conserved selective sensitivity to fulvestrant for ESR1-mutant
cancers, even if these mutations are commonly associated with a worse
prognosis (Turner et al., 2016). In conclusion, the suggestion is to select
the combination fulvestrant +/- palbociclib over AIs when ESR1 mu-
tations are detected.

Prospective trials are needed to understand if ESR1 mutations
analysis could impact on treatment choice and final outcome of ER-
positive MBC. Specific inhibitors are under investigation like AZD9496,
in a refined targeted approach to endocrine therapy (Hamilton et al.,
2018).

4.1.3. Carcinoma of unknown primary site
Management of carcinoma of unknown primary (CUP) site is an-

other field that made considerable steps forward since NGS availability.
CUP account for 3%–5% of all malignancies, the seventh for in-

cidence and the fourth cause of cancer death (Massard et al., 2011).
ESMO guidelines recommend a platinum-based regimen for the ma-
jority of CUP patients (85–90% of cases), defined as “poor-risk” subset
because of lacking any clinico-pathological features that provide a fa-
vourable outcome. Their prognosis is dismal despite chemotherapy
(median OS of 9 months) (Fizazi et al., 2015).

Thanks to NGS profiling, CUP management has radically changed.
First of all, it has been shown that gene expression profiling can predict
the tissue of origin and consequently allow treatment optimization, in a
histology- oriented approach. A prospective trial conducted by
Hainsworth and colleagues at the Sarah Cannon Research Institute
found that the primary tissue can be predicted in 98% of cases. Patients
in this trial were subsequently treated with a site-specific regimen,
reaching a median survival of 12.5 months (Hainsworth et al., 2013).
Considering the modest benefit achieved with a platinum-based empiric
regimen, the identification of the putative primary may substantially
change the management and outcome of patients with CUP, particu-
larly if a tumor more responsive to the best site-specific therapy is re-
cognized.

Detection of actionable mutation is another promising application
of the genome sequencing for a molecular- oriented approach to CUP
management. Performing a sequencing panel encompassing 410
cancer-associated genes (the MSK-IMPACT panel), Varghese et al.
analysed 150 tissue samples of CUP. A targetable genomic alteration
was found in 30% of cases (45 patients), and 10% of them (13 patients)
received a targeted drug. The most common putative driver alterations
detected were: ERBB2 amplification, BRAF V600E mutation and
PIK3CA mutations (Varghese et al., 2017).

“CUPISCO” is a randomized, phase II study designed to compare
efficacy and safety of targeted therapy or immunotherapy vs. platinum-
based chemotherapy in CUP (NCT03498521). After 3 cycles of pla-
tinum-based induction CT, patients are randomized 3:1 to targeted
therapy/immunotherapy or chemotherapy. A comprehensive genomic
profiling is performed on all patient enrolled before receiving the in-
duction CT, allowing a subsequent choice of the best targeted therapy in
the experimental arm. This trial is actually recruiting and the first re-
sults are expected in 2022. If positive, their results could dramatically
change the management of CUP in everyday clinical practice.

4.2. Biomarkers

In 1998, the National Institutes of Health Biomarkers Definitions
Working Group defined a biomarker as “a characteristic that is objec-
tively measured and evaluated as an indicator of normal biological
processes, pathogenic processes, or pharmacologic responses to a
therapeutic intervention” (Atkinson et al., 2001). A biomarker has a
“prognostic” value when it gives information about disease outcome
irrespective of treatment, whereas a “predictive” biomarker indicates
the likely benefit from a specific treatment.

In the era of targeted therapy, predictive biomarkers and related
targeted drugs are commonly validated and approved in parallel. HER2
amplification/trastuzumab in breast cancer, BCR-ABL translocation/
imatinib in chronic myeloid leukemia, EGFR mutation/EGFR TKI in
NSCLC and BRAF mutation/melanoma are only few examples of “pre-
dictive biomarker/targeted drug” pairs that commonly guide the ther-
apeutic choice.
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Beside the well-known biomarkers for cancer treatment response
prediction, relatively new and more complex models are emerging.
Microsatellite instability (MSI), homologous recombination deficiency
(HRD) and tumor mutation burden (TMB) have the most robust data so
far and will probably soon impact on clinical practice as predictive of
response to DNA- disrupting agents, DNA repair targeting compounds
and immunotherapy.

4.2.1. Homologous recombination deficiency
Homologous recombination (HR) is a genetic recombination me-

chanism essential for repair of DNA double-strand breaks (DSBs) (Jasin
and Rothstein, 2013; Szostak et al., 1983). BRCA1 and BRCA2 genes are
essential components of HR-mediated DNA repair, and mutations of
these genes causes HR pathway failure (Moynahan et al., 1999, 2001).
In HR-deficient cells other mechanism of DNA repair must take over,
such as non-homologous end joining (NHEJ) or base-excision repair
(BER) (Hustedt and Durocher, 2017). Specific agents, like poly-(ADP
ribose) polymerase (PARP) inhibitors, have been designed to target
these alternative pathways (Fong et al., 2009; Robson et al., 2017;
Swisher et al., 2017). This therapeutic strategy, called “synthetic leth-
ality”, sentence HR-deficient cells to die by apoptosis.

The singularity of HRD as predictive biomarker lies on its com-
plexity. BRCA1/2 are only two of many proteins involved in this
pathway, and all of these need to be analysed in parallel to make HRD a
reliable biomarker. Many panels based on NGS sequencing are currently
available to test HRD in different cancers, providing a quantitative
score that reveals if the HR pattern is impaired or not (O’Kane et al.,
2017).

4.2.2. Microsatellite instability
Microsatellite instability refers to hypermutability of short nucleo-

tide sequences tandemly repeated (microsatellites) (Thibodeau et al.,
1993). This condition is essentially due to impairment of DNA mis-
match repair (MMR) pathway, because of mutation of MMR genes (for
example, MLH1, MSH2, MSH3, MSH6 and PMS2).

MSI is observed in 15% of sporadic colorectal tumours (Vilar and
Gruber, 2010), and has been reported in tumors of endometrium,
ovaries, urothelium, stomach, small intestine, hepatobiliary tract,
brain, and skin. If instead a germline mutation is found, the MSI phe-
notype identifies a genetic disease called “hereditary non-polyposis
colorectal cancer” (HNPCC), or Lynch syndrome (Lynch et al., 1993).

A potential role of MSI as predictive biomarker has recently been
investigated, following the evidences that high levels of MSI seems to
predict a good response to immune-checkpoint inhibitors (ICPI),
whereas MSI stable tend not to (Le DT and Smith, 2017). This result led
to the FDA approval of pembrolizumab for MSI-H cancers in May 2017,
the first tumor‐agnostic drug approval in history.

MS instability is usually analysed through PCR and IHC assays.
Nevertheless, dedicated NGS panels have been recently implemented,
showing feasibility and reliability if compared to “old” techniques
(Vanderwalde et al., 2018). The main advantages of NGS methodology
over IHC and PCR are the unnecessity of normal tissue (unlike PCR), a
quantitative result (instead of IHC, that is a qualitative test) and ob-
viously the availability of many additional information for a therapy
personalization at its best.

4.2.3. Tumor mutational burden
Tumor mutational burden is defined as the number of somatic

mutations within the coding region of a tumor genome. An high mu-
tational load is typically found in tumor associated to environmental
DNA damage, like lung cancer (i.e. tobacco smoking, environmental
pollution) or melanoma (i.e. sun exposure) (Chalmers et al., 2017).

TMB has recently been identified as predictive biomarker of im-
munotherapy efficacy. The rationale lies in the principle of im-
munotherapy itself: an TMB correlates with expression of multiple
neoantigens by cancer cells, and consequently to potential efficacy of

ICPI in reactivating immunity against cancer cells.
Major evidences about a role of TMB as predictive biomarker of

response to ICPI come from retrospective analysis of different studies,
including melanoma, NSCLC and urothelial cancer (Rosenberg et al.,
2016; Rizvi et al., 2016; Snyder et al., 2014). A prospective validation
in phase 3 trials is awaited; however, early phase trials suggest a pre-
dictive role for TMB. Both in NSCLC and SCLC, the first-line combina-
tion therapy nivolumab+ ipilimimab has shown to be more effective in
patients with high TMB, as respectively outlined in Checkmate 227
(Hellmann et al., 2018a) and 032 (Hellmann et al., 2018b) trials. Si-
milar evidences come from trials with atezolizumab in first- (B-F1RST
study, (Velcheti et al., 2018)) and second-line (POPLAR and OAK trials,
(Gandara et al., 2018)) treatment for NSCLC.

Quantification of TMB was classically carried out through whole
exome sequencing. This approach is accurate, but expensive and not
suitable for routine use in clinical practice. For this reason, major
biotechnology companies have designed specific targeted panels to
quantify TMB in a simple and cost-effective way. Many independent
trials have already proved their reliability if compared to WES(Johnson
et al., 2016). Prospective trials are now necessary to validate their
implementation in clinical practice to identify which patients are more
likely to respond to immunotherapy.

4.3. Liquid biopsy

Liquid biopsies are non-invasive blood tests that detect circulating
tumour cells (CTCs) and fragments of tumour DNA (cell-free tumor
DNA – ctDNA) released into the bloodstream from the primary tumour
and from metastatic sites.

Collection of fluid instead of classic tissue sample is gradually
spreading from research laboratories to clinical practice. A liquid
biopsy consists on a simple blood sampling, overcoming the issues re-
lated to the feasibility of invasive biopsy procedures. For the same
reason it can be repeated many times without risks or side effects,
providing a picture of tumor evolution over time. Finally, analysis of
ctDNA may allow a better representation of tumor heterogeneity, pos-
sibly detecting different clones at once.

Many potential applications of liquid biopsy are object of ongoing
clinical trials. The most promising are briefly presented below.

4.3.1. Early diagnosis of primary disease
Early detection of cancer through a validated screening assay is

probably the most ambitious purpose of liquid biopsy. Like every
screening test, high sensitivity, specificity and cost-effectiveness are
essential requirements. Despite recent development of very sensitive
technologies, a reliable test for early cancer detection remains a chal-
lenge.

Cohen et al. launched very recently the CancerSEEK panel, devel-
oped for detection of the eight most common cancers (ovary, liver,
stomach, pancreas, esophagus, colorectum, lung and breast) (Cohen
et al., 2018). This method combines the evaluation of eight blood
biomarkers with sequencing of 16 cancer-related genes from ctDNA. On
a sample of 1005 individuals with clinically detected non-metastatic
cancers, the authors reported a median sensitivity of 70% (ranging from
98% in ovarian cancers to 33% in breast cancers), with a specificity
≥99%. Despite these encouraging results, some limitations to this study
must be noted. Firstly, the experimental cohort was composed by pa-
tients with clinically detected cancers. In a real-world screening po-
pulation most individuals would have less advanced disease, probably
determining a minor test sensitivity. Secondly, the control cohort in-
cluded only health individuals, without all the comorbidities that could
augment the number of false positive results.

4.3.2. Early detection of relapse
Several studies have demonstrated that CTCs detection is associated

with unfavourable prognosis in various types of solid tumors, in
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particular for early-stage diseases.
Early breast cancer (EBC) is the setting for which more evidences

exist. The largest trial realized so far has been published by Rack and
collegues in 2014 (Rack et al., 2014). The authors used the CellSearch
System to analyse CTCs in patients with EBC: 2026 women were tested
before adjuvant CT and 1492 after the treatment. CTCs detection before
CT was associated with poor outcome both in term of disease-free
survival and overall survival. The persistence of CTCs after receiving
adjuvant CT was analogously linked to a negative prognosis.

Beside breast cancer, CTCs count has been evaluated as prognostic
marker for metastatic relapse in many others tumor types, like color-
ectal (Yokobori et al., 2013), bladder (Rink et al., 2012), liver (Schulze
et al., 2013), head and neck (Gröbe et al., 2014) and testicular germ cell
tumors (Nastaly et al., 2014).

Cell-free tumor DNA profiling has been similarly performed to as-
sess its value in predicting metastatic relapse. In two different studies
published in 2015, ctDNA was serially assessed for earlier detection of
metastasis in patients with EBC. In both cases mutation tracking in
serial samples has been shown to accurately predict metastatic relapse,
in several instances months before clinical relapse (8–11 months on
average) (Olsson et al., 2015; Garcia-Murillas et al., 2015). Reinert
et al. conducted a similar trial on patients with early colorectal cancer,
with analogous final evidences: using a NGS approach on ctDNA it was
possible to detect metastatic recurrence with a 10 months' lead time
compared to conventional follow-up (Reinert et al., 2016).

Taken together, these evidences suggest that implementation of li-
quid biopsy for screening of patients with high risk, early-stage cancer
may create a therapeutic window for interventions before the devel-
opment of clinical metastasis.

4.3.3. Detection of driver/resistance mutations and real-time monitoring of
therapies

As previously exposed, detection of driver- and resistance mutations
is a key application of NGS. DNA profiling is performed on a tissue
sample from a biopsy or a surgical specimen, usually from the primary
tumor and sometimes from a metastatic site. These sample are then
archived in pathological labs, always available for additional analysis.
Nevertheless, they may represent a “static” picture, unable to reflect the
temporal evolution under drug pressure. Moreover, metastatic relapse
frequently happens several years after primary tumor resection, and the
information obtained from that specimen might be outdated. Serial
tissue biopsies of both primary tumors and metastatic sites are un-
feasible in clinical practice. On the contrary, liquid biopsy allows re-
peated analyses over the course of treatment, providing a dynamic and
reliable picture of tumor genome that can be used for monitoring
therapies in real-time.

Treatment choice in metastatic breast cancer is determined by ER-
expression and HER2-amplification. ER-positive MBCs are eligible for
hormonal treatment, that is commonly continued until development of
resistance and disease progression. A common cause of acquired re-
sistance to endocrine therapy is tumor heterogeneity: patients with ER-
positive BC can harbour ER-negative CTCs, as demonstrated by Paoletti
et al (Paoletti et al., 2015).

Mutation of ER itself is a common cause of resistance. Chu et co-
workers proved that somatic mutations in the ER gene (ESR1) can be
readily identified in ctDNA, and they correlate with failure of endocrine
therapy (Chu et al., 2016). Liquid biopsy has been also successfully
applied for analysis of ESR1 methylation, known to be responsible for
epigenetic silencing of ESR1 (ER downregulation) and development of
secondary endocrine resistance (Mastoraki et al., 2018).

The HER2 oncogene is another key target in MBC treatment. Also,
for HER2 status a discrepancy between CTCs and primary tumors has
been found in up to 30% of cases (Fehm et al., 2010). This evidence
inspired the development of dedicated interventional trials, where pa-
tients HER2-negative at primary assessment can receive anti-HER2
agents on the basis of HER2-status on CTCs (DETECT III study -

NCT01619111, Treat CTC trial - NCT01548677).
In colorectal cancer, NRAS, KRAS and BRAF status are essential

requirements for therapy optimization. Many studies have reported a
high level of concordance between mutational analysis on tissue sam-
ples and ctDNA (Mouliere et al., 2013; Siravegna et al., 2015). More-
over, liquid biopsy has shown to provide a better picture of tumor
heterogeneity, detecting RAS mutation not found on tissue sample
(Siravegna et al., 2015).

Mutational analysis of KRAS status during treatment with anti-EGFR
can also predict disease progression several month before radiologic
assessment (Misale et al., 2012). Longitudinal ctDNA profiling has even
demonstrated that these mutant KRAS clones decline following anti-
EGFR withdrawal, indicating that clonal evolution is a continuous
process (Siravegna et al., 2015).

Lung cancer is the prototype of therapy personalization based on
mutational status. Once again, liquid sequencing has proved to be a
reliable surrogate of tissue biopsy (Kuang et al., 2009; Taniguchi et al.,
2011; Nakamura et al., 2012; Douillard et al., 2014; Reck et al., 2016).
On June 1, 2016, FDA approved “Cobas EGFR Mutation Test v2” as first
liquid biopsy test available in clinical practice. It is licensed for the
detection of exon 19 deletions or exon 21 substitutions in EGFR gene. If
negative, guidelines recommend a routine test using tissue sample to be
performed (National Comprehensive Cancer Network, 2018).

EGFR profiling through liquid biopsy is a useful tool also during
treatment with TKIs, allowing for detection of EGFR mutations re-
sponsible for therapy resistance. Oxnard et al. analysed plasma ctDNA
in 9 patients with EGFR-mutated NSCLC treated with erlotinib. All
patients were negative for mutation T790M before starting treatment,
but in 2/3 of them serial ctDNA profiling showed an increasing in
T790M EGFR mutant levels up to 16 weeks before radiologic pro-
gression, anticipating the clinical - radiological progression (Oxnard
et al., 2014).

Androgen blockade represents the cornerstone for treatment of
prostate cancer. Unfortunately, progression to castration resistant
prostate cancer (CRPC) occurs virtually in all patients. Genomic and
transcriptomic alterations of androgen receptor, essentially in terms of
AR amplification and AR splice variants, are primarily responsible for
progression to castration resistance.

AR-v7 is a splicing variant of AR, a truncated form of the receptor
that is constitutively active because of lacking the ligand-binding do-
main. When detected, it’s responsible not only for resistance to classical
first-line androgen-deprivation therapy, but also to second-generation
anti-androgen agents commonly applied in CRPC (i.e., enzalutamide
and abiraterone). AR-v7 is commonly tested analysing mRNA from
CTCs (Antonarakis et al., 2014).

A recent clinical audit published by John Hopkins University has
confirmed the potentiality of AR-v7 as predictive biomarker, revealing
that its knowledge can influence the clinical decision making in 53% of
patients (Markowski et al., 2017). Nevertheless, (it must be pointed out
that) the last St. Gallen prostate cancer conference has discouraged a
routine use of AR-v7 testing in clinical practice, mainly because only
single-center experiences are available, and a prospective, external
validation is still lacking (Gillessen et al., 2018). Moreover, AR-V7
positivity is 3% (Scher et al., 2016) in patients naive to abiraterone,
enzalutamide or taxane exposure, increasing only after progression on
second-generation anti-androgen agents (19–39%) (Antonarakis et al.,
2014). For this reason, the panel concluded for its limited value both in
first-line setting, for it’s low-rate detection, and in second-line, where
chemotherapy is already the treatment of choice.

4.3.4. Characterization of tumor heterogeneity
Genetic diversity exists between individuals with the same tumor

type (intertumor heterogeneity), but also within a single tumor (in-
tratumor heterogeneity). Intratumor heterogeneity (ITH) is both spa-
tial, comprising different subclones inside a unique lesion and in dis-
tinct sites, and temporal, emerging during the evolution of a
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malignancy.
The “trunk and branch” model is commonly used to represent ITH.

Into the trunk are found driver somatic alterations that arises very early
during the natural history of a tumor. Since indispensable for neoplastic
growth, they are detectable in every subclone and tumor region.
Conversely, subclonal mutations that occur later during cancer evolu-
tion are not homogeneously localized, but present in only a subset of
cancer cells. They make up the branches of the tree (Yap et al., 2012).

In a pivotal paper published on Science almost 40 years ago, Peter
Nowell firstly postulated this theory of cancer as a process of clonal
evolution, in which successive rounds of clonal selection give rise to
tumor heterogeneity (Nowell, 1976). However, this theory could find a
clinical application outside the preclinical experiments only years later,
with the emergence of NGS techniques.. Serial extensive tissue sam-
pling of both primary and metastatic lesions is unfeasible in clinical
practice, and sampling bias may occur because only limited geo-
graphical regions are analysed.

The advent of next-generation sequencing has dramatically im-
proved our understanding over tumor evolution, starting to resolve the
complexity of ITH at single-nucleotide level. Given that ctDNA is a
reliable non-invasive surrogate for tissue biopsies, massive parallel se-
quencing of ctDNA is likely to be the most powerful tool available to
investigate ITH.

In a proof-of-concept study, De Mattos-Arruda et al. sequenced the
genome of a primary cancer, a liver metastasis and plasma ctDNA from
a single patient with synchronous ER+/HER2- metastatic breast
cancer. Using a targeted panel of 300 cancer genes, they found in
ctDNA all the mutations present in the primary tumor and/or the liver
metastasis. Conversely, not all mutated genes detected in the metastasis
were reliably identified in the primary. The authors successfully proved
that ctDNA sequencing is clearly a powerful tool for heterogeneity in-
vestigation, providing an accurate representation of the complete re-
pertoire of mutations detected in all tumor sites (De Mattos-Arruda
et al., 2014).

Many other studies conducted on different cancer types outlined
analogous results (Siravegna et al., 2015; Landau et al., 2013; Lebofsky
et al., 2015). Based on this assumption, ongoing trials have been con-
ceived to monitor disease evolution prospectively, from early-stage
diagnosis through the different stages of tumor progression and meta-
static spreading.

The TRACERx is a pioneering project in this research field.
Consisting on 4 parallel observational studies (lung, renal, melanoma,
prostate), it is built on the ambitious aim of understanding the re-
lationships between cancer genomic evolution in metastases, immune
evasion, adaptation and clinical outcome (TracerX, 2018).

4.3.5. CTCs and ctDNA analysis
CTCs and ctDNA are cancer biomarkers with complementary roles.

Outlining different information, they can be more or less useful with
regard to specific research needs and clinical contexts.

CTCs can be isolated by several methods, using physical, im-
munologic, molecular, or functional assays (Ferreira et al., 2016).
Several platforms for CTCs detection are commercially available, but
CellSearch® system is the only FDA-approved for clinical use. It’s an
antibody-based assay, by which CTCs are isolated through a double
check of positive and negative selection. A cell is identified as CTC by
CellSearch if EpCAM (Epithelial Cell Adhesion Molecule)-positive, cy-
tokeratins-positive and CD45-negative.

For many years, CTCs count has been used alone as a prognostic
tumor biomarker. Recent advantages in isolation and sequencing
technologies changed this perspective, paving the way to DNA, RNA
and protein analysis at single-cell level (Heitzer et al., 2013; Lohr et al.,
2014; Perakis and Speicher, 2017). However, some limitations exist.
CTCs detection remains challenging, especially because of their very
low concentration in blood. Both detection and enrichment steps re-
quire sensitive and specific analytic methods, made possible only with

expensive technologies (Pantel and Alix-Panabières, 2013; Lowes et al.,
2016).

Main technologies available for ctDNA analysis are droplet digital
PCR (ddPCR) and next-generation sequencing. The first is a targeted-
approach, mainly used for detection of selected mutations. It’s most
sensitive and cost-effective, and it allows for an absolute quantification
of mutant and wild-type copies. Conversely, NGS can be both targeted
(gene panels) and untargeted (WES, WGS). It’s complex and expensive,
but it has a higher throughput which renders a more comprehensive
detection of all known and unknown genomic alterations (SNVs, indels,
CNAs, SVs), without preventive selection of any gene (Perakis and
Speicher, 2017). Very recently, the FoundationACT® assay, a 70-gene
panel designed by Foundation Medicine, granted a Breakthrough De-
vice designation by the FDA, likely to become the first liquid biopsy
NGS panel to achieve regulatory approval (Foundation Medicine’s New
Liquid Biopsy Assay Granted Breakthrough Device Designation by U.S.
Food and Drug Administration, 2018).

Like CTCs, ctDNA analysis has its disadvantages. Even if technically
easier and cheaper than CTCs count, a pre-analytical and analytical
procedure validation is still lacking. A potential confounding factor is
the presence of normal cell-free DNA, that must be separated from cell-
free tumoral DNA. Besides these technical considerations, a more re-
levant conceptual question about the biological meaning of ctDNA must
be pointed out. Little is known about the origin of ctDNA (CTCs? Lytic,
apoptotic tumor cells?). Assuming that they are released by dying
tumor cells, how can they provide information about therapy-resistant
clones?

In conclusion, liquid biopsy has demonstrated to be a valid surro-
gate of tissue sampling. Nevertheless, a scrupulous demonstration of
analytic validity, clinical validity and clinical utility is essential before
its introduction in clinical practice.

5. NGS implementation in clinical practice: challenges and
limitations

The goal of each improvement in cancer knowledge is ultimately an
improvement in patient’s care. While the scientific value of NGS-based
advancements is undoubtedly critical, clinical benefits deriving from
them are still being discussed.

As previously mentioned, NGS allows us to obtain the entire se-
quence of cancer’s exome or even genome at a reasonable price; in
medical genetics, for example, WES and WGS represent an important
tool to diagnose genetic and inherited disorders. But not all this in-
formation might have a role in determining the best diagnostic and
therapeutic approach for cancer patients, for which smaller targeted
panels are more often used in clinical practice (Jennings et al., 2017).

When designing a NGS cancer-panel, it is critical to distinguish
between driver alterations and incidental, irrelevant genetic variants.
This complex process, called variants priorization, is essentially made
possible by large publicly-accessible databases like COSMIC (Catalogue
of Somatic Mutations in Cancer), the UCSC Cancer Genomics Browser
or the cBioPortal. These resources have been designed as a translational
bridge between researchers and clinicians, to lower the barriers of ac-
cess and made comprehensible the complex data sets provided by large-
scale genome project like the TCGA or the CGP. In this field, the de-
velopment of the GENIE project is certainly another step forward. This
multi-phase, multi-year, international project converges on a regularly-
updated registry containing all the existing CLIA-/ISO-certified
genomic data obtained during the course of routine practice at multiple
international institutions. The information provided is certainly useful
for variants priorization, but also available for powering clinical and
translational research, validating biomarkers, expanding drug labels or
identifying new drug targets.

Thanks to these efforts, many NGS-based cancer panels are currently
available in clinical practice. One example is the 52-gene Oncomine
Focus Assay, which includes most of the genes targeted by on-market
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oncology drugs and published evidence. The same company offers a
wider panel (161 genes), and even larger panels have been recently
validated, including the FDA-approved FoundationOne CDx (F1CDx)
which detects mutations in 324 genes and 2 genomic signatures in any
tumor type, and the also FDA-approved MSK-IMPACT, a 468-gene assay
developed by Memorial Sloan Kettering Cancer Center (MSKCC).

The best panel size for clinical practice has fueled an intense debate,
since for many of the identifiable driver alterations there’s still no ap-
proved drug available, and performing large panels for every cancer
patient is not yet affordable. However, the improvement in cancer
knowledge provided by wide mutational panels performed on large
scale might encourage such effort. Particularly helpful in this sense may
be the recently published ESMO Scale for Clinical Actionability of
molecular Targets (ESCAT) (Mateo et al., 2018), which proposes a
classification system for molecular aberrations, dividing them between
six levels of actionability and clinical usefulness, based on the strength
of evidence from clinical studies. Such a scale might help prioritize
some alterations, in order to design “pragmatic” and affordable panels
for everyday oncology practice.

Besides the size of the panel, discussion is still open regarding the
clinical benefit deriving from these molecular characterizations. Large
prospective studies have been conducted and are still ongoing to ad-
dress this question. The SHIVA trial (Le Tourneau et al., 2015), for
instance, studied the off-label use of targeted therapies in patients with
any cancer type harbouring matching molecular alterations; the study
failed to show any benefit over standard treatments, arguing against the
indiscriminate use of off-label molecules according to uncharacterized
molecular alterations whose significance as driver mutations is un-
known,. This failure must be interpreted considering the aim of the
study itself: it was not powered to evaluate if a specific drug would have
any antitumor activity in a selected subgroup of patients but was only
able to evaluate the efficiency of the treatment algorithm used to al-
locate drugs on the basis of molecular profiling. It’s not a failure for
precision medicine, but a demonstration of inefficacy of that treatment
algorithm in improving patients’ outcome.

The MOSCATO Trial (Massard et al., 2017), instead, showed an
interesting benefit in terms of PFS in a subgroup of patients with hard-
to-treat advanced cancers where an actionable alteration was found and
a targeted therapy was available. It must be noted that the MOSCATO
was a not-randomized, less-powerful trial, where patients were taken as
their own controls by using the “PFS ratio” as primary endpoint. This
measure is assessed by comparing the PFS reached on the targeted,
experimental treatment to the PFS achieved by the most recent therapy,
retrospectively assessed.

New, promising results presented during the last 2018 ASCO
Congress have recently relaunched the importance of Precision
Medicine in cancer care. The IMPACT (Initiative for Molecular Profiling
and Advanced Cancer Therapy) trial was launched more than 10 years
ago to evaluate the impact of personalized therapy in patients with
hard-to-treat cancers. Among 3743 patients tested, 1307 had at least
one druggable genomic alteration and received a specific matched
therapy. The authors reported a median OS significantly longer in the
matched-therapy group vs. the nonmatched-therapy group (9.3 vs. 7.3
months), and a better median PFS (4 vs. 2.8 months). Interestingly, in
the multivariate analysis the matched-targeted therapy was found to be
an independent factor of longer OS, whereas mutations in the PI3K/
AKT/motor pathway were an independent factor of shorter OS if
compared to other alterations (NCT00851032, (Tsimberidou et al.,
2018).

A prospective validation of these results is expected by the IMPACT
2 trial, a randomized phase II study comparing the PFS achieved by
patients receiving molecular-matched targeted therapy to PFS reached
by patients treated with a molecular-unselected strategy
(NCT02152254).

Beside this great potential, the implementation of Precision
Medicine in the real-word of cancer care has several limitations. First of

all, costs of NGS-based tests are still prohibitive and largely not re-
imbursed, representing a patient’s effort as out of pocket expense. Costs
of targeted gene panels vary widely, mainly depending on the numbers
of genes sequenced. For example, a recently published nationwide
French study reported a cost ranging between 376€ and 968€ (Marino
et al., 2018), whereas the cost-effective analysis conducted on 10 stu-
dies by Tan et al. calculated an average cost of US$1609 per sample
(range: US$488-US$3443) (Tan et al., 2018). The authors observed that
cost of sequencing is generally lower if performed in-house compared to
outsourcing to a service provider.

Many concerns have been raised about the impact of these costs in
terms of clinical benefit. Even if evidences for cost-effectiveness are still
lacking for many cancer types, in NSCLC an upfront mutational analysis
based on NGS demonstrated to be less costly and faster than a single-
gene test approach. Presented at ASCO 2018, this economic model
showed a saving till to 2 billions dollars for US Medicare reimbursement
(Pennell et al., 2018).

Accessibility to tests and drugs is another obstacle that needs to be
overcome. In recent years, many national projects have been launched
to facilitate test accessibility. “France Medecine Genomiques 2025″
(FRANCE MÉDECINE GÉNOMIQUE, 2025) and the “100k Genomes
Project from UK” (The 100,000 Genomes Project, 2018) are two such
examples, born to transfer resources and results of genomic medicine
from clinical trials to clinical care. On the other hand, even if a patient
is found to harbour a druggable mutation, the accessibility to a specific
target therapy is not guaranteed outside clinical trials. Targeted agents
are approved by regulatory agency more often in histology-oriented
settings, being the tumor-agnostic approval of pembrolizumab is still an
exception for microsatellite-unstable tumors. To solve this question,
predicting biomarkers, molecular tests and targeted drugs should be
ideally developed and approved in parallel. Innovative and clever study
designs have emerged with this purpose: basket, umbrella and adaptive
enrichment are state-of-the-art approaches conceived for a personali-
zation of treatment at its best.

During the last 2018 ASCO Congress, Otis Brawley, MD and ASCO
chief medical officer said: “Precision medicine has given us some
things, but it has promised a lot, which it has yet to deliver". Instead of
interpreting this sentence as a criticism, we want to read it as a promise.
The best is yet to come.
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