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Liquid Biopsy in Cancer Patients:
The Hand Lens to Investigate
Tumor Evolution

A. Russo, A. Giordano, and C. Rolfo

Introduction

In recent years the treatment of cancer patients
has profoundly changed, thanks to the study and
the comprehension of the biological processes
underlying tumor development and progression.
Almost 20 year ago was first used the term “onco-
gene addiction” to describe the phenomenon
where the activation of a specific oncogene is
required for cancer cell survival and proliferation
[1]. It was then supposed that a pharmacological
agent, able to specifically target the hyperacti-
vated oncogene, was efficient to selectively kill
cancer cells sparing normal cells from toxicity.
This is no longer a dream, but it has become part
of clinical real life for oncologists and their
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patients. Since then clinicians have changed the
way to treat and select patients for a specific treat-
ment, moving from one-size-fits-all strategy to
the so-called precision medicine that is based on a
correct patient’s selection. Patient’s selection is
based on a series of molecular biology procedures
able to define a specific molecular profile for the
tumors [2]. Therefore, until now, the path of can-
cer patients’ survival is tissue dependent (Fig. 1.1).
The identification of a specific gene status in a
precise tumor type (e.g., c-KIT for gastrointestinal
stromal tumors or EGFR in non-small cell lung
cancer) enables the selection of the patient for a
targeted therapy [3-5]. If considered the above-
mentioned examples, for those patients in which
the molecular analysis does not provide any infor-
mation (wild-type patients), the strategy is the
standard treatment indicated for their disease.
Moreover, we are now witnessing another revolu-
tion brought from immunotherapy, but that’s
another story beyond the scope of this volume [6].

As previously mentioned the path of patients’
survival is tissue dependent, but this may have
several limitations (Fig. 1.2). Indeed a single tis-
sue biopsy represents only a snapshot limited in
time and space, but we are learning that tumor
evolves and thus the initial molecular portrait
may dramatically change over time. This means
that metastatic lesion or even the primary tumor
itself may be considered as a completely new
“molecular disease,” for which it might be needed
a different therapeutic approach. Last but not the

A. Giordano et al. (eds.), Liquid Biopsy in Cancer Patients, Current Clinical Pathology,

DOI 10.1007/978-3-319-55661-1_1
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NO PORTRAIT
Standard therapy
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Immunotherapy

MOLECULAR PORTRAIT
Sequencing
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NGS
Quantitative PCR
BEAMing
Digital PCR

Fig.1.1 The molecular portrait of tumors can be obtained
through different molecular biology techniques such as
sequencing approaches (sanger sequencing, pyrosequenc-
ing, next-generation sequencing, and its various applica-
tions) and real-time PCR-based approaches (quantitative
PCR, beaming, and digital PCR). Using these techniques
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Fig. 1.2 The neoplastic tissue path from diagnosis to
relapse. At diagnosis tissue biopsy is fundamental for a
proper histological characterization. From this moment
the same tissue will be used for several molecular tests,
e.g., for NSCLC. At relapse it might be needed a new
molecular portrait, but the initial tissue is not enough for a

Imaging tech.
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SPECIFIC MARKER
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NSCLC- EGFR, EML4-ALK,ROS1
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it is possible to identify specific markers in different
tumor types and to select patients for a targeted treatment.
When a tumor is defined as wild type, the treatment is
based on standard chemotherapy. Therefore, the path of
survival in cancer patients is tissue dependent
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new molecular characterization. Liquid biopsy can be
repeated at different time points, and therefore it can com-
plement both tissue biopsy and imaging techniques, dur-
ing the disease course. Moreover, liquid biopsy could
anticipate disease progression even months before radio-
logical progression
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least, there is the problem of tumor heterogeneity
that may be very difficult to overcome especially
when the lesion is not easily accessible and thus
multiple tissue biopsies are not feasible [7].

For all these reasons, it became necessary to
search for new noninvasive or minimally invasive
markers that can allow a strict patients’ follow-up
at different time points. Here comes the concept
of liquid biopsy, i.e., a liquid biomarker that can
be easily isolated from many body fluids (blood,
saliva, urine, ascites, pleural effusion, etc.) and,
as well as a tissue biopsy, is representative of the
tissue from which it is spread [8]. The term liquid
biopsy encompasses several components: circu-
lating tumor cells (CTCs), cell-free DNA
(cfDNA) and circulating tumor DNA (ctDNA),
exosomes, and circulating cell-free nucleic acids
(cfNAs, such as microRNA, mRNA, and long
noncoding RNAs). We are just at the beginning

Circulating tumor DNA

Circulating Tumor Cells

B.

and we still have to investigate and understand
the different components of liquid biopsy.
Despite the promising expectations, not every-
thing that glitters is gold, and for some compo-
nents, such as exosomes, we are still far away
from clinical applications [9, 10]. Moreover also
for CTCs and ctDNA, we can list a series of pros
and cons that are reported in Fig. 1.3.
Notwithstanding, in some cases liquid biopsy is
already a valid tool that can be used in clinical
practice. This is the case of ctDNA testing in
non-small cell lung cancer and CTCs enumera-
tion in breast, prostate, and colon cancer [11-16],
as it will be explained in the following chapters.

There are several possible clinical applica-
tions for liquid biopsies (Fig. 1.4): early diagno-
sis, prognostic information, surrogate endpoint
biomarker and real-time monitoring of the dis-
ease (Fig. 1.5), identification of therapeutic

Fig.1.3 Overview of the main pros and cons of both ctDNA (a) and CTCs (b)
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targets and resistance mechanisms, and metasta-
sis development.

Therefore, both biologists and medical doc-
tors (oncologists and pathologists) must work
together, for a better comprehension on how
patients can benefit the most from liquid biopsy
application in clinical practice.

The aim of this volume is to shed light on the
role of liquid biopsy in the clinical management
of different tumor types. Along the volume, the
readers will find the most updated results of CTC,
ctDNA, and exosome investigation in the main
solid tumors, trying to point out their relevance as
diagnostic, prognostic, and predictive tools. The
liquid biopsy revolution has started, and with this
volume we want to contribute to understand its
clinical relevance but also its weakness.
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Precision Oncology: Present Status
and Perspectives

Pierosandro Tagliaferri, Mariamena Arbitrio,
Antonella lerardi, Domenico Ciliberto,
Maria Teresa Di Martino,

and Pierfrancesco Tassone

Introduction

Recent advancements in medical research
brought to a better understanding of the molecu-
lar bases of diseases and the interindividual vari-
ability in drug response, opening a new era in the
management of patient care, known as the preci-
sion medicine. In this view, new approaches to
patient diagnosis, monitoring or treatment can
benefit from the integration of information deriv-
ing from different technologic approaches such
as high-throughput omics (next-generation
sequencing, metabolomics, proteomics, epig-
enomics, bioinformatics, system biology, and
medicine biobanks) in order to allow the imple-
mentation of a truly tailored therapy [1]. In fact,
for a specific disease, a multidisciplinary
approach will allow a more accurate prediction of
treatment and strategy, differently from the tradi-
tional “one-size-fits-all” approaches [2]. Systems
pharmacology and pharmacogenomics (PGx)
helped the understanding of the clinical impact of
genetic-determined interindividual differences in
pharmacokinetics (PK) of many drugs especially
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for antineoplastic agents, in which the patient
risk is due to the narrow therapeutic index. On
the other hand, in the era of precision medicine,
the understanding of the tumor molecular profile
has the potential to drive clinical decisions for
tailored treatment options with improved effi-
cacy. Consequently, the interindividual variabil-
ity in drug response, in terms of efficacy and
toxicity, due to the interaction of genetic, patho-
physiological and environmental factors, has a
relevant effect on cancer treatment. Cancer is not
a single disease but is a series of genome-based
diseases and its treatment activity is conditioned
by disease diffusion and individual patient-
related factors. In fact, genomic deregulation at
different levels is involved in tumorigenesis and
includes different events such as gene inactiva-
tion (promoter silencing, deletion, mutations),
alterations in gene expression (copy number vari-
ation, methylation), and mutations or rearrange-
ments responsible of protein activation [3]. The
transition from conventional cytotoxic drugs to
molecular biomarkers-driven decision for the
selection of cancer therapeutic options improved
the management of many advanced-stage tumors.
In fact, the identification of somatic and germline
genetic biomarkers provides information about
the likelihood of response to treatment and offers
therefore predictive and prognostic information
for the selection of patients. The frequent expo-
sure to endogenous and exogenous reactive
chemicals can alter the DNA sequence as well as
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chromatin structure and bring to somatic genomic
and epigenomic abnormalities. In most cases, no
cellular abnormalities occurs, while in some
cases in a prone tissue, the clonal transformation
of a cell takes place and consequently begins the
development process, which will finally drive to
a malignant lesion. In many cancers, including
chronic myeloid leukemia, colon, breast, lung
and melanoma, predictive biomarkers are cur-
rently in use to select patients, which might ben-
efit of targeted therapy and avoid toxic side
effects of chemotherapy. Biomarkers, providing
information on cancer molecular signatures, may
allow treatment tailoring and are distinguished
into: diagnostic, prognostic, treatment and pre-
vention subgroups. Key mutations and molecular
pathways involved in tumor development and
proliferation can be identified by predictive bio-
markers, which are measurable and linked to rel-
evant clinical outcomes. They have undergone a
validation process for use as predictive tool
within clinical trials. Instead, prognostic bio-
markers identify somatic and germline muta-
tions, alterations in DNA methylation, microRNA
(miRNA) and circulating tumor cells (CTC) in
blood and provide information on tumor outcome
independent from treatment. Today, diagnostic
companion assays undergo validation for bio-
marker value for treatment decision-making.
High-throughput technologies provided the
opportunity to identify genomic changes condi-
tioning development and progression of a tumor
(“driver” lesions) with a selective growth advan-
tage and addiction of the cancer cell to a particu-
larmolecular pathway, despite other quantitatively
preponderant and concomitant armless passen-
ger alterations [4]. Consequently, genes identi-
fied to have a driver role in at least one cancer
type are considered oncogenes [5]. A subset of
the driver aberrations could have significantly
diagnostic, prognostic or therapeutic potential
and are often indicated as actionable; a subset of
mutations may also be druggable as target for
drug development [6]. Today, tumors molecular
characterization and predictive/prognostic bio-
marker discoveries have allowed better under-
standing of the complex mechanisms of
carcinogenesis and have fueled the development

of novel drug targets and new treatment strategies
to enhance patient care. The hallmarks of preci-
sion medicine rely on genomics and clinical data
integration based on cancer molecular character-
istics in order to personalize oncology and to
design new clinical trials. In order to study tar-
geted therapies in different tumor types express-
ing low-frequency mutations (<5%) it is possible
to design basket trials where are enrolled a small
number of patients with different kind of cancer
expressing the same genetic alteration, while in
an alternative approach, umbrella trials recruit
patients with a single cancer type but different
actionable mutations. Drug structure analysis
allows the design of new studies to test new drugs
and biomarkers. In basket trials, a hypothesis-
driven strategy is implemented and can be the
proof-of-principle validation of a putative target
and offer the opportunity to integrate a classical
clinical trial design with the knowledge of molec-
ular expression at tumor level. The limit of this
trial design is that a mutation can act differently
as driver druggable target in a given tumor, while
it can be a passenger lesion in other tumor con-
texts. Another aspect emerging and in contrast
with the performance of basket and umbrella tri-
als is the role of tumor stroma in conditioning
therapeutic choices and future drug development
[7,8].

In our chapter, as a prototypical condition, we
will discuss the current scenario of personalized
treatment of colon-rectal cancer, including
molecular cancer-related and patient-related bio-
markers, the emerging molecular landscapes and
finally we will discuss the new approach of inte-
grative genomics, as emerging vision based on
large biological annotated datasets and bioinfor-
matics tools.

Current Status: The Case
of Colorectal Cancer (CRC)

Metastatic colorectal cancer (mCRC) is charac-
terized by several molecular lesions involving
activation or loss-of-function mutations, which
occur in receptor tyrosine kinases (RTKs) and
more frequently in downstream components of
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RTK-activated intracellular pathways. Therefore,
treatment effects of the target therapy can be con-
sidered as strictly related to specific molecular
alterations.

The epidermal growth factor receptor (EGFR),
expressed on the cell surface, belongs to the
ERbB-family, a subfamily of RTKs. The anti-
EGFR cetuximab and panitumumab mAbs pre-
vent activation of EGFR [9, 10]. They block
ligand-stimulated EGFR signaling and they prob-
ably stop activation of phosphatidylinositol
3-kinase (PI3K)/AKT and RAS/MAP2K (also
called MEK)/MAPK1/3 (also called ERK?2/1) sig-
naling pathways, leading to inhibition of cellular
proliferation and induction of apoptosis [11].

One of the most important molecular mecha-
nisms of primary resistance to EGFR mAbs
(cetuximab and panitumumab) is KRAS muta-
tion. In fact, the mutation in KRAS appears to
hold a negative predictive value for the response
of anti-EGFR therapy [12, 13]. At the beginning,
only the mutation in exon 2 of KRAS was consid-
ered [14, 15] and then the research for mutations
was expanded to the exons 3, 4 of KRAS and
2,3,4 of NRAS, also involved in the resistance to
anti-EGFR drugs [16].

In patients with mCRC the efficacy of chemo-
therapy can be, in fact, implemented by biologi-
cal drugs based on the molecular status of RAS,
in particular cetuximab and panitumumab for
wild-type RAS status and bevacizumab for both
RAS wild type and mutated [17-22].

The correlation between the molecular status of
KRAS and the survival endpoints in first-line
mCRC treated with cetuximab and standard che-
motherapy regimens was initially demonstrated by
a retrospective analysis of the Crystal study [23].

In patients with PAN-RAS mutations the best
standard first-line treatment is represented by the
association of chemotherapy with bevacizumab
[17-20], whereas in mutated patients has not
been established the best sequence for the use of
anti-EGFR drugs in first line rather than in the
second one [24-26].

During the carcinogenesis trajectory, genetic
aberrations accumulate and this process leads to
the so-called genetic heterogeneity resulting in
the selection of clones with different functions

including the ability to respond to a specific treat-
ment and to generate metastases [27]. For this
reason, patients with RAS wild-type mCRC
could present mutated subclones that induce
resistance to treatment with anti-EGFR under the
selective therapy pressure [28, 29].

It is known that in patients RAS wild-type
molecular alterations of BRAF [30, 31] and
PIK3CA [32, 33] genes might be present, which
may cause primary resistance to anti-EGFR.

BRAF is a human gene that encodes a protein
called BRAF and it is a member of the RAF gene
family. BRAF protein is a serine—threonine pro-
tein kinase involved in RAS-activated pathway.
BRAF mutation is found in 15% of colorectal
cancers, and it is known that this alteration is
linked to a poor prognosis [31, 34].

The most frequent BRAF mutation is V60OE,
located in the kinase activation domain and it
leads to an increased activity of MAPK1/3 path-
way. BRAF-mutant tumors have dissimilar clini-
cal and histological characteristics from
RAS-mutant tumors [35]. It was found that the
CpG island methylator phenotype (CIMP) and
microsatellite instability are observed in BRAF-
mutated tumors [31, 35].

In a retrospective consortium analysis it was
revealed that only two patients out of a total of 24
patients with BRAF-mutated cancer responded to
the treatment with cetuximab [32].

Only a small sample of patients with BRAF-
mutated cancer benefit from treatment with pani-
tumumab or cetuximab [35].

PIK3CA is part of lipid kinase family involved
in various cellular processes regarding growth,
proliferation, differentiation, motility, survival
and intracellular trafficking [36].

PIK3CA mutations can occur more frequently
(80%) in exon 9 (60-65%) and 20 (20-25%)
[32]. In a study it was shown that only mutation
in exon 20 of PIK3CA is associated to a resis-
tance to cetuximab activity in population KRAS
wild-type [32]. Moreover, PIK3CA has a nega-
tive prognostic value because it is associated with
a shorter survival in tumors RAS wild-type stage
I-1I1 [37].

Another important molecular lesion involves
PTEN gene that encodes the phosphatase and
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tensin homolog protein. PTEN mutations are
present in nearly 5% with high microsatellite
instability. PTEN role in colorectal cancer is not
clear, but it was shown that PTEN loss is associ-
ated with a reduced response to cetuximab [30,
38-40].

Other important factors are prognostic for sur-
vival in colorectal cancer in addition to defined
molecular defects [41, 42].

The importance of the clinical and biological
difference between proximal and distal cancer is
becoming now clear. Right- and left-sided CRCs
are characterized by different carcinogenesis tra-
jectories, mucosal immunologic microenviron-
ment and gut microbiota [43]. Right-sided cancer
is most frequently diploid and has a mucinous
histology, high microsatellite instability, CpG
island methylation and BRAF mutations [44, 45],
while the left-sided one is characterized by chro-
mosomal instability. These peculiarities reflect a
different embryonic origin [46, 47].

The analysis of the correlation among tumor
sidedness and survival after chemotherapy+/—
bevacizumab was performed in three indepen-
dent cohorts in a study. According to this, patients
with right colon cancer have a lower recurrence,
but they show a more aggressive behavior in
relapsed disease [48]. In this group of patients,
the role of BRAF is clear as a negative prognostic
factor [49] in a more advanced phase of the carci-
nogenesis process and, with other factors, might
play a role in chemoresistance, while the left
colon cancers have an increased benefit from
treatment on activity and efficacy endpoints [48].

About the benefit of the biological treatment
according to the tumor site, it was found an
increased activity of anti-EGFR drugs in the left-
sided primary tumor location, demonstrated in
terms of PFS [50].

It is important to consider that the tumor
microenvironment is different between the left
and right colon. Indeed the right colon cancers
have a higher share of eosinophils and intraepi-
thelial T cells [51, 52].

It has been speculated that this could be the
result of a homeostatic balance in T cells between
tolerance for the commensal microbiota and the
immune response against pathogens [53].

Currently major attention is focused on the
mismatch repair (MMR) gene deficiency, which
can be sporadic or occurs within the Lynch syn-
drome. It is found in 1 out of 35 patients with
colon—rectal cancer [54] and it leads to microsat-
ellite instability (MSI) represented by alterations
in the length of tandem nucleotide repeats
[55, 56].

MSI overall predicts for a better prognosis.
The correlation between the microenvironment
rich in lymphocyte cells, the immune-score and
the favorable outcome in tumors with MSI needs
additional investigation [57].

The immune-score is characterized by the
determination of the number of cytotoxic and
memory T cells represented in intra-tumor and
peri-tumor infiltration and it is considered a bio-
marker with prognostic relevance [58, 59].

The presence of high levels of CD8 + lympho-
cytes in the microenvironment that express the
chemokine-receptor-7 (CCR7) is found to influ-
ence the prognosis increasing the overall survival
and progression-free survival after a first-line
chemotherapy [60].

Moreover, high levels of FOXP3+ T lympho-
cyte correlate with the outcome of patients who
undergo chemotherapy or chemo-immunotherapy
[61].

All together, these findings open a new bio-
logical scenario where the immune system plays
a substantial role. In fact, there is now a renewed
interest for the immunotherapy which has opened
the way for immune checkpoint inhibitors devel-
opment that modulate immune response against
tumor cells. While in some tumors, such as
malignant melanoma, immunotherapy has pro-
duced highly successful results, in others unfor-
tunately did not reach the same activity, such as
in mCRC. In fact, only a small subgroup of
mCRC patients with deficiency of the MMR
mechanism benefit from treatment with pro-
grammed death-1 (PD-1) checkpoint inhibitors
(5—-10% of all mCRC patients) [62].

A phase 2 trial showed the efficacy of treat-
ment with pembrolizumab in tumors with MMR
deficiency [63]. Tumors with defective MMR are
more responsive to the PD1 block confirming the
successful advantage of high density of immune
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system cells in the microenvironment and the
mismatch repair deficiency [64—66].

Another potential predictive biomarker is rep-
resented by mutation in exonuclease domain of
DNA polymerase epsilon (Pol-¢). This mutation
correlates with a higher immune infiltrate (like
MMR deficiency) and a better disease-free sur-
vival in MSI-proficient tumors. Both MMR defi-
ciency and Pol-e mutation lead to increased
tumor mutation burden and to the onset of tumor
specific neo-antigens, which could activate the
immune system in a tumor specific response [67].

Recently, it has been focused on HER2 gene
alterations (HER2 over-expression or amplifica-
tion) that make the cancer sensitive to a specific
combination of direct molecular targeted drugs
against this target [68].

To conclude, the selection of the most appro-
priate treatment should be based on the patient,
on the biological characteristics of the tumor, on
the objectives to be achieved, on the toxicity of
the treatment, and finally on the continuum of
care, which indeed needs to be also considered.

At present only negative predictors of response
to various treatments are available and validated
for the clinical scenario. The biomarker that has
demonstrated a deep impact in the history of
colorectal cancer is the RAS mutational status,
which is indeed a negative predictor.

To guide the oncologist in the decision-
making process of treatment of colorectal cancer,
positive predictive biomarkers are eagerly
awaited for treatment individualization and need
validation in prospective trials (Fig. 2.1).

Future Perspective: Molecular
Landscape of Colorectal Cancer

Genomic Classificationof Colorectal
Cancer

Surgery is the mainstay treatment for CRC
patients although, at the time of diagnosis, CRC
is often a systemic disease and therefore adjuvant
chemotherapy is the best choice for preventing
disease relapse. The standard classification of
CRC considers pathological staging a clinical

prognostic factors to select patients for adjuvant
chemotherapy.

For this lethal disease, with an estimated heri-
tability of approximately 5%, exists a classifica-
tion based on molecular profiling and linkage
studies. In fact, germline mutations on APC gene
and DNA MMR genes characterized the heredi-
tary colorectal cancer syndromes, while other
low penetrance genetic variants have been corre-
lated to approximately 20% of the familial asso-
ciation in CRC [69]. Inherited CRC syndromes
are classified based on the presence of large num-
bers of adenomatous polyps like familial adeno-
matous polyposis (FAP), attenuated FAP and
MUT-Y-homolog-associated polyposis (MAP)
and the presence of hamartoma polyps like pri-
mary lesions in Peutz—Jeghers syndrome (PJS)
and juvenile polyposis syndrome (JPS) as well as
non-adenoma syndromes Lynch 1 and 2.
Hyperplastic polyposis (HPP) is a condition that
produces substantially increased cancer risk.
Somatic mutations and polymorphic features in
TP53 gene impact susceptibility to sporadic
CRC, prognosis and response to therapy [70].

According to gene expression profile, super-
vised approaches contributed to identify signa-
tures related to relevant outcomes such as
recurrence, metastasis and overall survival, while
semi-supervised approaches refined outcome
prediction according to patients selection based
on stage disease [71, 72].

Recently, an unsupervised analysis considers
inherent molecular subtypes for CRC classifica-
tion and correlates them to prognosis [73, 74],
while recent studies proposed a consensus clas-
sification system identifying three groups: the
Goblet/Inflammatory group, the TA/Enterocyte
group, and the stem/serrated/mesenchymal
(SSM) group [75, 76]. However, it has been pro-
posed also a sub-classification of CRC that dis-
tinguishes those with MSI (which arises on a
hereditary and sporadic basis, located primarily
in the right colon and associated with the CpG
island methylator phenotype (CIMP) and hyper-
mutation) and those that are microsatellite stable
(MSS) but chromosomally unstable (CIN) [77].
Barat et al. utilized microarray-based gene
expression and methylation dataset to identify
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Fig.2.1 This chart
describes the possible
molecular alterations
that lead to the therapy’s
customization based on
the molecular profile of
each patient. The center
of our attention is
precision medicine that
has to guide the
oncologist’s decision in
order to provide the best
choice based on the
characteristics of patient,
tumor, and treatment
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methylation-based subgroups and distinguished
three main clusters: highly methylated (HM),
intermediately methylated (IM) and large clus-
ters with both lower and rarer locus-specific
methylation (LM) [78]. The study provides evi-
dence that integration and combination of gene
expression and methylation datasets analyses
could better described the CRC subtypes. Gene
expression profiles and genomic characterization
influence CRC outcome (Fig. 2.2).

Critical genes and pathways, including the
WNT, RAS-MAPK, PI3K, TGF-b, P53 and
DNA MMR pathways, are involved in the initia-
tion and progression of CRC [77, 79]. They are
associated with different mutation frequencies of
the main oncogenes RAS, BRAF, APC and other
genetic events, whose expression redefines treat-
ment selection. With the exception of hyper-
mutated cancers, CRC have similar patterns of
genomic alteration, and there is evidence of sig-
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Fig. 2.2 Diagram of gene alteration pathways based on
genomic characterization: the related outcome according
to CRC subtypes

nificant intra-tumor genetic heterogeneity due to
variations in localized somatic mutations and
copy number abnormalities [80].

Through bioinformatics tools in 750 patients
with stage I to IV CRC, undergone to surgical
treatment, it has been possible to stratify CRC by
transcriptomic-based classification on the bases of
clinical-pathological features and common DNA
markers [76]. In fact, six prognostic molecular
subgroups of CRC sample have been identified
and validated on the bases of gene expression
data, associated with clinical and pathological
characteristics, molecular alterations, specific
gene expression signatures and deregulated sig-
naling pathways. Today, although official guide-
lines indicate a risk stratification, no clear
recommendations for adjuvant chemotherapy in
stage II disease are available, and molecular tech-
nologies are strictly required to improve the selec-
tion of individualized therapeutics [81]. Promise
derives now from validation clinical trials evaluat-

ing two prognostic tests, based on the expression
of different gene panels like ColoPrint (Agendia,
Amsterdam, the Netherlands), which are based on
18 genes, and Oncotype DX (Genomic Health,
Redwood City, CA) which includes 12 genes
(seven recurrence risk genes and five reference
genes) and represents the individual prognostic
score most widely retrospectively evaluated with a
little overlapping [82, 83]. Until now ColoPrint
and Oncotype DX were available to improve risk
prediction in early-stage CRC [83, 84] and have
been investigated in three independent datasets of
stage II-IITA CC and as a prognostic score in the
QUASAR and CALGB9581 trials, respectively
[76]. Presently current pathological staging is not
able to predict recurrence in a phase of curable
disease, so it is necessary to take benefit from
additional tools. Nomograms such as “Adjuvant
Online” or Memorial Sloan Kettering Cancer
Center (MSKCC) and Bayesian Belief Network
(BBN) can be used in clinical practice to show
outcome of patients in the same disease condition
and predict the probability of CRC patient’s to 5
years OS after surgical removal of all cancerous
tissue [85]. Another prognostic nomograms was
developed by Peng et al. for predicting outcome in
patients with locally advanced rectal cancers with-
out preoperative treatment, while no nomogram
can predict long-term outcome after CRC surgery
for all disease stages [86, 87].

It is clear that all the above-described tools
represent sound decision supporting instruments
but cannot be defined bona fide precision medi-
cine approaches, taking into account the intrinsic
heuristic nature. Despite this complex scenario,
presently there isn’t an integrated view of the
CRC genetic and genomic changes in initiation
and subsequent different stages of disease pro-
gression. Further insight may help the
understanding of CRC pathophysiology and the
identification of potential therapeutic targets.

Recently, Dalerba et al. identified a subgroup
of stage II CRC patients who might benefit from
adjuvant chemotherapy for the lack of caudal-type
homeobox transcription factor 2 (CDX2) expres-
sion in their cancer stem cells [88]. By a bioinfor-
matics approach, the authors, in order to identify a
single prognostic biomarkers for stratification of
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CRC undifferentiated tumors, have analyzed a
large database of gene expression arrays obtained
from populations of stem and progenitor cells and
searched for genes associated with differentiation
processes. Among the 16 selected candidate genes
for identification of predictive biomarkers, nega-
tively linked to the activated leukocyte—cell adhe-
sion molecule (ALCAM/CD166) in CRC patients
with stage II or stage 111, they selected the homeo-
box transcription factor CDX2 strictly correlated
to ALCAM expression and tested for the associa-
tion with disease-free survival and a benefit from
adjuvant chemotherapy. In particular, it was iden-
tified that subgroup of high-risk stage II CRC
patients benefit from adjuvant chemotherapy and
was characterized by lack of CDX2 expression
and high levels of ALCAM.

The translation of this knowledge in CRC has
had an important impact into drug development
and biomarker discovery for the different sub-
types and examples of molecular targeted thera-
pies are tyrosine kinase inhibitors, regorafenib
and bevacizumab.

Pharmacogenomicsand
Irinogenomics

In CRC, despite the standard chemotherapy and
novel targeted drugs provided an improvement in
terms of response rate and patient’s survival, tox-
icity remains an unsolved problem and PGx has
helped the routinely administration of drugs in
CRC patients [89]. In CRC as well as in other
cancers, the treatment paradigm is to give the
dose which achieves the best drug exposure and
effectiveness, with an acceptable risk of toxicity
[90]. Unluckily, the inter-patient PK variability is
a limiting factor due not only to differences in
body size but also to variability in absorption,
metabolism, distribution and/or excretion
(ADME) of the drug and metabolites. In fact,
several enzymes and transporters that are part of
the ADME processes can condition drug efficacy
and toxicity because their expression and activity
are highly variable between patients, partially
due to germline genetic variability. Germline
variants in the coding region can change protein

activity, while variations outside of the coding
region could influence protein expression [91].
Another important aspect to consider is patient’s
germline variation underlying sensitizing condi-
tion that mimics the toxicity and can be worsened
by the drug. Thus, a patient who carries a sensi-
tizing germline variant would not be able to toler-
ate the dose required for treatment efficacy and
might require to receive a dose adjustment or the
selection of an alternative treatment agent. The
most frequent type of genetic variants among
people (10 million in the human genome) associ-
ated with the interindividual variability in drug
response are the single nucleotide polymorphisms
(SNPs) which represent a difference in a single
nucleotide in certain stretch of DNA sequence
between two genes. Frequently they are devoid
of a functional role but, if a SNP occurs within a
gene or in a regulatory region near a gene, they
could play a more direct role in disease or in drug
metabolism by affecting gene’s function. Most of
identified SNPs are in linkage disequilibrium
with gene variants with higher or lower activity
and serve therefore as markers predictive of
activity or toxicity due to different enzyme func-
tion. SNPs linked to genes coding for enzymes
involved in drug metabolism and transport affect
therefore the body response and PK profile influ-
encing the efficacy and toxicity of treatment. The
possibility to identify SNPs as predictive bio-
markers of response to antineoplastic agents by
classical approaches like candidate-gene-based
research and the genome-wide association study
(GWAS) or by technologic advances like the
Affymetrix (Santa Clara, California, USA) Drug
Metabolizing Enzymes and Transporters
(DMET™) microarray platform will allow an
improvement of patient care in the optic of
personalized therapy. In particular by DMET™
platform is possible to investigate 1931 SNPs
and five copy number variations (CNV) in 231
genes related to drugs metabolism contributing to
discover polymorphic variants associated to the
individual risk of adverse drug reactions (ADRs)
and to drug efficacy. By this technology, in case-
control studies we identified several polymorphic
variants associated with toxicity in different dis-
eases and added novel information on irinoge-
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nomics (see below) [92-97]. DMET™ platform
offers wide opportunity to identify and validate
biomarkers of drug sensitivity for tailored treat-
ment of CRC patients.

Pharmacological treatment of CRC is based
on cytotoxic agents like fluoropyrimidines
(FAUMP (fluorodeoxyuridine monophosphate,
fluorouracil (5-FU), and its oral precursor,
capecitabine), irinotecan (IRI, CPT-11), and
oxaliplatin (OX), used either alone or in combi-
nations in FOLFIRI (folinic acid, fluorouracil
(5-FU), and irinotecan) and FOLFOX (folinic
Acid, 5-FU, and oxaliplatin) regimens, and novel
targeted agents. Recently, CRC treatment has
benefited of novel biological agents as monoclo-
nal antibodies (mAbs) targeting VEGF (i.e. beva-
cizumab, aflibercept) and EGFR (i.e. cetuximab,
panitumumab) pathways or agents leading to a
multiple-kinase inhibition (regorafenib) [98].
Cytotoxic drugs have a narrow therapeutic index
and strictly dose-related effect also conditioned
by interindividual variability in their metabolism.
Therefore PGx knowledges, validated biomark-
ers, integrative genomic approaches and the
availability of genetic testing could allowed the
identification of subgroups of CRC patients with
benefits in terms of prognosis and drug efficacy
in the aim of precision medicine. In cytotoxic
CRC therapy, important PGx studies have been
done on highly polymorphic specific targets,
whose genetic or molecular deregulation might
correlate to treatment efficacy. Unfortunately, the
translation of PGx researches into clinical prac-
tice is presently limited with small exceptions
regarding the metabolism of 5-FU/capecitabine
and irinotecan. For 5-FU SNPs in two important
metabolic enzymes have a relevance in clinical
practice: the thymidylate synthase (TYMS) and
dihydropyrimidine dehydrogenase (DPD), while
for irinotecan polymorphic variants in uridine
diphosphate glucuronosyltransferases (UGTs)
influence variability in biliary excretion and the
degradation of irinotecan is conditioned by inher-
ited variations in  metabolic  pathway.
5-Fluorouracil (5-FU) or its prodrug capecitabine
is a cytotoxic drug, classified as “antimetabolite,”
and represents the main chemotherapeutic regi-
men adopted in CRC treatment, having an

improving impact on survival and other solid
cancer [99].

The activity of this pyrimidine analog is due to
the incorporation of fluoronucleotides into RNA
and DNA and to the irreversible inhibition of its
target enzyme the thymidylate synthase (TS).
Three major active metabolites derive from 5-FU
intracellular ~ metabolism:  fluorodeoxyuridine
monophosphate (FAUMP), fluorodeoxyuridine tri-
phosphate (FAUTP), and fluorouridine triphosphate
(FUTP). Genetic variants in the three drug-
metabolizing enzymes thymidine phosphorylate
(TP), TYMS and DPD are responsible for variabil-
ity in response, toxicity and overall survival (OS) in
5-FU-based treatment schedules [100].

5-FU cytotoxic activity is mediated by its
methylation to dUMP with
5,10-methylenetetrahydrofolate (CH2THF) as
cofactor, which forms in the cell a stable ternary
complex with TYMS enzyme and supplies the
only de novo source of thymidylate. Consequently,
its cytotoxicity is due to the blocking access of
dUMP to the nucleotide-binding site and to the
inhibition and depletion of deoxythymidine
monophosphate (dTMP) production, important
for DNA replication and repair [101, 102]. In
5-FU metabolism in normal and cancer cells its
conversion in dihydrofluorouracil (DHFU) is
mediated by dihydropyrimidine dehydrogenase
(DPD) and represents the rate-limiting step. DPD
is abundant in the liver where is normally catabo-
lized more than 80% of administered 5-FU [100].
The administration of the oral prodrug of 5-FU,
capecitabine, has revealed a 5-FU comparable
efficacy but a lower toxicity [103, 104]. In the
liver, capecitabine is converted to 5'-deoxy-5-
fluoruridine (DFUR) by carboxylesterase and
cytidine deaminase and then converted to 5-FU
by thymidine phosphorylase (TP) and/or uridine
phosphorylase (UP) [105, 106]. The tumor-
selective activation of capecitabine might be
explained by the higher expression of both TP
and UP in tumor tissue compared to normal tis-
sue [107]. Patients with a decrease activity of
catabolic enzymes in 5-FU pathway revealed an
interindividual variability to cytotoxic chemo-
therapy with an increase in drug concentration
and consequent high toxicity risk. DPD catalyzes
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5-FU and eliminates >80% of administered drug.
Its activity is influenced by dihydropyrimidine
dehydrogenase (DPYD) gene which is variable at
tumoral tissue level and can influence drug effi-
cacy in consideration that intra-tumor drug con-
centration is fundamental for dug efficacy and
antitumor activity. Mucositis, granulocytopenia
and neuropathy are the most frequent toxic
effects for which might be necessary a dose
reduction [108].

In 5-10% of the general population, a partial
DPD activity deficiency is demonstrated and only
in 0.2% a total loss of enzyme activity [109].
However, DPD polymorphisms influenced the
23-38% of 5-FU toxicity [110]. The most com-
mon polymorphic variant recognized to be asso-
ciated with partial DPD deficiency and
consequent 5-FU toxicity is IVS14+1G>A muta-
tion in intron 14 coupled with exon 14 deletion
(DPYD*2A), together with the SNPs at 496A>G
in exon 6, at 2846A>T in exon 22, and at T1679G
(DPYD*13) in exon 13, also recognized to be
associated with 5-FU toxicity [111-113].

The US Food and Drug Administration (FDA)
has underlined, in the drug labels for 5-FU and
capecitabine, that their use should not be allowed
in carriers of high-risk alleles. The Dutch
Pharmacogenetics Working Group has recom-
mended an alternative treatment in patients
homozygous for the high-risk allele and almost a
dose reduction of 50% or an alternative drug in
patients heterozygous for a decreased-activity
allele [114, 115] (in agreement with the more
recent Clinical Pharmacogenetics Implementation
Consortium Guidelines for Dihydropyrimidine
Dehydrogenase Genotype and Fluoropyrimidine
Dosing).

Polymorphic variants in TYMS gene are
responsible for an increased expression of the
enzyme with a consequent high risk of 5-FU tox-
icity and reduced drug efficacy. TS overexpres-
sion is frequently associated with a reduced
response to 5-FU treatment based both in adju-
vant and in advanced CRC patients with more
severe side effects [116, 117].

In CRC patients carrying low levels of TYMS
gene product, a significantly higher rate of treat-

ment response and a prolonged overall survival
compared to CRC patients with higher TS expres-
sion in tumor tissue have been described [109].

Two meta-analyses supported the role of TS
expression on overall response rate and overall
survival [118, 119]. However, further analyses
are necessary to allow a better identification of
TYMS transcription regulatory mechanisms and
the understanding of the role played by genetic
different SNPs combinations in several metabolic
enzymes and their frequency in general popula-
tions to better clarify the interindividual variabil-
ity to drugs response. Until now, no
recommendations are suggested according to TS
phenotype in CRC patient underwent to fluoro-
pyrimidines treatment and although an assay for
DPD and TYMS polymorphisms testing is com-
mercially available, pre-emptive testing is not
recommended. No recommendations have been
issued on dosing of fluoropyrimidines by TS
phenotype.

Other gene polymorphisms possibly impor-
tant for fluoropyrimidine efficacy and toxicity for
various enzymes have currently been explored
(e.g., dihydropyrimidinase, beta-
ureidopropionase, methylenetetrahydrofolate
reductase), but available research data are insuf-
ficient for conclusions on their potential clinical
usefulness. Several other polymorphic variants in
enzymes involved at different levels in 5-FU met-
abolic pathways probably influenced intrinsic
and acquired 5-FU pharmacoresistance in CRC
patients, but no translation in clinical practice is
validated, until now [120].

In CRC treatment another widely used anti-
cancer drug is irinotecan, a camptothecin analog
and inactive prodrug, activated at liver level via
human carboxylesterases CES1 and CES2 into
the active form SN-38, subsequently inactivated
through glucuronidation via members of the
UDP-glucuronosyltransferase (UGT) enzyme
family catalyzing also bilirubin glucuronidation.
Somatic tumor-specific mutations seem to influ-
ence irinotecan toxicity and efficacy as well as
interindividual variability limited its PK and PD
[121-123]. Severe diarrhea and neutropenia rep-
resent dose-limiting toxicities. Despite the
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unequivocal confirmation of the role of somatic
mutations on patient’s outcome who under-
went to irinotecan treatment, scientific evidences
confirmed a role of polymorphic variants in
UGTs family members, especially for UGT1AI
isoenzyme and other isoforms [103]. Polymorphic
variants in UGT1A1 enzyme are responsible for
impaired glucuronidating activity and conse-
quent toxicity due to elevated serum levels of
SN-38 and bilirubin [124, 125]. Ando et al. pub-
lished the firstevidence on the role of UGTIA1%#28
(UGTIAI 7/7 genotype) in the development of
irinotecan toxicity [126]. The homozygous
UGT1A1%#28 allele phenotype, responsible for
increased risk for severe neutropenia and diar-
rhea, is represented in the 8—10% of the popula-
tion and according to the FDA treatments in
combination with other agents or as a single
agent requires a reduction in the starting dose
[127]. Dias et al. put in evidence an association
between UGTIAI genotype and overall response
rate in patients treated with irinotecan, but no
direct evidences confirm that a dose reduction in
UGTIAI*28 homozygous phenotypes will not
lead to an important reduction in overall response
rate [128]. Despite FDA recommendations, in
clinical practice the preemptive UGTI1A1%*28
allele testing is not yet applied although commer-
cial assays for UGTIAI testing are available.
There are other important polymorphic genes
involved in irinotecan metabolic pathways under
investigation for their role as putative biomarkers
of hematological and gastric toxicities, but fur-
ther validations are necessary for their potential
clinical utility in irinogenomics [93, 129, 130].

Future Perspectives: Precision
Medicine Based on Integrative
Genomics

In the recent years, the development of a variety
of high technology platforms has led researchers
to produce large amount of data at different
molecular levels and network, in different disci-
plines of the omic world. Traditionally,
approaches of bioinformatics analysis were

focused on the use of single classes of data (i.e.
genomic data or proteomic data). The rising
number of data has made clear that the integra-
tion of data at different levels could produce
more relevant results. Consequently, many differ-
ent approaches have pointed to such kind of inte-
gration, leading to the rise of a novel discipline,
often defined as integromics, or integrated analy-
sis of omic data, in which computer science, bio-
informatics, and mathematical modeling have the
main role. This discipline focuses on the elucida-
tion of basic principles of the interplay among
different biological molecules (such as proteins
or genes), where the network theory plays a syn-
ergistic role [131-133]. The focus of computa-
tional integrative genomics is to identify basic
principles of interplay of different molecules in
order to better elucidate the molecular mecha-
nism. This is under the assumption that the infor-
mation gathered from integrated analysis is
higher than in the single and separate study of
any data source [131]. It usually utilized a com-
mon approach for findings that share a common
flow of information. The flow starts from gather-
ing data of different data sources. Then all data
are integrated into a single network model, and
the model is analyzed with different algorithms
tailored to the specific application. Data sources
of integrative omics mainly reside on messenger
RNA (mRNA), miRNA and protein expression,
DNA copy number, SNPs and may be produced
in dedicated experiments or extracted from dif-
ferent available databases. Specifically, miRNA
therapeutics is emerging as a valuable tool in
translational precision oncology [134—139]. The
scientific community has recently produced a
large number of different databases useful for
integrated analysis. In addition to academic data,
pharmaceutical and biotech companies retain
large amounts of “proprietary data” — inherited
from their own and other sources. Most of the
data is stored in older types of databases designed
to manage a single type of data; therefore, the
integration of these data source into a single com-
prehensive one is a relevant challenge [140].
From a biological point of view, it is clear that
the main actors of this process are mRNAs, miR-
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NAs, and transcription factors (TFs), those play
an interacting role in the regulation of gene
expression that results in variable levels of gene
transcripts and proteins. Usually, the integration
of such datasets relies on the formalism provided
from graph theory. As a result, bioinformatics
approaches for the integrated analysis usually
build comprehensive graphs in which nodes are
mRNAs, miRNAs, and TFs (or other molecules)
and edges represent the interactions among them.
Edges include two main categories: (i) activation
edges modeling the interplay between molecules,
among whose one may increase the level of
another one, and (ii) inhibition edges that model
the action of inhibition. The analysis of such
graphs uses different algorithms tailored to the
specific application. For instance, the individua-
tion of small and connected subgraphs with three
different classes of nodes is often used for the
identification of loops (feedback and feed-
forward) in which the regulation of the expres-
sion of a gene could be related to a synergistic
action of both miRNA and TF.

All the methods of analysis available share
some specific characteristics. First, the use of an
internal knowledge base containing information
collected from literature and from different data-
bases. The knowledge base usually stores asso-
ciation among mRNAs, miRNAs, and TFs
modeled as graphs. This internal knowledge base
guides the analysis of experimental data. Second,
the approaches enable the user to take external
experimental datasets from a pool of samples
extracted from patients in case-control or time-
series experiments. Then, data of knowledge
bases allow to build the association graph includ-
ing experimental data. Finally, this association
graph is mined to extract knowledge.

We here list some main approaches of integra-
tive analysis focusing only on freely available
tools.

MAGIA?2 is the evolution of the precedent
MAGIA web tool for the integrated analysis of
both mRNA and miRNA. MAGIA receives as
input, expression level data obtained by case-
control or time-series experiments. In this way, it

is able to integrate literature evidence, prediction
algorithms, and mRNA and miRNA experimen-
tal data based on anticorrelation of miRNA-tar-
get expression, using four different relatedness
measures. It is able to highlight different regula-
tory circuits involving either miRNA or TF as
regulators: (i) a TF that regulates both a given
miRNA and its target gene and (ii) a miRNA that
regulates both a given TF and its regulated gene.
Furthermore, this tool provides functional
enrichment of the gene network using DAVID
platform [141].

The dchip GEMINI is a freely available web
server that receives as input expression levels of
miRNA and mRNA obtained from time-series
experiments analyzing two conditions, e.g., nor-
mal and cancer conditions. It is able to individu-
ate Feed-Forward Loops (FFLs) consisting of
TFs, miRNAs and their common target genes.
The association among miRNA and their target
(TF and mRNA) information is extracted from
the literature and stored into the web server. TFs
derived from literature used as null model to sta-
tistical ranks predicted FFLs from the experi-
mental data [142].

mirConnX is a software tool based on a web
interface to build gene regulatory networks start-
ing from mRNA and miRNA expression data on
a whole-genome scale. It based on a network
built using as a priori model consisting of
TF-gene associations and miRNA target predic-
tions for human and mouse derived by computa-
tional methods and literature. Experimental data
allow inference of experimental associations
among TF, miRNA and genes. These associa-
tions allow to weight the predefined network and
the resulting weighted network can be visualized
by the user [143].

miRIN is a web application designed for the
identification of the modules of protein—protein
interaction networks regulated by miRNAs. The
approach of analysis consists of the integration of
miRNA target data from literature, protein—pro-
tein interactions between target genes from liter-
ature, as well as mRNA and miRNA expression
profiles provided as data input. The output of
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Table 2.1 Available software tools that integrate in a single model miRNA and mRNA data

Tool Input Output Model Website
MAGIA2 miRNA/mRNA | Feed-forward loops Statistical model http://gencomp.bio.unipd.it/
Expression Data | (FFL) Ontological and literature magia2/start/
Time Series Analysis evidence
dCHIPGemini | miRNA/mRNA | Feed-Forward Loops Statistical model http://www.canevolve.org/
Expression Data | (FFL) and literature dChip-GemiNi
Time Series evidence
mirConnX miRNA, mRNA | Regulatory Networks | Pre-built network http://www.benoslab.pitt.edu/
time series mirconnx
miRIN miRNA, mRNA | Regulatory networks Associations derived | http://mirin.ym.edu.tw/
of miRNA, mRNA, from literature
TFs, and proteins

miRIN is a set of regulatory networks involving
miRNAs, mRNAs, TFs, and proteins (Table 2.1).

We should note that the literature also reports
an approach of integration available for Ingenuity
Pathway Analysis (IPA®, Qiagen, Hilden,
Germany). The IPA® platform enables the recon-
struction of causal networks constructed from
individual relationships providing a set of tools
for inferring and scoring upstream regulators of
gene expression data [144]. This approach has
been presented in a previous work by Di Martino
et al. and has been applied to the analysis of mul-
tiple myeloma data [145]. With respect to the
prior work, the authors first applied the integrated
analysis into a clinical relevant scenario by apply-
ing results to the profiling of MM patients. The
workflow of analysis was based on the use of pub-
licly available published by Wu et al. [146]. Data
were, initially, preprocessed by Affymetrix pro-
prietary software and filtered using the freely
available DChip tool. Through the use of DChip,
the authors identified significant differentially
expressed (SDE) miRNA and mRNA in two sub-
groups of multiple myeloma patients: hyperdip-
loids (HD) MM versus non-hyperdiploids (nHD)
MM. These data (SDE genes and SDE miRNAs)
were integrated into a single model by using the
approach of Kramer et al. implemented into the
IPA® software [144]. This approach also enabled
to consider the role of TFs and to extract causal
relationships among them. The authors also ana-

lyzed data into a functional space looking at
canonical pathways and bio-functions, carried out
by SDE genes and miRNAs. The main result of
this analysis was the identification of different
biological events related to the two MM subtypes,
while the upstream regulator analysis enabled to
identify URs related to the identified transcription
events, drawing a new molecular scenario of the
two main disease subgroups (Fig. 2.3).

Conclusions

Precision medicine is a reality, but the shift from
single gene analysis to multilayered approaches
as integrative genomics is likely to produce a
novel way to identify targets and individualize
treatment. The growing interest for immunother-
apy makes this point even more compelling tak-
ing into account that each therapeutic approach
needs to be personalized based on the immunobi-
ology of the individual patients, which will drive
to another shift to tumor analysis to tumor/micro-
environment axis evaluation. These perspectives
need not only robust technologies but also a novel
way to validate findings and novel research
approaches which are mostly based on Bayesian
design.

Precision medicine does not substitute for
good clinics but even allow better and wiser
clinics.
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Fig. 2.3 This picture depicts the flow of data in integra-
tive genomics. Different experimental data are collected
from the investigator. The data span from classical micro-
array technologies (e.g. mRNA or miRNA expression) to
next-generation sequencing techniques as well as genomic
technologies such as CNV or SNP data. The whole set of
data is then pre-processed in order to select only signifi-
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Cancer Clonal Evolution and Intra-
tumor Heterogeneity

Daniele Fanale, Juan Lucio lovanna,
Antonio Giordano, Christian Rolfo,

and Antonio Russo

Introduction

Despite recent advances in the understanding of
cancer onset mechanisms and development of
new therapeutic strategies, however, the resis-
tance of tumor cells to different therapies repre-
sents the main obstacle to the successful
treatment, resulting in poor prognosis and tumor
recurrence. Since current therapies are not always
able to fully eradicate the disease, understanding
the causes underlying the resistance and imple-
menting strategies to solve this issue are currently
the most important objectives of the oncology
research [1]. Tumors are not uniform diseases but
heterogeneous entities formed by populations of
cells or “cell clones,” with different genetic
and molecular characteristics. This variability
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underlies their ability to evolve and adapt to the
anticancer drug therapies, by developing often
resistance mechanisms [2]. Most of cancers
exhibit usually a single clonal origin at the early
stages of the disease, but, subsequently, in
advanced stages, tumors may contain multiple
cell populations with different properties, acquir-
ing the ability to invade other tissues and develop
distant metastases [3, 4]. This tumor heterogene-
ity causes changes in clinical patterns, by affect-
ing the treatment effectiveness, since these tumor
cell clones have acquired the ability to modulate
their motility or adhesion. Also, cell clones with
metastatic potential exhibit different genetic fea-
tures than clones without metastatic potential [5,
6]. For this reason, in these last years, the main
aim of many researchers was to identify genetic
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markers of metastatic cell clones [7-9]. Despite
little is yet known concerning this, two models
have been proposed to elucidate the biological
mechanisms underlying the metastases. The
genetic selection model suggested that only a
subset of cancer cells acquires metastatic poten-
tial and aggressive phenotype during the late
stages of the multistep process of tumorigenesis,
thereby hypothesizing that metastasis is an event
arising from a late clonal selection process [10,
11]. Conversely, the ability by cancer cells to
acquire a metastatic potential during a relatively
early stage of the tumorigenesis process, depend-
ing on the genetic background, underlies another
interesting model [12]. This latter hypothesis was
supported by a gene expression study carried out
by Ramaswamy et al. [13] on primary and meta-
static tumor samples, in which a metastasis-
associated molecular signature was identified.
Furthermore, a high degree of tumor heteroge-
neity is determined by the presence of a large
number of genomic alterations found within each
tumor, although most of these, such as somatic
mutations or chromosomal rearrangements,
seems to be not involved in tumor progression
and not detected across all samples from a tumor
or metastatic lesions [14]. Another determinant
for the intra-tumor heterogeneity appears to be
the branched evolution that occurs during tumor
progression, enabling to identify phylogeneti-
cally genomic alterations that arise during tumor
clonal evolution [1, 15]. Experimental evidences
suggested that intra-tumor heterogeneity can
vary in the space and time, determining the devel-
opment of different clones that evolve indepen-
dently, but not always in a divergent manner. In
fact, several studies showed that different parallel
mutations that accumulate in the same gene may
determine a convergent clonal evolution, sug-
gesting the significant involvement of a specific
molecular pathway in the progression of a given
tumor and, consequently, highlighting targets
clinically useful for the development of new
potential therapeutic strategies [16—19]. Since
the molecular characterization of a tumor biopsy
provides us only a snapshot restricted in the time
and space of a given tumor, often without supply-
ing an overview of its heterogeneity, it could be

very useful to analyze the molecular alterations
of a tumor over time in order to promote, accord-
ingly, the development of personalized therapeu-
tic approaches [20, 21].

In this chapter, we will describe the concepts
of cancer clonal evolution and intra-tumor het-
erogeneity, discussing how these may affect the
tumor recurrence, clinical outcome, therapy
response, emergence of drug resistance, and bio-
marker validation.

Cancer Clonal Evolution

Carcinogenesis is a multistep process caused by
the progressive accumulation of gene mutations
and epigenetic alterations that modulate specific
molecular pathways and collectively give rise to
a malignant phenotype [22, 23]. The clonal evo-
lution model involves that a spontaneous or
induced genetic alteration confers a selective
advantage to a cancer cell that generates a domi-
nant subpopulation driving tumor progression.
According to this model, tumor progression and
diversity are driven by natural selection and
genetic drift [24-26].

The initial cytogenetic studies concerning
tumor clonality had led to the hypothesis that
tumors have a monoclonal origin, as they origi-
nate from a single transformed somatic progeni-
tor and all cancer cells have in common at least
one primary chromosomal anomaly, subse-
quently followed by a clonal selection process,
according to the Darwinian evolution, that devel-
ops among different cancer subclonal popula-
tions carrying secondary alterations [27].
Afterward, more detailed cytogenetic analyses
and further studies performed on multiple speci-
mens from the same patient revealed sometimes
the presence of several cytogenetically indepen-
dent clones, questioning the monoclonal theory
and knowledge so far acquired on tumor clonality
[28-33]. Several experimental evidences allowed
to hypothesize four potential different mecha-
nisms explaining the concept of cancer clonal
evolution. The first model relies on the monoclo-
nal hypothesis, suggesting that cancer cells main-
tain the original monoclonality during the course
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of the disease without acquiring further second-
ary alterations as those detected by karyotypic
analysis. This condition is typically present in
some sarcomas and leukemias, where only a sin-
gle genetic aberration is observed in all cancer
cells (Fig. 3.1a). The second mechanism is based
on the concept of clonal divergence, confirming
the monoclonality of the cancerogenesis process,
but speculating a secondary clonal heterogeneity
due to subsequent alterations occurring over time
(Fig. 3.1b). The third hypothesis suggests the
emergence of an initial polyclonality in tumor,
followed by a clonal convergence process that
involves a significant decrease in genomic aber-
rations and selection of cytogenetically indepen-
dent clones during tumor growth, leading to a
secondary mono- or oligoclonality (Fig. 3.1c).
Lastly, the fourth model proposes a cancer poly-
clonal origin characterized by early clonal con-
vergence and late clonal divergence arising from
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Fig. 3.1 Models of cancer clonal evolution. (a) The
monoclonal hypothesis suggests that cancer cells main-
tain a monoclonal origin during the course of the disease
without acquiring further secondary alterations. (b) The
second mechanism relies on the concept of clonal diver-
gence, confirming a monoclonal tumorigenesis process
followed by a secondary clonal heterogeneity due to

the occurrence of further cytogenetic alterations
that enabled specific clones to survive during the
intermediate stages of tumorigenesis [34-36]
(Fig. 3.1d). Experimental evidence showed that
cancer clonal evolution is a multiple sequential
event involving the coexistence and coevolution
of various subclonal populations which acquire
selective survival advantages during tumor pro-
gression and change spatially and temporally [37,
38]. Additionally, clonal evolution has been
shown to be a highly heterogeneous process, as
different evolution mechanisms may be adopted
by different tumor types [39, 40]. There exist four
different modalities by which tumor evolution
can occur: linear evolution, clonal separation (or
allopatric speciation), clonal competition (or
antagonist evolution), and clonal cooperation (or
symbiotic evolution). The linear evolution impli-
cates the occurrence of sequential alterations
over time and can lead to tumor heterogeneity

C

O

subsequent alterations occurring over time. (¢) The third
model involves an initial polyclonal tumorigenesis fol-
lowed by clonal convergence resulting in a secondary
mono- or oligoclonality. (d) The last model proposes a
cancer polyclonal origin characterized by early clonal
convergence and late clonal divergence
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when a subclone is not able to overcome its pre-
decessors. Clonal separation is an event equiva-
lent to the allopatric speciation and involves the
presence of subclonal populations geographi-
cally isolated within tumor and genetically dis-
tinct in different tumor areas [41, 42]. Recently,
some studies highlighted the possibility by dis-
tinct subclones to cooperate between them during
tumor evolution (clonal cooperation) [43]. This
cross talk sometimes can cause tumor collapse
due to clonal interference, when, for example, a
subclone with higher proliferative ability and
unable to survive alone overcomes an autono-
mous driver subclone (clonal competition).
Therefore, therapeutic approaches aimed to iden-
tify and target specific subclonal populations pro-
moting survival and growth of neighboring cells
in the tumor should be developed [44].

Furthermore, evaluating the relationships
between tumor clonality and phylogenetic may
allow to genetically correlate a primary tumor
with its metastases over time [45]. Tumor evolu-
tion may occur through two distinct pathways
defined as microevolution and macroevolution.
While microevolution is a gradual process,
instead macroevolution involves significant, non-
gradual jumps along the evolutionary lines [40].

These models of cancer clonal evolution were
better studied in recent years, thanks to the pro-
gresses acquired in the molecular technology
field, such as the next-generation sequencing
(NGS) analysis and development of more sophis-
ticated computational methods, that allowed to
obtain a high-resolution overview of the genetic
alterations present in tumors, to study more
deeply spatial distribution of subclones, and to
better characterize tumor heterogeneity [46-52].
Furthermore, several studies showed that cancer
subclonal evolution during disease progression,
therapy, and acquisition of drug resistance may
be predicted and tracked by analysis of circulat-
ing tumor DNA (ctDNA) [53].

Intra-tumor Heterogeneity

A crucial event in cancer clonal evolution pro-
cess is the variability within individual tumors,
called intra-tumor heterogeneity (ITH), which

determines and drives the genetic selection
mechanism of the more suitable cell clones [37,
54]. Experimental evidence clearly showed that
cancer cells present in an individual tumor can
exhibit genetic, morphological, and behavioral
variability [55]. For the first time, in 1800s, the
pathologist Rudolf Virchow and other research-
ers observed the cellular heterogeneity within
single tumor entities by means of a compound
microscope [56]. While inter-tumor heterogene-
ity allows to highlight the differences between
tumors that hinder the eradication of the disease,
instead intra-tumor heterogeneity, recently, has
been shown to affect both tumor progression and
therapy effectiveness [16, 57, 58]. Indeed, in
1984, Heppner suggested that patient cure and
new therapeutic strategies may arise by the
knowledge of factors and events that give rise to
the intra-tumor heterogeneity [59]. Different
genetic changes may be detected in a restricted
number of biomarkers or genes from cancer spec-
imens recruited at different stages and from
diverse individuals [60]. Usually, the origin of
tumor heterogeneity may be explained through
two theoretical models potentially complemen-
tary between them, the clonal evolution model
[61] and cancer stem cell (CSC) hypothesis [62].
These two theories, formerly considered mutu-
ally exclusive, appear to have some similarities,
hypothesizing that tumors arise following the
accumulation of multiple molecular alterations
and acquisition of an uncontrolled proliferative
capacity by individual cells and interplay with
(micro)environmental factors [63]. Among the
main discrepancies, we can include that concern-
ing the tumor cell organization that is considered
hierarchical in CSC model and stochastic in
clonal evolution model. Furthermore, the source
of heterogeneity is represented by aberrant dif-
ferentiation processes and mutations in the CSC
theory, instead by epigenetic and genetic changes
followed by natural selection in other models
[64]. Additionally, according to the CSC
hypothesis, tumor progression and therapy resis-
tance seem to be driven by a small cell subset
only, whereas, in the case of the clonal evolution,
they depend on the genetic instability (mutation
frequency), cell population size, proliferation
rate, and selective pressure determined by
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Fig. 3.2 Differences between clonal evolution model and cancer stem cell (CSC) hypothesis. The origin of tumor
heterogeneity may be explained through these two theoretical models potentially complementary

external selective forces, according to the
Darwinian evolutionary theory [65] (Fig. 3.2).
The intra-tumor heterogeneity detected in
most of tumors has been shown to restrict ther-
apy response and induce drug resistance in
advanced disease, promoting the selection of
resistant subclones, sometimes detectable prior
to treatment [66] (Fig. 3.3). Therefore, the suc-
cess of the anticancer therapies depends on the
understanding of the contribution that tumor
heterogeneity gives to therapeutic response,
investigating the correlation between clonal het-
erogeneity and clinical significance of subclonal
driver mutations [67—70]. Usually, the presence
of target driver mutations detected in the primary
tumor by means of histological or molecular
analyses drives the clinical decision to use a spe-
cific targeted therapy. Nevertheless, intra-tumor
heterogeneity and clonal evolution within
each tumor represent the main hurdle to the

successful treatment, because not all cancer cells
may harbor target mutation in the primary tumor
or metastatic lesions [71]. In fact, the microenvi-
ronment of the metastatic site may affect the
evolution of metastatic disease, causing, in some
cases, the selection and enrichment of some
tumor subclones and conferring a phenotypic
and genomic variability between primary tumor
and metastases in different tumors [17]. In other
cases, instead, it was observed the maintenance
of the same genetic alterations both in primary
tumor and metastatic lesions [3, 6].

Models of Intra-tumor Heterogeneity:
Melanoma and NSCLC

Among tumors, melanoma and non-small cell
lung cancer (NSCLC) can provide an interesting
example of intra-tumor heterogeneity.
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Fig. 3.3 Intra-tumor heterogeneity and resistance.
Heterogeneity of tumor cells may alter the therapeutic
response to specific therapies, because a small fraction of

Melanoma is the most aggressive and serious
form of skin cancer accounting for the sixth most
common cause of cancer-related deaths [72]. It is
a poorly differentiated high-grade malignant
tumor of melanocytes (cells producing melanin
pigments) whose incidence has shown a gradual
increase in recent years leading to an unfavorable
prognosis in the presence of advanced metastatic
disease, with a low 5-year survival rate [73].
Cutaneous melanoma can be divided into four
major subtypes: nodular melanoma, superficial
spreading, lentigo maligna, and acral lentiginous
[74]. The complex interaction between genetic
and environmental factors has been shown to
determine the neoplastic transformation of epi-
dermal melanocytes resulting in cancer develop-
ment [75]. Recent epidemiological, clinical, and
genetic studies showed that melanomas are phe-
notypically and genetically heterogeneous
tumors harboring different genetic alterations.
The key genetic alterations involved in mela-
noma pathogenesis concern three main onco-
genes: BRAF, NRAS, and c-KIT [76]. Acral or
mucosal melanomas as well as those arising in
areas of chronic skin damage usually harbor both
wild-type NRAS and BRAF, but show alterations
in ¢-KIT and, frequently, a greater copy number
of genes downstream of the RAS/BRAF signal-
ing pathway, such as cyclin D1 (CCNDI) and
cyclin-dependent kinase 4 (CDK4) [77]. The
mitogen-activated protein kinase (MAPK) sig-
naling pathway has been shown to be mainly
involved in melanoma onset and progression.
Alterations in the RAS/RAF/MEK/ERK signal-
ing cascade may occur at different levels, leading

New oncogenic
dependencies

Tumor
progression

—_—

tumor clones becomes insensitive to therapy and survives,
resulting in disease relapse and tumor progression

to an aberrant cell proliferation and apoptosis
[78]. NRAS resulted be the most frequently
mutated isoform in melanoma, since NRAS
mutations, associated with nodular lesions and
increased sun exposure, were identified in 33%
of primary and 26% of metastatic melanomas
[79, 80]. The substitutions of glutamine at posi-
tion 61 by a lysine or an arginine (Q61K and
Q61R) are the most commonly detected NRAS
mutations [81]. BRAF mutations are most com-
monly harbored by melanomas located in areas
without sun exposure-induced chronic damage
and have been shown to occur early during tumor
progression stages, inducing cell proliferation
and, subsequently, senescence [82, 83]. Generally,
BRAF mutations are more commonly present in
younger patients and with a higher number of
nevi. Increased exposure to UV radiations during
youth is correlated with BRAF mutations,
whereas high rates of sun exposure throughout
the course of life are associated with NRAS muta-
tions [84]. Approximately 40-60% of advanced
cutaneous melanomas harbors activating BRAF
mutations, exhibiting some clinical characteris-
tics correlated with a poorer prognosis [85, 86].
However, significant improvements in overall
survival of patients with metastatic melanoma
have been recently achieved by targeting mutated
BRAF [77, 87]. The most frequently detected
BRAF mutation in 80-90% of melanoma cases is
the substitution of glutamic acid for valine at
amino acid 600 (V600E), whereas about 16% of
the remaining activating mutations consist of an
alternate substitution (lysine for valine) at the
V600 locus (V600K), detected at slightly higher
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levels in melanomas of older patients [88, 89].
The BRAF V600E mutation promotes prolifera-
tion and malignant transformation via constitu-
tive activation of BRAF, regardless of the
upstream activation by extracellular stimuli and
RAS. However, the melanoma progression is
driven by other factors which cooperate with
BRAF. Data from cohort studies strongly indi-
cated that NRAS and BRAF mutations are almost
always mutually exclusive in melanoma, sug-
gesting that probably the simultaneous presence
of both mutations does not provide benefit for
tumor growth and survival and occurrence of
each mutation may be specifically correlated
with some subtypes of melanoma [90-92].
However, during these years, some rare excep-
tion has been reported [93]. In the last years,
some studies postulated that NRAS and BRAF
mutations may be simultaneously detected in the
same tumor specimens, suggesting that these
mutations are not mutually exclusive in mela-
noma, but exhibit intra-tumor heterogeneity. In
this regard, Sensi et al. [94] have observed, using
high-sensitivity sequencing methods, that NRAS
Q61R and BRAF V600E mutations are mutually
exclusive at the single-cell level, but may be
simultaneously present in the same human mela-
noma, since a small cell subpopulation of the
same tumor mass may harbor one of two muta-
tions. Moreover, NRAS?'R-mutated clones
showed a higher proliferative ability both in vitro
and in vivo compared to BRAF'"E-mutated
clones [94]. In the same year, using in vitro
assays, the same group of authors showed that the
simultaneous expression of NRAS Q61R and
BRAF V600E in the same human melanoma cell
may induce senescence and enhance the suscepti-
bility to cell-mediated cytotoxicity by both HLA
class I antigen-restricted and nonspecific T cells,
suggesting a relationship not only epistatic but
also of synthetic lethality between NRAS and
BRAF, resulting in a selection against double
mutant cells [95]. Recently, Chiappetta et al. [96]
reported that, when NRAS and BRAF mutations
coexist in the same sample of nodular melanoma,
these show different mutation frequencies: one is
a low-frequency mutation and the other is a high-
frequency mutation. These recent findings could

lead to limit the clinical use of BRAF inhibitors
in melanomas that contain different BRAF- and
NRAS-mutated cell subpopulations, as the cancer
cell growth and survival are regulated in a man-
ner heterogeneous within the same tumor.
Therefore, in the light of these observations, it is
crucial to develop and use more sensitive and
specific technical approaches, in order to select
the subgroups of patients which are more likely
to respond to BRAF inhibitors, based on the fre-
quency by which both mutations occur within the
same melanoma. In addition, the molecular
mechanisms responsible for the occurrence of
two mutations in the same tumor should be fur-
ther studied.

The identification of cancer driver genes, such
as epidermal growth factor receptor gene (EGFR),
allowed to implement promising approaches of
personalized medicine in NSCLC patients [97,
98].

EGFR activation induces the dimerization of
receptor, favoring, in turn, an intracellular
protein-tyrosine kinase activity that leads to auto-
phosphorylation and activation of downstream
signaling pathways, such as angiogenesis, prolif-
eration, and apoptosis [99]. The selective inhibi-
tion of EGFR signaling by TKIs, including
gefitinib and erlotinib, occurs through targeting
of ATP-binding site and inactivation of the tyro-
sine kinase domain [100, 101]. The intra-tumor
heterogeneity seems to play a key role also in
NSCLC treatment, since NSCLC patients with
EGFR-activating mutations exhibit different
responses to tyrosine kinase inhibitors (TKIs).
Indeed, clinical data showed that most of patients
harboring EGFR mutations exhibits high
response rates to TKIs, whereas a small group of
them gives rise to mixed responses [102, 103].
Tumors may be intrinsically insensitive to treat-
ment with EGFR TKIs prior to therapy (intrinsic
or primary resistance) or, after being initially sen-
sitive to therapy, may develop a resistance
acquired after TKI treatment (acquired or sec-
ondary resistance). Acquired resistance not only
makes tumors resistant to originally used drugs
but may also cause cross-resistance to other drugs
with different mechanisms of action. The intra-
tumor heterogeneity, that implicates differences
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Fig.3.4 The efficacy of target therapy in NSCLC is affected by tumor heterogeneity

in the mutational status, extent of amplification,
and expression levels of EGFR, reduces effec-
tiveness of targeted therapy in NSCLC [104,
105]. The sequential therapy, that involves the
consecutive use of different drugs after the failure
of that previously used, may represent an inter-
esting clinical option to overcome the resistance
induced by selection of a therapy-resistant sub-
clone [106]. An example of sequential therapy is
represented by the treatment of EGFR-mutated
NSCLC patients (with mutation EGFR L585R or
EGFR exon 19 deletion) with first-generation
EGFRIs (gefitinib or erlotinib). After the initial
response, subsequently, the occurrence of a resis-
tance mutation (EGFR T790M) causes tumor
progression [107]. Nevertheless, cells harboring
this resistance-conferring mutation have been
shown to be responsive to the third-generation
EGFRISs, rociletinib and AZD9291 [108, 109].
However, a subclone harboring a EGFR T790M
variant may become resistant to therapy with
AZD9291 or rociletinib generating another

selection mechanism, resulting in the reappear-
ance of subclones negative for EGFR T790M and
EGFR C797S mutant cells or resistant subclones
positive for EGFR T790M [110, 111] (Fig. 3.4).

Conclusions and Futures
Perspective

Knowing the evolutionary history of a tumor in
the space and time is a crucial factor for develop-
ing screening methods able to early detect dis-
ease when genetic variability is low and tumor is
evolving. The correlations observed between
tumor diversity and clinical outcome make it nec-
essary the development of more sensitive and
specific clinical approaches in order to better
characterize and measure tumor heterogeneity
and early identify the subclonal events within
tumor [15]. The combination therapy may help
us to overcome tumor resistance caused by intra-
tumor heterogeneity, enhancing the efficacy of
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targeted agents and chemotherapy and improving
survival rates in cancer patients.

In recent years, with the advent of new cancer
genomic sequencing technologies, significant
advances in the detection of single-nucleotide
variants were made [112, 113]. In particular,
NGS technologies are providing new methods of
genome sequencing at high speed and greater
resolution power, leading to identification of
tumor-specific genetic changes belonging to dif-
ferent clonal populations within a given tumor.
Despite encouraging results obtained from sev-
eral studies, however, there are still some techni-
cal restrictions that may limit the potential
application of these technologies in clinical prac-
tice, including issues concerning sequencing
methods requiring DNA pre-amplification, and
selection criteria of individual cell subclones
within a tumor.

Additional molecular investigations on single
cancer cells are needed in order to increase our
knowledge about genetic variability of individual
cells present in several tumors and responsible for
the complex question concerning cancer clonal
evolution during all stages of tumorigenesis.
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Tissue Versus Liquid Biopsy:
Opposite or Complementary?
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The main pillar of cancer diagnosis has been
classically represented by the cyto-/histopatho-
logical analysis of cells and tissues. The detec-
tion of morphological features of cellular atypia
(e.g., altered nuclear/cytoplasmic area ratio;
nuclear dysmorphism) and disarranged hierarchi-
cal architecture of the tissue (i.e., dysplasia) are
funding elements in the diagnosis of malignan-
cies, yet the pieces of information conveyed by
these features are often insufficient for the pre-
cise identification of a specific cancer histotype,
and sometimes they prove faulty [1-6].
Ancillary techniques, prototypically immuno-
cyto-/histochemistry, have substantially pushed
forward the sensitivity and specificity of cell-/
tissue-based histopathological diagnosis espe-
cially in settings in which morphological clues
are of limited significance, such as tumors of
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hematopoietic and mesenchymal tissues.
Through the detection of protein epitopes either
specifically expressed (e.g., ALK-1 in anaplastic
large T-cell lymphoma) [7] or downregulated
(e.g., Bap-1 in malignant mesothelioma) [8] by
cells, the differentiation between reactive or pre-
malignant modifications of the tissue and malig-
nant transformation can be achieved.

In situ immunological detection of epitopes
has changed the very essence of pathology mov-
ing its role from diagnosis and prognostication
(essentially based on pathological staging) to
refined risk stratification and prediction of treat-
ment success. In this setting notable examples are
the detection of CD20 expression by B-cell lym-
phoid clones prompting anti-CD20 immunother-
apy [9] and the semiquantitative grading of HER2
expression on ductal breast adenocarcinoma cells
driving the adoption of anti-HER strategies [10].

Notably, in specific settings, the information
that can be inferred from cell- or tissue-based
immunodetection analyses encompasses genet-
ics. Indeed, the expression and localization of a
specific protein can be correlated to peculiar
genetic events such as translocations as in the
case of MYC and BCL2 expression by malignant
B cells in high-grade B-cell lymphomas [11]
(Fig. 4.1), duplications/amplifications (e.g.,
HER?2 overexpression in breast adenocarcinoma)
[12—14], or mutations (e.g., nuclear vs. membrane
expression of beta-catenin in APC-mutated
colon adenocarcinoma [15-19] or nuclear vs.
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Fig. 4.1 Immunohistochemical expression of BCL2 and
MYC protein in a high-grade B-cell lymphoma (HGBL)
with MYC (a) and BCL2 (b) rearrangements compared to
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a diffuse large B-cell lymphoma (DLBCL nos) lacking
BCL2 (¢) and MYC (d) rearrangements (original magnifi-
cation x400)

Fig. 4.2 Representative microphotographs of differential
expression of NPM in acute myeloid leukemia. While
samples with wild-type NPM show nuclear staining
(a, green arrow) or cytoplasmic staining during mitosis

cytoplasmic expression of NPM) (Fig. 4.2).
Besides detecting altered intensities/localizations
of target proteins, immunocyto-/histochemical
techniques can allow the specific identification of
peptides resulting from the translation of mutated
transcripts. This is made possible when the

(a, red arrow), samples with specific NPM mutations
show only cytoplasmic expression during all the phases of
the cell cycle (b, black arrow)

mutational event leads to the synthesis of a pro-
tein with a different epitopic profile from that of
the wild-type form, which can be identified by
the adoption of a specific antibody against the
mutation-associated epitope (e.g., anti-EGFR
with exon 19 deletion) [20].
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Integrating the role of immunogenetics are
methods based on the hybridization of probes
complementary to specific genomic DNA,
mRNA, or miRNA sequences. These techniques,
either relying on fluorescence microscopy (e.g.,
fluorescent in situ hybridization for major genetic
events, such as amplifications, translocations,
and/or deletions) or bright-field microscopy (e.g.,
chromogenic in situ hybridization for transcript
detection), provide a more direct insight into
genetic/molecular features of malignant cells/tis-
sues without fully losing the topographic infor-
mation. However, the association between
genetic/molecular information and tissue mor-
phology/topography is an invaluable, yet still
poorly understood, resource.

On these bases, cell- and tissue-based ancil-
lary techniques have progressively gained their
consolidated role as gold standard diagnostic
tools in cancer, extending their influence over
disease prognostication and prediction of treat-
ment outcome.

Along with the expanding comprehension of
the genetic complexity of cancer, the concepts of
clonal heterogeneity and clonal evolution have
emerged as determinants of cancer pathobiology
[21-23]. The notion that malignancies are com-
posed by a complex mosaic of subclones shar-
ing funding genetic lesions but differentially
enriched in additional events shaping their capa-
bility to adapt to the coevolving cancer micro-
environment and resist treatment has claimed
for an unprecedented level of integration
between clinical, pathological, and molecular
data [24-27]. In this context, the novel focus on
tumor-derived cells, DNA and RNA circulating
in the periphery characterizing the “liquid
biopsy” (LB) approach, is delineating the new
frontiers of cancer theragnostics.

The aim of liquid biopsy is to detect and ana-
lyze biological material originated within and
from the tumor [28, 29]. This technique is very
ductile, allowing to collect information about the
pathological state of the patient without being
burdened by the risk of comorbidities associated
with traditional biopsy techniques that some-
times are hardly performed, especially in com-
promised oncological patients.

The information acquired through LB can be
either diagnostic, prognostic, or predictive as it
can be used for the early detection of a specific
malignancy, for monitoring its progression, its
response to therapy, the arousal of resistant
clones, or its relapse following complete remis-
sion [30]. Notably, LB can be also easily adopted
for population screening efforts and preventive
medicine [31-34] .

LB relies on biological fluids that can be
informative about the disease under investiga-
tion. Several reports suggest that cancers are usu-
ally very active in releasing cancer-derived
molecules or cells into the peripheral blood or
other biological fluids. Indeed, blood and its
derivatives/components (serum, plasma, plate-
lets, microvesicles/exosomes, and circulating
cells) are the samples of election [29] for LB, but
analyses on other fluids have been reported, such
as the liquor for molecular diagnosis and muta-
tion tracking of central nervous system malig-
nancies [35] or the saliva [32, 36] and urine [37,
38] for the analysis of contiguous or distant
tumors. Of note, the saliva and urine are becom-
ing increasingly adopted as LB substrates owing
to their noninvasive way of collection and capa-
bility of magnifying specific markers [39].

In details, LB relies on very different entities
as source of information: circulating cells derived
from cancer, cancer-cell-derived cell-free DNA
[40, 41], RNA molecules [42-45], tumor-
educated platelets [46, 47], and even immune
cells, such as T-cells, which repertoire diversifi-
cation provides an insight into the response to
immunological therapies [48].

Circulating tumor cells (CTCs) are very infor-
mative, but their use has been somehow limited
by their relative paucity in the bloodstream and by
the intrinsic difficulties in their selection from the
high background noise of the normal circulating
cells. CTCs detach from the tumor foci and can be
found in both the blood and lymphatic circulation,
either as single cells or in the form of cell clusters/
aggregates (microemboli) [49]. Nevertheless, the
identification of tumor-specific or tumor-enriched
membrane-bound epitopes has allowed sorting
this specific population from blood samples and
using them to profile and characterize the tumor.
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Fig. 4.3 Representative microphotograph showing het-
erogeneity membrane expression of Her2-neu in mam-
mary neoplastic cells. In particular the distribution of
Her2-neu is different even in the same tumoral area, with
complete membrane positivity (red arrow) or negative
expression (yellow arrow)

A prototypical example is that of epithelial cell
adhesion molecule (EpCAM), which has been
used for the positive selection of CTCs of colorec-
tal cancer patients to identify tumor-specific tran-
scripts [50]. In this regard, a note of caution
should come from the analyses of tumor tissues,
from which a dramatic heterogeneity in the topo-
graphic distribution of most surface tumor cell
markers emerged (Fig. 4.3).

Alternatively, label-independent techniques
rely on sorting CTCs through peculiar physical
characteristics, especially size [51].

Isolated CTCs can be analyzed by high sensi-
tivity molecular approaches, such as modified
real-time PCR [52-54], digital PCR (dPCR),
dropletdigital PCR (ddPCR), and next-generation
sequencing (NGS). One notable example is rep-
resented by the study of ALK-gene rearrange-
ments on CTCs from patients with lung
adenocarcinomas [55]. CTCs can also be culti-
vated in vitro [56] or used to generate patient-
derived xenografts [57, 58].

Among the different LB specimens, CTCs
have the greatest informative potential being rep-
resentative of the entire cellular program of the
malignancy and are therefore mainly used in spe-
cialized applications such as functional studies
[58, 59] aimed at identifying new therapeutic
targets.

Circulating free DNA (cfDNA) has become
the standard source for liquid biopsies. DNA is a
very stable molecule, and cancer-derived cfDNA
(also known as circulating tumor DNA, ctDNA)
can be highly enriched in plasma, accounting for
up to 10% of the total cfDNA [60]. Such enrich-
ment stems from passive mechanisms of release
by dying cancer cells, including those undergo-
ing apoptosis or necrosis or phagocytosis by
macrophages, but also from active mechanisms
of release from vital cancer cells, which still
remain unclear. Of note, the 150-180 bp length,
typical of nucleosome spacing, has been reported
to be particularly enriched in cancer-derived
cfDNA [61], which might open a prospect on this
form of circulating DNA as a biomarker of
cancer-bearing patients.

The quantification and characterization of
cfDNA through LB has been associated with sev-
eral biological features of the tumor, such as
stage, tumor burden, vascularization [60], and the
response to the therapy [62].

cfDNA has proven particularly useful in
detecting and quantifying clinically relevant
mutations (e.g., in EGFR, KRAS, and BRAF
mutations) from which inferring the tumoral
burden change over time or the relapse of the
underlying cancer [63-65]. Moreover, it has
been successfully adopted to monitor and even-
tually overcome the arousal of therapy-resistant
clones due to selective pressures, as in the case
of the detection and quantification of the EGFR
T790M mutation that confers resistance to tyro-
sine kinase pharmacological inhibition used
routinely in the treatment of NSCLC patients
[66, 67]. Other remarkable examples come from
the setting of diffuse large B-cell lymphomas,
where cfDNA genotyping allowed quick, nonin-
vasive, and accurate identification of mutations
that were missed in the “traditional” tissue
biopsy probably due to spatial tumor heteroge-
neity, where tissue analysis just allows the iden-
tification of mutations represented in the
biopsied foci [41].

Overall, the possibility to monitor the malig-
nancy as a whole, comprising primary and “met-
astatic” lesions, indeed represents one major
advance of LB over traditional approaches.
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The analysis of cfDNA has propelled the
development of several advanced PCR tech-
niques able to detect and quantify mutations with
very low burden, aiming at very high sensitivity
and specificity rates [68]. NGS technology has
been also applied using ultradeep sequencing
approaches. Nevertheless, NGS application on
LB is extremely challenging, requiring a careful
validation of the whole pipeline, from the speci-
men collection to the bioinformatic analysis
[69-71].

Circulating tumor-derived RNAs have been
reported to be used in LB, but the intrinsic insta-
bility of RNA molecules has so far hampered this
approach. Gene fusion-derived transcripts,
tumor-specific transcript, and splice variants can
be detected by the analysis of these molecules,
but successful examples are still rare and some-
how far from the routine clinical use [72, 73]. For
this reason, a great effort has been done in identi-
fying specialized entities naturally enriched in
RNAs such as exosomes and platelets [47, 74].

Exosomes are small stable vesicles that are
actively released from the cell of origin and carry
a plethora of biological molecules, encompassing
DNA, RNAs, miRNAs, and proteins.

Even if difficult to purify in comparison with
other biological entities, exosomes have been
reported as useful sources of information in LB,
especially for the analyses of the carried miRNAs
in the diagnosis and prognostication of several
forms of cancer [75-77]. Interestingly it has been
recently reported that exosomes could be a good
source to evaluate the androgen receptor splice
variant 7 (AR-V7), which is associated with resis-
tance to hormonal therapy in castration-resistant
prostate cancer (CRPC). Moreover it was showed
that using this approach, it could be possible to
predict hormonal therapy resistance, earning an
important clinical impact [78].

Platelets have been clearly demonstrated to be
actively enriched in RNAs derived from cancer
cells, becoming so-called tumor-educated plate-
lets (TEPs). In contrast to exosomes, TEPs are
very easy to harvest from blood by centrifuga-
tion, and the RNAs extracted from them have
been proven to be a good source for tumor-
derived transcript analyses [47].

The need for finding good sources of RNAs to
be analyzed through LB is not trivial. RNA mol-
ecules have been found to sustain several layers
of regulation that are subverted during the cancer
transformation.  Long noncoding RNAs
(IncRNAs) are key regulators of transcription,
and some of them have been reported to be spe-
cifically deregulated in cancer, as in the case of
metastasis-associated lung adenocarcinoma tran-
script 1 (MALATI) [79]. MicroRNAs have a cen-
tral role in the regulation of the transcriptional
output of the cell, and their roles in tumorigenesis
and as tumor-associated markers or even as thera-
peutic targets are consolidated [80]. Circular
RNAs represent a rather novel yet interesting
class of ncRNAs with regulatory functions,
which are emerging as key players in cancer [81].
Circular RNAs appear to be of particular interest
in LB applications because, lacking free ends,
they are conspicuously more stable in compari-
son with linear RNAs.

The emerging applications of LB aim at gain-
ing more complex pieces of information about the
underlying tumor, extending beyond genotyping.
Examples of this novel approaches include stud-
ies about the differential DNA-releasing capabil-
ity from different subclones in advanced lung
cancer [82] or the assessment of intratumoral
DNA methylation and epigenetic heterogeneity
directly desumed from LB [83, 84].

In brief, the LB allows to monitor the onset
and development of the tumor through a noninva-
sive approach to swiftly tailor the therapy on the
patient with an efficient and economically afford-
able approach.

On the other hand, in comparison with tradi-
tional tissue-based biopsy, LB does not allow
(yet) the specification of tumor histotype and the
characterization of elements relevant for the
pathological staging, such as the local invasion of
relevant structures (e.g., neural invasion in mela-
noma), relying on circulating cells or biological
molecules released from the tumor, and it may
require dedicated techniques and expertise of
molecular and cellular biology (Fig. 4.4).

Considering that we are still at the dawn of
this approach and that LB has been quickly
adopted in the clinical practice in many cancer
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Fig. 4.4 Direct comparison between tissue and liquid
biopsy (LB). LB allows the monitoring of the onset and
development of the tumor through a noninvasive approach
to swiftly tailor the therapy on the patient with an efficient
and economically affordable approach. On the other hand,
in comparison with traditional tissue-based biopsy, LB
does not allow (yet) the specification of tumor histotype
and the characterization of local invasion of relevant

settings, it is highly probable that it will soon
become a widespread approach complementary
to tissue-based analyses and profoundly influenc-
ing population-based screening, early diagnosis,
monitoring of the oncological patient, and clini-
cal follow-up after remission.
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Technical Aspects
for the Evaluation of Circulating
Tumor Cells (CTCs)

A.B. Di Stefano, M. Castiglia, M. Ciaccio,

and Viviana Bazan

Nowadays, the circulating tumor cells (CTCs)
are valid prognostic markers useful for disease
progression monitoring in many different tumors:
prostate, breast, colorectal, and lung cancers [1].
Moreover, the number of CTCs is correlated with
tumor size and stages, and consequently the
decrease of CTCs is correlated with the efficacy
of the therapeutic treatment.

Today, there are many approaches for the iso-
lation and detection of CTCs. The isolation tech-
niques aim at the enrichment of CTCs from
whole blood samples. Normally they are concen-
trated in a range between 1 and 10 CTCs per ml
of blood, with a million of leukocytes and a bil-
lion of erythrocytes that have to be removed for a
better yield of CTCs. CTC selection can be
achieved by exploiting both their biological and
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physical properties, such as the presence of typi-
cal membrane markers or the cells size [2].

In this chapter, we will introduce the current
available strategies that can be used for CTC
enrichment and analysis. The techniques that
take advantage from CTC biological characteris-
tics for isolation are mainly immunomagnetic
methods. These approaches couple isolation and
detection phases; the isolation phase is based on
the identification of specific markers expressed
on cell surface, while the detection phase exploits
several methods such as immunofluorescence,
flow cytometry, or reverse transcription poly-
merase chain reaction (RT-PCR). We will now
briefly discuss these methods:

e CellSearch assay (Veridex) is a simple method
that evaluates the expression of both mem-
brane epithelial cell adhesion molecule
(EpCAM) and the cytoplasmic epithelial cyto-
keratin (8, 18, and 19) markers on CTCs. With
this platform, CD45* leucocytes are nega-
tively selected and excluded from the analy-
sis, whereas the nuclei of CTCs are evaluated
using DAPI stains [3]. These immunostain-
ings are revealed through fluorescence imag-
ing with microscopy or with CellTracks
system. With this system marked cells are
detected and enumerated through flow cytom-
etry. Instead, ImageStream system is the
upgrade technology developed by Amnis
Corporation that integrates together with
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immunomagnetic isolation and also the fluo-
rescence microscopy and flow cytometry anal-
ysis. However, the CellSearch technology
remains the only FDA-approved method for
CTC analysis in clinical practice [4].

* Adna test is a novel PCR-based assay. In par-
ticular, CTCs are first isolated through an
immunomagnetic assay with antibody-linked
Dynabeads against epithelial specific markers,
such as EPCAM and, for breast tumors, also
MUC-1. After the extraction of mRNAs, a
quantitative real-time PCR is performed on
EPCAM* CTC cells against the specific can-
cer markers, allowing gene expression analy-
sis of CTCs [5].

* Aptamers are small synthetic single-stranded
nucleic acids that bind specific target with
high affinity. Aptamers can be specifically
designed to bind CTCs, and they have been
reported to be a valid alternative to antibodies
because of their high specificity and tissue
penetration rate. They are normally spotted in
a microfluidic device and used for the isola-
tion of CTCs from whole blood [2].

e GILUPI is a new easy CellCollector® device
that can be used for ex vivo and in vivo CTC
isolation. It is composed of a stainless steel
wire of 16 cm coated with anti-EpCAM anti-
bodies that can be placed for 30 min directly
in the vein. It can be used on different tumors,
but recently, it was demonstrated that the
GILUPI CellCollector® is capable to capture
EpCAM* cells in the blood of prostate cancer
patients [6].

In parallel to the aforementioned technolo-
gies, several other methods based on CTCs’
physical characteristics have been developed,
and we will now discuss them. These methods
are able to distinguish CTCs from other cells by
size evaluation. CTCs measure 7—18 pm in diam-
eter and are larger than leukocytes, and for this
reasons it is possible to separate them using spe-
cific filters and chemical materials or through
centrifugation. Differently than biological isola-
tion methods, these techniques are not based on
immunomagnetic procedure, thus yielding a
greater number of isolated cells. Nevertheless

this may not always be an advantage as it might
happen that also other cells could be recovered
and considered as CTCs. To avoid this inconve-
nience, it is fundamental to characterize CTCs
after the isolation phase. Indeed, the detection of
CTCs is afterward obtained through immunocy-
tochemistry or RT-PCR methods. The principle
physical methods used for CTCs recovering are:

e [SET (isolation by size of epithelial tumor
cells) is a method of blood filtration that iso-
lates and enriches CTCs, in a marker-
independent manner. Recently, Laget et al.
have reported that by using an ISET device, it
is possible to isolate CTCs both fixed in a slide
for a microscopic or molecular analysis and as
a cell suspension that might be used for in vivo
and in vitro analysis (such as culturing and
subsequent molecular and proteomic analy-
sis). In the same paper, they compared the
exome mutational profile through NGS
between fixed and viable cancer cells, even at
single cell, and before or after ISET system,
reporting no differences between experimen-
tal conditions [7].

* Density-gradient centrifugation is a method
that allows the isolation of CTCs and the
exclusion of blood cell. OncoQuick or Ficoll
techniques separate the polymorphonuclear
cells, platelets, and erythrocytes, from CTCs
and mononuclear cells using a density gradi-
ent. OncoQuick method divides the cells
through a porous filter that separates CTC and
mononuclear cells from other blood cells in the
interphase. The remaining blood cells are
deposited as a pellet on the bottom of the tube.
With the Ficoll method, the separation occurs
through a branched polysaccharide. This
matrix is able to separate CTCs from other
blood cells through the aid of specific centrifu-
gation steps. Many studies have demonstrated
that the OncoQuick system is better because it
can isolate CTCs from greater blood volume,
and it can reduce the white blood cell, improv-
ing downstream analysis [2].

e Dielectrophoresis method is based on the
evidence that cells in suspension are
characterized by a specific conductivity. It is
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therefore possible to separate cells by apply-
ing to the suspension a specific electric field.
The Dep forces exerted on the particles can
discriminate, using changed dielectric proper-
ties, different cells, even between normal or
cancer cells. The main differences are due in
terms of cell membrane, size or correlation of
origin site, blood, or solid tumors
Nowadays, the DEPArray is used to identify
stem cells, leukocytes, platelets, cancer cells,

and also viable CTCs [9].

[8].

In the last few years, liquid biopsy has
emerged as an important noninvasive practice
alternative to tissue biopsy. This
technique allows the detection and monitor of
specific elements such as CTCs, ctDNA, and
exosomes that can provide important informa-
tion about tumor progression. Many techniques
of CTC isolation, enrichment, and detection
(Fig. 5.1) were described technically on this
chapter, but they have some limitations that can

simple

lead to underestimation of the CTC population.

ISOLATION, ENRICHMENT AND DETECTION OF CTCs
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The number of CTC from blood samples is
very limited, and their isolation only through bio-
logical or physical characteristics could lead to a
substantial loss of CTCs. Cell size and membrane
marker expression may not be enough for a per-
fect isolation of CTCs, whereas genetic analysis
can perfectly complete the analysis. Actually, the
only system approved in clinical practice is the
CellSearch system; nevertheless, it has still some
limitations.  Indeed  during epithelial-to-
mesenchymal transition (EMT), tumor cells
loose EpCAM expression leading to an underes-
timation of CTCs.

In conclusion, it is necessary to improve the
current technologies, exploiting the combination
between genetic and proteomic analyses, for a
better assessment of the CTCs, in patient clinical
management.
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Circulating nucleic acids (CNAs), for example,
circulating tumor DNA (ctDNA) and circulating
microRNA (miRNA), represent promising bio-
markers in several diseases including cancer. They
can be isolated from many body fluids, such as
blood, saliva, and urine. Also ascites, cerebrospi-
nal fluids, and pleural effusion may be considered
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as a source of CNAs, but with several and intrinsic
limitations. Therefore, blood withdrawal repre-
sents one of the best sources for CNAs due to the
very simple and minimally invasive way of sam-
pling. Moreover, it can be repeated at different
time points, giving the opportunity for a real-time
monitoring of the disease.

CNAs are spread from both cancer and normal
cells, but in cancer patients their concentrations are
greater [1, 2]. Nevertheless, the mechanisms under-
lying their release are not fully understood. Some
evidences show that CNAs can be released through
a passive mechanism; indeed, infiltrating phago-
cytes clear apoptotic or necrotic cells under normal
physiologic circumstances. This does not happen
efficiently within the tumoral mass, leading to the
accumulation of cellular debris and its inevitable
release into the circulation. Another possible way
of CNAs release could be through extracellular
vesicles, such as exosomes. In this case, CNAs are
packed inside exosome and actively secreted by
cells. This seems to be more realistic for miRNAs,
whereas for DNA there are still conflicting data.

Circulating Tumor DNA (ctDNA)
Circulating cell-free DNA (cfDNA) is highly

fragmented, and therefore it represents a chal-
lenging analyte. It has been shown that the length
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of cfDNA strands is often between 200 and 180
base pairs, suggesting that apoptosis likely pro-
duces the majority of cfDNA in circulation [3].
Circulating tumor DNA (ctDNA) is part of the
cfDNA deriving from the tumor mass. The easi-
est way to identify the ctDNA is to investigate the
presence of somatic driver mutations, which, by
definition, can be exclusively found on tumor.
Nevertheless, several methods have shown that
the fraction of ctDNA varies greatly, between
0.01% and more than 90% [3]. Moreover, differ-
ent tumor types do not release the same amount
of ctDNA, and, even in patients with the same
disease, the concentration of ctDNA may vary
consistently [4].

Several pre-analytical variables, such as blood
collection and handling, ctDNA extraction proto-
cols, and storage temperature may affect the quan-
tity and quality of ctDNA fragments in a sample
[5-8]. As previously mentioned, blood represents
the most used source for ctDNA. Nevertheless,
there is a big question: serum or plasma?

In the majority of clinical trails, EDTA con-
taining tubes are used for blood collection (4-9
[9]). Using these tubes clotting is inhibited, and
thus it is possible to recover plasma that represent
the matrix of choice for ctDNA extraction.
Actually also serum can be used as a matrix to
isolate ctDNA; indeed, it has been reported that
the amount of ctDNA in serum can be 2—-24 times
higher than in plasma. This can be a consequence
of the clotting process that causes white blood
cells (WBCs) breaking, finally leading to the
release of wild-type DNA. This contamination
causes a further dilution of the tumor-specific
DNA, making it even more difficult to detect.
However, it has been reported that in some cases
it might be advantageous to analyze both serum
and plasma, as this increases the chances to detect
the specific mutation [10].

Another important pre-analytical aspect is the
time that elapses between the withdrawal and its
processing for plasma recovery. Indeed, the more
the time passes, the more is the risk of WBCs
lysis, leading again to ctDNA contamination with
wild-type background DNA. Moreover ctDNA is
associated with a high turnover (15 min half-
life), and therefore after blood collection, it is

recommended to proceed with plasma prepara-
tion by centrifugation within 1 h [11]. Plasma can
be stored for a long period at —20 °C or immedi-
ately processed for ctDNA extraction.

ctDNA extraction can be performed through
different kits; recently, Sorber L et al. [12] have
compared the isolation efficiency of the most used
kit, the QIAamp circulating nucleic acid kit
(QIA), with four other cfDNA isolation Kkits: the
PME free-circulating DNA Extraction Kit (PME),
the Maxwell RSC ccfDNA Plasma Kit (RSC), the
EpiQuick Circulating Cell-Free DNA Isolation
Kit (EQ), and two consecutive versions of the
NEXTprep-Mag cfDNA Isolation Kit (NpMy;.).
A total of ten samples were used, and five of them
harbored KRAS mutations. In the study, the
detection of KRAS mutation and total cell-free
DNA concentration were performed with droplet
digital PCR, whereas real-time PCR was used to
evaluate cfDNA integrity. They showed that QIA
and the RSC Kkits displayed similar isolation effi-
ciencies, whereas the yield generated by the PME
and NpMy, kits was significantly lower [12].
Interestingly, Sonnenberg et al. developed an
electrokinetic technique that allowed rapid isola-
tion of cfDNA directly from blood [13, 14].

Following extraction, another important issue
is the quantification method. There is no standard-
ization of the quantification method, which can
lead to different results. The most commonly used
techniques include spectrophotometric methods,
fluorescent dyes, or quantitative PCR-based meth-
ods [15]. The identification of a reliable and effi-
cient method for cfDNA quantification is
fundamental for the clinical evaluation of ctDNA
as a liquid biopsy in order to obtain consistent
data, comparable between laboratories.

Plasma DNA investigation can be achieved
through two different analytical approaches: a
targeted approach and an untargeted approach
(Fig. 6.1). The targeted approach relies on the
possibility to analyze known genetic mutations
that occurs in hotspot region of specific genes
with implications for therapy decisions; this is
the case, for example, of KRAS, EGFR, and
BRAF genes in lung, colon, and melanoma
tumors, respectively. Among these methods, we
can include real-time PCR; digital PCR (dPCR);
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Fig.6.1 Targeted and untargeted approaches for circulating DNA and circulating miRNAs evaluation

droplet digital PCR (ddPCR); beads, emulsions,
amplification, and magnetics (BEAMing); and
targeted next-generation sequencing (NGS).

In the untargeted approach, it is possible to
investigate ctDNA without the knowledge of any
specific mutations present in the primary tumor.
This can be achieved through whole genome
sequencing using NGS platforms. Nevertheless,
this analysis is quite expensive and sometimes
difficult to interpret; thus, it can be used for bio-
markers discovery in the context of disease mon-
itoring, detection of molecular resistance, and
identification of new therapeutic targets. Despite
whole genome sequencing, a more cost-effective
method in the exome sequencing, which does not
require prior knowledge of the genetic landscape
of the tumor.

As previously mentioned, the main targeted
approaches are real-time PCR, dPCR, ddPCR,
BEAMing [16], and targeted NGS. Real-time
PCR represents the oldest technique, but its sen-
sitivity has been dramatically improved thanks to
the introduction of the ARMS technology (ampli-
fication refractory mutation system) [17, 18].
Nevertheless, the power of this technique in

detecting mutant allele at a very low frequency is
limited, and therefore other more sophisticated
methods have been developed. Through the
dPCR approach, the DNA sample is partitioned
into thousands of single PCR reactions, improv-
ing detection power [19]. In ddPCR, the parti-
tioning is obtained through an emulsion PCR,
each generated droplets ideally represent a PCR
reactor. At the end of the analysis, software
allows to identify a positive or a negative signal
indicating the presence or absence of a target
sequence. Therefore, a mutated ctDNA can be
detected in a wide background of wild-type
sequences. The dPCR platforms now available
are various, each of them with a more or less dif-
ferent workflow, but they all share a very high
sensitivity [20].

NGS is emerging as a very interesting tech-
nique because it has revolutionized our approach
to molecular testing, indeed we can analyze mul-
tiple genes and multiple patients at a time with a
consistent reduction in time and money. Of great
interest, there is the paper of Newman et al. that
has developed cancer personalized profiling by
deep sequencing (CAPP-Seq) [21]. CAPP-Seq
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method is able to detect ctDNA in 100% of
patients with stage II-IV non—small-cell lung car-
cinoma and in 50% of patients with stage 1. The
diagnostic specificity was 96% for mutant allele
fractions down to approximately 0.02% [21].

Circulating MicroRNA

The promising role of circulating miRNAs as
disease biomarkers has been deeply evaluated
and still continues to increase the interest of sci-
entists. However, the technical aspects of miR-
NAs isolation, measurement, and quantification
still represent the critical steps of circulating
miRNAs analysis. Indeed, sample processing,
isolation, hemolysis in blood samples, the lack of
stable reference gene, and the wide variety of
genome platforms are only a few of the many not
negligible aspects [22].

In circulating miRNAs analysis, the first and
pivotal step is to identify a feasible source of
nucleic acids. As reported in the study of Weber
et al., the most common source of circulating
miRNAs are plasma, serum, urine, and saliva
but also microvesicles and exosomes [23]. Even
if the exosomal miRNAs can probably provide
more information, their isolation is complex
[24]. The isolation of circulating miRNAs from
plasma or serum is easier despite the high con-
tent of blood components in these body fluids.
Furthermore, plasma and serum specimens
often show a different spectrum of miRNAs also
within the same individuals. Serum seems to be
better source for miRNA isolation because the
yield of miRNA is greater than the one obtained
from plasma; this is probably due to the con-
tamination of RNAs deriving from platelets dur-
ing the clotting process [25]. Also in plasma, the
levels of miRNA could be influenced by hemo-
lysis as recently reported by Kirschner et al. In
fact, miR-16 and miR-451 plasma levels are
highly increased as usually they are in blood
cells [26, 27]. Generally, the concentration of
miRNAs in body fluids is very low. Therefore,
the isolation and enrichment of miRNAs is an
extremely delicate and important procedure.
Nowadays, for the RNAs isolation we can rely

on manual extraction methods such as the phe-
nol/chloroform or commercially distributed
kits. Overall, they show differential efficiency
even if the phenol/chloroform method showed
higher yields (400 ng/500 uL of plasma) if com-
pared to the commercial kits (50 ng/200 uL of
plasma) [28, 29]. Given the low representation
of miRNAs in body fluids, another crucial step
is represented by quantification. To date, many
different quantitative approaches have been
tested to analyze circulating miRNAs. One of
the most commonly used approaches for the
quantification of a specific miRNA is quantita-
tive real-time PCR (qRT-PCR). It can rely on
two different strategies:

1. Relative quantification: the relative expression
of a specific miRNA is measured by comparing
its level with the expression levels of a refer-
ence endogenous gene. Unfortunately, the
debate on the most reliable endogenous miRNA
is still open. Indeed, some groups speculate on
the high reliability of miR-16, which expres-
sion levels are highly stable in different tissues,
while some others demonstrated inconsistent
expression of miR-16 in plasma and serum [30,
31]. However, a combination of several genes
among all those selected seems to be the best
approach to follow [32].

2. Absolute quantification: this method relies on
the generation of a standard curve. The results
of absolute quantification are often indicated
as copies per uL of plasma or serum. In the
last years, the introduction of digital technolo-
gies (dPCR, ddPCR) has deeply increased the
sensibility of the standard PCR approaches.
Indeed, without the aid of a standard curve,
PCR-positive and PCR-negative reactions are
counted and then the result is converted as
number of copies of the specific target.

Regarding the expression profile of circulating
miRNAs, the most commonly used platform is
TagMan Low  Density Array (TLDA,
ThermoFisher) based on qRT-PCR. This high-
sensitive platform allows analyzing up to 754
miRNAs at the same time. Generally, the 382-well
format is the most developed for its reduced costs,
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high throughput, and simple workflow. Moreover,
its high sensibility allows the use of a low input of
RNA (1-500 ng) [33, 34]. Another platform used
for miRNAs profile is Microarray technology.
Microarray is based on the hybridization of nucleic
acids on different supports and for its less sensitiv-
ity, generally requires a higher RNA input (100 ng-
lug) that probably represents the major limitation
of this application. Moreover, it can often be diffi-
cult to discriminate mature from immature miR-
NAs forms due to background and
cross-hybridization issues [35, 36]. The recent
introduction of deep sequencing miRNAs
(miRNA-seq), a NGS approach, allowed not only
to assess miRNA expression levels but also to
identify unknown miRNAs. The major limitation
of using routinely NGS is strictly correlated to its
high costs as well as time consuming. Moreover, it
generally requires big amount of input RNA even
if there are attempts to work with less starting
material (5 ng). Nowadays, the most popular NGS
technology used for circulating miRNAs analysis
is Solexa sequencing by Illumina [37, 38].
Recently, a novel technology combining serial
analysis of gene expression (SAGE) with NGS
technology has been developed. The so-called
digital gene expression (DGE) allows to simulta-
neously study novel potential miRNAs and ana-
lyze their expression level [22]. In conclusion, the
choice of the proper platform to analyze circulat-
ing miRNAs strictly depends on the aim and con-
ditions of the study.
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Technical Aspects
for the Evaluation of Exosomes
and Their Content

Simona Fontana, Marco Giallombardo,
and Riccardo Alessandro

Introduction and Exosome
as Biomarkers in Liquid Biopsies

In addition to circulating tumor cells (CTCs) and
circulating free tumor nucleic acids (cfNA)
including DNA, miRNAs, mRNA, and long non-
coding RNA, liquid biopsy is a precious source
of exosomes, small vesicles that, as a growing
body of evidence suggests, may be used as bio-
markers for the diagnosis and prognosis of malig-
nant tumors.

Exosomes are nanometer-sized vesicles (40—
100 nm diameter) of endocytic origin released by
all living cells, including tumor cells [1].

Initially, exosomes were described as “gar-
bage bags” through which cells eliminated
unnecessary molecular components [2]. Today,
numerous remarkable findings clearly high-
lighted that exosomes are not only cell “cleaners”
but are pivotal mediators of intercellular signal-
ing that act independently but synergistically
with soluble growth factors [3]. They function as
cell-free messengers and play a relevant role in
the cell-cell communication, strongly depending
on the nature of the transported molecules (pro-
teins, mRNAs, miRNAs, and lipids). Exosomes
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are largely released in biological fluids, such as
plasma, urine, cerebrospinal fluid, epididymal
fluid, amniotic fluid, malignant and pleural effu-
sions, saliva, bronchoalveolar lavage fluid, syno-
vial fluid, and breast milk, indicating their role as
cellular shuttles across distant body compart-
ments [1, 4, 5]. Tumor cells actively shed exo-
somes (tumor-derived exosomes — TDESs) into
their surrounding microenvironment, and grow-
ing evidence indicates that these vesicles have
pleiotropic functions in the modulation of tumor
progression, promoting immune escape, tumor
invasion, neovascularization, metastasis, and
drug resistance [1]. In plasma of cancer patients,
total exosomes were found to be significantly
more abundant than in healthy donors’ plasma,
especially in patients with advanced cancers [6].
Not only total exosome fraction is enriched in
plasma of cancer patients but also the specific
content of TDEs might vary depending on the
type of tumor, disease stage, and therapeutic
treatment. Over the past few years, a significant
body of literature has demonstrated that TDEs
carry tumor-specific RNAs and proteins that are
widely considered very attractive targets for
diagnostic application. Thus, one of the most
intriguing biomedical utility of exosomes is their
potential application as biomarkers in clinical
diagnostics. Moreover, compared with free bio-
markers detected in conventional biofluids such
as serum or urine, exosomal biomarkers display
higher specificity and sensitivity due to their
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outstanding stability. At the light of their poten-
tial application in the clinical practice, many
efforts have been recently done to improve the
technical aspects of exosome isolation in order to
have pure exosome samples and to make exo-
somal diagnostics more cost-efficient.

Isolation Methods

Mass spectrometry-based proteomic and ampli-
fied, ultrahigh sensitivity RNA technologies have
clearly displayed that exosomes contain a com-
plex set of macromolecules, including proteins
and RNAs, that can be transferred to target cells
mediating intercellular interactions between
neighboring cells. The specific molecular com-
position of TDEs, besides to elicit interest for its
biological meaning as regulator of tumor pro-
gression, has a strong attractive power for its
potential diagnostic utility.

Even if exosomes represent a recognized sta-
ble source of putative biomarkers in body fluids,
several issues concerning the isolation methods
make still questionable their suitability for diag-
nostic use in the clinical practice.

There are two crucial points that must be con-
trolled to achieve a good quality in exosome sam-
ple preparations: (1) the appropriate collection/
storage of the body fluid samples and (2) the
purity of the isolated exosomes.

Since no strictly defined conditions for stor-
ing/isolating exosomes are reported, different
laboratories use high variable protocols. For
example, there are studies demonstrating that the
use of different anticoagulants in blood samples
can affect exosome yields. The use of human
plasma versus serum for exosome isolation has
been a subject of much discussion because of the
possibility of exosome losses from sera due to
clotting. However, it was recently reported that
plasma or serum can be considered as equally
good sources of circulating exosomes in terms of
recovery, purity, morphology, and biological
function [7]. Other critical aspects that can affect
exosome recovery from body fluid samples are
(a) the processing timing after collection and (b)
the freezing/thawing cycles with particular atten-

tion to the thawing conditions. Indeed, it has been
reported that body fluid samples thawed on ice
showed a lower exosome recovery compared to
the ones thawed at room temperature or 37 °C,
indicating that the thawing conditions play a
more crucial role in EV recovery than multiple
freezing-thawing cycles. Although several groups
agree that multiple freezing-thawing cycles of a
sample affect exosome characteristics/concentra-
tion, some suggest that repeating these cycles for
up to ten times has no influence on the size and
composition of EVs to any significant degree.
The common idea is that, when possible, the
starting sample should be handled rapidly after
collection, avoiding extensive waiting periods
between further processing stages (i.e., centrifu-
gation steps). In blood/plasma samples, all the
necessary precautions (i.e., processing tempera-
ture, upright sample position for transport, no
agitation) should be undertaken to avoid platelet
activation and thus potential platelet-derived EV
generation. Moreover, once isolated, EV aliquots
should be prepared and stored at —70 to —80 °C
until use [8].

For an effective use of exosomes as source of
biomarker discovery, pure exosome samples are
required. One of the major issues in purifying
exosomes from body fluids is the co-isolation of
contaminating non-exosomal material (such as
other types of extracellular vesicles, lipoproteins,
or RNA/protein complexes) or the loss of exo-
somal materials due to damaged membrane
integrity that can both generate significant arti-
facts in the downstream omics analyses. To date,
areference approach for isolating exosomes from
biological fluids is lacking; thus different labora-
tories carry out different protocols for exosome
purification. The failure of standardized parame-
ters leads to qualitative/quantitative variability
and discrepancies in acquired data that represent
the real drawback for using exosomal proteins as
reliable diagnostic, prognostic, and therapeutic
biomarkers.

The main methodologies used for exosome
purification/isolation that could serve as the
backbone for potential new variants are four: (1)
differential centrifugation/ultracentrifugation
with/without a sucrose gradient/cushion; (2) size
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Followed by another ultracentrifugation step
with OptiPrep™ or sucrose density gradient
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Fig.7.1 Overview of the different exosome purification/isolation techniques

exclusion chromatography (SEC); (3) immunoaf-
finity capture; and (4) polymeric precipitation
(Fig. 7.1). Each of these methodologies shows
pros and cons.

Differential ultracentrifugation is the current
gold standard for exosome isolation. In its classi-
cal form, initially proposed by Raposo’s group
[9], it consists of sequential centrifugation steps
carried out at 4 °C with increasing centrifugal
forces allowing to remove unwanted components
from the samples in order to obtain exosome
enrichment. The three first centrifugations enable
to sequentially remove intact cells (300 g for
10 min), dead cells and apoptotic bodies (2000 g
for 10 min), and cell debris and microvesicles
(10,000 g for 30 min). After each centrifugation,
the obtained pellet is being discarded while the
supernatant is subjected to the next centrifuga-
tion step. After the 10,000 x g spin, the superna-
tant is finally ultracentrifuged at 100,000 x g for
90 min, and exosome pellet is obtained. The
Raposo’s protocol is focused on the purification
of exosomes from conditioned cell culture media;
thus there has been an increasing need to adapt

the method for other types of samples as body
fluids. For example, Théry et al. proposed to
dilute the samples with an equal volume of PBS
before further processing due to the viscosity of
the respective fluids [10]. Moreover, due to the
complexity of the viscous fluid samples, the time
and centrifugation speeds have been increased/
adapted, and serial filtration through 0.45 and
0.2 mm filters is used before exosome pelleting
[10]. Since some argue that during EV isolation
by centrifugation aggregates of large proteins
and/or proteins that were nonspecifically associ-
ated with EVs are also being sedimented, it has
been proposed to add to differential UC a density-
gradient-based step using sucrose or iodixanol
(OptiPrep™) that supposedly eliminates this
contamination allowing to obtain an exosome
population with a greater purity [10].

The ultracentrifugation approach has several
weaknesses: (I) it is highly labor-intensive and
time-consuming (up to 2 days per preparation,
for a protocol with density gradients); (II) no
more than six samples at a time can be processed;
(IIT) a large amount of starting material is needed;
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and (IV) exosome yields are typically low.
However to date, sequential centrifugations,
when combined with density-gradient ultracen-
trifugation, can produce highly pure exosome
preparations. As demonstrated by the analysis of
omics data, the OptiPrep density-gradient cen-
trifugation outperforms other methods as those
based on precipitation [11]. However, the suit-
ability of the density-gradient method in a clini-
cal setting is questionable, due to difficulties in
upscaling and automating this procedure.

Size-exclusion chromatography (SEC) is a
method where a solution of molecules is sepa-
rated based on the component’s size, not molecu-
lar weight. This method is usually preceded by a
low-speed centrifugation step that allows to
remove larger components from the sample (cells,
cellular debris, organelles, etc.) that is then fil-
tered (0.8 and 0.2 pm pore size filter) to pre-
concentrate the vesicles. SEC is performed using
heteroporous beads made of a neutral, cross-
linked polymeric support, packed into a column.
These beads consist of numerous pores or tunnels
of varying sizes separation. Thus, particles in a
sample, depending on their size, will move
through the filtration column at different rates:
larger particles will elute more rapidly, while the
smaller ones more slowly, due to their ability to
penetrate the stationary phase (gel) of the column.
In theory, the obtained eluted fraction at a certain
time should contain a population of particles of
the same size. After the loading of filtered sample
on the column, the collected fractions are ultra-
centrifuged (100,000 x g, 1 h and longer) to pellet
down the exosomes that will be resuspended in
PBS and used in downstream assays [12]. To
avoid deformation and eventual rupture into
smaller exosome particles, SEC is performed by
gravity or with the application of the smallest pos-
sible force. Moreover, the selection of the appro-
priate gel type is crucial to the recovery of
exosomes, rather than proteins or lipoproteins.
Additionally, the short isolation time and rela-
tively low cost are also beneficial [12].

Another promising alternative for isolating
exosomes involves the use of immobilized anti-
bodies recognizing specific exosomal antigens,
such as CD63, CD81, CD82, CD9, Alix, annexin,

EpCAM, and Rab5, that can be used by them-
selves or in combination. These antibodies can be
covalently attached to a variety of supports,
including magnetic beads, chromatograph matri-
ces, plates, and microfluidic devices [10, 13].
Devices containing antibodies against CD63,
CDS81, or CD9 for exosome capture and charac-
terization are already commercialized by
HansaBioMed (www.hansabiomed.eu) and Life
Technologies  (www.lifetechnologies.com/exo-
somes) [14]. Similarly, Aethlon Medical (www.
aethlonmedical.com) has proposed an affinity
capture strategy based on the use of a patented
lectin that targets mannose residues exposed on
exosomes [14]. Although these methodologies
are very interesting and promising, it remains to
be confirmed how well they work and if (a) they
can be considered specific for exosomes, since a
number of cells contain mannose on their surface
and circulating cancer cells can expose EpCAM
antigen, and (b) they ensure the capture of all
exosome types. Anyway, it is definitely worth
investigating.

The appeal of polymeric precipitation method
for recovering exosomes is related to its relati-
verapidity, ability to high EV recoveries, and no
request of laborious ultracentrifugation. The
method is based on use of a polymer solution,
such as polyethylene glycol (PEG), routinely
used for precipitating viruses [15]. Several com-
mercial products using the polymeric precipita-
tion have been developed, such as ExoQuick
from System Biosciences exosomes (WWW.Sys-
tembio.com) and five Total Exosome Isolation
reagents from Life Technologies (www.lifetech-
nologies.com/exosomes), enabling fast recovery
of exosomes from various sample types. When
these reagents are added to sample (conditioned
media, plasma, urine, saliva, milk, cerebrospinal
fluid, ascitic fluid, and amniotic fluid), they work
by binding water molecules and inducing the
precipitation of less-soluble components such as
exosomes. Finally, the exosomes can be col-
lected by low-speed centrifugation [14]. The
major drawbacks of polymer-based precipitation
concern the co-isolation of nonvesicular contam-
inants, including lipoproteins and the presence
in isolated exosomes of the polymer material
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that may not be compatible with downstream
omics analyses.

To make real the applicability of exosomes in
liquid biopsy, it is clear that it is mandatory to
develop specific and reliable methods to work
with well-defined preparations, and to this end it
is urgent to reach a consensus regarding the pro-
cedures for exosome isolation and characteriza-
tion by integrating the observations coming from
different research groups.

Content Characterization
Exosomal miRNAs

It has been demonstrated that exosomes contain
several nucleic acids, such as microRNAs (miR-
NAs), that can be shuttled to other cells keeping
their biological activity [16, 17]. MicroRNAs are
small noncoding (18-25 nucleotides) RNA mol-
ecules with a length between 18 and 25 nucleo-
tides [18]. They have biological functions as
single-strand molecules, targeting the 3’-UTR of
the target mRNA and leading to posttranscrip-
tional regulations in several biological processes,
such as cell growth, adhesion, motility, apoptosis,
angiogenesis, and differentiation, among others
[18-23].

Several reasons led researchers to study the
exosomal miRNA content, especially of tumor-
derived exosomes isolated from different body
fluids; in this context, it was recently demon-
strated that this content could mirror the parental
tissue condition, reflecting the pathological sta-
tus in several cancer diseases, like was reported
in lung adenocarcinoma [24]. This feature might
be exploitable then as novel liquid biopsy signa-
ture, giving the opportunity to validate a new
class of noninvasive diagnostic and prognostic
biomarkers.

Nowadays, 2838 miRNAs have been
described in exosomes released from different
cytotypes (www.exocarta.org), and several new
high-throughput  technologies have been
exploited in order to accelerate these analysis.

Microarray, microRNA ready-to-use PCR
cards/panels, and next-generation = RNA

sequencing (NGS RNA-seq) are the high-
throughput technologies mostly used to get com-
prehensive microRNA expression profiles in
cancer and healthy tissues as well as in exosomes
[24-27].

Microarray is a powerful tool for monitoring
the expression of thousands of miRNAs (with
already known or unknown functions) in a single
experiment. This technology was applied to ana-
lyze miRNAs into exosomes isolated from
plasma/serum of patients affected by several
types of cancer. The obtained data allowed to
define specific exosomal miRNA panel with
diagnostic potential for both NSCLC (miR-
17-3p, miR-21, miR-106a, miR-146, miR-155,
miR-191, miR-192, miR-203, miR-205, miR-
210, miR-212, miR-214) [24] and ovarian cancer
(miR-21, miR-141, miR-200a, miR-200b, miR-
200c, miR-203, miR-205, miR-214) [27].
Similarly, in esophageal squamous cell carci-
noma, microarray analysis allowed to select one
serum exosomal miRNA (miR-1246) with strong
diagnostic and prognostic value [28].

The microRNA ready to use PCR cards/panels
are really sensitive high-throughput expression
profiling method useful also in case of minimal
amounts of starting template. Briefly, these PCR
96-384-well cards/panels contain primers in
each well in the plate per well giving the opportu-
nity to detect in one experiment a really large
amount of miRNAs. Promising results, obtained
by comparing the miRNA profiles of circulating
exosomes of patients affected by lung carcinoma
and control subjects, have allowed to select
plasma exosomal miRNA panels detecting, in the
lung, the presence/absence of residual tumor
mass after tumor removal (miR-205, miR-19a,
miR-19b, miR-30b, miR-20a) [29] or able to dis-
criminate lung adenocarcinoma from granuloma
tissue (miR-151a-5p, miR-30a-3p, miR-200b-5p,
miR-629, miR-100, miR-154-3p) [30].

Recently, a new technique called RNA
sequencing (RNA-seq) is intended to replace
microarray technology. RNA-seq, also known as
whole transcriptome shotgun sequencing
(WTSS), is a specific next-generation sequencing
(NGS) technology able to get, in the same experi-
ment, quantitative and qualitative values of
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selected RNA populations in a sample. This pro-
filing method was applied to analyze prostate
cancer circulating exosomes allowing to select
two exosomal miRNAs (miR-1290 and miR-375)
as potential prognostic biomarkers for castration-
resistant prostate cancer patients [26].

Nevertheless, among the individual miRNA
analysis methods, quantitative real-time PCR
(both with TagMan® or SYBR® Green chemis-
try) is still the most used for exosomal miRNA
analysis and also used in order to validate data
obtained from high-throughput technologies.
Several exosomal analyses, carried out through
gPCR, have provided interesting results for the
detection of circulating tumor biomarkers. For
example, in lung and breast cancer, exosomal
miRNAs with diagnostic, prognostic, and predic-
tive value have been identified [30, 31].

A recently developed type of high sensitive
individual assay PCR technology, the droplet
digital polymerase chain reaction (ddPCR),
offers the opportunity to detect a very low copy
number of miRNAs and then to perform easily
miRNA analysis in clinical samples [32]. Briefly,
ddPCR is a PCR method based on water-oil
emulsion droplet technology where the sample is
fractionated into a large number of droplets
(around 20,000) and the PCR amplification is
performed in each individual droplet, leading to
really high sensitivity [32]. Though this tech-
nique was possible to detect in serum exosomes
released by liver cancer cells, very low quantity
of mir-29 is usually undetectable through classic
qPCR [32].

All these methods, applied to miRNAs analy-
sis of exosomes released into different biofluids in
cancer patients, open the door to the opportunity
to highlight and select new potential classes of
noninvasive diagnostic, prognostic, and drug
resistance biomarkers in a liquid biopsy scenario.

Exosomal Proteins

In general, the available published data on TDE
proteomics clearly shows that proteins identified
in these nanovesicles (both released by tumor cell
lines and isolated from body fluids) can be sorted

into two groups: one group represents a con-
served set of proteins irrespective of exosome
origin; the second one is formed by proteins spe-
cifically related to the producer host cell, show-
ing that TDEs have a unique cell-specific protein
composition.

Within the group of common proteins, those
most frequently identified belong to the follow-
ing classes: membrane adhesion proteins (integ-
rins); components of the ESCRT machinery
(Alix, TSGI101, vacuolar protein sorting-
associated protein 28 homolog (vps-28), vacuolar
protein sorting-associated protein 4B (vps-4B),
ubiquitin-like modifier-activating enzyme, and
ubiquitin);  membrane  transport/trafficking
(annexins, Rab protein family); cytoskeletal
components (actin, cytokeratins, ezrin, tubulin,
and myosin); lysosomal markers (lysosome
membrane protein 2, cathepsin D, CD63, LAMP-
1/2); antigen presentation proteins (HLA class I
and II/peptide complexes); metabolic enzymes
(GAPDH, pyruvate, enolase alpha); heat shock
proteins (Hsc70, Hsp70, Hsp90); kinases (LYN,
MINKI1, and MAP4K4); tetraspanins (CD9,
CDs8l1, CDS82, tetraspanin-8); proteases
(ADAM10, DPEP1, ST14); transporters (ATP7A,
ATP7B, MRP2, SLC1A4, SLC16A1, CLICI1);
and receptors (CD46, CD55, NOTCH1) [1]. All
these proteins are cataloged in the ExoCarta web-
site  (http://www.exocarta.org/), a primary
resource for high-quality exosomal datasets
accessible also from Vesiclepedia (http://www.
microvesicles.org), a manually curated compen-
dium that contains molecular data identified in all
classes of EVs, including apoptotic bodies, exo-
somes, large dense-core vesicles, microparticles,
and shedding microvesicles [33, 34].

As more proteome studies are performed, it
is becoming ever more apparent that beyond the
set of conserved proteins, TDEs contain pro-
teins that are not found in the exosomes from
both non-tumor cells and/or body fluids of
healthy individuals. All of the proteomic data
that has been obtained so far demonstrates that
TDEs express a discrete set of proteins specifi-
cally related to the tumor phenotype and
involved in cell proliferation, antigen presenta-
tion, signal transduction, migration, invasion,
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and angiogenesis, supporting the hypothesis
that exosomes may play a crucial role in modu-
lating tumor progression and preparing the met-
astatic niche [1]. This suggests that the potential
role of exosomal profiles as biomarkers is not
only diagnostic but also prognostic and predic-
tive of the therapeutic response. Several data
acquired in the last years strongly support the
effective clinical impact of exosomes that as
multimolecular aggregates also offer the unique
opportunity to identify combination of different
biomarkers.

Recently, by using mass spectrometry analy-
ses, a cell surface proteoglycan, glypican-1
(GPC1), was found specifically enriched on can-
cer cell-derived exosomes. GPC1-positive circu-
lating exosomes (GPC1 (+) crExos) were
detected in the serum of patients with pancreatic
cancer with absolute specificity and sensitivity,
allowing to discriminate healthy subjects and
patients with a benign pancreatic disease from
patients with pancreatic cancer [35].

A specific protein signature comprised of
TYRP2, VLA-4, HSP70, an HSP90 isoform, and
MET was also identified in circulating exosomes
from subjects with advanced melanoma. It was
found that the co-expression of TYRP2 and MET
in exosomes, as well as increased protein amount
per exosome, predicted disease progression, and
their use as indicator of metastatic disease and
tumor burden, was proposed [36]. In another
interesting paper, the role of exosomal survivin
as a diagnostic and/or prognostic marker in early
breast cancer patients was proposed. The authors
found that the levels of this protein (and of its
splice variant) were significantly higher in all
serum samples of women affected by breast can-
cer compared to controls. Moreover, the variable
expression of survivin-2B level correlated with
cancer stages [37]. Exosomes have been sug-
gested as promising biomarkers also in NSCLC.
It was reported that the markers CD151, CD171,
and tetraspanin-8 identified in plasma exosomes
were strong separators of patients with cancer of
all histological subtypes versus patients without
cancer [38]. Interestingly, in addition to plasma/
serum, other biofluids, such as urine, may repre-
sent valuable sources of exosomal biomarkers.

Higher levels of leucine-rich a-2-glycoprotein
(LRG1) were found, for example, in urinary exo-
somes, such as in lung tissue, of NSCLC patients,
suggesting that LRG1 may be a candidate bio-
marker for noninvasive diagnosis of NSCLC
[39].

The potential use of urinary exosomes was
overall reported for the diagnosis and clinical
management of urogenital cancers, such as blad-
der and prostate cancers. It was demonstrated
that exosomes isolated from both high-grade
bladder cancer cells and urine of patients with
high-grade bladder cancer (HiG-BlCa) contain
the bioactive protein EDIL3 promoting angio-
genesis and migration of bladder cancer cells and
endothelial cells. This protein was also found sig-
nificantly enriched in exosomes purified from the
urine of patients with HiG-BICa in comparison to
urine exosomes of healthy controls [40]. Besides
the use as biomarkers, the identification of this
molecule and of its associated oncogenic path-
ways could lead to novel therapeutic targets and
treatment strategies.

A comparative study of protein profiling by
mass spectrometry-based proteomics highlighted
the expression of ITGA3 and ITGB1 (proteins
involved in migration/invasion processes) on
exosomes released by prostate cancer cell lines
(LNCaP and PC3T). Afterward, these proteins
were found more abundant in urine exosomes of
metastatic patients compared to benign prostatic
hyperplasia or prostate cancer (PCa), suggesting
the potential use of urine exosomes for identifica-
tion of patients with metastatic PCa in a noninva-
sive manner [41]. In another study, 15 control and
16 prostate cancer samples of urinary exosomes
were analyzed, and 246 proteins were found dif-
ferentially expressed in the two groups. By apply-
ing specific criteria to create a focus list, the
authors highlighted 17 proteins that at 100%
specificity displayed individual sensitivities
above 60%. Among them, there were TM256,
showing the highest sensitivity (94%),
LAMTORI and ADIRF (81% sensitivity), VATL,
several Rab class members, and proteasomal pro-
teins. Moreover, several well-known prostate
cancer biomarkers including PSA, FOLHI/
PMSA, TGM4, and TMPRSS were also found to
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Table 7.1 Potential tumor biomarkers found in exosomes isolated from body fluids of patients with various cancers

Biofluid Exo-protein/tumor biomarker® Tumor type Reference

Plasma/serum | Glypican-1 Pancreatic cancer [35]
TYRP2, VLA-4, HSP70, Melanoma [36]
an HSP90 isoform and MET
Survivin Breast cancer [37]
CDI151, CD171, and tetraspanin-8 Non-small cell lung cancer (NSCLC) | [38]
Claudin-4 Ovarian cancer [43]
Caveolin-1, CD63 Melanoma [44]
EGFR Lung cancer [45]
EGFRVIII mutated Glioblastoma [46]
Galectin-9 Nasopharyngeal cancer [47]
MIF Pancreatic cancer [48]
TGF-p and MAGE 3/6 Ovarian cancer [49]
TGF-p Acute myeloid leukemia (AML) [50]

Urine LRG-1 NSCLC [39]
EDIL-3/Dell High-grade bladder cancer [40]
ITGA3 and ITGB1 Metastatic prostate cancer [41]
MMP-9, CAIX, DKK4, CP, PODXL Renal cell carcinoma [51]
TACSTD2 Bladder cancer [52]
TM256, LAMTORI1, ADIRF VATL, Prostate cancer [42]
several Rab class members, and
proteasomal proteins

“Proteins found in exosomes isolated from biofluids and described as potential tumor biomarkers

be enriched in urinary exosomes from prostate
cancer patients compared to controls. Even if,
compared to some of the novel candidates, these
known prostate cancer marker proteins showed
lower degree of specificity and/or sensitivity,
their presence in urinary exosomes gives further
credibility to the novel proteins identified [42]. A
summary of proteins found in exosomes obtained
from body fluids of patients with cancer is
reported in Table 7.1. Studies on exosomes in
body fluids of cancer patients have provided
promising indications about their effective use in
clinical settings and merit further advance in
order to develop new and valid noninvasive can-
cer diagnostic and prognostic tools needed for
enhancing positive outcomes in cancer.
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Actionable Molecular Targets
in Cancer Liquid Biopsy

Pierluigi Scalia, Stephen J. Williams,
Antonio Russo, and Antonio Giordano

The possibility to detect nucleic acid sequences
in the bloodstream deriving from an underlying
tumor process has disclosed a unique opportu-
nity in medical oncology. Whether the nucleic
acid material is leaked in the blood at any step of
cancer development (circulating tumor DNA or
ctDNA) or it is obtained from isolated circulat-
ing tumor cells (CTCs), the detection and analy-
sis of the meaningful sequence defects harbored
in instrumental molecular targets (which we call
liquid biopsy) constitutes an invaluable tool
toward leading the current oncology practice
toward a less invasive and fully personalized
diagnostic-therapeutic workflow. In spite of the
current technical limitations that liquid biopsy
still bears in terms of enrichment and/or isolation
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of the target test material (CTCs, ctDNA, etc.)
from the bloodstream (widely discussed in the
other chapters), current advancements in nano-
technologies as well as in pathway-driven biol-
ogy knowledge of the cancer process now allow
medical science to adopt universal pre-analytical
and analytic methodologies. The key aspect that
currently concerns the medical oncology field
still remains what molecular targets should be
pursued in the clinical practice (sequential
monotherapies versus smart combinations) at
the light of the experience accumulating on the
mechanisms of acquired resistance to molecular
monotherapies (even the most effective ones).
While the previous chapters provide cancer-spe-
cific perspective on the use of liquid biopsy, in
this chapter we summarize the general evi-
dences toward the use of individual and com-
bined molecular targets in liquid biopsy focusing
on the experimental work conducted in the last
few years toward validating this tool in parallel
with the target validation data obtained by can-
cer genome wide studies. Even though the chap-
ter is not meant to provide an exhaustive source
for the constantly growing validated molecular
targets in liquid biopsy testing (covered by other
authors and through the references herein), it
aims to provide an overview of the currently
tested molecular targets shown to be linked to
the evolution of the disease while focusing on
the diagnostic and/or therapeutic monitoring
value of the test.
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In this context, Vogelstein et al. [1] have pro-
vided a useful frame toward the simplification of
cancer molecular targets by confirming that a
number of 140 genes are the most commonly tar-
geted by sequence defects in cancer and that
each tumor typically harbors two to eight muta-
tions (out of the 33-66 average somatic muta-
tions detected per typical solid tumor) in any of
these “driver” genes (genes that specifically con-
fer a growth advantage to cancer cells), while the
other mutations detected by sequencing analysis
stand as passenger mutations. Passenger muta-
tions do not provide any advantage nor do they
alter the function of the resulting protein prod-
uct. Furthermore, they have suggested that can-
cer can be viewed as a pathway-linked disease
by assigning all cancer driver genes basically to
12 signaling pathways that ultimately attend one
of two possible roles in the cancer cell: fate, sur-
vival, or genome maintenance. In regard to the
number of somatic mutations that can be
acquired and therefore can be detected in
sequence testing, certain tumor types, such as
melanomas and lung cancer, do contain a higher
than average number of somatic mutations
(~200) due to the underlying role of the potent
mutagenic factors involved (such as UV light
and cigarette smoking, respectively). At the
higher and lower spectrum of genomic defects
detectable in cancer are those bearing mismatch
repair defects (carrying thousands of mutations
and linked to rare syndromes) and pediatric
tumors and white blood cell cancers (leukemias)
displaying only a few point mutations (<10/
tumor). A key consideration that carries practical
relevance when analyzing the somatic mutations
carrying “driver” capability is that the vast
majority (~95%) are single-base substitutions
(mostly missense such as EGFR T790 M or
BRAF V600E), while the rest (~5%) are dele-
tions/insertions of one or few bases. A definite
intrinsic value toward the analysis of a cancer
molecular target has the identification of a gain
of function (oncogenic) versus loss of function
(tumor suppressing) behavior when its muta-
tional pattern is analyzed by DNA sequencing.
In this regard, Vogelstein et al. have suggested

the adoption of a 20/20 rule which is that to
define as oncogenes, all those driver genes carry-
ing sequence mutations where >20% of the
recorded mutations, first, are at recurrent posi-
tions and, second, are missense. On the other
hand, they suggest to define a tumor suppressor
gene when >20% of the recorded mutations are
inactivating. Using this rule, all of the recog-
nized cancer driver genes bearing intragenic
driver mutations (also subcategorized as mut
drivers) have been assigned to a specific group
even when conflicting studies can be found in
the literature.

In spite of the higher level of complexity
present in the mutational spectrum, e.g., when
considering epi-driver genes (genes that are
overexpressed and confer a growth advantage
to the cancer cell without a driver mutation in
their coding region) or those genes affecting
cancer progression in other modes rather than
defects in the coding DNA sequence (such as
mutations affecting promoter function or via
IncRNAs), it is presently clear that perfecting
our actionable knowledge of the known 140
(mut-)driver genes in order to fingerprint those
three to eight key mutations harbored by each
cancer carries enough clinical power to allow
the adoption of the long invoked “magic bul-
lets” combination as first therapeutic option, in
order to reduce morbidity and mortality while
working on the longer goal of disease
eradication.

If the above considerations apply to any
DNA test currently available, a specific discus-
sion must be provided on the potential of using
liquid biopsy in order to perform sequence-
based testing in a cancer patient. In this case, in
fact, since liquid biopsy first appeared a decade
ago, a number of actual or potential technical
and theoretical limitations have been a concern.
In particular, it has been debated on whether
embracing this approach and, even more impor-
tant, under what circumstances as compared to
classic tissue biopsy. First, let’s remind that at
present, the use of liquid biopsy regards obtain-
ing target DNA material either via circulating
tumor cells (CTCs) or via circulating tumor
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DNA (ctDNA). While CTCs would appear as
the most logical approach in light of the possi-
bility to identify a definite cancer element in the
bloodstream from which to extract DNA mate-
rial, recent published data, discussed in this
chapter, can possibly change this view of ctDNA
leading to the concept that DNA obtained from
CTCs and ctDNA are different entities and as
such differently exploitable. Due to the still
ongoing optimization of CTC retrieval from
blood with abatement of the surface marker bias
linked to the current enrichment techniques, we
will here focus on the data obtained on ctDNA
at the light of the comparative data between
CTCs and ctDNA. The evidences accumulated
so far on a sufficient cohort of tested subjects
(see references in Table 8.1) provide the first
available insight to draw some initial conclu-
sions on the positive value of liquid biopsy in
the routine cancer testing practice as a parallel
and nonexclusive biopsy approach. In particu-
lar, the conclusion reported herein summarizes
the results of the study conducted by Bettegowda
et al. [2] on 640 patients. In this study, different
sequence analysis methods were used (PCR
ligation, BEAMing, and SafeSeq), and the ana-
lytical methods used displayed comparable
results (linear range) in the detection of the
underlying sequence defects. The sensitivity
observed in sequence mutant detection from
ctDNA compared to the primary tumor tested by
tissue biopsy was 87.2% throughout several tar-
gets with KRAS mutational status alone between
plasma and tumor showing a concordance of
95% making a strong point for the test specific-
ity (with 99.2% all target specificity on a set of
206 patients with advanced tumor grade).
Mutant fragments of ctDNA were detected in
the plasma (1-5 ml) of >75% of patients with
advanced tumors of the pancreas, ovaries, colon,
bladder, gastroesophageal, breast, melanoma,
liver, and head and neck, while the detection
was <50% in patients with advanced brain, kid-
ney, prostate, and thyroid tumors. For the local-
ized (nonmetastatic) forms, detection rates were
73% for CRC, 57% for GI, 48% for pancreas,

and 50% for breast tumors. A comparative part
of the study pairing CTC and ctDNA detection
from the same patients showed that ctDNA was
detected even when CTCs were not detectable
using current standard methods, and, as
expected, the number of ctDNA fragments
reflected the tumor staging (increasing from
stage 1 to stage 4). We have conveyed in
Table 8.1 the current molecular targets tested in
liquid biopsy in the clinical setting at centers
that have adopted this approach and participated
to the discussed collaborative study. Ultimately,
the experience accumulated on liquid biopsy, so
far, suggests that a growing range of sequence-
based investigative applications both at the clin-
ical and research level are feasible and easily
standardized using this approach which has to
be considered as a distinct as well as parallel
tool to tissue biopsy. The distinct advantage in
using ctDNA versus CTCs as observed in the
first large study cited herein will need further
validation without subtracting valuable applica-
tions to both methods. Finally, we invite clinical
practitioners to consider liquid biopsy, at this
time, not as a test per se but to an invaluable new
platform under which molecular targets’ panels
are being conveyed for those cancers where a
reliable source of pathologic tissue material
cannot be obtained without unreasonable,
costly, or invasive approaches (as reviewed in
other chapters). We suggest that liquid biopsy
might be used as a routine instrument for the
disease and drug effect monitoring of all diag-
nosed cancer cases due to the satisfactory results
in this group along with the cost/benefit advan-
tage as compared to multiple tissue biopsies
(not always feasible). A parallel, present, and
future goal of liquid biopsy-based testing,
through constant gain of experience and techni-
cal innovation, regards the development of
molecular target panels with higher preventive-
predictive value in order to add to the estab-
lished personalization of molecular therapeutics
and also early interventions and prediction in
healthy patients bearing cancer-predisposing
genomic defects.



Table 8.1 Actionable cancer targets tested in liquid biopsy analysis

Actionable | % (n) of mutated Validation in liquid
target (Dx | samples with single-base | Current use biopsy (source of Analytic
or Rx) mt/insertion/deletion (Dx:Rx value) liquid biopsy) method References
JAK2 20.9 (32,692 ) Not established Not determined - -
BRAF 15.5 (24288) Rx, melanoma (ctDNA) ddPCR [3]
(ctDNA) PCR [4]
(ctDNA) ddPCR [5]
KRAS 14.9 (23261) Dx, multiple (exosomes) dPCR [6]
(ctDNA) PCR [7]
(CTC & ctDNA) ddPCR [8]
(ctDNA) NGS [9]
TP53 9.2 (14438) Dx, multiple (ctDNA) dPCR [10]
(exosomes) dPCR [6]
(ctDNA) NGS [11]
FLT3 7.4 (11520) Rx under development | Not available - -
EGFR 6.8 (10628) Rx, multiple (ctDNA) NGS [12]
(cfDNA) Seq [13]
(cfDNA) NGS [14]
KIT 3.0 (4720) Rx, GIST, AML (ctDNA) NGS [30]
PIK3CA 2.9 (4560) Dx, breast (cfDNA) NGS [15]
(ctDNA) dPCR [16]
(CTC) NGS [17]
IDH1 2.9 (4509) Not established Not validated - -
CTNNB1 2.1(3262) Dx, multiple No (ctDNA) NGS [18]
FGFR3 1.9 (2948) Rx under evaluation (ctDNA) NGS [19]
NRAS 1.8 (2738) Dx, multiple (ctDNA) ddPCR [5,20]
APC 1.6 (2561) Dx, colon (ctDNA) NGS&dPCR | [21]
(ctDNA) NGS&dPCR | [22]
(ctDNA) NGS [23]
NPM1 1.6 (1471) Not established
PTEN 1.1 (1719) Rx under evaluation (CTC) NGS [24]
(ctDNA) NGS [25]
VHL 0.8 (1287) Dx, VHL syndrome (CTO) NGS [26]
IDH2 0.7 (1029) Not established (ctDNA) NGS [25]
CDKN2A 0.6 (968) Dx, multiple (ctDNA) MPS [27]
(ctDNA) NGS [28]
TET2 0.6 (864) Not established - - -
ABLI1 0.5 (851) Rx, CML - - -
HRAS 0.5 (812) Dx under evaluation - - -
DNMT3A |0.5(788) Not established -
NOTCHI1 0.4 (661) Not established (exosomes) NGS [29]
(ctDNA) NGS [12]
PDGFRA | 0.4 (653) Rx under evaluation, (ctDNA) NGS [30]
GIST
NF2 0.4 (609) Dx, neurofibromatosis, | (ctDNA) NGS [31]
mesothelioma (ctDNA) NGS [28]
MPL 0.3 (531) Not established
SF3B1 0.3 (516) Dx under evaluation (ctDNA) NGS [32]
RET 0.3 (500) Dx under evaluation (ctDNA) NGS&dPCR | [22]

The actionable targets in the table originate from Vogelstein et al. (2013) (source: COSMIC open database) and repre-
sent single-base mutated driver genes (both oncogenes and tumor suppressor genes) found most frequently in cancer
with a mutation hit >500/tumor. Bolded correspond to targets with clinically available therapeutics. The complete list
available through the cited reference

ctDNA circulating tumor DNA, CTC circulating tumor cell, NGS next-generation sequencing, dPCR digital PCR,
ddPCR droplet digital PCR, Dx diagnostic, Rx therapeutic
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Introduction

Breast cancer (BC) to date remains the most
common cancer in women [1].

The increased incidence is due to wide intro-
duction of mammography screening programs
and continues to grow with the aging of the popu-
lation, while the prevalence is increasing as a
consequence of improvements in treatment out-
comes. At the same time, mortality has decreased
thanks to an efficient screening that enables dis-
ease diagnosis at a very early stage. Moreover,
chemotherapy and endocrine adjuvant therapy
have strongly implemented treatment in BC.
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Nowadays, BC is often diagnosed at local dis-
ease stage, and, after surgery, based on individu-
al’s risk of relapse, the patients undergo adjuvant
systemic treatment or/and regional irradiation to
decrease the risk of recurrence. Some patients,
however, will eventually develop recurrent or
metastatic disease.

According to standard practice, the choice of
treatment strategy includes assays for estrogen
(ER) and progesterone (PgR) receptor expression
levels, overexpression of human epidermal
growth factor receptor 2 (Her-2), or amplification
status of the correlate oncogene, but also histo-
logical grade and Ki67 to evaluate proliferation
of tumor cells.

These features result in the identification of
different clinical subgroups of BC:

e The “luminal” tumors, which express ER and
PgR receptors and are characterized by endo-
crine responsiveness and further subdivided
into “luminal A” and “luminal B” according to
the expression levels of Ki67

e The “Her-2 positive” subgroup, which gets
clinical benefit from treatment with “trastu-
zumab,” selective monoclonal antibody that
targets Her-2, used in both early and advanced
disease settings

e The “triple-negative” subgroup, characterized
by the absence of the tree receptors, hormonal
receptors, and Her-2, with, therefore, a lower
availability of therapeutic options
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On the basis of new molecular diagnostic
techniques of genomic profiling, today we know
that to each clinical subgroup of BC corresponds
a specific molecular subtype with distinct
genomic signatures, conditioning the biologic
behavior of tumors [2-4].

Current BC classification and assessment
remain strongly based on clinicopathological cri-
teria, including patient age, tumor size, lymph
node invasion, histological type, and grade.

Nevertheless the established clinicopathologi-
cal parameters are not sufficient anymore for risk
stratification and clinical decision-making, par-
ticularly regarding adjuvant chemotherapy, since
substantial over- or undertreatment may occur.
ER, PgR, and Her-2 status, used for many years
as only validated predictive factors to select
patients for endocrine treatment and anti-Her-2
treatments, provide limited information.

Thus, novel molecular markers are under
investigation to achieve a more precise prognos-
tic and predictive evaluation of disease and a
more effective “personalized treatment” in BC.

Clinicopathological information should be
combined with genomic profiling to estimate
recurrence risk and identify high-risk BC patients
(prognostic value) and predict optimal treatment
for each disease subgroup (predictive value).

Reading the Breast Cancer Genome:
An Explosion of Biomarker Diversity

The recent introduction of translational analysis
techniques, mainly next-generation sequencing
(NGS), has led to an enormous genomic data
about BC that helped the identification of several
molecular alterations associated with the distinct
molecular subtype of BC.

This information has revealed that BC is not a
single disease but a complex and heterogeneous
tumor, complicating our understanding toward
molecular makeup of the tumor.

Over the tumor heterogeneity from different
individuals (intertumor heterogeneity), even with
the same clinicopathological features, there is a
spatial intra-tumor heterogeneity due to subpop-
ulations of tumor cells with different genomic
alterations coexisting within the same tumor and

a temporal intra-tumor heterogeneity of different
cells in the same patients but at different time
points, for example, between primary tumor and
its metastasis (Fig. 9.1) [5-7].

This phenomenon represents one of the main
barriers to precision medicine in breast cancer:
the information obtained from standard tumor
tissue sampling cannot be the same for the whole
tumor and offer a static picture of disease. The
constant molecular change of tumor cell popula-
tion, spatial and temporal, requires a noninvasive
approach, for real-time picture of disease. Liquid
biopsy is a useful tool to follow the continuously
evolving genomic landscape of breast cancer [8—
10] (Fig. 9.2).

Circulating Tumor DNA (ctDNA)

Several studies have shown that ctDNA can be
used in clinical practice for evaluation and
decision-making in the diagnosis, treatment, and
follow-up of breast cancer patients [11]. Indeed,
it has been demonstrated that high levels of
ctDNA correlate with tumor size, lymph node
involvement, histopathological grade, and clini-
cal staging [11, 12]. ctDNA is easier to detect in
patients with metastatic breast cancer compared
to patients that have a localized disease and con-
centrations of ctDNA increased with advanced
stage of cancer [13].

Different researchers have focused on muta-
tional analysis of genes directly involved in
breast cancer both in patients with an advanced-
stage disease and in patients with localized dis-
ease. Some studies have quantified the presence
of tumor-specific alterations in ctDNA. In the
screening and diagnosis of breast cancer, patient-
specific mutations are not known before.
Therefore, these studies have focused on cancer-
associated alterations that are common in all
types of breast cancers. Chimonidou et al. found
CST6 promoter methylation in plasma ctDNA in
13-40% of breast cancer patients but none in
healthy patients [14]. Accordingly, Dulaimi et al.
found hypermethylation of promoters RASSF1A,
APS, and DAP kinase in the serum of 70% breast
cancer patients and none in serum from healthy
subjects [15]. Oshiro et al. developed a digital
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Fig.9.1 Tumor
heterogeneity in breast
cancer: (a) intertumor
heterogeneity, (b) spatial
intra-tumor
heterogeneity, and (c)
temporal intra-tumor
heterogeneity
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PCR assay to evaluate three hotspot PIK3CA
mutations, which is one of the main gene involved
in breast cancer tumorigenesis [3]. Again by
comparing healthy women with stage I-III breast
cancer patients, it was shown that PIK3CA muta-
tions in ctDNA were only detectable in the latter
group [16] with a frequency of 23% (Fig. 9.3).
Interestingly, Board et al. detected PIK3CA
mutations in ctDNA in 80% of patients with met-
astatic cancer, demonstrating that advanced
patients have more circulating DNA [17]. In
another study, it showed that ctDNA was detect-
able in 86% of patients with advanced breast can-
cer but only 50% of patients with localized
disease and at early stage [18].

Intratumor
heterogeneity

Systemic
Treatment

Some studies have used baseline ctDNA lev-
els to predict patients’ prognosis, but results
obtained are contradictory. Igbal et al. performed
a comprehensive analysis of circulating cell-free
DNA in serum by the evaluation of DNA integ-
rity index. To this end, qPCR analysis of Alu
sequencing using fragments of 115 bp and
247 bp was performed in 148 BC patients at
baseline, 47 patients postoperative, and 51
healthy controls. They showed that DNA integ-
rity was significantly higher in stage IV than ear-
lier stages, and it decreases after surgery.
Moreover, DNA integrity was able to stratify
patients in two groups, relapsed and disease-free
patients, with higher DNA integrity in relapsed
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Fig.9.2 Standard biopsy and liquid biopsy in breast cancer: the differences for a “picture” of disease

Fig.9.3 Schematic
representation of the
Oshiro study design

patients. Baseline serum levels of cell-free DNA
and its integrity were found thus to be potential
prognostic biomarkers in patients with primary
breast cancer [19]. On the contrary, it was shown
that OS is not associated with ctDNA levels at
baseline [20]. Therefore, in contrast with CTCs
that have been suggested to be strong prognostic
factors, the impact of baseline ctDNA levels is
still doubtful [21].

Tissues Plasma

ctDNA may also be used to monitor treatment
efficacy. Recent studies in breast cancer patients
have found a decrease in ctDNA concentrations
after surgery and chemotherapy. This prompted
further studies into the use of ctDNA as a marker
of treatment response [22]. Dawson et al. have
compared ctDNA and CTCs for the monitoring of
response to therapy in metastatic breast cancer
patients. In this study, somatic mutations and
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structural variants were first analyzed in tumor tis-
sue and then confirmed in plasma samples using
both a microfluidic digital PCR assay and sequenc-
ing. ctDNA was detected in 29 of 30 women in
115 of 141 plasma samples collected during
2 years’ time. Fluctuations in ctDNA correlate
with treatment responses as also confirmed by
imaging analysis. For 19 women who had progres-
sive disease on CT imaging, 17 had growing levels
of ctDNA, whereas only 7 had also CTC increase.
In 10 of the 19 patients with progression, ctDNA
increased an average of 5 months before the estab-
lishment of progressive disease on imaging.
Increasing levels of both ctDNA and CTCs were
associated with inferior OS. This group have found
that ctDNA have a superior sensitivity and
improved correlation with changes in tumor bur-
den, promoting a better measure of treatment
effectiveness for metastatic patients [23].

ctDNA can also be used to investigate tumor
heterogeneity and clonal evolution. It is known in
the literature that the metastatic cancer has differ-
ent characteristics than the primary tumor [24].
Primary tumor biopsies cannot follow the evolu-
tionary changes between metastatic lesions and
primary tumor [25]. Despite these data, the cur-
rent treatment decisions are often based on the
molecular profile of the primary tumor without
taking into consideration the heterogeneity of
metastatic cancer. Moreover, many patients
refuse a second tissue biopsy because the tech-
nique is very invasive and painful. Given that the
ctDNA is released from all tumor components, it
may provide a more complete molecular profile
of changing subclone populations and better
guide therapy [26]. De Mattos-Arruda et al.
examined primitive tumor DNA, liver metastasis
DNA, and ctDNA collected from plasma at dif-
ferent time points in one patient with ER+/HER?2
invasive ductal lobular carcinoma with liver
metastasis. They identified 16 mutations in the
liver metastasis, and only 9 were also detectable
in the primary tumor. Thus, ctDNA may provide
a more complete picture of the mutational land-
scape of metastatic disease.

Based on the previously mentioned studies, it
can be stated that the ctDNA could be become a
valid biomarker with applications from diagnosis
to prognosis but also for the monitoring of tumor

evolution and therapy response, but numerous
studies are still needed to go all in one direction.

Minimal Residual Disease (MRD)

Nowadays, one of the main attempts in breast
cancer management is testing the feasibility of
liquid biopsies to evaluate the minimal residual
disease (MRD). The term MRD can be defined as
the lowest levels of residual disease after a cura-
tive approach either surgical or pharmacological.
In fact, evidence of MRD after first-line treat-
ment may be clinically useful to decide whether
an adjuvant treatment is requested in order to
avoid any possibility of disease recurrence [27].
In the perspective of a painless and noninva-
sive monitoring of the disease over time, liquid
biopsies can be easily used as a feasible tool to
monitor MRD also in breast cancer. In particular,
MRD represents a higher challenging clinical
condition in early-stage tumors (nonmetastatic),
while the spread of circulating biomarkers
(ctDNA, CTCs) from primary tumor is still not
massive. To date, big efforts are still needed to
identify which patients, among those who under-
went to curative surgery, are completely disease-
free from those who still present hidden residual
disease that causes relapse. Moreover, a proper
evaluation of MRD could spare disease-free
patients from receiving useless but still aggres-
sive adjuvant chemotherapy [28]. Therefore, the
detection of ctDNA prior and after surgery and/or
radiotherapeutic intervention would be funda-
mental in predicting residual disease [29]. In
2014, Beaver and its group attempted for the first
time to highlight the use of liquid biopsy for
stratifying patients on the basis of the risk of
recurrence in a relatively small cohort of 30
early-stage breast cancer patients. Indeed, by
using droplet digital PCR (ddPCR), PIK3CA
exon 9 and 20 mutations have been assessed in
primary breast tumors and paired pre- and post-
surgery plasma samples of ER+/PR+ early-stage
breast cancer patients (Fig. 9.4). The presurgery
tissue samples have been firstly analyzed by
Sanger sequencing for PIK3CA mutations and
then confirmed by ddPCR. The digital approach
showed five more patients (15/30) positive for
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PIK3CA mutation with respect to the previous
approach. Circulating plasma DNA has been then
extracted from pre- and postsurgery blood sam-
ples. PIK3CA mutational analysis through
ddPCR on presurgery plasma samples showed
that of the 15 PIK3CA mutations previously
detected in FFPE samples, 14 mutations have
been also found in the paired plasma samples
with high sensitivity (93.3%) and specificity
(100%). Postsurgery plasma samples have been
collected, at times ranging from 15 to 72 days
after surgery, from 10/15 patients with PIK3CA
mutations detected in plasma DNA before sur-
gery. Indeed, five patients had detectable ctDNA
demonstrating a still-residual disease despite any
clinical or radiological evidence of disease [30].
More recently, Garcia-Murillas et al. have traced
PIK3CA mutation in plasma samples to predict
relapse in early-stage tumors. In this prospective
study, the ddPCR analysis of 55 plasma samples
of early breast cancer patients under neoadjuvant
chemotherapy was able to anticipate almost

8 months the clinical evidence of metastatic
relapse [31]. In 2016, the group of Riva et al.
focused on the feasibility of liquid biopsy for the
detection of MRD in a cohort of nonmetastatic
TBNC patients during neoadjuvant chemother-
apy (NCT). Plasma samples were collected at
four different time points: before NCT, after
one cycle, presurgery, and postsurgery for 36/40
TNBC patients. The analysis of ctDNA has been
performed through ddPCR, analyzing TP53
mutations, one of the most common genetic alter-
ations in TNBC. ddPCR analysis showed that
before NCT, ctDNA was detected in 27/36
patients, and its levels were significantly corre-
lated with tumor size, tumor stage, as well as
mitotic index. After the first NCT cycle, a remark-
able decrease of ctDNA levels has been showed
for all patients except for one who instead showed
increased ctDNA levels. Interestingly, this patient
experienced disease progression during chemo-
therapy. Furthermore, no patients showed detect-
able ctDNA after surgery [32]. Therefore, liquid
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biopsy seems to represent a valuable option in the
management and monitoring of breast cancer
patients. In particular, in minimal residual dis-
ease, the detectability of circulating biomarkers
in early-stage disease would open thus the possi-
bility to enroll these patients in specific surveil-
lance programs and consequently get future
benefits through longer-term follow-up.

Circulating Tumor Cells (CTCs)

The hematogenous spread of single tumor cells
from the primary tumor was first demonstrated in
the nineteenth century. In the beginning, the aim
was to investigate disseminated tumor cells
(DTCs) in the bone marrow. Indeed, in 2005, it
was first published a multicenter pooled meta-
analysis that assessed the prognostic significance
of DTCs in the bone marrow at the time of diag-
nosis. In particular, the study included 4703
patients diagnosed with stage I, II, and III breast
cancer and followed over a 10-year follow-up
period. This study highlighted for the first time
that patients with bone marrow micrometastasis
have larger tumors and tumors with a higher his-
tological grade. Moreover, those patients have
lymph node metastasis and hormone-receptor
negative tumors. The presence of micrometasta-
sis was a significant prognostic factor with
respect to poor overall survival and breast cancer-
specific survival (univariate mortality ratios, 2.15
and 2.44, respectively; p < 0.001 for both out-
comes) and poor disease-free survival and
distant-disease-free survival during the 10-year
observation period (incidence rate ratios, 2.13
and 2.33, respectively; p < 0.001 for both out-
comes) (reference).

Nowadays, big efforts are still needed to
improve the molecular characterization of a
highly heterogeneous tumor. Indeed, studying
CTCs would be helpful to improve clinical out-
come in particular in triple-negative breast cancer
(TNBC). Recently, Angelaki et al. studied CTC
phenotype in a cohort including early-stage and
metastatic TNBC and hormone-positive breast
cancers before and after adjuvant chemotherapy.
Expression of ER, PR, CK, HER2, and EGFR on

CTCs has been assessed through immunochemis-
try. In early-stage TNBC, before any adjuvant
chemotherapy, the predominant CTC phenotypes
were ER+ (24.4%), PR+ (24.4%), CK+/HER2+
(20%), and CK+/EGFR+ (40%). Moreover, in
early-stage TNBC, a high risk of relapse is cor-
related with the CK+/HR- phenotype, and, in
particular, the CK+/PR- phenotype is often
accompanied by decreased DFI (p = 0.04) and
OS (p = 0.032), demonstrating that these cells
may have an aggressive metastatic potential. This
study also focused on characterizing CTC sub-
population after adjuvant treatment. Indeed,
immunochemistry showed a decreased isolation
of HER2-positive CTCs in comparison to ER/PR
CTCs. In fact, we can speculate that chemother-
apy does not have the same efficacy against all
CTC subpopulations. Otherwise, in metastatic
cancer, the incidence of CK+/HER2+ CTCs was
higher than the early-stage counterpart. Indeed,
this finding can predict a more aggressive behav-
ior during disease evolution [33]. The prognostic
value of CTC count with respect to the most
known unfavorable prognostic factors as
progression-free survival (PES) and overall survi-
vor (OS) has been deeply evaluated in breast can-
cer. In the study from Bidard et al., CTC count has
been evaluated through the CellSearch method
before starting a new treatment and after 3—5 and
6-8 weeks after the treatment in a cohort of 2400
patients recruited among 19 different centers. In
fact, they demonstrated that a number of five
CTCs per 7.5 mL or higher are often associated
with decreased PFS and OS if compared with
patients with a number of CTCs less than 5 per
7.5 mL. Moreover, increased CTC number both at
time 3-5 and 68 weeks after the new treatment is
significantly correlated with shortened PFS and
OS and overall to poorer prognosis [34].
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Introduction

Gynecological cancers originate in woman’s
reproductive organs, including ovarian, uterine or
endometrial, cervical, vulvar, and vaginal cancers
(Fig. 10.1). These tumors represent a leading
health problem in women accounting for more
than the 20% of new cases and cancer-related
deaths worldwide [1]. The American Cancer
Society estimated that in 2017, there will be
22,440 new cases of ovarian cancer with 14,080
associated deaths; 12,820 new diagnosis and
4210 related deaths have been estimated for cer-
vical cancer, as well as 61,380 new cases and
10,920 deaths for endometrial cancer. Finally,
they expect around 6020 new diagnosis and 1150
deaths for vulvar cancer and 4810 new cases and
1240 deaths for vaginal cancers. Among this
wide spectrum of tumors, endometrial cancer has
the highest incidence, while ovarian cancer has the
highest mortality (Figs. 10.2 and 10.3). However,
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the gynecological cancers have a heterogeneous
distribution worldwide, especially HPV-related
cancers, for which the major incidence and mor-
tality have been recorded in sub-Saharan Africa,
Asia, and Central and South America, but also in
Hispanic, African, and Indian minorities in the
USA, the UK, and Canada [2]. Particularly this
distribution highlights a great disparity of safety
rate for women who live in low developed coun-
tries in which the local organizations and invest-
ments in health care do not ensure early diagnosis
and access to optimal treatments to prevent and
control such disease and ultimately increase
patients’ survival [3].

Gynecological cancers are characterized by an
aggressive biological behavior with a clinical
presentation often in advanced stage of disease.
Since the diagnosis is usually performed late, the
survival rate associated with these tumors is very
low also because the treatment regimens are not
much effective. Gynecological cancers include
different types of disease, which are classified by
the International Classification of Diseases
(ICD), in which the malignant neoplasms of
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female genital organs are coded from C51 to C58
(Table 10.1). To define both the site of origin and
histology of the gynecological cancers, it’is used
the International Classification of Diseases for
Oncology (ICD-0O-3), a multi-axel classification
obtained from a pathology report. Furthermore,
another classification is used as cancer staging
system to describe the anatomical extent of
tumors, the so-called Tumour Node Metastasis
Classification of Malignant Tumours (TNM-6)
approved by the International Federation of
Gynecology and Obstetrics (FIGO).

TN VAGINA

Fig. 10.1 Anatomical districts of female reproductive
organs

M. Castiglia et al.

Vulvar Cancer

The majority of cancers of the vulva are squa-
mous cell carcinomas, including the keratinizing
type, which usually develops in older women
and is not linked to human papilloma virus
(HPV) infections, and the rare basaloid type,
which is most commonly detected in young
women with HPV infections. The 5-year sur-
vival rate is strictly related to the clinical stage of
presentation, ranging from 86% to 16% in
patients with local and advanced diseases,
respectively. Surgery is the gold standard for
localized disease, while both radiotherapy and
platinum-based chemotherapy can be combined
with surgery to treat more advanced-stage
cancers [4].

Vaginal Cancer

About 70% of vaginal cancers are squamous cell
carcinomas originating from the squamous cells
of epithelial lining of the vagina, while only a
minority of them are adenocarcinomas.
Squamous cell carcinoma usually occurs in older
(>70 years or older), and their 5-year survival
rate ranges from 84% for localized disease to

New cases estimated for 201 7

®ovarian cancer

m cervical cancer

#m endometrial cancer
mvulval cancer

® vaginal cancer

Fig.10.2 Incidence of gynecological cancers estimated for 2017 (American Cancer Society)
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Deaths estimated for 201 7

movarian cancer

m cervical cancer

@ endometrial cancer
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Fig.10.3 Mortality associated with gynecological cancers estimated for 2017 (American Cancer Society)

Table 10.1 International Classification of Diseases
(ICD) for gynecological cancers, new cases, and deaths
recorded for gynecological cancer in 2016

New cases | Death
estimated | estimated
ICD Cancer site 2016 2016
C53 Cervix (uterus) 12,990 4120
C54 Endometrius 60,050 10,470
(uterus)
C56 Ovary 22,280 14,240
C51 Vulva 5950 1110
C52/C57 | Vagina and other | 4620 950
female genital
organs
57% for advanced-stage III-IV diseases.

Radiotherapy represents the most common treat-
ment of vaginal cancer, while surgery is limited
to early stage I diseases and for patients who are
not eligible to radiation. Particularly combining
both external radiotherapy and intracavitary
brachytherapy with or without low-dose chemo-
therapy represents the most effective treatment
approach [5].

Cervical Cancer

Cervical cancer originates from the cervix, which
connects the vagina with the body of the uterus.
The main cause of squamous cell carcinomas is a
persistent sexually transmitted infection caused
by the human papilloma virus (HPV). HPV
infects the basal cells of the cervical epithelium
and other epithelial tissues upon microtrauma of
tissues and cells. Approximately 100 types of
HPYV virus have been identified and considered as
oncogenic; particularly the 6, 11, 16, and 18
types of HPV are responsible for the occurrence
of the majority of cervical, as well as penile, vul-
var, vaginal, anal, and oropharyngeal cancers.
Two main strategies, including the regular
screening test and the HPV (bivalent or quadriva-
lent) vaccines, have been adopted by the national
health systems in developed countries, in order to
identify the high-risk population and to prevent
cancer development. The two screening tests
adopted to favor early diagnosis of cervical can-
cer are the PAP test, starting at 21 years old,
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which aims to identify precancerous lesions on
the cervix which may be suitable to radical treat-
ment, and the HPV-DNA test, starting at 30 or
older, which is used to identify the presence of
HPV infection that predisposes to cancer devel-
opment. To date a key role on the prevention is
played by the vaccine [6]. Thanks to the advent
of cervical screening test, the cervical cancer
death rate has gone down by more than 50% in
the last years, with about 4210 cancer-related
expected in 2017. The majority of cervical can-
cers occur in young women between 20 and
50 years old, but about 20% of cases are currently
detected in women older than 65. Surgery is a
curative treatment for early diseases. There are
several types of surgery, including cryosurgery,
laser surgery, and conization, which are currently
used to treat squamous cell carcinoma in situ,
while radical hysterectomy is the gold standard
for invasive localized cancers. Cisplatin-based
chemotherapy with or without radiotherapy rep-
resents the main treatment option for patients in
advanced clinical stages [7].

Liquid Biopsy in Cervical Cancer

Since HPV is the main cause of cervical cancer, it
has been recently investigated whether HPV-
DNA can be detected in blood for a better patient
clinical monitoring. Nevertheless, the data con-
cerning human circulating HPV-DNA have pro-
vided inconsistent results mainly due to technical
reasons. Indeed the detection techniques used
until now were not sensitive enough for the iden-
tification of small-sized tumors. With the advent
of more sensitive methods, such as droplet digital
PCR (ddPCR), it is becoming easier to work with
material that requires an adequate sensitivity. In a
recent paper, 70 serum specimens were retro-
spectively analyzed in patients with HPV-16 or
HPV-18 carcinomas. They investigated whether
ddPCR was able to detect HPV-DNA in serum,
reporting that in 61 out of 70 serum samples,
HPV-DNA was detectable, and therefore this
innovative technique is a promising method for
cervical cancer patient monitoring [8].

Endometrial Cancer

The two types of cancer that may affect uterus are
endometrial carcinoma and uterine sarcoma. The
majority of endometrial carcinomas are adeno-
carcinoma defined also as endometrioid cancers
and are usually detected in women older than
60 years. The endometrium is an inner lining of
the uterus, and it is hormonally sensitive; thus,
both estrogens and progesterone are needed to
maintain its cyclical operations. To date there are
no screening tests approved for early diagnosis.
Surgery followed by radiotherapy with or with-
out chemotherapy represents the optimal treat-
ment for patients with localized disease.
Platinum-based chemotherapy is the standard
treatment for advanced stages [9].

Ovarian Cancer

Ovarian cancer is the second most common
gynecological malignancy often diagnosed at
advanced stages (75-80% of cases) with overall
5-year survival rate around 40% despite signifi-
cant improvements in surgical and systemic man-
agement of patients. Epithelial ovarian cancers
(EOCs) are the most common subtype, classified
according to the grade of malignancy as high-/
low-grade or borderline tumors. Unfortunately,
70% of EOC are diagnosed at advanced stage and
are characterized by a very poor prognosis. The
reasons of delayed diagnosis are partly due to
lack of sensitive signs and symptoms and effec-
tive screening methods [10]. Ovarian carcinomas
represent about 85-90% of ovarian tumors and
are further classified according to histological
criteria as serous (the most frequent), clear cell,
endometrioid, and mucinous carcinomas. The
treatment of EOC consists in both cytoreductive
surgery (whenever possible) and platinum-based
chemotherapy [11, 12]. Platinum-based chemo-
therapy may be used as adjuvant/neoadjuvant
treatment for early stages or as first-line therapy
for metastatic disease, with 5-year survival rates
ranging from 90% (stage I) to 20% (stage IV).
Anti-angiogenic agents, such as bevacizumab,
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may be combined with chemotherapy both in
first-line and at recurrence to further improve
patients’ outcomes. The majority of ovarian car-
cinomas are sporadic. An inherited susceptibility
to EOC is present in at least 15% of patients, the
vast majority of which are caused by germline
mutations in BRCA1 or BRCA?2 genes that define
the hereditary breast and ovarian cancer syn-
drome (HBOC) [13]. Heterozygous carriers of
germline BRCA1 or BRCA2 mutations have an
increased lifetime risk of developing ovarian can-
cer, respectively, of 40-60% and 11-30%. Other
genes can be involved in HBOC susceptibility
including some genes encoding for proteins
involved in homologous recombination (HR)
DNA repair pathway, such as RAD50, RAD51C,
RADSI1D, PALB2, CHEK2, MRE11A, BARDI,
BRIP 1, NBS1, and ATM [14].

Ovarian cancer in patients with a BRCA1 or
BRCA2 germline mutation is associated with
several clinical characteristics including an
increased likelihood of platinum sensitivity and
improved survival compared with those with
non-BRCA-related ovarian cancer. Furthermore,
poly(ADP-ribose) polymerase (PARP) inhibitors
have shown exceptional clinical activity in this
subgroup of patients [15, 16]. PARP inhibitors
exploit the concept of “synthetic lethality,” which
describes the situation when a mutation in either
of two genes individually has no effect, but in
combination leads to cell death. The clinical rel-
evance is that the significant activity of PARP
inhibitors may not be limited to germline BRCA-
mutated ovarian cancer, but indeed extends to a
larger group of sporadic ovarian cancer patients
with homologous recombination deficiency
(HRD) [17]. To date, BRCA1 and BRCA2 muta-
tions are the most significant molecular aberra-
tions, which have shown both prognostic and
predictive value in ovarian cancer patients.

To date, the cancer antigen-125, (CA-125) is
the most common biomarker used to monitor the
response to therapy and identify the disease
relapse/progression in ovarian cancer patients.
However, because of its low sensitivity (50-62%
for early-stage epithelial ovarian cancer) and
specificity (94-98.5%), CA-125 is not usable as
screening tool in asymptomatic ~women.

Moreover, CA-125 has a limited application in
guiding treatment choice and does not provide
any predictive information [18]. Therefore, new
markers for early detection, improved knowledge
of the molecular biology, better innovative treat-
ment options, and predictive biomarkers are
urgently requested in EOC. As for other tumor
types, also for EOC liquid biopsy may become a
valid and easy method for a better patient man-
agement from diagnosis to treatment.

Circulating Tumor Cells (CTC) in EOC
Prognostic and Predictive Value

Several studies have demonstrated that tumor
cell dissemination may occur in gynecological
cancer and may affect clinical outcome. In par-
ticular disseminated tumor cells detected in bone
marrow have been shown to correlate with
shorter disease-free survival in 25% of EOC
patients [19]. Nevertheless, bone marrow sam-
pling is not easy and not always feasible.
Otherwise, the identification of CTCs in periph-
eral blood is always feasible, and it is repeatable
at different time points during treatment.

CTC assessment remains difficult because
they are outnumbered by white blood cells
(WBC) by at least a factor of 10° [20, 21]. The
mostly used approach for CTC detection is, now-
adays, the positive immunomagnetic enrichment
based on frequently expressed surface markers.
Indeed the CellSearch™ system, the first FDA-
approved method for CTC isolation, is based on
immunomagnetic enrichment using anti-EpCAM
together with a depletion of white blood cells
through anti-CD45 antibody. These methods are
often coupled with reverse transcription poly-
merase chain reaction (RT-PCR) or immunocyto-
chemistry (ICC) for visualization and
quantification of CTCs.

In a recent meta-analysis, it has been evalu-
ated the association between CTC and DTCs
with different clinical pathological features in
ovarian cancer [22]. The meta-analysis included
16 studies for a total of 1623 patients but
with different detection methods (RT-PCR,



90

M. Castiglia et al.

CellSearch, cell invasion assay, IHC); the study
revealed that CTC/DTC are not significantly
associated with tumor histology (OR = 0.71
[0.49, 1.05]), lymph node metastasis (OR 1.14
[0.67, 1.93]), and optimal or suboptimal surgery
(OR 1.45 [0.90, 2.34]). On the contrary an
increased number of CTC/DTC is associated
with advanced tumor stage (III-IV stages;
OR = 1.90 [1.02, 3.56]) and both OS (HR 1.94
[1.56-2.40]) and PFS/DFS (HR 1.99 [1.59-
2.50]). In two of the 16 studies included in the
meta-analysis, it was questioned the relationship
between CTCs and treatment response suggest-
ing that a reduction of CTCs after treatment
strongly correlates with better response (pooled
OR =0.55; 95% CI: 0.34-0.90) [22].

Another meta-analysis, based on 11 publica-
tions for a total of 1129 patients, evaluated the
prognostic value of CTC in ovarian cancer
patients, but they also make a subgroup analysis
according to the isolation techniques used
(“RT-PCR,” “CellSearch,” and “other ICC” sub-
group). They showed that both OS and PFS/DFS
are significantly associated with CTC status (HR,
1.61; 95% CI, 1.22-2.13; HR, 1.44; 95% ClI,
1.18-1.75, respectively). Moreover, the subgroup
analysis revealed that the value of CTC status in
OS was significant in the “RT-PCR” subgroup
(HR, 2.02; 95% CI, 1.34-3.03), whereas it was
not significant in “CellSearch” subgroup (HR,
1.15; 95% CI 0.45-2.92) and “other ICC” sub-
group (HR, 1.09; 95% CI 0.62-1.90) [23].

These meta-analyses were conducted mainly
in advanced ovarian cancer population, but what
it needed is to improve the detection method also
for early-stage disease. Indeed it has been
recently developed a CAM-initiated CTC enrich-
ment/identification method for invasive CTC
(iCTCs) also in early EOC stages. The reported
sensitivity and specificity was 41.2% and 95.1%,
respectively, for stage I and I malignancy. When
all stages of EOC were considered, sensitivity
increased to 83%, with 97.3% positive predictive
value (PPV). Moreover, it is shown that elevated
1CTCs better correlate to OS, PFS, and other clin-
ical factors (tumor stage, debulking, and plati-
num sensitivity) than CA-125 serum marker [24].

CTCs can also be used for treatment monitor-
ing of EOC patients; indeed the study proposed
by Pearl et al. aimed at the evaluation of iCTC in
monitoring EOC patient response to treatment
compared with CA-125 serum marker [25]. In
this study iCTCs were detected in each of the 31
patients monitored. Furthermore, an increase in
iCTC was reported to be more sensitive than
CA-125 in predicting PD or relapse [25].

CTC may also be used in the identification of
treatment-resistant patients at diagnosis. In par-
ticular in a recent study, ERCC1-positive CTCs
have been reported to predict platinum resis-
tance in EOC patients. CTCs were first immu-
nomagnetically enriched (using EpCAM and
MUCI1 antigens) and then characterized by
RT-PCR to detect the transcripts of EPCAM,
MUCI, CA-125, and ERCCI. At primary diag-
nosis, the presence of CTC was observed in
14% of patients and constituted an independent
predictor of OS. ERCCl1-positive CTCs were
observed in 8% of patients and constituted an
independent predictor, not only for OS but also
for PFS. Interestingly the presence of ERCCI-
positive CTC at primary diagnosis was shown to
be likewise an independent predictor of plati-
num resistance [26].

Circulating Tumor DNA (ctDNA)
in EOC

Circulating tumor DNA represents a powerful
biomarker for detecting occult disease in EOC;
indeed no currently used biomarkers or imaging
techniques can predict outcome following initial
treatment. Therefore, several research groups
are investigating the use of personalized ctDNA
markers as both a surveillance and a prognostic
biomarker in gynecological cancers and com-
pared this to current FDA-approved surveillance
tools. It is fundamental to develop more sensi-
tive and accurate biomarkers for both an earlier
diagnosis and for a more effective surveillance
in the posttreatment setting. We already know
that EOC is frequently diagnosed in advanced
stages and patients are managed by surgical
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resection followed by a combination of
platinum- and taxane-based chemotherapy.
Moreover, using the current detection technolo-
gies, around 80% of these patients will appear to
have a complete clinical response to therapy
even if more than half will relapse within
18 months. Both CA-125 and imaging modalities
(e.g., computed tomography) lack sensitivity
and often remain inconclusive or delayed in
demonstrating PD [27-29]. ctDNA as well as
CTC may represent a valid tool for diagnosis
and monitoring. The first studies exploring cell-
free DNA in gynecological malignancies were
first published more than 10 years ago [30, 31].
In these early papers, the aim was only to quan-
tify cell-free DNA (cfDNA) and its absolute
concentration with disease stage [31]. By then
new sequencing technologies and analytical
techniques have definitely improved the ability
to detect ctDNA and to monitor disease molecu-
lar changes over time. In 2014 a very interesting
case report demonstrated the ability to serially
track disease over time [32]. In the study was
reported the case of a single patient with a
tumor-specific fusion event in which ctDNA
analysis was more sensitive than CA-125. The
patient was monitored for 4 years during which
she underwent to primary debulking surgery and
chemotherapy, tumor recurrences, and multiple
chemotherapeutic regimens. During this follow-
up period, CA-125 levels were elevated only
three times in 28 measurements, whereas the
tumor-specific fusion event was readily detect-
able in ctDNA by quantitative real-time reverse
transcription polymerase chain reaction (PCR)
in the same blood samples and in the tumor
recurrence [32]. Then the same group performed
a larger study in a cohort of 44 patients includ-
ing ovarian and other gynecological malignan-
cies. Tumor mutation profiles were first obtained
through whole exome sequencing (WES) and
directed gene sequencing panel and afterward
used to generate patient-derived panels of
ctDNA biomarkers to be tested using droplet
digital PCR (ddPCR). The results demonstrated
that serial measurement of ctDNA is as sensitive
and specific as CA-125, with the advantage to
enable disease relapse detection months earlier

than CT scanning. Moreover, the measurement
of ctDNA levels at the time of completion of ini-
tial therapy, debulking surgery, and combination
platinum/taxane doublet chemotherapy provides
prognostic information. Indeed, undetectable
levels of ctDNA were associated with both
improved PFS and OS [33].

Aside from analyzing point mutation, ctDNA
offers the possibility to identify also chromo-
somal rearrangements. These rearrangements
have to be first detected in tumor tissue and sub-
sequently investigated in plasma samples using
real-time PCR techniques. This approach was
recently used by Harris et al. in a series of ten
EOC patients with stage IIIC-IV disease [34].
Primary tumor samples were first analyzed
through next-generation sequencing (NGS) in
order to identify genomic rearrangements; once
the specific alterations were recorded, individual-
ized monitoring panels were developed and used
for ctDNA analysis. Using this approach, it was
possible to monitor cancer patients for relapse
and therapeutic efficacy using cfDNA [34].

Exosome and Circulating miRNA
in EOC

It has been shown that exosomes can be detected
in ovarian cancer patients’ plasma, serum, and
ascites [35, 36] and multiple components of can-
cer exosomes have the potential to be used as bio-
markers and therapeutic targets for the disease
[37]. In particular exosomes contain miRNA that
have been shown to be functional; moreover, exo-
somal miRNAs have a characteristic signature.
Indeed exosomal miRNA profile is similar to
miRNA profile of tumor cells, and it is unique
compared to exosomes isolated from patients
with benign ovarian tumors [38, 39].

Exosomes can be used as diagnostic/screening
tool but also as prognostic and predictive bio-
marker for response to treatment in EOC patients.
In 2016 it has been investigated the diagnostic
and prognostic relevance of exosomal miR-373,
miR-200a, miR-200b, and miR-200c¢ and circu-
lating exosomes in a cohort of 163 EOC patients
[40]. Compared to healthy women, levels of
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miR-373, miR-200a, miR-200b, and miR-200c
and circulating exosomes were significantly
increased in EOC patients; moreover, the levels
of miR-200a, miR-200b, and miR-200c were
able to distinguish between malignant and benign
ovarian tumors. Looking at stages, it was shown
that miR-373 and miR-200a were increased in all
tumor stages, while miR-200c and miR-200b
were higher in stages III-IV and then stages I-
II. These miRNAs were also validated in a sub-
group of 112 high-grade ovarian cancers.

Resistance is the main cause for treatment
failure and it is important to identify markers for
patient’s stratification. It has been reported that
exosomes are able to pack cisplatin and to
export the drug out from cancer cells leading to
treatment inefficacy [41]. In addition, exosomes
released from platinum-resistant ovarian cancer
cells are able to transfer resistance to platinum-
sensitive cells; this effect seems to be mediated
by miR-21-3p contained and vehicled by exo-
somes [42]. Exosomal miR-433 contributes to
paclitaxel resistance in A2780 ovarian cancer
cells by inhibiting apoptosis and inducing cel-
lular senescence [43]. Another resistance mech-
anism that seems mediated by exosomes is the
seizure/sequestration of immunotherapeutic
agents. In particular it has been recently reported
that exosomes secreted from HER2-
overexpressing cancer cells expressed HER2 on
their surface; they can therefore bind to anti-
HER2 monoclonal antibody (trastuzumab)
interfering with the drug activity [44]. It is
therefore plausible that an analysis of the con-
centration, content, and activity of exosomes
could be used as a predictive marker for response
to treatment.

Despite the promising expectations for exo-
some application in the management of EOC
patients, there are still several challenges that
need to be met before the definitive introduc-
tion in clinical practice. It is primarily
requested a standardization of methods used
for exosome isolation from peripheral blood
and for the separation from normal physiologic
circulating exosomes. Moreover, it is still
needed a clinical validation of exosome analy-
sis that would be achieved through big clinical
trial developments.
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Introduction

Until few years ago, the treatment of prostate
cancer (PCa) in advanced stage was based exclu-
sively on the use of chemotherapy, showing very
modest outcomes. The understanding of the
molecular mechanisms that regulate the patho-
genesis and progression of PCa (from the hor-
mone sensitivity to the castration resistance
phase) has paved the way to new-generation hor-
mone drugs (abiraterone and enzalutamide) and
new chemotherapeutic agents (cabazitaxel) that
have become part of our daily clinical practice
because of their ability to improve significantly
the most important oncological clinical outcomes
(PES and OS). The use of these targeted therapies
today is based on the ability to separate patients
according to their disease prognosis and on the
capacity to predict the response to drugs. In view
of the huge tumor heterogeneity and the continu-
ing evolution of neoplastic clones, continuous
monitoring of the disease has now become an
absolute need in oncology. For these and other

A. Galvano ¢ B. Di Stefano * M. Castiglia
Department of Surgical, Oncological and Oral
Sciences, Section of Medical Oncology, University of
Palermo, Via del Vespro 129, 90127 Palermo, Italy

K. Papadimitriou ¢ C. Rolfo, MD, PhD (D<)
Department of Oncology, Antwerp University
Hospital, Wilrijkstraat 10, 2650 Edegem, Belgium
e-mail: christian.rolfo@uza.be

© Springer International Publishing AG 2017

reasons, liquid biopsy represents a useful nonin-
vasive method for the study of all solid tumors,
including PCa.

Circulating Tumor Cells (CTCs)

Circulating tumor cells (CTCs) are known for a
long time, since their first description dates back
to the mid-1800s, where they were described as
particles very similar to cancer cells [1]. One of
the most used technologies for their isolation is
represented by FDA-approved CellSearch® CTC
assay. Many recent studies have suggested that
the CTCs can be used in clinical purposes because
of their ability to guide therapeutic decisions in
patients with solid tumors, including prostate
cancer (PCa). Although results are not yet strong
enough to lead to such a change in the daily man-
agement, the possible applications field of CTCs
in metastatic castration-resistant prostate cancer
(mCRPC) include the treatment choice (second
generation hormonal agents versus chemother-
apy), the detection of early treatment resistance
and also defining prognosis. From this point of
view, one of the first parameters to be studied was
the CTC-derived PSA using RT-PCR technique,
aiming to determine drug resistance and to pre-
dict outcomes [2, 3]. In a study by Allard WJ
et al., the CTCs were isolated from blood (7.5 mL
of blood) of healthy patients, suffering from non-
oncological diseases and cancer patients with
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advanced disease, using CellSearch platform,
proving to be greater in the latter cohort (mean,
60 + 693 CTCs for 7.5 mL) compared to the other
two categories (mean, 0.1 = 0.2 and 0.1 = 0.3
CTCs to 7.5 mL, respectively), also demonstrat-
ing that the sensitivity of the method was high,
more than 90% [4]. Another prospective study
performed successively on mCRPC allowed to
identify a PCa CTC median value of 16 (CTCs
positive for biomarkers such as prostate-specific
amplification of AR), confirming a possible prog-
nostic role for CTCs [5]. De Bono et al. have also
suggested CTC number can influence the out-
come of patients suffering from mCRPC finding
that CTC count >5 per 7.5 mL of blood showed
worse median overall survival (mOS; 21.7 mo vs.
11.5 mo — p value <0.0001). If compared with
PSA decline after a course of standard chemo-
therapy (3—4 months), CTCs have been shown to
have a greater ability to predict prognosis, so as
to apply as a reliable independent prognostic bio-
marker in this context (AUC 0.82) [6]. This
hypothesis has been validated in a large prospec-
tive randomized phase III trial (SWOG S0421) in
which patients who had a CTC count >5 per
7.5 mL of blood were at high risk of having
greater values of PSA, visceral metastases, bone
metastases, alkaline phosphatase, and lower
hemoglobin. In addition, these patients had a
lower response rate to chemotherapy (44% vs.
63%), demonstrating that CTC enumeration is an
independent prognostic factor, in addition to PSA
values and the radiological assessment [7]. The
validation of the number of CTCs as an indepen-
dent prognostic factor has allowed the construc-
tion of multiple biomarker panels, in order to
increase the efficiency of the test. The LDH-CTC
panel is indeed considered one of the most stud-
ied in this context, particularly as regards the
evaluation of the effectiveness of the chemother-
apy treatment (CT), since patients with high lev-
els of CTCs and LDH post CT would have worse
prognosis compared to those with biomarker
decrease [8]. The CTC/LDH panel was also
assessed in a secondary analysis of the
COU-AA-301 prospective randomized phase III
study in which abiraterone, an inhibitor of CYP
17 plus prednisone, was compared to placebo

plus prednisone in mCRPC patients, showing
that the CTC (>5) and LDH (<250 U/L) combi-
nation was able to select a group of patients with
extremely lower 2-year survival rate (2% vs.
46%) [9]. Although the results described above
are to be considered very promising, there are no
sufficient recommendations to define a course of
treatment based on information from the panel,
and above all there are no suggestions on how to
treat the worse prognosis category of patients.
Unfortunately, the large-scale use of CellSearch
assay has some important limitations, among
which the inability to identify cells not express-
ing EpCAM (dedifferentiated or stemlike).
Furthermore, since their number is directly pro-
portional to the load of neoplastic disease, there
is a higher probability that their presence reaches
a sufficiently high number when the mCRPC is
resistant to hormonal treatments or CT. As men-
tioned previously, the predictive significance of
CTCs is one of the most investigated for patient’s
clinical management [2, 10-12]. The role of
CTCs in this context has been studied in combi-
nation to the androgen receptor (AR). The aim is
to obtain a test capable to identify the AR recep-
tor splice variants (AR-V7) in order to get a non-
invasive negative predictive biomarker of
response to the new-generation hormone treat-
ments. Antonarakis ES et al. evaluated two
cohorts of patients mCRPC (nl = 31, n2 = 31,
respectively), treated with abiraterone and
enzalutamide pointing out that those who carried
the AR-V7 in CTCs identified by qRT-PCR tech-
nique had a significant reduction in median
progression-free survival (mPFS), in median
overall survival (mOS), and in PSA response
showing a possible predictive role of CTCs in
detecting abiraterone and enzalutamide resis-
tance [13] (Fig. 11.1). The same author has
recently published the updated results of this
study which included a total of 202 patients and
showed not only that patients who were AR-V7+
had worst mPFS and mOS, but that patients iden-
tified as CTC+/AR-V7+ have a worse prognosis,
suggesting a possible prognostic role of CTCs in
detection [14]. These secondary analyses,
although from large clinical trials, are not strong
enough to change the current clinical practice.
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For these reasons, a number of ongoing clinical
trials are evaluating the impact of these results by
trying to select a cohort of patient candidates for
other options (cabazitaxel — NCT02379390).
Equally suggestive is the hypothesis that treat-
ment resistance may be due to receptor switch
(AR-V7 negative to positive; AR-V7 positive to
negative), as the continuous monitoring of CTCs
may represent a useful tool in the next future for
the clinical management of mCRPC [15].
Cabazitaxel and CTCs were studied also in fur-
ther investigations by Onstenk W. et al. in which
patients with mCRPC were subjected to cabazi-
taxel to evaluate the association between CTC
AR-V7 status and the objective response rate.
The results of this study suggested that the
response to chemotherapy was substantially
independent of the state of AR-V7, proposing
cabazitaxel as a valid therapeutic option in this
disease setting, although the data come from a
small sample size [16]. Finally, the role of AR-V7
has been investigated in mCRPC patients who
were enrolled for CT (docetaxel or cabazitaxel)
or new-generation hormone therapy (abiraterone
or enzalutamide) substantially confirming what
has already been described in previous works. In
particular, authors do not describe significant dif-
ferences in PSA response rate in the AR-V7-
positive or -negative patients who underwent

both CTs (41% vs. 65%, p = 0.19, respectively),
while among the AR-V7-positive CTs cause a
significant reduction in PSA response compared
with HT (41% vs. 0%, p < 0.001) [17]. Scher HI
et al. have indeed recently demonstrated on a
large series of 161 cases treated at the Memorial
Sloan Kettering Cancer Center that the subgroup
of patients who were CTC+/AR-V7+ before hor-
mone therapy had lower PSA response rate, a
lower radiological PFS, and OS less than other
AR-V7-negative patients, while for those who
underwent chemotherapy with taxanes, the dif-
ference was significant in terms of OS but not
considering the other endpoints [18]. Although
the results of the studies described above should
be confirmed in a large series, these results also
suggest that the use of CTCs may become in the
next future a large clinical resource for evaluating
the prognosis and the effectiveness of treatments
with the ability to assess the state of AR (espe-
cially AR-V7) which could serve as a negative
predictor of response to HT. The CTCs seem also
useful in the evaluation of other molecules that
may play a key role in the management of pros-
tate cancer. These include the TMPRSS2-ERG
rearrangements, which would seem to predict the
response to HT (abiraterone) and were reported
in more than 50% of the cases of hormone-sensi-
tive cancer (ranging 20-60%), although in some
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experiments the results are discordant probably
because of the different techniques used for the
characterization of the CTCs (qRT-PCR. vs.
FISH). Other studies have investigated the role of
Ki-67, a biomarker of cell proliferation. Several
authors have associated the expression of
Ki-67 in CTCs with PCa in progression and with
the nuclear localization of AR, suggesting that it
may be a marker of resistance to treatments [19,
20]. Other experiences have instead suggested a
possible role of telomerase, an enzyme whose
main role is to protect cells from apoptosis, as a
prognostic marker in prostate cancer. Goldkom
A. et al. in a retrospective analysis underlined
that the group with CTC count >5 and high levels
of telomerase had a worse mOS (HR: 1.14) [21].
Loss of PTEN [22], insulin-like growth factor 1
receptor (IGFIR) expression [23], the enhancer
of zest homolog 2 (EZH2) expression [24] and
EGFR alterations [5] are subject to further inves-
tigations to study their potentiality in mCRPC as
possible biomarkers.

Circulating Tumor DNA (ctDNA)

Another component of the liquid biopsy is the
circulating tumor DNA (ctDNA) that consists of
fragments of 140—180 base pair long DNA, found
in low amounts (0-50 ng/ml) in the blood of
healthy subjects and in larger quantities (50—
5000 ng/ml) in neoplastic situations or other
benign conditions (exercise, inflammation) [25,
26]. The ctDNA also represents a small propor-
tion (0.1 —10%) of circulating free DNA (cfDNA)
in the blood and derives mainly from lysed cells
or apoptosis. This small percentage is difficult to
analyze for the technical difficulties that charac-
terize the identification of these particles.
Nowadays, extremely sensitive methods are
available and able at least partially to solve the
above limitations. These new tools are the PCR
(BEAming and Droplet Digital) and more
recently the next-generation sequencing (NGS)
techniques with massive parallel sequencing
[27-32]. Numerous small trials provided prelimi-
nary results about the cfDNA ability to be a
marker of prostate cancer like PSA. Although

with limitations due to the heterogeneity between
the different trials, a recent meta-analysis has
tried to evaluate the diagnostic value of cfDNA in
PCa. Although the qualitative analysis of cfDNA
has shown promising results with a sensitivity of
0.34 (95% CI, 0.22-0.48), a specificity of 0.99
(95% CI, 0.97-1.00), and AUC (area under
curve) 0.91 (95% CI, 0.88-0.93), the authors
concluded that the cfDNA should still be used in
combination with the traditional PSA, for the
screening of the PCa [33]. As for the CTCs, also
the amount of cfDNA would seem to be corre-
lated with tumor burden and with prognosis. H
Schwarzenbach et al. evaluated the amount of
cfDNA using fluorescence-labeled PCR in 81
patients suffering from PCa, showing that the
cfDNA values increase in accordance with the
deterioration of the tumor stage (median 186 ng/
mL vs. 562 ng/ml; p = 0.03), although the values
were still significantly different compared to
those reported in the cohort of healthy patients
(21 ng/ml) [34]. Several studies have shown that
the metastatic cancer has a higher frequency of
mutations and genomic instability if compared to
tumors of localized stage. These alterations also
characterized the castration resistance phase cor-
related to the selection of clones caused by tumor
microenvironment (selective pressure). Among
these, one of the most known is the AR mutation,
which constitutes a target for the new-generation
hormonal therapies (enzalutamide and abi-
raterone). Although several experiences had con-
cluded that the AR alterations could be drivers
for disease management in advanced-stage PCa
[35], researchers using whole-genome sequenc-
ing techniques have suggested a more probable
role of AR alterations as resistance factor to the
abovementioned hormonal therapies. For this
reason, accurate identification methods, also non-
invasive and low-cost, can be considered today as
a priority in the field of precision medicine [36—
39]. Interestingly, a recent study also evaluated
the possible predictive role of cfDNA in a cohort
of 59 mCRPC patients who underwent a taxane-
containing regimen in which patients with
cfDNA values greater than 55 ng/ml were associ-
ated with lower PSA response rate (p = 0.005),
showing to be a possible independent prognostic
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factor for OS (p =0.032) [40]. Like CTCs, ctDNA
can be a useful tool to identify genomic aberra-
tions and the AR mutations in mCRPC patients
undergoing HT. In particular, Romanel A. et al.
have sequenced 274 blood samples from 97
patients suffering from mCRPC treated with abi-
raterone, highlighting the appearance of a muta-
tion of AR (L702H or T878A). The group in
which the AR mutation was present in ctDNA
before starting treatment (45%) had a chance to
have a PSA response rate < 50%, 4.9 times lower
with worse OS (HR 7.33; 95% CI 3.51-15.34)
and PFS (HR 3.73;95% CI 2.17-6.41), and these
results were also confirmed using multivariate
analysis [39]. Abiraterone [41] and enzalutamide
[42] were also investigated in two clinical trials
in which aberrations of CYP17-A1 and AR were
analyzed, showing that an increase of mutations
in these genes’ ctDNA, after drug exposure, was
responsible for poor clinical outcomes in terms
of mPFS (abi 2.8 mo vs. 9.2 mo; enza 2.3 mo vs.
7.0 mo) and mOS (abi 5.0 mo vs. 21.9 mo) com-
pared with patients with no gain in mutation. The
importance of monitoring somatic genetic muta-
tions has been recently further confirmed by the
results by Frénel JS et al. They recorded that
genetic alterations in the course of phase I trials
(including prostate cancer) which were mainly
directed against the PI3K-AKT-mTOR suggested
mutations correlate to drug response, thus
enhancing the usefulness of cftDNA even during
the design of every new pivotal clinical trial [43].
In a similar study, Wyatt AW et al. evaluated the
copy number variation and mutation rate of AR
and other genes (MYC, RB1, and MET) before
and after treatment with enzalutamide showing
how they (mutations > 2, amplifications, RB

loss) were associated with worse mPFS.

Exosomes and MicroRNAs (miRNAs)

Exosomes are a family of vesicles derived from
cells (30-100 nm) that can be detected in body
fluids. Numerous studies have evaluated the role
of exosomes in PCa, focusing on relations with
the progression of the disease, biomarkers, and
[44] immune system [45-50]. One of the most

significant challenges in the PCa management is
the early localized PCa detection to avoid over-
treatment. Exosomes could potentially guarantee
not only a reduction of unnecessary interventions
but also an indolent monitoring and effective in
patients who are candidates for active surveil-
lance protocols, stratifying patients who are high
or low risk for progressing. There are currently
various biomarkers used in early diagnosis of
PCa. These include the PSA and more recently
the prostate cancer antigen 3 (PCA3), a noncod-
ing upregulated RNA specific for PCa. The pro-
tein kinase C o (PKCA) is still under systematic
validation. Although these and other potential
biomarkers in the blood, urine, and seminal fluid
(DNA or RNA fragments) have been studied by
means of innovative techniques (next-generation
sequencing), most of them still do not guarantee
sufficient specificity and sensitivity levels. For
these reasons, the information contained into
exosomes are interesting and deserve further
investigations, since in preliminary studies on
PCa cell lines and tissue were found cancer-
derived exosomes [51-54].

In plasma-derived exosomes, for example, were
found specific PCa-related proteins as PTEN and
survivin that were not reported in high levels in
patients with benign prostatic hyperplasia (PBH)
or in healthy subjects. In particular, Hosseini-
Beheshti E. et al. using mass spectrometry aimed
to evaluate the exosome content in AR-negative
and A-positive cells of six PCa cell lines to identify
potential biomarker proteins for PCa in different
stages (as FOLHI, ANXAI1, FASN, CLSTNI,
FLNC, and GDF15). Similarly, another research
team was able to detect the presence of another
possible biomarker (XPO140) from multiple cell
lines of PCa [52, 55]. Even fragments of noncod-
ing microRNAs (miRNAs) have been found inside
the exosomes, 20-25 nucleotides long, which neg-
atively regulate target genes. In another experience,
Bryant RJ et al. have found on plasma, serum, and
urine sample of patients with advanced PCa 12 dif-
ferent miRNAs upregulated significantly if com-
pared to early-stage PCa. In particular, miR-141
could help to distinguish PCa patients from healthy
subjects [56]. Despite the promising role of miR-
NAs as biomarkers with diagnostic value, many of
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them do not reach a sufficient value in a urine sam-
ple to be detected and therefore require further
analysis to provide robust information to be trans-
ferred in current clinical practice [57]. Numerous
experiences have evaluated the expression of exo-
somes even on prostate-derived fluids and urine
tests, finding different levels of N-glycoproteins
correlated with the various stages of PCa [58—60].
Additionally, subsequent studies have identified
within urinary exosomes from patients with PCa
increased levels of alpha-1, beta-1 integrin, and
delta-catenin compared to levels in healthy patients
or those with non-oncological diseases [61-63].
Some gene transcripts permanently linked to PCa
are reported within the urinary exosomes (PCA3
and TMPRSS?2), and their study could serve as a
source in a short time, yet little explored, of novel
biomarkers since the urinary sample should serve
as an ideal tool because it is less complex to be
analyzed with modern instruments [53, 57].
Furthermore, beyond their influence on the prog-
nosis, preliminary research has suggested how exo-
somes may contribute to the CT resistance, as
demonstrated in a study in which they were iso-
lated from plasma of patients affected by taxane-
resistant PCa, probably due to an exosomal
MDR-1/P-gp transfer [64]. In addition, exosomes
could be decisive in the modulation of enzalu-
tamide or abiraterone on PCa. Del Re M. et al. have
used a new-generation method able to facilitate
analysis of the RNA fragment coding for the
AR-V7 (digital droplet polymerase chain reac-
tion — ddPCR) of the plasma-derived exosomes,
since the presence of AR-V7 was related to the
resistance to these molecules and significantly
lower mPFS and mOS outcomes suggesting
AR-V7 as possible predictive biomarker of resis-
tance to HT [65].

In addition, some authors reported preliminary
evidence on the role of exosomes in lymphocyte-
mediated immune evasion mechanisms, through
the inhibition of NKG2D receptor expressed on
CDS8+ T lymphocytes and natural killer cells [45].
Although exosomes provided clear preliminary
results on their clinical possible utility, there are
significant limitations that still are maintained,
mainly of technical nature. There will be a call for
great commitment by the research in this context

hoping that new resources would allow in the near
future to be able to speed up and standardize the
isolation of exosomes and also try to maintain the
specificity of avoiding contamination from mate-
rial not useful for research.
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Current Status of Lung Cancer

Lung cancer is the leading cause of cancer deaths
worldwide [1], being 85% of those non-small cell
lung cancer (NSCLC). The last data published by
Cancer Research UK reported the 1-year overall
survival rate of 32% for lung cancer patients,
while the 5-year survival rate is around 10%.
Besides the development of new effective thera-
pies, lung cancer is still today a disease difficult
to control.

The advent of targeted agents represents the
most important innovation in the treatment of
lung cancer over the last years. The discovery of
epidermal growth factor receptor (EGFR)-
activating mutations in 2004 as oncogene driver
in a subgroup of patients with NSCLC led to the
development of a new family of biological agents,
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called EGFR-TKIs, which were able to selec-
tively bind and inhibit the EGFR molecular path-
way. About eight phase III randomized clinical
trials compared EGFR-TKI gefitinib, erlotinib, or
afatinib vs platinum-based chemotherapy as first-
line treatment for EGFR-mutated NSCLC
patients, all showing a significant survival benefit
in favor of EGFR-TKIs. These drugs have revo-
lutionized the clinical management of about 40%
Asian and 12% Caucasian NSCLC patients har-
boring EGFR mutations, whose survival out-
comes nearly doubled compared to standard
chemotherapy. Later the discovery of the EML4-
ALK fusion gene in about 3—8% of patients with
NSCLC and the subsequent clinical development
of crizotinib represented an amazing success
story leading to the recent approval of this com-
pound as new standard first-line treatment in this

Center for Oncological Research (CORE),
Antwerp University, Antwerp, Belgium

Center for Oncological Research, Faculty
of Medicine and Health Sciences, University
of Antwerp, Wilrijk, Belgium

Department of Pathology, Antwerp University
Hospital, Edegem, Belgium

P. Pauwels © L. Sober

Center for Oncological Research, Faculty

of Medicine and Health Sciences, University
of Antwerp, Wilrijk, Belgium

Department of Pathology, Antwerp University
Hospital, Edegem, Belgium

103

A. Giordano et al. (eds.), Liquid Biopsy in Cancer Patients, Current Clinical Pathology,

DOI 10.1007/978-3-319-55661-1_12


mailto:antonio.russo@usa.net

104

C.Rolfo etal.

subgroup of patients [2]. Nevertheless in both
cases, despite an initial impressive benefit,
patients inevitably experience tumor progression,
because the tumor can generate resistance to
these treatments through genetic modifications
like mutations or amplifications. To avoid this
problem, pharmaceutical industries are develop-
ing new drugs that are able to overcome resis-
tance mechanisms. New generations of EGFR
and ALK inhibitors have been recently investi-
gated in randomized clinical studies, showing a
great efficacy and tolerability in patients who
failed prior TKIs. Particularly osimertinib is the
third-generation EGFR-TKI in most advanced
stage of clinical development which is active
against both EGFR-sensitizing and EGFR-
resistant T790M mutation. The phase III AURA
3 study has recently shown a significant survival
benefit in favor of osimertinib over platinum che-
motherapy in NSCLC patients who progressed to
prior EGFR-TKI and were T790M positive [3].
Similarly the new-generation ALK inhibitors
alectinib and ceritinib also demonstrated a sig-
nificant superiority over platinum chemotherapy
in ALK-rearranged patients who failed prior
therapy with crizotinib [4]. However, there are
already some data showing that resistance mech-
anisms can occur also for these new-generation
drugs [5, 6]. In this scenario biomarker investiga-
tions have become one of the most interesting
and studied fields of translational lung cancer
research with the aim to estimate patients’ prog-
nosis, to monitor treatment response and to even-
tually predict both treatment efficacy and tumor
recurrence [7, 8].

The genetic analysis of both EGFR mutations
and EML4-ALK translocation is a crucial step at
the time of diagnosis, in order to plan the optimal
treatment strategy for each patient. Furthermore,
the analysis of EGFR mutations has acquired a
growing importance also in the follow-up of
TKI-treated patients. In fact, almost in nearly
60% of TKI-treated patients, the treatment effi-
cacy fails due to resistance mechanisms. The
most common cause of TKI failure depends on
the onset of secondary mutations; the exon 20
T790M is the most characterized resistance
mutation in EGFR [9].

Therefore EGFR mutational status should be
monitored during treatment and mostly at relapse
to choose the proper subsequent therapy. To date,
the gold standard for the molecular analysis of a
patient affected by NSCLC is the tissue biopsy.

Even if there is a big consensus about the use
of tissue biopsy as a primary source of genetic
information, we still have to face the situation
when “the tissue becomes the issue”. This may
happen when a strict “molecular follow-up” is
mandatory to evaluate patient’s disease evolu-
tion. To solve this problem, liquid biopsy has
raised as the “new ambrosia of researchers” as it
could help clinicians to identify both prognostic
and predictive biomarkers in a more accessible
way [10].

The Importance of Liquid Biopsy
in NSCLC

One of the new hallmarks of cancer is the
“genome instability and mutation” [11]. In lung
cancer, it becomes a very relevant issue because
of the high heterogeneity of this tumor. Lung
cancer is characterized by different driver molec-
ular alterations, with EGFR mutations, ALK-
EMLA4 translocations, and RAS mutation being
the most common among others [12, 13]. The
new targeted therapies against these driver muta-
tions have nearly doubled patients’ survival [14,
15]. However, due to the genomic instability of
cancer and its peculiar ability to adapt to the
tumor microenvironment, cancer cells usually
develop resistance mechanisms such as the
EGFR-T790M mutation or the L1196M mutation
during first-generation EGFR-TKIs and crizo-
tinib treatment, respectively [16, 17]. Recent evi-
dences showed that the tumor molecular
alterations may not be homogeneously distrib-
uted within the same lesion and, what is most rel-
evant, the metastasis can present a completely
different molecular profile as compared to the
primary tumor [18, 19].

Therefore, the molecular analysis of the
tumor and/or of the metastatic lesions is becom-
ing more and more requested at the time of
PD. Unfortunately, tissue biopsy is a procedure
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often limited by several features, including its
invasiveness, the not easy access to different
tumor sites, the high intra-tumor heterogeneity,
and not ultimately the low patients’ compliance
[20]. Thus, in the last decade, many new noninva-
sive approaches have been studied to overcome
the aforementioned issues. Among these, liquid
biopsy represents a valuable alternative for the
detection of EGFR mutational status once it can-
not be performed on tissue samples according to
international guidelines. Furthermore a liquid
biopsy can be easily repeated at different time
points allowing to follow the tumor molecular
status during the treatment course [21]. This
could help clinicians to predict disease progres-
sion over time, to identify new acquired molecu-
lar alterations, and to observe how all these
characteristics correspond to patient’s status.

Liquid Biopsy in Non-small Cell
Lung Cancer

As we are describing in this book, there are many
definitions of “liquid biopsy”. The definition is
complex since different body fluids as urine, asci-
tes, saliva, cerebrospinal liquid or plasma can be
considered as valuable sources of tumor
components.

In this chapter, we are going to focus our
attention on the main published studies investi-
gating circulating tumor cells (CTCs), circulating
tumor DNA (ctDNA), and exosomes and other
extracellular vesicles (EVs) in lung cancer. The
last paragraph will be destined to describe the
uncommon components of the liquid biopsy such
as platelets.

Circulating Tumor Cells (CTCs)

The circulating tumor cells are shed from both
primary and metastatic tumor; thus they are rep-
resentative of the tumor from which they
detached. It is known that lung cancer releases a
limited number of CTCs, and therefore they were
not so far considered a good field of study.
Nevertheless, limitations of CTCs detection in

lung cancer were mainly due to the limited avail-
able isolation methods. Thanks to the increase of
knowledge about CTCs’ biological and physical
characteristics, detection and isolation methods
have been consequently improved. Nowadays,
CTCs may become a promising field of study
also in lung cancer [22].

CTCs can be used for two different aims: to
evaluate the risk of metastasis and as a source of
nucleic acid for molecular characterization.
Indeed, CTCs are shed to the bloodstream and
can play an important role in the metastatic pro-
cess. Moreover, since CTCs spread directly from
the tumor, they might harbor the same mutational
landscape that can be investigated through
molecular analysis.

The studies on CTCs in lung cancer have
shown heterogeneous results, mainly due to the
different techniques and criteria used for the
experiments. Tanaka et al. demonstrated that the
number of CTCs is higher in patients with lung
cancer than in those with benign disease, and the
number of CTCs is significantly increased in
patients with distant metastasis than in the pri-
mary ones. In the same study the authors demon-
strated a significant correlation between the
number of CTCs in the bloodstream and the stage
of the disease [23], but other studies have not
showed the same results [24, 25]. The number of
CTCs can be also a good marker of tumor growth
and prognosis. Krebs et al. demonstrated that
patients with five or more CTCs in 7.5 mL of
total blood, after one cycle of chemotherapy,
have a worse prognosis as compared to those
with a lower number [26].

The molecular characterization of CTCs is
technically challenging mainly because of the
limited performance of isolation and detection
methods. Moreover, the amount of extracted
nucleic acids is always very poor, limiting the
downstream applications. Indeed, new highly
sensitive techniques, such as next-generation
sequencing (NGS), are now available and offer
the possibility to analyze the molecular alteration
of CTCs in a relatively simple way.

The detection of EGFR-activating mutations
in CTCs has revealed contradictory results.
Maheswaran et al. first published in 2008 an
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article describing the identification of EGFR
mutations in CTCs, providing exciting results.
They analyzed EGFR mutations in both CTCs
and ctDNA using a SARMS assay in patients
already tested positive in tissue samples.
Mutations in CTCs were detected in 19 out of 20
patients with 95% sensitivity; they also detected
T790M mutation in 2 out of 6 responding patients
and in 9 out of 14 progressive patients. Moreover,
in four patients they reported that levels of acti-
vating and resistance mutation (exon 19 deletion
and exon 20 T790M, respectively) floated accord-
ing to disease status [27]. However, a study car-
ried by Punnoose et al. showed disparate results.
In this paper the authors analyzed the EGFR
expression through FISH showing very heteroge-
neous results. Indeed, they revealed CTCs with
very strong signal (3+), others with very low (0),
and other with intra-heterogenic results ranging
from 3+ to 0, and this expression was not corre-
lated with the EGFR status on tissue. Moreover,
when the DNA from CTCs was analyzed to
detect EGFR mutations, only one out of eight
EGFR-mutated patients was detected [28].

Besides EGFR mutations, it has been pro-
posed that ALK-EMLA4 translocations are detect-
able in CTCs using immunohistochemistry and
FISH. The results reported in literature showed a
high correlation between ALK-EML4 detection
in tissue and in CTCs even if the cutoff value was
different among the studies due the various tech-
niques used for CTCs isolation [29-31].
Moreover, a study performed by He et al. investi-
gated a new technique for CTC isolation compar-
ing the results with the FDA-approved methods,
the CellSearch system. They demonstrated a cor-
relation between the ratio ALK-EML4 rearrange-
ment signal/CTCs and TNM stage, and similarly
to other studies, the count of CTCs was related to
the disease status [32]. Therefore, CTCs can be
useful for disease follow-up as they offer the
opportunity to evaluate both EGFR and ALK-
EMLA4 alterations, as a surrogate biomarker for
treatment response and to promptly identify
resistance mutations responsible for treatment
failure.

The CTC study has risen with the implemen-
tation of new isolation techniques that allow

more reliability and the improvement of the
molecular analysis techniques such as one-cell
genotyping. However, a standardization of the
techniques is needed and a big consensus on how
the samples must be analyzed is fully required to
make the CTC analysis truth.

Circulating Tumor DNA (ctDNA)

The investigation of ctDNA can hypothetically
reveal a wider genomic landscape of a tumor
[33]. For this purpose, new sensitive technical
approaches are available to analyze EGFR muta-
tional status from plasma-derived ctDNA. In par-
ticular, digital PCR (dPCR) and next-generation
sequencing (NGS) platforms represent to date the
most studied approaches for application in clini-
cal practice. Through the dPCR approach, the
DNA sample is partitioned into thousands of
single PCR reactions. As in the qPCR approach,
analysis software allows to identify a positive or
a negative signal indicating the presence or
absence of a target sequence. Therefore, a
mutated ctDNA can be detected in a wide back-
ground of wild-type sequences [34]. The intro-
duction of NGS technologies in clinical practice
is the most important revolution that we have
experienced since the discovery of polymerase
chain reaction (PCR) and Sanger sequencing.
Until now we have been working analyzing one
gene at a time and one patient at a time, with
NGS techniques this assertion has been revolu-
tionized and we can analyze multiple genes and
multiple patients at a time with a consistent
reduction in time and costs [35]. NGS is a high-
throughput technique, based on massive parallel
sequencing of thousands of DNA molecules [36].
There are several NGS platforms that differ
mainly in the detection chemistry, but they all
share some important steps: library preparation,
library amplification, sequencing, and data analy-
sis. At the end of the analysis they all provide a
plethora of information about the mutational
landscape of the analyzed samples that can be
used in clinical practice. Another great advantage
of NGS compared to Sanger sequencing is the
higher sensitivity, which is important when we
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have to look for somatic and rare mutations. This
is the case of liquid biopsy and specifically of cir-
culating tumor DNA (ctDNA) analysis. The
information arising from ctDNA analysis will
broad from early diagnosis to prognosis as well
as response to drug administration and real-time
monitoring of the disease.

Diagnostic Role of ctDNA

To date, several studies and meta-analysis deeply
highlighted the diagnostic value of plasma-based
EGFR testing in NSCLC patients, showing an
interesting accuracy of ctDNA in terms of sensi-
tivity and specificity if compared with the gold
standard tissue genotyping [37—40]. Therefore,
the isolation of ctDNA from plasma or serum
would be helpful for EGFR testing in all those
patients whose tissue is not available at diagnosis
or tissue analysis results are inconclusive. Sacher
et al. have recently evaluated the reliability of
plasma analysis. This study demonstrated a high
specificity (100%) and sensitivity (74—82%) in
80 patients with advanced NSCLC harboring
activating EGFR dell19/L858R mutations [41]
using droplet digital PCR (ddPCR). The same
promising results at diagnosis have been also
showed within the multicenter ASSESS study in
which a similar concordance rate of 89% (sensi-
tivity 46%, specificity 97%) has been found in a
cohort of 1162 patients with advanced NSCLC
[42]. Furthermore, despite real-time PCR and
ddPCR techniques are definitely the most used
for ctDNA analysis, NGS is emerging as an
important tool that can complement or substitute
tissue NGS analysis. Indeed, there are several
commercially available NGS panels specifically
designed for ctDNA testing in lung cancer.
Recently Villaflor et al. assessed the utility of two
ctDNA panels in a clinical series of 68 NSCLC
patients; the 54-gene panel includes only muta-
tions, whereas the 68-gene panel includes also
ALK, RET, or ROS] fusions [43]. In this paper, it
was also investigated the concordance between
paired tissue and blood samples whenever possi-
ble. The results reported that 80% of patients
have detectable ctDNA, with 83% presenting at

least one non-synonymous ctDNA alteration. As
expected the most frequent mutations were
reported in TP53, KRAS, and EGFR genes [43].
Another recent paper published on December
2016 supports these evidences. NGS was used to
characterize 112 plasma samples from 102
patients with advanced NSCLC, detecting 275
alterations in 45 genes in 84% of patients (86 of
102). As well as reported in the paper from
Villaflor [43], NGS was able to detect mutations
in additional genes for which experimental thera-
pies, including clinical trials, were available. The
concordance between tissue and plasma was
79%, and interestingly the concordance increases
when a shorter time interval between tissue and
blood collection was reported [44]. Moreover,
ctDNA sequencing enabled the detection of resis-
tance mutation in eight patients who experienced
progressive disease during targeted therapy and
for whom tissue analysis was not possible.
Finally, Chen et al. prospectively evaluated the
detection of ctDNA mutations in early-stage
NSCLC patients (IA, IB, and IIA) by targeted
sequencing in plasma and paired tissue samples.
They found a considerable ctDNA concentration
in 52 out of 58 patients, suggesting that ctDNA
might be related to tumor cancer spread.
Furthermore, plasma ctDNA mutations were
identified in 35 out of 58 patient samples, with
50% concordance between plasma and tissue
[45]. These results suggest that ctDNA analysis
may also be applied in early-stage disease.

Prognostic Role of ctDNA

The prognostic role of ctDNA has been deeply
investigated. In 2014 the group of Wang et al.
tested the ability of dPCR to identify T790M in
plasma ctDNA compared to a non-digital
approach (ARMS). They showed a statistical cor-
relation between survival and allele fraction of
circulating T790M before and after EGFR-TKI
administration. Patients with increasing levels of
circulating T790M during EGFR-TKI treatment
showed better progression-free survival (PFS)
and overall survival (OS) if compared with
patients who do not display any significant
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T790M variation [46]. Furthermore, in 2016 the
same research group confirmed that patients with
circulating T790M had a better clinical outcome
compared to plasma T790M-negative patients
[47]. Recently, Thompson et al. correlated sur-
vival with ctDNA levels and number of variants
using NGS in plasma specimens of metastatic
NSCLC patients. The high levels of ctDNA
(>3 ng/mL), irrespective of mutational profile,
were associated with decreased survival.
Conversely, patients with ctDNA levels lower
than 3 ng/mL showed a better median survival
(24 months vs 46 months, respectively).
Furthermore, OS seems to be strictly correlated
with number of variants detected in plasma.
Indeed, a number of variants greater than 3 deter-
mined an OS reduction from 62 to 46 months,
giving thus a poorer prognosis [44]. Therefore, it
seems that mutational load itself may be a good
prognostic marker.

ctDNA Value in Real-Time Monitoring
of the Disease

The translation in clinical practice of liquid
biopsies is strictly requested in all those cases in
which a disease progression monitoring is
needed (Fig. 12.1). Indeed, on November 2015
the FDA-approved osimertinib as new treatment
option for patients with metastatic EGFR
T790M-positive NSCLC patients who failed
prior EGFR-TKIs [48, 49]. Patients’ selection is
strictly based on the identification of T790M
mutation, and for the first time the molecular
analysis can be performed either through tissue
re-biopsy or in plasma samples [50, 51]. The
noninvasive potential of ctDNA has been deeply
studied by Oxnard in many studies specifically
focused on the molecular biology of NSCLC. In
2014, one of the first studies performed by its
group highlighted the possibility to anticipate
clinical evidence of progression through early
molecular evidences. Indeed, the analysis of
ctDNA through ddPCR, in serial plasma sam-
pling, allowed the detection of resistance muta-
tions (T790M) weeks and sometimes months
prior to radiological progression [52].

Serial sampling

FEES

Fig. 12.1 Serial monitoring of NSCLC patients during
treatment. Serial blood withdrawal can be obtained at dif-
ferent time points (TO, T1, T2 and T3) to detect CTCs,
ctDNA, and exosomes; the dynamic changes of these dif-
ferent components of liquid biopsy may be useful for
clinical management of lung cancer patients

Recently his group prospectively evaluated
the sensitivity and specificity of plasma genotyp-
ing by ddPCR in 180 patients with advanced
NSCLC, including 60 patients with acquired
resistance to EGFR-TKI. Plasma genotyping by
ddPCR exhibited 79% specificity and 77% sen-
sitivity in the detection of T790M mutation,
which are lower than those observed with EGFR-
activating mutations at baseline. In addition
Oxnard et al. showed that outcomes of T790M-
positive patients included in the phase I AURA
study were similar if T790M was detected in
plasma or tumor tissue. Conversely both RR and
PFS of T790M-negative patients on plasma were
significantly higher than T790M-negative on tis-
sue, and further tumor genotyping of plasma
T790M-negative patients allowed to identify a
subgroup of T790M-positive patients on tumor
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tissues who had better outcomes. According to
these data, the authors suggest that plasma geno-
typing could represent the first step for the detec-
tion of T790M status at the time of PD. However,
because of the low sensitivity (70%) of the cur-
rent available technologies which are associated
with a 30% false negative rate, patients with
T790M-negative on plasma should repeat tumor
tissue biopsy to further investigate the presence
of such molecular alteration [53]. Clinical utility
of ctDNA testing through NGS could be also
proven in treatment monitoring, for the evalua-
tion of tumor clone response to target treatment
administration. Indeed, NGS analysis, as well as
dPCR, provides also data concerning the muta-
tions allele fraction. Therefore, it is possible to
trace allele fraction modifications over time dur-
ing a given targeted treatment and correlate these
data with treatment response but also to predict
relapse and disease progression [54]. In support
of the high tumor heterogeneity, CAPP-Seq
ctDNA studies performed by Chabon et al. on 41
patients harboring both EGFR-activating and
EGFR-resistant T790M mutations on tumor tis-
sue after progression to prior EGFR-TKI therapy
revealed additional molecular alterations, includ-
ing MET alteration or HER2 increased gene
copy number (GCN) and/or single nucleotide
variations [55]. Since the simultaneous presence
of such a plethora of different molecular altera-
tions has been associated with poorer outcomes
to TKI therapies, ctDNA analysis could repre-
sent a valuable option in guiding clinicians in the
choice of the proper treatment strategy. Notably
it has been recently developed a novel targeted
NGS approach for the detection of both driver
mutations and rearrangements in ctDNA from
advanced NSCLC patients [56]. This approach
relies on the use of specific intronic probes that
enable the detection of genome-level rearrange-
ments that create chimeric gene fusions in ALK,
ROSI1, and RET. The assay and analysis soft-
ware was able to identify mutation present at
0.1% even if the diagnostic performance was
better, reaching 100% sensitivity and specificity,
when mutations were present at an allelic fre-
quency 0.4% or greater [56]. In addition to

plasma, urine genotyping has also shown a high
sensitivity in detecting T790M mutation status,
ranging from 72% to 93%, in preliminary studies
including few patients and is currently under
investigation in trials including larger cohorts of
patients [57].

Exosomes

The interest of the scientific community on the
role of exosomes in NSCLC is growing, and as it
happens with CTCs, exosomes are nowadays a
pending subject to understand. Despite the mis-
understanding of the exact exosome composition
and function, this is becoming one of the most
interesting fields of study in liquid biopsy. As
aforementioned, exosomes contain a wide variety
of material like miRNAs, proteins, and finally,
messenger RNA that are surrounded by a lipid
bilayer that confers stability. The exosomes differ
from the other components of the liquid biopsy
because they are actively released by the cells,
earning a potential role in tumor progression.
The implementation of exosomes in clinical
practice is several steps back as compared to
ctDNA in NSCLC. This is mainly due to the
lack of consensus in the best way of isolating
exosomes from body fluids, but also to the
high quantity of material needed to their study.
For this reason, in this chapter we will talk about
the principal advances in the study of exosomes
in NSCLC that could lead to an implementation
in the clinical practice in the following years.
The study of exosomal miRNAs is very prom-
ising, and new techniques have improved miRNA
detection in NSCLC [58]. The new high-
throughput technologies have allowed to identify
differential miRNA expression between tumor-
derived exosomes and exosomes derived from
healthy volunteers. This has permitted the
description of different miRNA profiles that can
help for both tumor diagnosis and/or disease
monitoring [59]. For example miRNA-373 and
miRNA-512 seem to restrict both the growth and
invasiveness of the tumor in normal conditions.
However, in cancer patients these ncRNAs are
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epigenetically silenced, meaning a poor progno-
sis for the patients, while if the silencing
disappears, the re-expression of the miRNAs
inhibits the cell migration [60]. Regarding the
treatment follow-up, the overexpression of miR-
208a and miR-1246 seems to promote the resis-
tance to chemotherapy in NSCLC patients.
Similarly our group described that the overex-
pression of miR-221-3p and -222-3p in patients
treated with third-generation TKI (osimertinib) is
associated with better prognosis [58, 61, 62].

The sequencing of the exosomes transcrip-
tome is a novel field of study, and thus, the infor-
mation available are still limited. Through RNA
sequencing it was also possible to detect EGFR
mutations inside exosomes [63]. Accordingly we
have recently detected the EML4-ALK translo-
cation within exosomes derived from plasma of
NSCLC patients [64].

The high-throughput technologies for exo-
somes proteomic analysis may allow to identify
the primary tumor and analyze its molecular pro-
file to better understand it. Regarding this,
Yamashita et al. demonstrated that the presence
of EGFR protein was significantly higher in the
membrane of exosomes isolated from NSCLC
patients compared to healthy donors [65]. Some
other proteins have been described to be impor-
tant prognostic biomarkers; for example,
Sandfeld-Paulsen described CD171 on the mem-
brane of the exosomes as a marker for positive
overall survival in NSCLC [66], and also FAM3C
have been described to be a good prognostic fac-
tor in squamous cell carcinoma patients [67]. The
exosomes may be also helpful to the tumor diag-
nosis. Indeed, the same group has described dif-
ferent markers to discriminate the subtype of
tumor, including also multi-marker models with
a better discrimination curve [68].

A peculiar feature of the exosomes is their
ability to be specifically phagocytized by cancer
cells. This could lead to the use of exosomes as
drug delivery components. It has been already
demonstrated that in lung cancer mice models,

Paclitaxel encapsulated in the exosomes could be
an effective treatment option [69]. Moreover, two
clinical trials using this innovative approach of
drug delivery have been performed. The first
approach is a Phase I trial using dendritic cell-
derived exosomes (DEX) immunotherapy; the
second one is a Phase II trial where a vaccination
with DEX carrying IL-15Ra and NKG2D in
association with cyclophosphamide after plati-
num-based chemotherapy. The main objective of
both studies was to measure the toxicity and the
feasibility to produce autologous DEX. The
results from both studies are eagerly awaited also
because it has been shown that DEXs were also
able to activate both the adaptive and the innate
immune system [70, 71].

How the Future of Liquid Biopsy
Looks Like: Platelets as a Source
of Tumor-RNA

Rearrangements of ALK, ROS1, and RET
genes are now important as much as EGFR-
activating mutations because in this subgroup
of patients very effective targeted treatment can
be used. Nevertheless, it is important to point
out that for this kind of analysis RNA is
requested instead of DNA. This may represent a
problem because circulating RNA undergoes
degradation very quickly unless plasma sam-
ples are rapidly processed after withdrawal.
Several research groups are trying to overcome
this inconvenient. Indeed recent studies have
shown that platelets can engulf tumor-related
RNA preserving it from degradation, and thus
permitting to identify primary tumor profiles
with very high accuracy, and, in many cases,
discriminate if the patients are metastatic or not
[72, 73]. In 2016 Nilsson et al. have first shown
that EML4-ALK translocation can be detected
through RT-PCR from platelet-derived RNA
with 65% sensitivity and 100% specificity [74]
(Table 12.1).
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Table 12.1 Summary of the useful components described along the chapter and their clinical utility

Liquid Biopsy Component Detection Utility References
Circulating Tumor Cells CTCs enumeration |Prognosis [23, 26]
EGFR Diagnosis/Recurrence [27]
ALK-EML4 Diagnosis [29-31]
Circulating Tumor DNA EGFR Diagnosis/Recurrence [37-42]
TP53 Diagnosis [43]
KRAS Diagnosis [43]
T790M tPrognosis [46, 47]
[ctDNA] ng/mL |Prognosis [44]
T790M Follow-up [52]
Exosomes miR -373,-512 tPrognosis [60]
miR -208a, -2223p |Prognosis [61,62]
miR -221-3p, -223-3p 1Prognosis [58]
EGFR Diagnosis [63]
EML4-ALK Diagnosis [64]
CD171 1Prognosis [66]
FAM3C 1Prognosis [67]
Platelets EML4-ALK Diagnosis [74]
Conclusions References

In conclusion, the incorporation of ctDNA analy-
sis can definitely improve lung cancer patients’
management because it can provide a better
molecular stratification even when tissue cannot
be obtained due to ethical and safety reasons.
Although the implementation of both exosomes
and CTCs in clinical practice is several steps
back, the new advances and discoveries makes
them, together with the ctDNA, a very promising
tool. Liquid biopsy analysis can be used in differ-
ent moments starting from diagnosis to relapse,
earning multiple clinical meanings. In fact, at
diagnosis, it can help in obtaining a better
patients’ stratification with both prognostic and
predictive value, rather than during treatment,
and it can be a valuable and simple test to follow
tumor response and moreover to identify resis-
tance mechanisms. Therefore it is clear that lig-
uid biopsy has already improved NSCLC
patients’ management as it offers a noninvasive
but valid method to detect actionable mutations.
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Introduction

In the last years, the new knowledge on the tumor
molecular biology has allowed to understand the
mechanisms underlying the tumor carcinogene-
sis, identifying some genes (e.g., RAS, BRAF,
PI3K) whose mutation status is associated with a
different prognosis [1]. The same has been shown
in case of high degree of microsatellite instability
(MSI-H) detection. The mixture of all these new
parameters within  different classifications
allowed to hypothesize four molecular subtypes
of colorectal cancer (CRC) with different charac-
teristics and biological behavior: CMS|1 (charac-
terized by microsatellite instability 15%), CMS2
(standard and characterized by the overexpres-
sion of WNT and MYC signal-dependent path-
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ways, 35%), CMS3 (with  metabolic
dysregulation, 15%), and finally CMS4 (mesen-
chymal type, with overexpression of factors
derived from mesenchyme-regulating angiogen-
esis and stromal invasion, 25%). The remaining
portion (about 10%) can be defined by mixed
characteristic. Therefore, liquid biopsy, studying
features of circulating tumor cells (CTCs), cell-
free DNA (cfDNA), exosomes, and microRNAs
(miRNAs), could represent in the next future an
interesting tool useful to help oncologists in the
management of CRC patients (Fig. 13.1).

Circulating Tumor Cells (CTCs)

Among the main elements that constitute a liq-
uid biopsy, there are CTCs. These cells are
released into the bloodstream from the primary
tumor although they often present some relevant
differences with the primary tumor. To capture
them from the blood is necessary, however, to
use a series of new techniques and cellular mark-
ers that allow the enrichment and the CTC selec-
tion. As aforementioned, the first step is to enrich
CTCs from whole blood in order to allow an
easier identification. Generally, the newest tools
exploited biological and physical characteristics
of the cell surface (expression of specific
proteins, size, shape, density, electrical charge).
Subsequently, various strategies can be employed
to select the cells, including the functional test
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Fig.13.1 Possible
implications of liquid
biopsy in colorectal
cancer (CRC)
management

Therapy
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with the use of the cellular, immunological, and
molecular assays. The completion of these new
technologies and the not yet complete compre-
hension of the biological mechanisms and the
functioning of CTCs have not allowed introduc-
ing their use in routinely clinical practice. The
potential role of CTCs in oncology could be pre-
dictive and/or prognostic. In the first case, the
CTCs may be useful in selecting the better thera-
peutic option in both adjuvant and metastatic
settings through the identification of specific
molecular targets; in the second case they could
help to estimate the risk of recurrence in patients
who underwent to curative surgery, defining
prognosis. Starting from this last concept, it is
crucial to remember that up to now the most
important predictors of recurrence of CRC are
TNM stage and residual disease. In the absence
of macroscopic and microscopic residual tumor
(RO), the 5-year survival rates range from
approximately 75% of stage I to less than 10%
of stage I'V also presenting heterogeneity within
the same disease (N1 >50%; N2 >35%). As for
the R1/R2 surgery, the survival rate at 5 years is
less than 5%. While the postoperative treatment
of stage I does not require any kind of interven-
tion, stage III requires chemotherapy or chemo/
RT combination treatment. Postoperative stage
II (pT3/pT4, NO, MO) intervention is not

Minimal residual disease

Prognosis

% CTCs

%%5 g.i ctDNA
P

exosomes

Early diagnosis

o
N

N\

uniquely defined by the main international
guidelines. The layering stage II low/high risk
currently originates from the evaluation of some
parameters conventionally defined as indepen-
dent prognostic factors. Among these, the main
ones are represented by the depth of invasion
(pT); the vascular, neural, and lymphatic inva-
sion; the number of lymph nodes examined (pN);
the grading (G); and the preoperative values of
the tumor marker CEA.

The use of CTCs could be crucial in assessing
the risk of recurrence, especially in situations of
heightened uncertainty, as it is possible to deter-
mine the stage II where the risk of recurrence at
5 years still stands at around 30%. In this sense,
the CTCs were evaluated in different experimen-
tal conditions. The main technical problem can
be attributed to the low number of CTCs in the
blood that requires the use of high specific and
sensitive methods to discover them. Wang et al.
[2] were able to identify CTCs in CRC through
the detection of CEA mRNA using RT-PCR. Uen
et al. [3] using a panel of mRNA markers that
included cytokeratin-19 (CK-19), cytokeratin-20
(CK-20), carcinoembryonic antigen (CEA), and
human telomerase reverse transcription (W'TERT)
mRNA were able to identify CTCs in the periph-
eral blood of 194 patients with stage II CRC who
were subjected to surgery with curative intent. Of
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these patients, approximately 30% showed the
expression of all markers. After a median follow-
up of 40 months, approximately 30% of them had
recurrent disease, showing that all the four
mRNA markers had independent prognostic sig-
nificance (p < 0.001), allowing the identification
of high-risk patients’ cohort. In another experi-
ence the same research group concluded that the
persistence of CTCs could be a negative prognos-
tic marker for overall survival (OS) and disease-
free survival (DFS) in patients subjected to
surgery [4], as later confirmed by CY Lu et al. [5]
in a cohort of patients with stage I-III colorectal
cancer too. All these results demonstrate why the
peripheral CTCs could be a promising biomarker
for prognosis in patients with II and IIT Dukes
stage, able to select patients at high risk of recur-
rence [6]. In addition, another fundamental clini-
cal impact of CTCs could be the ability to predict
which patients with stage III CRC are more likely
at risk of relapse at the end of adjuvant treatment
containing oxaliplatin [7]. The same explorative
research was carried out in the metastatic setting
(mCRC). The number of CTCs discovered by the
CellSearch system in the peripheral blood of
patients affected by mCRC resulted in an inde-
pendent prognostic factor affecting PFS and
OS. Therefore, further analysis showed that the
use of this parameter before and after the use of
chemotherapy plus targeted agent could provide
additional information on the biological aggres-
siveness of the disease. The RAS mutation detec-
tion in CTCs might in the near future help to
define in advance the potential metastatic behav-
ior and also to select patients who will show
resistance and therefore can benefit from other
treatment options. It has been proven that patients
with mCRC receiving chemotherapy with a
FOLFOX or FOLFIRI + cetuximab (anti-EGFR
moAb) regimen had a PFS and OS longer if blood
CTCs were KRAS wild-type carriers [8] assum-
ing a possible use in clinical practice of this tool.
Other experiences have shown that of CTCs may
select patients with poor survival despite the
response showed at the conventional radiological
imaging [9]. The CTCs also seem appropriate in
determining the favorite site of metastasis. The
evidence recorded in surgical patients who under-

went liver resection has suggested that the detec-
tion of CTCs would seem greater in the hepatic,
pulmonary, and mesenteric circulations than in
the systemic circulation thus carving out a possi-
ble role in determining cell tropism [10, 11].
Even the enumeration of CTCs may have a deci-
sive role in this context. Matsusaka S. et al. have
recorded that a CTC count greater or equal to
three cells per 10 mL of peripheral blood identi-
fies a cohort of patients with a shorter PFS and
OS [12], and this result is in agreement with what
has been shown by de Albuquerque A. et al.
about a significant correlation between the
increase in CTCs and the occurrence of radio-
graphically detectable metastases [13]. In a
recent study, Shi et al. by using magnetic-
activated cell sorting (MACS) and fluorescence-
activated cell sorting (FACS) associated with
real-time quantitative PCR (RT-qPCR) have
speculated whether the number of CTCs found in
55 patients with mCRC before and after cryo-
therapy can represent a true diagnostic and prog-
nostic marker of cryotherapy efficacy (p < 0.01)
[14]. But not always the CTCs have been shown
to be reliable in identifying patients at high risk
of relapse. S Lalmahomed et al. have recently
shown that preoperative recognition of CTCs in
the peripheral blood of liver-limited CRC patients
was not able to select high-risk patients after rad-
ical surgery [15]. Despite the sometimes conflict-
ing data, a meta-analysis of 2013 by Groot
Koerkamp et al. performed on approximately
1500 patients enrolled in 16 clinical trials of
mCRC patients suggested the negative prognos-
tic value on PFS and OS of the CTCs (HR 2.7 and
HR 2.47, respectively) [16].

Circulating Tumor DNA (ctDNA)

The circulating cell-free DNA (cfDNA) can be
detected either in healthy subjects (e.g., suffering
from inflammatory diseases or infections) or
from cancer patients. Nevertheless, in the latter
case, its concentration may be related to
biological characteristics such as tumor size and
tumor growth rate, although several authors have
assumed a role in the pathogenesis of distant
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metastases. There are numerous techniques to
identify the cfDNA. Among these, more recently,
the most used are represented by the quantitative
real-time PCR (qPCR), digital polymerase chain
reaction (dPCR), and the so-called next-
generation sequencing (NGS) techniques gener-
ating a high rate of heterogeneity that make it
more difficult to compare the results of different
clinical trials. The importance of cfDNA, espe-
cially of the tumor DNA (ctDNA) component,
has been demonstrated in a number of works,
which also took into consideration colorectal
tumors in several clinically relevant aspects [17,
18]. One of these is the monitoring of the mini-
mal residual disease. As mentioned in the previ-
ous paragraph, the CRC radically operated still
maintains a significant risk of recurrence espe-
cially within the first 5 years for stages II and III
of Dukes at around 30% and 50%, respectively,
probably caused by the presence of micrometa-
static spread. It would seem that even the simple
detection of ctDNA may constitute a valid instru-
ment able to help clinicians to identify groups of
patients classified as high risk of recurrence to
design an appropriate adjuvant strategy, espe-
cially regarding the management of stage II that
is the most controversial in CRC. In this light, the
droplet digital PCR (ddPCR) would appear to be
an effective technique with high sensitivity and
specificity in predicting the risk of recurrence
after radical surgery or after adjuvant strategy
[19]. In a study by Tie J et al., it is reported that
in 78 patients with stage II diagnosed CRC, the
persistence of ctDNA in radically resected
patients is associated with disease recurrence,
suggesting ctDNA as a possible valid biomarker
of tumor recurrence [20]. The addition of tar-
geted agents to conventional chemotherapy has
been an important breaking point in the treatment
of solid tumors, including CRC, in which they
have considerably increased mOS in several large
cohort studies. Panitumumab and cetuximab are
two monoclonal antibodies that are very effective
in the treatment of mCRC only if patients are
reported to be wild-type for RAS mutations (both
K- and N-RAS genes). The first experiences in
this setting had shown that the detection of a
mutation of exon 2 of the KRAS (codons 12,13)

present in approximately 40-45% of cases con-
ferred resistance to treatment with this class of
drugs. Subsequent retrospective evaluations have
also concluded that other mutations in KRAS and
other genes from the same family were responsi-
ble for a further 17% of resistance to these moAbs
molecules (KRAS exons 3,4; NRAS exons 2,3,4)
and that probably also some BRAF mutations.
Therefore, it has become mandatory to evaluate
the mutational status of these genes in order to
predict the clinical efficacy and the primary resis-
tance. Routinely, this evaluation is performed on
the tissue sample. A possible role of the cfDNA
might be to predict in advance and in a less inva-
sive way the response to these targeted agents
and the emergence of any resistance, before it can
be identified with imaging techniques, thus
avoiding unnecessary and potentially toxic treat-
ments to patients. Innovations in the field of
molecular biology are leading to a continuous
evolution of treatment strategies for CRC treat-
ment, and this phenomenon is largely attributable
to the potentially “driver” role that is assigned to
a new gene on which next-generation drugs are
targeted. The gene study requires neoplastic tis-
sue for further genetic analysis, but in some con-
ditions, the impossibility of a re-biopsy (because
it is technically not feasible or because the patient
is deemed unfit for invasive procedure) could
lead to situations of “undertreatment” that could
be avoided with the introduction of liquid biopsy
in clinical practice. In particular, Thierry et al.
demonstrated that the concordance of KRAS and
BRAF mutational status between tissue and
plasma samples, using qPCR-based technolo-
gies, was around 96% [21]. The previous results
agree with what was reported by Kidess et al.
regarding the identification of the tumor and
plasma ctDNA using the SCODA (sequence-
specific synchronous coefficient of drag altera-
tion) assay [22]. Several authors have speculated
on how ctDNA can also be used for assessing
treatment response in combination with conven-
tional radiology techniques, demonstrating that a
decrease in tumor burden corresponds to a great
decrease of ctDNA, even in the early cycles of
chemotherapy [23]. The same role has been sug-
gested by Spindler et al., which reported that an
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increase in ctDNA levels during treatment with
cetuximab was able to anticipate the radiological
disease progression [24]. There are, however,
limitations to the use of the ctDNA in this field
since increased levels could also be a conse-
quence of benign disease (such as inflammation).
Further investigations have tested the use of
ctDNA in predicting the emergence of resistance
during anti-EGFR treatment. It has been observed
that there are different molecular mechanisms
responsible for primary or secondary resistance
to cetuximab or panitumumab in mCRC that take
into account both KRAS mutations as previously
reported and the involvement of other genes,
such as PTEN, able to bypass the signal from
EGFR and to activate the PI3K/AKT/mTOR
pathway and other mechanisms that include the
amplification of HER2, the activation of IGF-1R,
and MET amplification. Undoubtedly, however,
the main secondary resistance mechanism is
dependent on the RAS mutations that arise dur-
ing treatment with anti-EGFR after selective
pressure (about 40% of cases). Identifying the
occurrence of these conditions through the use of
ctDNA has led several authors to speculate that
ctDNA can somehow anticipate the appearance
of radiographic progression [25-27]. The cfDNA
could also serve as a new parameter in addition to
the more well-known prognostic factors (nodes
status, CEA levels, microsatellite stability status,
KRAS/BRAF mutation status, resectability of
metastatic disease, poor tumor grade, and hepatic
tumor burden) to determine the prognosis of
patients especially in difficult cases in order to
make a decision regarding the chemotherapeutic
treatment. Several studies show that high ctDNA
levels correlate with lower mPFS and mOS [28].
In particular, Messaoudi SE et al. have evaluated
97 cases of mCRC demonstrating that the ctDNA
may be an independent prognostic factor
(p = 0.034) and that the mutation load and the
level of ctDNA fragmentation in KRAS/BRAF
mutant patients inversely correlate with OS,
highlighting differences up to 10 months [29].
Also using qPCR to compare levels of KRAS
mutation found in the primary tumor and plasma
could be assumed as an independent factor for
PFS (p =0.002) and OS (p =0.001) [30]. CfDNA

assessment could play a decisive role in cancer
strategy in the next future, becoming a permanent
part of a standard care protocol. A noble goal
would be also the use ctDNA testing for early
diagnosis of CRC. Most common screening
methods used in clinical practice, such as colo-
noscopy, are indeed invasive and expensive pro-
cedures even if they ensure a good level of early
diagnosis. Several studies have therefore investi-
gated if it might be possible to detect mutations
in the main genes involved in CRC pathogenesis
directly from stool or blood, and nevertheless the
results are still inconsistent. Today, the use of the
liquid biopsy and in particular of ctDNA would
also appear to be promising in this setting, since
its levels could be positively correlated with the
CRC (ROC: 0.709) in patients with the positive
occult blood, although the method is still not able
to intercept the precancerous lesions [31].

Exosomes and microRNAs (MiRNAs)

The study of exosomes is a recent further step
forward in the road toward the identification of an
ideal neoplastic marker. Exosomes have morph
structural peculiarities; they are stable at room
temperature, and their number increases in low-
pH medium that is typical of cancer microenvi-
ronment [32, 33]. Exosomes are able to carry
biological signals from the primary tumor, thus,
fostering tumor diffusion. In particular, exosomes
seem to modulate angiogenesis balance of the
stromal cells favoring the engraftment of pre-
metastatic niche. At the molecular level, exo-
somes contain information able to modulate
cancer-mediated growth pathways by promoting
cell-cell communication [34—42]. The data about
exosomes in CRC are still very limited. The few
published experiences have allowed to divide
exosomes in a subgroup carrying protein typical
of basolateral colonic epithelium region (A33 +)
and a subgroup carrying protein of the apical one
(EpCAM +). Furthermore, thanks to their ability
to interact with the MHC II complex, exosomes
exert a role in the immune surveillance of the
intestinal mucosa [43]. It has been reported that
exosomes derived from CRC cell lines contain a
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Table 13.1 Role of liquid biopsy in CRC

Prognostic Predictive Minimal residual disease Early diagnosis
CTCs Yes [12-14, 16] Yes [8] Yes [3-7] No
cfDNA Yes [28-30] Yes [23-27] Yes [19-20] Yes [31]
miRNAs Yes [48-49] Yes [50] No No

greater number of miRNAS involved in prolifera-
tion and angiogenesis mechanisms compared
to exosomes isolated from healthy cells.
Accordingly, some factors involved in metastatic
dissemination (MET, S100A8, S100A9, TNC)
are higher in exosomes isolated from metastatic
cell lines [38]. The main question remains: how
can a researcher identify the specifically cancer-
derived exosomes? A group of Japanese research-
ers led by Y. Yoshioka have experienced a new
technique (called ExoScreen) able to isolate exo-
somes from peripheral blood with high degree of
sensitivity and specificity, selecting cancer-
specific exosomes using CD147 antigen [44].
MicroRNAs (miRNAs) are among the compo-
nents that can be identified within the exosomes
[45]. MiRNAs contained in CRC-derived exo-
somes could serve as potential biomarkers modu-
lating the oncogenic properties of the target cells
[46, 47]. MiR-21, for example, has proved to be a
valid potential serum marker expressed in large
amounts of exosomes because of its relation to
CRC. MiR-21 is generally upregulated in several
other malignancies and in case of inflammation.
Subsequent studies have suggested that miR-23a
and miR-1246 could be considered potential
serum biomarkers for CRC due to their high sen-
sitivity rates (95% and 92%, respectively) [48].
Also in a further experience, Chiba M et al., using
CDS81 antigen, were able to isolate exosomes
from three different CRC cell lines, which con-
tain three upregulated miRNAs involved in the
metastatic process (miR-21, miR-221, and miR-
192) [49]. The evaluation of miRNAs could ulti-
mately play a role as predictors of response to
chemotherapy treatments as shown by Senfter
et al. They showed that exosomes secreted by
resistant cells contain low levels of miR-200
family. Interestingly, this downregulation was

correlated with an increased aggressiveness and
invasiveness at both blood and lymphatic levels
[50] (Table 13.1).
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Introduction

Recent epidemiological data rank liver cancer 5th in
terms of worldwide new cancer cases in males [1].
In the United States (US), its 5-year survival rate
only reaches 16%, displaying the lowest rate after
pancreatic cancer [2]. During the last 2 decades,
mortality due to liver cancer has more than doubled,
being now the second cause of cancer-related death
worldwide [3]. As a result, liver cancer has alarm-
ingly become the leading cause of increasing can-
cer-related mortality in the United States during the
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last 20 years [4]. Hepatocellular carcinoma (HCC)
is the most frequent form of primary liver cancer,
and unlike most solid tumors, it typically arises in a
chronically damaged organ (i.e., cirrhotic liver).
The leading etiologies for the underlying liver dis-
ease are viral hepatitis — hepatitis B (HBV) and/or
hepatitis C virus (HCV) — or excessive alcohol con-
sumption. Of note, nonalcoholic steatohepatitis
(NASH) has increasingly become a major cause of
liver disease, resulting in an aberrant accumulation
of fat in the hepatocytes, mostly in patients with dia-
betes, overweight, and metabolic syndrome [5].
The raising prevalence of NASH in Western coun-
tries is particularly worrisome considering its asso-
ciation with the risk of HCC development [6].
According to American (AASLD) and
European Associations for the Study of the Liver
(EASL), clinical practice guidelines (CPG), sur-
gery (i.e., resection and transplantation) and ther-
mal ablation are potentially curative treatments
for patients at early stages (Barcelona Clinic
Liver Cancer (BCLC) stage A) [7, 8]. The thera-
peutic arsenal for patients at advanced stages
(BCLC-C) is restricted to a single FDA-approved
systemic drug, namely, sorafenib [9]. Since its
approval in 2007, a number of phase 3 clinical
trials testing other molecular therapies have
failed to improve survival, highlighting the need
to develop new strategies to improve HCC out-
comes. Recently, another phase 3 clinical trial
showed how regorafenib was able to increase
survival in HCC patients in second line [10].
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CPG endorsed the BCLC staging algorithm for
patient stratification and treatment allocation
[11]. The BCLC incorporates clinical variables
related to tumor burden, liver dysfunction, and
patient symptoms, but it doesn’t consider tumor
molecular readouts. Although many molecular-
based prognostic predictors have been identified
including gene signatures [12, 13], none has yet
reached the clinical arena. In addition, HCC has
the distinctive feature of allowing for a noninva-
sive diagnosis using imaging techniques under
certain conditions [7, 8]. As a consequence, diag-
nostic biopsy is obtained in less than 20% of
HCC patients, thus substantially reducing the
access to tissue for molecular analysis. This is
particularly detrimental for patients at advanced
stages, where identification of oncogenic addic-
tion loops may be pivotal to select optimal
responders to molecular therapies. This approach
was proved highly effective in other malignan-

Most common genomic
aberrations in ti
Mutations
TERT promoter AXINT 4.8%
55.8% ARID1A 3.2%
TP53 27% NFE2L2 3.4%
CTNNB1 26.3%  KEAP13.1%
ARID2 6.7%
CNV
CCND17.2%
VEGFA 3.1%
FGF19 5.6%
miRNA
miR-122 downregulated
miR-101 downregulated
miR21  upregulated
Fig.14.1

cies like lung cancer where ALK rearrangements
are a strong predictor of response to crizotinib
[14]. In addition to the potential low risk of com-
plications (e.g., bleeding, seeding), prediction
derived from tissue biopsy for large HCC may
underestimate the landscape of candidate molec-
ular drivers due to intra-tumoral heterogeneity.
There are very few studies on this topic, but a
recent study revealed significant genetic hetero-
geneity in 121 tumors from 21 patients [15].

Recent next-generation sequencing analysis
including close to 1000 samples has provided a
comprehensive mutational landscape of HCC [16—
18]. In the meantime, reports on liquid biopsy in
HCC are still relatively limited [19]. The identifi-
cation of genomic aberrations from the tumor via
liquid biopsy is thus still lagging behind molecular
analysis from tissue samples (Fig. 14.1).

Herein, we provide an overview of the poten-
tial role of liquid biopsy in two well-defined

Most common genomic
aberrations in blood

Mutations
TP53 5-40%

CNV
Chr1and8

miRNA
miR-21 upregulated
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Summary of the most common genomic aberrations in HCC, reported in both tissue and blood
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Table 14.1 The diagnostic role of liquid biopsy in HCC
Tumor Early Number of
by-product | Etiology stage (%)* | HCC patients | Biomarkers Technique Reference
CTC HBV (85%) |NA 85 CTC enumeration IMS [20]
ctDNA NA NA 25 p53 mutation PCR [21]
HBV (51%), |NA 50 Methylation of RASSF1A, | Methylation- | [22]
HCV (24%) P16 specific PCR
HBV (85%) |NA 72 Methylation of four genes | Methylation- | [23]
(APC, GSTPI, RASSFIA, | specific PCR
SFRP1)
NA NA 151 Methylation of four genes | MCTA-seq” | [24]
(RGS10, STSSIAG,
RUNX2 and VIM)
miRNA HBV NA 70 miR-122 qRT-PCR [25]
HCV (68%) |63 136 miR-21 gRT-PCR [26]
HBV 45 337 miRNA classifier qRT-PCR [27]
(miR-29a, miR-29C,
miR-133a, miR-143,
miR-145, miR-192, and
miR-505)

IMS immunomagnetic separation, NA nonavailable
“Early stage defined by BCLC 0-A
"Methylated CpG tandems amplification and sequencing

clinical scenarios in HCC, as a diagnostic
(Table 14.1) and a prognostic (Table 14.2) tool.
We will systematically explore the potential clin-
ical performance of each tumor by-product
detected in the blood of HCC patients including
circulating DNA (ctDNA), circulating tumor
cells (CTCs), and circulating-free RNA (cfRNA).

Liquid Biopsy as a Potential
Diagnostic Tool in HCC

Current CPG consensually recommend surveil-
lance every 6 months for patients at high risk for
HCC development (i.e., cirrhotic patients, non-
cirrhotic HBV patients with active hepatitis of fam-
ily history of HCC, and non-cirrhotic patients with
chronic HCV and advanced liver fibrosis) [7].
Following standard recommendations, this subset
of patients should undergo abdominal ultrasound
every 6 months. Once a liver nodule is detected on
ultrasound, computed tomography (CT) or mag-
netic resonance imaging (MRI) are thus the gold
standard imaging for HCC diagnosis. While their

sensitivity is close to 100% for large lesions
(>2 cm), it drastically drops for smaller lesions
(<1 cm) [38]. In terms of laboratory tests, alpha-
fetoprotein (AFP) is widely used in clinical practice
to help HCC diagnosis. However, its role remains
limited since its performance as an early detection
tool is suboptimal as underscored in the European
and American guidelines [7, 8]. In this context,
liquid biopsy, as an early detection tool, may offer
interesting perspectives that could fulfil the gap.

Circulating Tumor Cells (CTCs)

Most cancer-related deaths follow hematogenous
dissemination of malignant cells to distant organs
[39], which typically occurs in the late course of
the disease. Technologies to isolate CTCs include
two major parts: enrichment (isolation) and
detection (identification) (Table 14.3).
Enrichment approaches mostly rely on physical
or biological properties of CTCs, such as size,
shape, or surface markers. In HCC, immunologi-
cal enrichment, targeting cancer cell markers, is
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Table 14.3 Technical details for CTCs isolation in HCC
Enrichment HCC patients | Detection Number of CTCs
Technique Marker (n) recovered Reference
IMS CD45 - 55 HepParl+, hTERT+, 1-5/2 mL [40]
EpCAM + AFP+
IMS CD45- 11 CD45-, DAPI+, Not reported [41]
ASGPR1+, EpCAM+,
pan-CK+ or Vim + or
N-cad+
MS CD45- 59 EpCAM+, CK+, CD45-, 7-35/7.5 mL [42]
DAPI+
CellSearch® | CD45- EpCAM+ 123 EpCAM+, CD45-, CK+, 1-34/7.5 mL [29]
CD133+, ABCG2+,
CD90+, beta-cat+, vim+,
cad+
IMS CD45- 6 EpCAM+, AFP+, CK+, 4-37/7.5 mL [43]
DAPI+
CellSearch® | CD45-, EpCAM+ |20 EpCAM+, CK+, DAPI+, 1/7.5 mL [44]
CD45- WGA vs PMBC
banked
MS ASGPR+ 85 HepParl+, DAPI+, 3-40/5 mL [20]
CD45- TP53-, Her2+
IMS ASGPR+ 27 CPS1+, HepParl+, CK+, 7-61/5 mL [45]
CD45-, DAPI+

IMS immunomagnetic separation

the most commonly used technique. As an exam-
ple, CellSearch® targeting EpCAM is the most
widely used method and the first FDA-approved
system for CTC isolation. This technique allowed
exploring the impact of CTCs in HCC and further
identified a subset of CTCs with stem cell-like
features [29]. Of note, there is some debate
regarding the use of EpCAM-based enrichment
in HCC, since only 30% of HCC cells overex-
press this marker [46]. Attempting to overpass
this limitation, a variety of different technologi-
cal approaches has been explored to accurately
isolate CTCs in HCC patients. A recent study
reported data of a new isolation technique based
on immunomagnetic bead selection, using the
ligand of asialoglycoprotein receptor (ASGPR).
In a cohort of 85 HCC patients, 20 healthy
patients, 16 cirrhotic patients, and 14 controls
with non-HCC cancers, CTCs were detected in
69 HCC patients (81%) but in none of the patients
from the control groups [20]. More recently, a
novel technology for CTC isolation has been
reported which included the use of an Image-
Stream flow cytometer. This allowed to detect

multiple biomarkers and to generate high-
resolution images, which resulted in isolated
cells with a high specificity [43]. Interestingly,
authors were able to validate this method in dif-
ferent types of cancers, including HCC. Although
data on CTCs are promising, further investiga-
tions are needed to clarify whether they may be
used for early HCC detection. Based on the fact
that CTC detection is more frequent in patients at
advanced stages, its potential role as a surveil-
lance tool for early detection is questionable.

Circulating DNA (ctDNA)

Similar to other tumors, release of DNA to the
bloodstream by HCC cells seems to follow two
patterns: passive and/or active. The former is
mainly caused by necrosis and apoptosis and
seems to be the main source of ctDNA, while the
latter is explained by newly synthesized DNA,
released into the bloodstream by tumor cells [47].
The fragments of DNA generated by apoptosis
have a typical length of ~150 bp (coincidental
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“onns CTNNBA wildlype R VEGFA  “®tons CTNNB1 mutation “@wmy: VEGFA DNA amplification

Fig. 14.2 Normal and HCC apoptotic cells releasing
DNA into the blood supply. The DNA released by the
HCC into blood, the so-called circulating tumor DNA

with the DNA size encapsulated by a nucleo-
some), and they are generally shorter than the
ones caused by necrosis. In HCC, a recent paper
was able to infer the length of ctDNA in a cohort
of 90 HBV-HCC patients showing shorter frag-
ments (~166 bp) in DNA derived from tumor
compared to non-tumoral circulating DNA. This
further suggested that apoptosis was a dominant
mechanism of ctDNA release (Fig. 14.2) [48]. By
looking at a specific pattern of DNA aberrations
in the plasma, authors developed a score highly
correlated with the presence of HCC. Interestingly,
patients initially labeled as controls (i.e., HBV
carriers) but with an abnormal ctDNA profile
were soon after diagnosed with HCC, reflecting
the potential capacity of ctDNA as a surveillance
tool [49]. Following a similar approach but using
genome-wide methylation sequencing in a cohort
of pregnant women, HCC patients, and transplant
recipients, the same group was able to infer the
contribution of each component (i.e., placenta,
tumor, graft) to the circulating DNA pool [50]. A
thorough catalogue of specific DNA alterations
such as point mutations or high-level DNA

J Gregory ©2015 Mount Sinai Health System

(ctDNA), is characterized by genomic aberrations, like
CTNNBI1 mutation or VEGFA amplification in this case

amplifications detected on ctDNA from HCC
patients is not yet available. More importantly, its
correlation with tissue findings is also lacking
(Fig. 14.1). Regarding mutations, 7P53 is the
most commonly mutated gene in HCC for which
mutated forms have been detected in ctDNA,
with a frequency ranging from 5% to 40% [21,
51]. TP53 mutations are highly prevalent in the
context of aflatoxin B1 dietary exposure or
chronic HBV infection, like in certain regions of
Africa and East Asia, respectively [51].
Nevertheless, its use as a potential diagnostic tool
is limited due to low specificity. Hence, a diag-
nostic tool relying only on 7P53 plasmatic muta-
tions could lead to a high rate of false-negative
tests.

For diagnostic purposes, methylation changes
have been explored as potential surrogate mark-
ers of HCC development. The diagnostic value of
the aberrant hypermethylation of three genes
(i.e., RASSFIA, P16, and P15) was evaluated in
the plasma of 50 HCC patients. Combining the
methylation status of these genes with other clin-
ical variables such as age, viral status, smoking,
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and alcohol intake, authors reported 84% sensi-
tivity and 94% specificity for HCC detection
[22]. Moreover, a signature of four aberrantly
methylated genes (APC, GSTP1, RASSFIA, and
SFRPI) for HCC diagnosis in a cohort of 72
patients showed sensitivity and specificity of
93% and 82%, respectively [23]. Aberrant hyper-
methylation of CpG sites in plasma of HCC
patients was also used to detect small HCC
(<3 cm), in a cohort of patients with HCC
(n = 36), cirrhosis (n = 17), and healthy controls
(n = 38). Authors developed two classifiers able
to achieve a sensitivity and specificity of 94%
and 89% for HCC diagnosis, respectively [24].

Circulating-Free RNA (cfRNA)

Circulating RNA, also called cell-free RNA is
mostly encapsulated and released in small vesi-
cles. The so-called exosomes account for an
important fraction of the vesicles carrying
cfRNA. Exosomes are small enclosed vesicles
(30-100 nm) released into body fluids by exocy-
tosis and transporting cell-specific proteins and
nucleic acids such as mRNA, microRNA
(miRNA), and other noncoding RNA [52]. While
mRNA circulates in exosomes, free miRNA may
be found in plasma and serum, associated with
proteins [53]. There is limited data whether exo-
somes may be used for HCC diagnosis [52].
Conversely, numerous circulating miRNAs have
been investigated for the ability to identify HCC
at early stage. Although several miRNAs dis-
played a good performance in distinguishing
HCC patients from healthy controls, most showed
arelatively poor specificity, being unable to accu-
rately discriminate HCC patients from other
patients with chronic liver injury, such as viral
hepatitis, alcohol-related liver disease, or nonal-
coholic fatty liver disease (NAFLD). MiR-122
and miR-21 appear as appealing candidates [25,
26]. Indeed, a study revealed that miR-122 was
significantly increased in HCC patients, com-
pared to healthy controls, showing a sensitivity
and specificity of 81.6% and 83.3%, respectively
[25]. Similarly, miR-21 was higher in HCC
patients than in chronic hepatitis and healthy

volunteers. When differentiating HCC patients
from healthy ones, the ROC analysis yielded in
an AUC of 0.953 with high sensitivity (87.3%)
and specificity (92%), whereas these numbers
dropped when analyzing the performance to dis-
criminate HCC patients from patients with
chronic hepatitis, leading to an AUC of 0.773
and sensitivity and specificity of 61% and 83%,
respectively [26]. In a recent study, Lin et al.
developed a miRNA classifier (C,;) integrating
Seven differentially expressed miRNA (miR-29a,
miR-29c, miR-133a, miR-143, miR-145, miR-
192, and miR-505), which showed a higher perfor-
mance than AFP to distinguish patients with HCC
from healthy controls [27]. Such approaches may
be valuable to noninvasively detect preclinical
HCC, providing a chance to identify tumors at an
earlier stage where patients are still candidates for
curative treatments.

The Prognostic and Predictive
Performance of Liquid Biopsy
in HCC

Once HCC is diagnosed, current recommenda-
tions follow the BCLC algorithm as a guide for
therapeutic decision-making. There are still some
clinical situations where outcome prediction
could improve therapeutic decision. An instance
is the prediction of tumor recurrence after trans-
plant for patients within Milan criteria or
considering transplant for patients exceeding
Milan criteria but who have good outcomes.
These clinical examples underscore that it is
sometimes difficult to adequately capture prog-
nosis in HCC, solely with clinical variables. As a
result, the integration of tumor readouts could
presumably refine current practice, and liquid
biopsy could be a powerful and noninvasive mean
to obtain this data.

Circulating Tumor Cells (CTCs)
The presence of metastatic dissemination to

distant organs is probably the worse prognostic
factor in cancer. This results from the spread and
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seed of malignant cells through the blood or
lymphatic circulations [39, 54]. Identification of
CTCs may thus be regarded as bona fide markers
of potential disease dissemination. Interestingly,
different studies showed that the release of CTCs
may even occur during surgery for patients at
early stages and that even the surgical procedure
itself could facilitate to the release of CTCs [55,
56]. It is also well established that metastasis
needs not only the presence of malignant cells on
the circulation but also a favorable microenviron-
ment for them to graft and grow, the so-called
“seed and soil” theory in metastasis formation
[57]. The majority of studies exploring the rele-
vance of CTCs in HCC included surgical patients
and investigated the correlation of CTCs with
outcomes after resection. One of the pioneer
study in the field revealed that the presence of
CTCs was associated with shorter survival.
Furthermore, they were able to identify CTNNBI
mutations in a subset of CTCs [28]. In a cohort of
85 HCC patients, a report showed that the pres-
ence of CTCs correlated with other clinical vari-
ables such as tumor size, vascular invasion, TNM
stage, and Milan criteria [20]. Hypothesizing that
circulating cancer stem cells (CSC) may display
a more aggressive pattern and thus being of par-
ticular relevance to predict outcome, several
studies explored their role in HCC. As men-
tioned previously, a study showed CTC isolation
by targeting EpCAM+ in a cohort of 123 HCC
patients and further demonstrated that EpCAM+
CTCs expressed cancer stem cell markers (i.e.,
CD133 and ABCG?2), epithelial-mesenchymal
transition, activation of Wnt pathway, and high
tumorigenic and low apoptotic potential [29].
Interestingly, patients with CTCs showing CSC-
like features were at a higher risk of recurrence
after resection [29-31], as well as reduced over-
all survival [30, 32]. The poor prognosis associ-
ated with the presence of CTCs was confirmed
by a recent meta-analysis, which also established
its association with poor prognostic factors such
as vascular invasion, AFP levels, and tumor
stage [58]. A more recent study assessed the
impact of CTCs in a cohort of 109 HCC patients
at advanced stage who received sorafenib [33].

Authors first provided a new system to measure
phosphorylation of the drug’s predicted targets
(i.e., pERK and pAkt) and showed a concordant
expression of these genes in tissue and CTCs.
They were further able to identify a subset of
patients with pERK*/pAkt~ CTCs, who show
better response to sorafenib. Indeed, patients
with >40% of pERK*/pAkt~ had a significant
prolonged PFS compared to those with <40% of
pERK*/pAkt~.

Circulating DNA (ctDNA)

Nucleic acids (DNA and RNA) extracted from
HCC tissue proved to be a useful resource for
molecular analysis and for the development of
new prognostic tools, such as gene expression or
methylation signatures [12, 59]. Conversely, the
prognostic value of ctDNA is still under scrutiny.
In addition to diagnostic properties, the study that
explored the potential diagnostic role of aberrant
methylation of three genes also found hyper-
methylation of RASSF/A significantly associated
with patient’s survival [23]. More recently, a
comprehensive study applied targeted sequenc-
ing in a cohort of patients undergoing resection
and transplant and exosome sequencing in one
patient who received transarterial chemoemboli-
zation (TACE) [34]. Authors were able to show
that 83% of mutations detected in tissue were
also present in ctDNA. Moreover, the presence of
ctDNA was a predictor of vascular invasion and
recurrence, especially for early extrahepatic
recurrence. Surprisingly, none of the common
mutations reported in HCC tissue (>10%) were
detected in ctDNA in this cohort.

Circulating-Free RNA (cfRNA)

Deregulated miRNA may play a critical role in
hepatocarcinogenesis, and the degree of their
abnormal expression may be used as a prognostic
marker in HCC patients. For example, miR-122 —
which already demonstrated interest for diagnos-
tic purposes (see above) — correlated with tumor
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size and was independently associated with over-
all survival (OS) in a cohort of 122 HCC patients
[35]. Consistently, miR-1 was also independently
associated with overall survival although no cor-
relation with other clinical variables was observed
[36]. A recent study highlighted how Vps4A
played a key role in regulating the secretion and
the uptake of miRNAs through exosome biogen-
esis [37]. Their findings further suggested that
Vps4A is a tumor suppressor in HCC, since its
downregulation was associated with tumor pro-
gression and metastasis.

Conclusion

Liver cancer is an aggressive type of tumor with
a particularly worrisome epidemiological pro-
gression. Although substantial improvements
have allowed defining its molecular subclasses,
no oncogene addiction loop has yet been identi-
fied. The limited access to tissue, justified by the
fact few patients are candidate for surgery and
that tissue biopsy is not mandatory for diagnosis,
underscores the need to develop new approaches
to access genomic information from the tumor.
Preliminary results on liquid biopsy remain very
limited in HCC, albeit promising. To date,
miRNA displayed appealing diagnostic perfor-
mances. Underlying dissemination and thus aris-
ing at more advanced stages, CTCs are likely to
play a major role as prognostic surrogates.
Finally, ctDNA seems to be a polyvalent bio-
marker, offering interesting options for both
diagnosis and prognosis. In the future, the diag-
nostic and prognostic role of liquid biopsy may
have a radical leverage effect on the decision-
making for HCC treatment.
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Esophageal Cancer

Esophageal carcinoma (EC) is one of the most
common tumors in the world [1] and the sixth
most common cause of cancer-related death, with
the 5-year overall survival not greater than 20%
[2—4]. EC is mainly diagnosed at advanced stages
and this is due to the lack of specific screening
methods [5]. Generally, it is divided into two
main subtypes: esophageal adenocarcinoma and
esophageal squamous-cell carcinoma (ESCC).
ESCC is the most common esophageal cancer,
particularly in Asian countries, and it is one of
the most aggressive carcinomas of the gastroin-
testinal tract [6]. The major risks associated with
the onset of the ESCC are tobacco and alcohol
abuse, gastroesophageal reflux disease, diet,
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obesity, and body composition. The risk factors
are different between developed and underdevel-
oped nations. Several studies have shown that the
lack of an adequate vitamin intake may be one of
the causes of EC. In the era of personalized treat-
ment, standard chemotherapy is still the main
therapeutic approach for EC, but several combi-
nation therapies of preoperative chemotherapy or
chemoradiotherapy followed by surgery have
been developed and experimented [7]. Moreover,
there are few drugs approved by the FDA for the
treatment of esophageal cancer, although with
limited response [2]. Nevertheless, it seems that
HER2 receptor plays an important role in gastro-
esophageal cancer, and several studies have
shown a significant response with trastuzumab
compared with chemotherapy alone in this tumor
setting [8].

One of the first steps in the development of EC
is the transition from normal esophageal epithe-
lium to columnar and secretory epithelium, a pro-
cess often associated with chronic inflammatory
events triggered by gastroesophageal reflux [9].
This condition is commonly called Barrett
esophagus (BE). However, it was demonstrated
that there is a correlation between genetics and
EC. Indeed, the use of massive parallel sequenc-
ing technology has identified specific genomic
alterations in ESCC [10].

Nowadays, endoscopic biopsies are the main
tool to evaluate the histological grade of EC.
However, there are many problems for tissue
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biopsy, together with possible surgical complica-
tions, tumor diffusion, and incorrect and/or nega-
tive results. Furthermore, in many cases there is
no sufficient material from primary tumors as
well as from metastasis [11]. Therefore, it is nec-
essary to identify new biomarkers for EC patients’
follow-up.

CTCs in Esophageal Cancer

Circulating tumor cells (CTCs) represent an
important tool to obtain important information
prior to various treatments, including surgery,
chemotherapy, and chemoradiation therapy [12].
CTCs are rare and have been found in the periph-
eral blood of cancer patients. Their presence is
correlated with poor prognosis and they are con-
sidered indicators of treatment efficacy. In EC,
CTC analysis may be helpful for better patients’
stratification. In the study published by Kubish
et al. in 2015, the prognostic value of CTCs in
patients with advanced gastric and gastroesopha-
geal adenocarcinomas is investigated [13]. The
presence of CTCs was evaluated before systemic
treatment initiation and at follow-up, using
immunomagnetic-based technique for CTC
enrichment. In particular mucin 1 (MUCI) and
epithelial cell adhesion molecule (EpCAM) were
used as CTC membrane markers, and real time
was performed to evaluate specific tumor-
associated genes (KRT19, MUCI1, EPCAM,
CEACAMS, and BIRCS). The patients were
stratified in different groups based on CTC detec-
tion: CTC negative with all marker genes nega-
tive and CTC positive with at least one of the
marker genes positive. Interestingly, it was
reported that patients who were CTC positive had
a shorter median progression-free survival and
overall survival than patients lacking CTCs.
Nevertheless, alterations in the profile marker
during chemotherapy were not predictive of clin-
ical outcome or response to therapy. The data of
this study suggest that the presence of CTC may
have a role in the prediction of patients’ outcome
[13]. Moreover, it was reported that changes in
CTC numbers reflect tumor progression and pre-
dict treatment efficacy in ESCC [14]. Another

study has highlighted the role of CTCs as prog-
nostic factor in ESCC, the study included 90
patients who received chemotherapy or chemora-
diotherapy, and the CellSearch system was used
for CTC enumeration [12]. CTCs were detected
in nearly 30% of patients at baseline but follow-
up samples were available only in 71 out of 90
patients. The OS was shown to be significantly
shorter in patients with than without CTCs at
baseline. CTC positivity after treatment in pro-
gressive disease patients was significantly higher
than that reported in patients showing partial
response. Moreover, patients with a change in
CTC status from positive to negative had a good
prognosis as well as patients without baseline
CTCs. These results highlight the role of CTCs
as promising indicator of tumor prognosis but
also as surrogate marker for chemotherapy or
chemoradiation efficacy in ESCC [12].

ctDNA in Esophageal Cancer

As well as CTCs, ctDNA is a valid biomarker
also in EC patients. Indeed it has been recently
proven that ctDNA can be used to analyze the
molecular alterations harbored in EC. In the
study from Lou et al., ctDNA was used to moni-
tor tumor dynamics changes over time.
Interestingly, they have evaluated, through next-
generation sequencing, several samples includ-
ing tumor, tumor-adjacent, and normal tissue, as
well as presurgery and postsurgery plasma. The
reported results are very exciting; indeed,
exome sequencing of eight patients was identi-
fied between 29 and 134 somatic mutations in
ESCCs, many of which were confirmed in
ctDNA. Moreover, the comparison between pre-
surgery and postsurgery plasma has shown that
mutations decreased or disappeared after surgery.
These results demonstrate that ctDNA can be
used to evaluate treatment efficacy [15]. Cell-free
DNA levels (cfDNA) were also reported to be
modified after esophagectomy. In a cohort of 81
patients who underwent esophagectomy, cfDNA
levels were evaluated through real-time PCR;
according to the results obtained, patients could
be divided in two groups defined as lower cfDNA
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or higher cfDNA. The mean cfDNA concentra-
tion was 5918 copies/mL in lower and 53,311
copies/mL in higher cfDNA groups. Moreover,
higher cfDNA levels were associated with tumor
relapse and poorer disease-free survival [16].

Circulating miRNA and Exosomes
in Esophageal Cancer

Circulating microRNAs (miRNAs) and exo-
somes are emerging as novel noninvasive bio-
markers. Zhang et al., profiled miRNAs in serum
of patients with EAC using sequencing technol-
ogies [17]. The analysis demonstrated that 195
miRNAs are deregulated between EAC patients
and healthy controls. In particular 96 were
upregulated whereas 99 were downregulated.
Subsequently, they also confirmed that miR-
25-3p and miR-151a-3p were significantly ele-
vated, while the concentrations of miR-100-5p
and miR-375 were significantly decreased in
EAC patients compared with healthy controls
indicating that the profile of these four miRNAs
may potentially serve as a serum biomarker to
identify patients with EAC [17]. MiRNA may
also be involved in neoplastic/metaplastic pro-
gression, and they might be useful for progres-
sion risk prediction as well as for monitoring of
BE patients. Some miRNAs (miR-143, miR-
145, miR-194, miR-203, miR-205, and miR-
215) appear to have a key role in metaplasia and
neoplastic progression. Caruso et al. have
recently evaluated the expression levels of these
miRNA, comparing tissue vs. serum samples, in
30 patients diagnosed with esophagitis,
columnar-lined esophagus (CLO), or BE [18].
The analysis showed that miR-143, miR-145,
miR-194, and miR-215 levels were significantly
higher, while miR-203 and miR-205 were lower
in BE tissues compared with their correspond-
ing normal tissues. Analysis on circulating
miRNA levels confirmed that miR-194 and
miR-215 were significantly upregulated in both
BE and CLO compared to esophagitis, while
miR-143 was significantly upregulated only in
the Barrett group. Therefore, miRNA might also
be used for patients’ follow-up even when a pre-

cancerous lesion is present. Another study
investigated the association between circulating
plasma miRNAs and tumor diagnosis or prog-
nosis in ESCC patients. Plasma levels of miR-
16, miR-21, miR-22, miR-126, miR-148b,
miR-185, miR-221, miR-223, and miR-375
were evaluated by qRT-PCR assays from ESCC
patients prior to treatment initiation. Levels of
four of the selected miRNAs (miR-16, miR-21,
miR-185, and miR-375) were found to be sig-
nificantly higher in ESCC patients than in con-
trols. Moreover, Kaplan-Meier survival analysis
showed that high plasma levels of miR-16 and
miR-21 correlate with shortened PFS and OS in
ESCC patients [19].

Exosomes play important roles in cancer pro-
gression. Masumoto et al. have evaluated the
concentration of exosomes isolated from patients
with ESCC [20]. They showed that exosome
quantification provides diagnostic and prognostic
information. Indeed, exosome levels were higher
in EC patients than nonmalignant patients, and
their enumeration was an independent prognostic
marker.

Gastric Cancer

Gastric cancer (GC) is the fifth most common
cancer, its incidence is one million new cases
each year, and it is the third cause of cancer-
related mortality in both sexes worldwide [21,
22]. GC displays the highest incidence rates in
developed countries as Eastern Asia followed by
Central and Eastern Europe than in North
America and Western Africa [22]. The majority
of GCs are adenocarcinomas, including sporadic,
familiar, or hereditary syndrome-associated
tumors [23]. Histologically, according to the
Lauren criteria, gastric adenocarcinoma is classi-
fied into intestinal or diffuse subtypes. Male gen-
der, Helicobacter pylori infection, diet, lifestyle,
tobacco and alcohol use, obesity, gastritis, reflux
and Barrett esophagus, partial gastrectomy, and
Meénétrier’s disease are all considered potential
risk factors for the intestinal subtype of GC [24].
Conversely, the causes of diffuse subtype are
researched in the genetic aberrations [25]. Indeed,
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the risk of developing GC is related to the occur-
rence of both genetic and epigenetic aberrations,
including activation of oncogenes, inactivation of
tumor suppressor genes, deregulation of growth
factors/receptors, mutations of DNA repair
genes, and silencing of tumor suppressors by
CpG island methylation. Consequently, the
molecular pathways regulating the main func-
tional biological processes are altered, resulting
in the high heterogeneity of this cancer type [26].
To date, the TNM classification can be used to
predict patients’ prognosis. However, the current
TNM classification system does not adequately
reflect the tumor biological behavior and thus the
prognosis of GC patients [27]. Clinically, gastric
carcinoma is subdivided in early/localized or
advanced/metastatic stage, in order to define the
best treatment strategy. The early-stage tumor
has a better prognosis than the advanced disease
[28]. The treatment of early gastric carcinoma
depends exclusively by various pathological fac-
tors. In light of these, it’s necessary to evaluate
the benefit of neoadjuvant therapy before resec-
tion [29, 30]. Conversely, in advanced stage, the
choice of the chemotherapy and/or target therapy
depends by molecular factors. As previously
reported, it has been shown that a subgroup of
gastric adenocarcinoma is characterized by
HER2 gene amplification [31, 32]. Indeed,
HER2-positive advanced gastric carcinoma ben-
efits from the addition of a humanized monoclo-
nal antibody against HER2, trastuzumab
(Herceptin), in combination with chemotherapy
(capecitabine or 5-fluorouracil and cisplatin).
This combination has been shown to improve
overall survival, progression-free survival, and
response rate. Based on these impressive results,
all the international guidelines currently recom-
mend to investigate the status of HER at diagno-
sis, in order to decide the best treatment for each
patient [33]. Therefore, biomarker identification
is imperative for deciding the best treatment
option.

In the last decades, the incidence of GC has
gradually decreased [34, 35]. This result was the
demonstration of small steps forward. Diagnostic
techniques and perioperative management have
only partially allowed the early detection of the

disease and have not been able to completely
break down mortality. Moreover, the biological
pathways that regulate initiation, progression,
metastasis, and pharmacological resistance are
also poorly understood.

To date, the tissue biopsy after surgical or
endoscopic procedure is the gold standard for
both histological and genetic analysis of
GC. These surgical methods are invasive and rep-
resent a snapshot of the heterogeneity of gastric
cancer, especially in metastatic cases [36, 37].
The researchers have identified circulating tumor
cells (CTCs) and cell-free nucleic acids (cfNAs)
that could represent a “liquid biopsy” to detect
GC at an early stage or during the therapy. In this
scenario, the identification of CTCs and cfNAs as
new potential diagnostic, prognostic, and predic-
tive molecular biomarkers in GC, together with
aberrant proteins, autoantibodies, extracellular
vesicles (EVs), and tumor-derived metabolites,
represents a new challenge for current transla-
tional research [38]. Indeed, these circulating
molecules obtained from the bloodstream may
offer a complete picture of the tumor
characteristics.

Circulating Tumor Cells (CTCs) in GC

New biomarkers for the GC detection in early
stage represent the key point of scientific
research. The CTCs were detected in peripheral
blood of GC patients as already found in another
tumor histotypes. In GC patients, the concentra-
tion of peripheral blood CTCs is very low [39].
So, the researchers developed alternative meth-
ods for isolation and enrichment to exceed the
problem of low concentrations [40]. Furthermore,
it would be necessary to analyze the isolated cells
with the use of equally sensitive techniques.

The isolation and enrichment of CTCs from
bloodstream of GC patients can occur through
two main methods that have been previously
explained. After their isolation, the real-time PCR
or quantitative real-time PCR (qRT PCR) is used
for CTC characterization, but their sensitivity in
early stage of GC is still limited. Other research-
ers have developed a sensitive assay, based on a
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high-throughput colorimetric membrane array,
which is able to detect multiple membrane mark-
ers such as human telomerase reverse transcrip-
tase (TERT). Moreover, this method was shown to
be more sensitive compared to real-time PCR for
CTC analysis [41, 42].

There are still limited studies looking at the
clinical impact of the CTC evaluation in GC. A
prospective study on 52 advanced GC patients
has shown that low CTC levels (<4 CTCs enu-
merated at baseline and 4 weeks after initiation of
chemotherapy) were associated with higher OS
and PFS. Conversely, high CTC levels (>4 CTCs
enumerated at baseline and 4 weeks after initia-
tion of chemotherapy) were associated with
lower OS and PFS [43]. Several evidences have
shown that the CTCs isolated in the bloodstream
of cancer patients could be a useful tool for early
detection of GC, for predicting metastasis and
prognosis and for monitoring the effects of ther-
apy [43, 44].

Circulating-Free Nucleic Acids (cfNAs)
in GC

In GC, the detection of genetic and epigenetic
aberration by the isolation and analysis of circu-
lating free nucleic acids represents an innovative
approach to evaluate the disease in early stage or
during the treatment. Generally, these molecules
are the mirror of deregulated DNA, RNA, and
noncoding RNA (ncRNA) in tumor tissue and in
circulating plasma/serum. Recently, higher levels
of ctDNA, RNA, and noncoding RNA levels have
been detected in plasma and serum of GC patients
compared to healthy volunteers. Leon et al. first
described the reduction of ctDNA levels in the
serum of cancer patients during the radiotherapy.
Recently, the next-generation sequencing
approach allowed the identification of aberrant
translocations in ctDNA of cancer patients con-
firming the result in the correspondent tissue
samples.

Several studies on plasma of GC patients have
shown higher levels of cfDNAs than healthy con-
trols. Studies on rare circulating cfDNA are very
few. Comparing different diseases, high levels of

cfDNAs have been detected not only in cancer
but also in inflammatory diseases and cardiovas-
cular disorders, suggesting that it is not a peculiar
feature of the tumor. gPCR methods have been
used to evaluate the overexpression and activa-
tion of some oncogenes, including MYC and
HER2, that are generally deregulated in
GC. Higher levels of MYC have been shown both
in the blood and in the tissue samples of GC
patients compared with healthy volunteers [45].
The amplification of HER2 has been associated
with 7-32% of GC patients. The status of HER2
has resulted in aggressiveness and poor survival
of patients. To date, no studies have shown the
correlation between the status of HER2 in
plasma/serum cfDNA and the effects on chemo-
therapy in GC. The results of amplification of
HER2, which have been reported in GC tissue
samples, were not associated with the level of GC
plasma [46]. More sensitive techniques will be
needed for the routine use of these genetic inves-
tigations. Furthermore, gene hypermethylation
has been detected in plasma/serum GC as diag-
nostic and prognostic marker.

The analysis performed on the serum of GC
patients has also shown hypermethylation of sev-
eral genes such as MYC and HER2. The hyper-
methylation of promoter region of RPRM, XAF 1,
KCNA4, and CYP26B1 genes in GC produced the
silencing of these genes. RPRM encodes reprimo,
which is a regulator dependent by TP53. The
hypermethylation of its promoter causes the
silencing of this gene observed in GC cfDNA
[47]. Conversely, XAF1 gene is downregulated in
GC serum after hypermethylation of its promoter.
It is a negative regulator of the inhibition of apop-
tosis. The percentages of downregulation are
similar between tissue and serum and may repre-
sent possible markers of methylation to identify
changes of DNA [48].

Compared to DNA, mRNA transcripts and
noncoding RNAs are more easily subjected to
degradation; thus, their analysis from plasma in
cancer patients is not simple. Nevertheless, sev-
eral evidences have shown that both mRNA and
ncRNAs can be packed inside extracellular
vesicles (exosome, macro- and microvesicles)
and thus protected by RNase activity.
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Long Noncoding RNA (IncRNA) in GC

The long noncoding RNAs (IncRNAs) belong to
a class of regulatory RNA that does not code for
proteins. The IncRNAs are generated through a
molecular pathway similar to that used for
protein-coding genes [49]. They play essential
biological functions including chromatin modifi-
cation and transcriptional and posttranscriptional
processing [50, 51]. IncRNAs have been arbitrary
defined according to their size, as transcribed
RNA molecules greater than 200 nt in length in
their mature form. In contrast to the small
ncRNAs (siRNAs, miRNAs, and piRNAs), which
are highly conserved in commonly studied spe-
cies, and act as negative regulator of gene expres-
sion, IncRNAs are modestly conserved and
regulate gene expression through mechanisms
that are mostly poorly understood [52, 53].
IncRNAs are emerging as essential regulators of
genetic and epigenetic networks, and their dereg-
ulation may underlie the carcinogenesis pro-
cesses. In GC, the analysis on fresh tissue samples
has shown upregulation of H19, HOX antisense
intergenic RNA, and MALAT, and this aberrant
expression has been associated with tumor
aggressiveness and metastasis and poor patients’
survival. The same results have been confirmed
on plasma. H19, HOX antisense intergenic RNA,
and MALAT1 genes have been detected in the
blood of GC patients. In particular, H19 IncRNA
showed higher expression levels in GC patients
compared to healthy controls. However, the
expression levels of H19 decreased after surgery
[54]. IncRNAs could be good candidates as diag-
nostic and predictive “circulating biomarkers” in
this disease. Interestingly, the IncRNAs could
vehicles information both in the neighboring
areas but also to distant sites; another interesting
feature of IncRNA is the capability to pack
miRNA with ribonucleoproteins or with mRNA
target. Moreover, the IncRNAs can act as precur-
sor of microRNAs. Indeed, they can serve as a
source of microRNAs after processing [55, 56].
High expression level of miR-451 and miR-
486 in tissue and serum of GC patients has been
recently reported, but they decreased after sur-
gery. These data suggested that microRNAs play

a key role in the molecular pathway regulating
GC development, acting either as oncomiR or as
tumor suppressor. A list of circulating miRNAs
isolated in the blood of GC patients acting as
oncomiRs includes miR-17-5p, miR-18a, miR-
20a, miR-200c, miR-21, miR-218, miR-221,
miR-222, miR-25, miR-27a, miR-376¢c, and
miR-744, while miR-122, miR-195-5p, miR-
203, miR-218, and miR-375 act as tumor sup-
pressor. These miRNAs can be used as diagnostic
biomarker to identify GC patients [57].

Initially, the researchers attempted to confirm
the data obtained in the tumor tissue. They were
not always been able to confirm the result. The
CTC and CfNAs are able to contribute in the
study of molecular pathway that regulates the
tumor, although many mechanisms must be
explored.

Pancreatic Cancer

Pancreatic cancer is one of the most lethal solid
tumors. Despite extensive preclinical and clinical
research, the prognosis of this disease has not
significantly improved, with a 5-year survival
rate around 7%. The reason for this poor outcome
can be partially explained by (i) the lack of reli-
able biomarkers for screening and diagnosis at
the earlier stages and (ii) by the tumor resistance
to most of the currently available chemotherapy
regimens. This resistance has been attributed to
both the desmoplastic tumor microenvironment
and to the strong inter- and intra-tumor heteroge-
neity in terms of complexity of genetic aberra-
tions and the resulting signaling pathway
activities, as well as to resistance mechanisms
that quickly adapt the tumor to drugs [58].
Pancreatic cancer is most often observed in
the old population as it results from developed
genetic defects over many years. The median age
of the diagnosis is 71 years, with the 75% of
patients diagnosed between the ages of 55 and
84 years. Age is therefore the main risk factor for
pancreatic cancer. Chronic pancreatitis repre-
sents another important risk factor for the devel-
opment of PDAC. Several other factors involved
with increased risk of developing PDAC include



15 Liquid Biopsy in Esophageal, Gastric, and Pancreatic Cancers 143

family history, substance abuse (e.g., smoking
and heavy alcohol), chronic pancreatitis, and
metabolic syndrome (e.g., diabetes and obesity).
Conversely, alcohol consumption does not seem
to be a risk factor unless the alcohol abuse results
in pancreatitis. About 95% of pancreatic cancers
are ductal adenocarcinomas (PDAC) [59].
Unlike several common cancers, such as lung
and breast cancer, there are not yet established
treatment strategies based on molecular profiling
for PDAC. Similarly, molecular signatures can-
not improve staging or prognostication. However,
different studies performed in the last years have
shown a signature of common genetic abnormali-
ties in PDAC, which highlights potential molecu-
lar targets and reveals signaling pathways that are
important for the PDAC tumorigenesis and devel-
opment. The main “driver” oncogene is KRAS,
which is genetically activated in more than 95%
of PDACs. Unfortunately, targeted therapy
against this gene has not been successful [60].
Mutated KRAS activates multiple signaling
pathways including BRAF/MAP-K, to affect cell
proliferation; PI3K/mammalian target of rapamy-
cin, to promote cell growth and survival; and
phospholipase C/PKC/Call, to induce calcium
and second messenger signaling. The other high-
frequency mutation genes (CDKN2A, TP53, and
SMAD4) are classified as tumor suppressor
genes. These genes are often deactivated through
a mutation in one allele, combined with genetic
loss (i.e., loss of heterozygosity) in the corre-
sponding chromosome region of the second allele
as a result of chromosomal instability. Areas
where genetic losses most frequently occur are
nonrandom in the PDAC genome, because they
usually happen at loci containing the aforemen-
tioned tumor suppressor genes, such as 9p
(CDKN2A), 19p (TP53), and 18q (SMAD4)
[61]. More recently, deep genomic analyses
revealed other biologically relevant events with
clinical significance, and whole-genome sequenc-
ing subclassified PDAC into different subtypes,
on the basis of the differential expression of tran-
scription factors and downstream targets with a
key role in lineage specification and differentia-
tion in pancreas growth and regeneration [62]. In
particular, the most recent classification includes

four subtypes. The squamous subtype comprises
gene networks involved in inflammation, hypoxia
response, metabolic reprogramming, TGF-f sig-
naling, MYC pathway initiation, autophagy, and
upregulated expression of TP63AN and its target
genes. This subtype has also been associated with
mutations in TP53 and KDM6A, while the pan-
creatic progenitor subtype especially expresses
genes included in initial pancreatic development,
such as FOXA2/FOXA3, PDXI1, and MNXI.
Conversely, the aberrantly differentiated endo-
crine exocrine (ADEX) is defined by transcrip-
tional networks that are relevant in later stages of
pancreatic development and differentiation and is
a subclass of pancreatic progenitor tumors. This
subtype displays upregulations of genes that con-
trol networks involved in KRAS activation, exo-
crine (NR5A2 and RBPJL), and endocrine
differentiation (NEURODI1 and NKX2-2).
Finally, the immunogenic subtype shares most of
the characteristics of the pancreatic progenitor
class, but is linked with evidence of a substantial
immune infiltrate. Immunogenic tumors contain
indeed upregulated immune networks including
pathways involved in acquired immune
suppression.

Management of the patient with PDAC is
based on the stage of the disease. Patients with
local disease (stages I and II) are assessed for
resection and offered surgical therapy if they are
considered medically fit for pancreatectomy, and
the tumor is considered resectable on the basis of
available imaging data. Localized PDAs are cat-
egorized as resectable, borderline resectable, or
locally advanced and usually reflect the possibil-
ity of having a complete resection. However, sur-
gical resection is only possible in a small subset
of patients, i.e., less than 20% of all the PDAC
cases. Most patients are indeed diagnosed with
advanced-stage disease, characterized by infiltra-
tion of lymph nodes and vasculature, as well as
metastasis to 2-3 distant organs such as the liver,
lungs, and peritoneum. The median survival of
patients undergoing curative resection is
significantly longer than for those with unresect-
able pancreatic cancer. This implies that improve-
ment for screening in people within groups at
risk, such people with familial pancreatic cancer,
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BRCA1 mutations, premalignant cysts, and new-
onset diabetes, would be the key to initiate earlier
detection and better survival rates.

Liquid Biopsy in Pancreatic Cancer

Tissue biopsy is the gold standard for the diagnosis
of pancreatic cancer [43, 63]. However, there are
many problems for tissue biopsy, together with
possible surgical complications, tumor diffusion,
and incorrect and/or negative results. Furthermore,
in many cases there is no sufficient material from
primary tumors as well as from metastasis in the
patients with advanced disease [11].

Nowadays, liquid biopsies represent an attrac-
tive minimally invasive methodology for the
management of the oncological patient, becom-
ing thus an attractive tool for scientists and clini-
cians. Liquid biopsy includes circulating tumor
cells (CTCs), circulating tumor DNA (ctDNA),
circulating microRNAs, circulating proteins, and
extracellular vesicles [64]. CTCs and ctDNA are
the most commonly studied targets in liquid
biopsy and may acquire a different role for can-
cer management, in order to assess risk factors
and early diagnosis, but also for prognostic infor-
mation, response to treatment, drug resistance,
analysis of tumoral heterogeneity, recurrence,
and metastasis [65] (See Fig. 15.1).

Circulating Tumor Cells (CTCs)

Several studies investigated CTCs in patients
with pancreatic cancer as a biomarker for early
diagnosis, treatment monitoring, and predicting
prognosis. Currently, no accurate early diagnos-
tic tools are available; as a consequence, pancre-
atic cancers are diagnosed at an advanced stage,
when they cannot be resected [66]. The most
common screening for the detection of pancreatic
cancer is by radiological imaging, but this method
can be inconclusive, and there are different tech-
nical complications. Therefore, CTCs may be
necessary for an early detection of pancreatic
tumors. Indeed, Rhim et al. evaluated CTC as
pre-diagnostic biomarker. The technique used in

this study was a microfluidic technology, and
they tested 11 patients with pancreatic cancer at
all stages, 21 patients with benign disease, and 19
healthy subjects. They showed that CTCs were
differently detected among the three groups, with
the highest percentage of positive results in the
pancreatic cancer group (73%); accordingly,
none of the healthy subjects were found to be
CTC positive. Nevertheless, 33% of patients with
benign disease were also found positive, demon-
strating that in this case the analysis was not
completely able to discriminate benign from
malignant lesions [67]. Allard et al. have evalu-
ated the CTCs in 964 patients with 12 different
metastatic carcinomas, including 16 patients with
pancreatic cancer. In fact, they demonstrated that
the detection of CTCs in patients with pancreatic
cancer is more difficult with respect to other
tumors, but different results were obtained in
another study, in which all 15 pancreatic cancer
patients analyzed had detectable CTCs [40].
Based on these studies, the researchers concluded
that detection of CTCs could be considered a
valid tool for diagnosis of pancreatic cancer but
technique standardization is still required.

CTC enumeration cannot be used in clinical
practice for the evaluation of prognosis and for
treatment monitoring in pancreatic cancer
patients. Nevertheless, there are several studies
that have focused on the study of the prognostic
and predictive role of CTCs. Soeth et al. demon-
strated that CTC detection in 52 out of 154 sub-
jects with pancreatic cancer predicted a shorter
OS and same results were reported also for PFS
[68-70].

In the last decades, we have started to face the
problem of tumor heterogeneity; indeed, it is a
main hurdle in the battle to defeat cancer. In pan-
creatic cancer, as in other tumor types, heterogene-
ity in primary and metastatic tumors is mainly due
to genomic instability [71]. Since CTCs are prob-
ably involved in tumor spread, the information that
we may obtain from their analysis would be help-
ful in the dissection of tumor complexity and pro-
vide critical insights to discover new therapeutic
targets. Nevertheless, there are not many studies
that have investigated CTCs to better understand
tumor heterogeneity in pancreatic cancer.
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What the genome can tell us......

Reading the DNA
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Fig.15.1 Circulating tumor cells (CTCs), cell-free DNA
(ctDNA), and noncoding RNAs could represent a “liquid
biopsy” to detect esophageal, gastric, and pancreatic can-
cer. CTCs and ctDNA can be used to analyze the molecu-
lar alterations harbored in the plasma/serum of EC, GC,
and PDAC patients. Modification beyond the DNA
sequences can be studied to analyze the deregulation of
noncoding RNAs: microRNA and long noncoding
RNA. Higher levels of miR-25-3p and miR-151a-3p,
miR-194 and miR-215, miR-143, miR-16, miR-21, miR-

Circulating Tumor DNA (ctDNA)

Several evidences suggest that detection and
genetic characterization of ctDNA might provide
an easily accessible source for prognostic and
predictive information. Differential methodolog-
ical approaches have been developed for the
detection of ctDNA by identification of tumor-
specific mutations, such as allele-specific PCR,
BEAMing, droplet digital PCR, and various next-
generation sequencing protocols [72]. The study
of circulating cell-free DNA in the plasma/serum
includes two major strategies: the measurement

185 and miR-375, miR-17-5p, miR-18a, miR-20a, miR-
200c, miR-21, miR-218, miR-221, miR-222, miR-25,
miR-27a, miR-376¢, and miR-744 have been detected in
plasma and serum of some EC or GC or PDAC patients
compared to healthy volunteers. miR-100-5p and miR-
375, miR-122, miR-195-5p, miR-203, miR-218, and miR-
375 were significantly decreased in EC or GC or PDAC
patients compared with healthy control. In GC, HI19,
HOX antisense intergenic RNA, and MALAT1 genes
have been detected in the blood of GC patients

of the amount of cell-free DNA in the circulation
and the detection of tumor-derived genetic aber-
rations such as point mutations, allelic imbal-
ances, microsatellite  instability,  genetic
polymorphisms, loss of heterozygosity, and
methylation.

Initial Diagnosis More than 90% of the PDAC
patients harbor mutations in the KRAS gene,
which might be therefore a potential surrogate
marker. Due to these high rate of KRAS muta-
tion, it has been questioned whether the investi-
gation of this alteration in PDAC could serve for
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early tumor detection. The results obtained from
these investigations are inconclusive and some-
times discordant [73, 74]. Besides KRAS, the
whole exome sequencing found an average of 26
mutations in tumor tissue of early pancreatic can-
cer, so, theoretically, many of these mutations
could also be detected in the circulation.
Therefore, a conceptual “ctDNA-Chip” could
assay more genes at a time, while an appropriate
mathematical modeling could be applied to eval-
uate several factors. When ctDNA is used as a
diagnostic tool, the researchers should take into
consideration different problems. Firstly, false
positive can be a common issue of this genetic
diagnosis as many mutations appeared in malig-
nant but also in benign lesions. Furthermore, the
tissue from which ctDNA is released is hard to
determine because some mutations, such as
KRAS and TP53, are hallmarks alterations pres-
ent in the most common tumors types [75, 76].
These issues should be solved using specific gene
markers of pancreatic cancer as well as by dis-
secting the relation of different genetic mutations
with different preneoplastic and neoplastic
lesions of the pancreas. However, these biomark-
ers should be always coupled with imaging tech-
niques. For instance, the finding of
cancer-associated mutations in KRAS or TP53 in
ctDNA may prompt a clinician to do an imaging
abdomen scan with the ability to detect a cancer
in different anatomical locations and not just in
the pancreas.

Treatment Monitoring Genetic variations in
ctDNA reflect what is happening in tumor tissues
[77]; thus, ctDNA could be used to track tumor
development with higher specificity than the
available tools. Remarkably, the half-time of
ctDNA is only estimated to be about 2 h. Thus,
the analysis of ctDNA could be used as a flexible
method to monitor the tumor development
dynamically. Different studies have shown that
ctDNA in advanced colorectal cancer patients
who underwent complete resection experienced a
99.0% of median reduction 2—10 days after the
surgery. On the opposite, the patients with incom-
plete resection showed minor reduction or even
amplified level of ctDNA. Interestingly, the unde-
tectable level of ctDNA after surgery predicted

no recurrence “negative ctDNA” which is also a
key indicator for long-term survival [78].
Detection of ctDNA after resection was an indi-
cator for clinical relapse, also for pancreatic can-
cer, where ctDNA detected clinical recurrence
6.5 months earlier than CT imaging [79].

Prognostic Information The prognosis of pan-
creatic cancer is mainly given by histological
characteristics, clinical presentations, and tumor
stage, whereas the prognostic significance of
ctDNA is still controversial [80]. However, some
potential genetic aberrations appearing in early-
stage pancreatic cancers have been found to be
linked with disease development and survival,
and more studies are warranted. In late-stage
pancreatic cancer patients, ctDNA would also be
helpful for prognostic purposes because they can
provide thorough information on tumor charac-
teristics. Several researches have explored the
potential prognostic function of ctDNA focusing
mainly on common point mutations, such as the
KRAS gene mutations. About 98% of KRAS
mutations in PDAC arise in position G12, and
predominant substitution found at this position is
G12D (51%), followed by GI12V (30%) and
G12R (12%). 1t has been verified that KRAS
mutations in ctDNA could be found in about 50%
and 90% of early-stage and late-stage pancreatic
cancer patients, respectively, which clearly dem-
onstrate the potential of this prognostic marker. A
pilot study enrolling 45 pancreatic cancer patients
at different disease stages showed that KRAS
mutations in the plasma correlated with a signifi-
cantly worse overall survival. In this study, KRAS
mutation was found in 26% of patients of all
stages by droplet digital PCR, and the majority
mutation position was GI12D [81]. Another
research shows a higher sensitivity of KRAS
mutation in serum (62.6%) by droplet digital
PCR, and it predicted a worse prognosis.
Moreover, G12V mutation in serum was found to
be connected to a significantly lower survival
compared with G12D/G12R/wild type.

Selection of Chemotherapy and Targeted
Therapy Targeted therapy has become the stan-
dard therapy regimen for some cancers in the past
20 years, such as breast tumor, colorectal tumor,
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lung tumor, melanoma, etc. [82]. For pancreatic
tumor, only erlotinib, an epidermal growth factor
receptor inhibitor, is approved by FDA for clini-
cal utilization. Nevertheless, the overall survival
of gemcitabine plus erlotinib is 0.33 month lon-
ger than gemcitabine alone (median 6.24 months
vs. 5.91 months), so erlotinib has not been
accepted in the management of pancreatic cancer
due to the limited survival benefit and cost-effect
margin. A potential reason for the unsatisfactory
efficacy of targeted therapy in pancreatic cancer
was the lack of identification of genomic profil-
ing due to the inadequate biopsy for molecular
characterization. Chemotherapy is usually uni-
formly administered despite the chemotherapeu-
tic sensitivity. However, some patients will never
relapse even deprived of chemotherapy, and some
patients will relapse soon even with a certain che-
motherapy regimen. This condition involves for
an accurate evaluation tool that could predict the
individualized treatment response, therefore
avoiding overtreatment or futile treatment.
ctDNA exhibits excellent features to resolve the
above issues. On one hand, ctDNA could clarify
the molecular marker of tumor tissue with satis-
factory sensitivity and specificity, which could
help to select optimal treatment. Additionally,
low level of ctDNA indicated a promising prog-
nosis. Therefore, future trials should administer
treatment regimen according to genetic status by
ctDNA. Different studies have shown the poten-
tial of ctDNA in the cancer management. In a
recent clinical study, it was demonstrated that
EGFR deletion was detected in ctDNA 7 months
earlier than tissue biopsy and the subsequent
capecitabine and erlotinib lead to radiographic
response. This event indicated that ctDNA could
be used to guide targeted therapy, thus avoiding
overtreatment and realizing precision medicine.

Exosomes

Most recently, the detection of exosomes has
emerged as a new strategy to identify diagnos-
tic, predictive, and prognostic markers of pan-
creatic cancer [83]. These extracellular vesicles
are lipid bilayer membrane-enclosed nano-sized

(30~100 nm) vesicles, secreted by virtually all
cell types. Exosomes have also been confirmed in
all bodily fluids, including blood, and have
emerged as an important tool for intercellular
communication through different functional bio-
molecules, including proteins, lipids, RNA, and
DNA. Exosomes derived from pancreatic cancer
enrich distinctive proteins and characteristics of
mutated DNA and are becoming a very attractive
marker of detection of early pancreatic cancer.
Indeed, glypican-1 (GPC1) was identified as a
specific marker of pancreatic cancer cell-derived
exosomes, using flow cytometry from the serum
of patients and mice with cancer [84]. These find-
ings were confirmed in the serum of patients with
pancreatic cancer, showing that GPCl+ exo-
somes can distinguish with absolute specificity
and sensitivity healthy subjects and patients with
a benign pancreatic disease from patients with
early- and late-stage pancreatic cancer.
Additionally, the levels of GPC1+ exosomes cor-
related with tumor burden and survival. This
study clearly supports the role of tumor-derived
exosomes as discriminatory biomarkers in blood
and saliva.
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Daniele Fanale, Lorena Incorvaia, Marta Castiglia,
Nadia Barraco, Giuseppe Badalamenti, Alex Le
Cesne, and Antonio Russo

Introduction

Although gastrointestinal stromal tumors (GISTs)
comprise fewer than 1% of all gastrointestinal
(GI) tumors, they are the most common primary
mesenchymal neoplasms of the GI tract [1]. Over
the past 15 years, this group of tumors has
emerged from a poorly understood neoplasm to a
well-defined tumor entity.

Typically, GISTs are tumors highly resistant to
conventional cytotoxic chemotherapy and, in the
past, were typically managed surgically. Starting
from 2000, the discovery of gain-of-function
mutations involving KIT or PDGFRa (platelet-
derived growth factor-a) genes and the develop-
ment of tyrosine kinase inhibitors (TKIs), such as
imatinib, revolutionized dramatically the man-
agement of GISTs. These TKIs are allowed to
target the specific molecular events occurring in
GIST cancer cells responsible for the pathogene-
sis and tumor progression, transforming GISTs
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from a chemotherapy-resistant disease with poor
outcomes to a paradigm of targeted agent-respon-
sive tumors.

Due to the almost continual emergence of new
data about biological complexity of GISTs and
more sophisticated whole-genome technologies,
to date, the role of molecular biology is clinically
important to drive therapeutic decision making.

Clinical, Pathological, and Molecular
Features

GISTs can occur across the age spectrum but are
more common in patients older than 40 years.
They arise mostly in the stomach, followed by
the small bowel and colon, but less commonly
they are found in the esophagus, rectum, omen-
tum, mesentery, or retroperitoneum. Clinical and
radiologic features of GISTs vary depending on
tumor size and organ of origin. They most com-
monly have an exophytic growth pattern and
manifest as dominant masses outside the organ of
origin. For this reason, the clinical manifestations
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include often asymptomatic patients and nonspe-
cific symptoms until the achievement of large
masses that can cause obstruction or massive
intraperitoneal bleeding secondary to rupture.
Unlike carcinoma, radiologic features of GISTs
are peculiar. GISTs may contain areas of hemor-
rhage, necrosis, or cyst formation that appear as
focal areas of low attenuation on computed tomo-
graphic images. Imaging features often change
during TKI treatment, such as central cystic
degenerative changes. Therefore, it is important
that radiologists and clinicians characterize and
detect the lesions and correctly evaluate the
tumor response.

For many years, GISTs were classified as
smooth muscle tumors and misclassified as leio-
myomas, leiomyosarcomas, or leiomyoblasto-
mas. To date, the hypothesis about GIST origin
suggests that they originate from a cell popula-
tion in the gastrointestinal tract called interstitial
cells of Cajal (ICCs), which function as pace-
maker cells that cause peristaltic contractions.
Histologically, depending on the cytomorphol-
ogy, spindle cell GISTs (70% of cases), GISTs
with epithelioid cell morphology (approximately
20% of cases), and GISTs with mixed morphol-
ogy, both spindle and epithelioid cells (10% of
cases), can be recognized.

Two groundbreaking discoveries revolution-
ized the approach toward GISTs as entity:

e Approximately 95% of GISTs are immunohis-
tochemically positive for the tyrosine kinase

receptor KIT (CD117) [2]. Many tumors pre-
viously diagnosed as leiomyomas, leiomyo-
blastomas, or leiomyosarcomas have been
found to be positive for CD117 and are now
considered GISTs. Indeed, about 5% of GISTs
are negative for detectable KIT expression
[3-5].

e The identification of KIT receptor mutations
represents a pathogenic mechanism for GISTs
[6]. Increasing experimental evidences
revealed that the great majority of GISTs har-
bor mutually exclusive activating mutations in
genes coding for the receptor tyrosine kinases
KIT and PDGFRa (Fig. 16.1). There is also a
small subgroup of GISTs, called wild type
(WT), which does not harbor either KIT or
PDGFRa mutations. Less commonly, GISTs
have also been reported to harbor mutations
elsewhere, including BRAF, NF1, and SDH
complex genes.

KIT and PDGFRa« are receptors for stem cell
factor (SCF) and platelet-derived growth factor
(PDGF), respectively. Under normal conditions,
in the absence of SCF, the receptors are main-
tained in an inactive state. The activation of the
receptors occurs via binding of their ligands,
resulting in signal transduction cascades that pro-
mote cell cycle activation, cell proliferation, sur-
vival, and apoptosis inhibition [7-9].

KIT and PDGFRa mutations in GISTs cause
ligand-independent constitutive activation of
the tyrosine kinase receptors [10], resulting in

Fig.16.1 Activating
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Fig.16.2 CT scan of gastric GIST before (a) and after (b) 2 months of imatinib treatment

aberrant cell growth and tumor formation [11].
The most common mutations are harbored in
KIT exon 11 [12]; other mutations have been
demonstrated in KIT exons 9, 13, and 17. The
knowledge of KIT and PDGFRa mutational sta-
tus has led to the understanding of a potential
correlation between site of mutations and clini-
cal outcome: for example, patients with KIT
exon 11 mutations show a poorer clinical out-
come compared to patients with tumor WT or
other mutations. These findings revealed the
clinical significance of the mutational status and
its role as prognostic factor. In addition, accumu-
lating evidences showed its value as a predictive
factor in advanced disease. The majority of
GIST patients with advanced disease initially
achieves disease control and clinical benefit
from imatinib treatment (Fig. 16.2). However,
approximately 10% of patients progresses within
6 months of starting therapy (defined as primary
resistance to imatinib), and also 50-60% of the
responding patients develops disease progres-
sion within 2 years (secondary or acquired resis-
tance to imatinib) [13-15]. Several studies
showed a stronger correlation between response
to tyrosine kinase inhibitors and certain geno-
types [16—19]. For example, patients with GISTs
harboring KIT exon 11 mutations subjected to
treatment with imatinib 400 mg/daily have a lon-
ger progression-free and overall survival com-
pared to patients with wild-type KIT or mutated
in exon 9 and PDGFRa D842V-mutated GISTs.
The latter frequently show primary resistance
[16, 19, 20]. Patients with KIT exon 9 mutations
have a longer progression-free survival (PFS)

with a higher dose level of imatinib, i.e., 800 mg/
daily.

Mutations in exon 9 affect the extracellular
KIT domain, mimicking the conformation
change when SCF binds to the receptor, which
induces higher degree of dimerization [21]. Since
this mutation does not interfere with the kinase
domain, exon 9-mutated KIT has the same kinase
domain as that of wild-type KIT, in which
decreased sensitivity to imatinib was observed
in vitro compared to exon 11 KIT mutant [12].
Dose escalation is suggested for treatment of
GISTs harboring these mutations [20]. KIT
mutation is a clinically important therapeutic tar-
get in GISTs, and thanks to known relationship
with tumor response, GISTs represent a model
for molecular targeted therapy.

Standard biopsy is an invasive procedure,
because it cannot be repeated during the medical
treatment, and provides a static print of the muta-
tional status, not detecting the numerous changes
in tumor DNA over time.

The clinical potential role of the liquid biopsy
in GIST was presented for the first time at the
2013 ASCO Annual Meeting. Detection of circu-
lating tumor DNA (ctDNA) offers a wide spec-
trum of applications in GIST management.
CtDNA correlates with the tumor burden, thus,
after surgery may indicate the presence of mini-
mal residual disease and patients with high risk
of recurrence. In addition, during the clinical
treatment, this approach could be used to identify
early biomarkers of response and asses variations
in whole genome, early identifying the develop-
ment of secondary resistance.
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Circulating Tumor Cells
and Circulating Tumor DNA in GIST

The opportunity offered by liquid biopsy as a tool
for patient monitoring over time is becoming
very interesting also in GIST. Nevertheless, since
the application of liquid biopsy in GISTs has
only recently been reported, there are still few but
very promising data on the application of both
circulating tumor cells (CTCs) and circulating
tumor DNA (ctDNA) as prognostic/diagnostic
and predictive biomarkers.

The analysis of CTCs in GIST patients has
been recently proven to have a prognostic and a
predictive value. A cohort of 121 GIST patients
and 54 non-GIST samples was enrolled in the
study published in 2016 by Li et al. [22]. The
approach used for the identification of GIST-
specific CTCs was based on the evaluation of the
DOGT1 expression in peripheral blood mononu-
clear cells (PBMCs). The DOG1 expression lev-
els were first compared between GIST and
non-GIST samples, reporting an increased DOG1
expression in PBMC isolated from GIST patients.
DOG1-positive PBMCs were more frequently
detected in unresectable patients compared to
resectable subjects. The DOG1 expression levels
in PBMC were reported to be higher in locally
advanced GIST patients compared to resectable
GISTs (73.1% versus 54%, p < 0.001).
Accordingly, large tumor size, mitotic count, and
high-risk tumors correlate with a higher DOG1
expression. Moreover, the presence of CTCs sig-
nificantly correlates with poor disease-free sur-
vival (16.3 versus 19.6 months, p = 0.038),
providing important prognostic information
after surgery. Indeed, all patients who turned
positive after surgery experienced recurrence.
Furthermore, in neoadjuvant setting, the decrease
of DOG1-positive cells after imatinib administra-
tion was correlated with response.

From a technical point of view, the mutational
analysis of KIT and PDGFRa is challenging due
to the high heterogeneity and wide variability of
tyrosine kinase mutations that could be identi-
fied. Therefore, “targeted methods” (such as real-
time PCR, droplet digital PCR, and BEAMing),
which are able to detect known mutation using

specific probes, may be unable to identify other
clinically relevant mutations. These limitations
can be overcome by next-generation sequencing
(NGS) analysis, which enables the sequencing of
large genomic regions or several exons.

The possibility of using ctDNA as liquid
biopsy in GISTs was reported for the first time at
the 2013 ASCO Annual Meeting. As for other
tumor types, such as non-small cell lung cancer,
also in GIST, it is important to determine the gen-
otype in TKI-refractory disease, even though re-
biopsy is not always feasible and patients may
not be compliant. Therefore, circulating plasma
can be used as source of tumor DNA to character-
ize and evaluate the new mutational landscape
after TKI treatment in GIST patients [23]. In the
work presented at ASCO meeting in 2013, the
authors have analyzed both archival tumor tissue
(n =102) and plasma samples (n = 163) in a sub-
group of GIST patients enrolled in the phase III
GRID trial. Looking at primary mutation in KIT
gene, a 84% concordance between tissue and
plasma was found, whereas secondary K/7 muta-
tions were more commonly detected in plasma
(47%) than in tissue (12%) and correlated with
shorter PFS in patients receiving placebo.

Subsequently, Maier et al. [24] developed a
series of 25 different allele-specific L-polymerase
chain reaction assays covering KIT and PDGFRa
mutations in order to examine 291 plasma sam-
ples from 38 patients. Using this approach, muta-
tions in KIT and PDGFRa were detectable in 15
out of 38 patients. Interestingly, the dynamic
changes of the allele fraction in ctDNA have been
shown to correlate with disease course. Indeed,
patients with progressive disease or relapse were
characterized by repeated positive test results or
increase in ctDNA. Accordingly, a decrease of
ctDNA or conversion from positive to negative
was observed in patients responding to treatment
[24]. Similarly, Yoo et al. [25] analyzed ctDNA
isolated from serum in 30 patients using
BEAMing (beads, emulsions, amplification, and
magnetics) technology. In 17% of patients it was
possible to identify the primary kinase mutation
with 100% concordance with the results obtained
from the corresponding tissue. The relatively low
detection rate of primary mutations was probably
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due to the specific design of the BEAMing assay
that aims mainly at the identification of second-
ary mutations.

Also in GISTs, as well as in other tumor types,
the major mechanism of acquired resistance to
imatinib is the development of secondary muta-
tions that can be found in 50-70% of patients
who experience disease progression [26]. Thus, it
would be very useful to promptly identify resis-
tance mutation and eventually modify treatment
accordingly. Several data suggest that acquisition
of secondary kinase mutations can be detected
from ctDNA and correlate with treatment impair-
ment and OS [24].

As previously mentioned, the mutational anal-
ysis of KIT and PDGFRa is challenging, due to
the wide mutation variability. Thus, the use of
“targeted methods” could not provide compre-
hensive data, losing the chance to identify other
and rare mutations. NGS may overcome this
technical limit by using focused gene panels
designed to narrow down the coverage on clini-
cally relevant targets so that each read is
sequenced thousands of times, ensuring a high
degree of sensitivity [27, 28]. The data on NGS
analysis in ctDNA from GISTs patients are prom-
ising, but still few. There are only two studies
reporting the analysis of ctDNA through NGS in
a limited number of GIST patients. In the study
by Wada et al. [29], NGS approach was used to
analyze four patients who underwent resection of
imatinib-resistant GIST. Plasma samples were
obtained before and after surgery, and corre-
sponding tissue sample was available for each
patient. Imatinib-resistant lesions were character-
ized by secondary mutations mainly localized in
KIT exon 13; the same genetic alterations were
detectable in ctDNA with a mutant fraction rang-
ing from 0.010% to 9.385%. Moreover, the con-
centration of ctDNA is affected by treatment and
can be used as a surrogate biomarker of treatment
response.

The identification of surgical resections RO
and R1 is still controversial in several tumor
types, including GIST. Despite the use of the
Fletcher-Miettinen classification, there are no
other markers that can help in a better stratifica-
tion of patients who underwent to curative resec-

tion. Thus, there is an attempt to use liquid
biopsy, especially ctDNA, as surrogate biomarker
in GISTs in order to distinguish between RO and
R1 patients [29, 30]. In the study performed by
Kang et al. [23], plasma samples were collected
from 25 patients before surgery, and paired
plasma-tissue samples were analyzed through
NGS panel covering exons 9, 11, 13, and 17 of
KIT and exon 18 of PDGFRa. The reported con-
cordance between plasma and tissue samples was
72% with allele frequencies ranging from 0.19%
to 21.96%. Moreover, none of the patients
reported to be wild type in tissue had detectable
mutations in plasma, suggesting a good specific-
ity of the assay.

The discovery of the so-called liquid biopsy
has already brought a wind of change in molecu-
lar oncology. The number of “targetable” altera-
tions is visibly growing and accordingly the
number of available targeted drugs. In parallel,
the request for an accurate and complete molecu-
lar characterization over “time” and “space” has
become a clinical need for a proper treatment
choice. As for other solid tumors, several new
clinical trials for GISTs are now including liquid
biopsy in their study design, and some of them
are specifically designed to investigate the role
of ctDNA in GIST patient management
(NCT02331914; NCT02443948), proving a
growing interest in this field. Indeed, liquid
biopsy may be used in different moments during
the disease course. CTCs may probably be useful
for a better stratification of GIST patients,
whereas ctDNA might be fundamental for moni-
toring treatment over time and for the reevalua-
tion of the tumor molecular status after resistance
onset (Fig. 16.3).

Potential Use of Circulating
microRNAs as a Liquid Biopsy
for GIST Patients

MicroRNAs (miRNAs) are a class of small non-
coding RNA molecules, about 19-25 nucleotides
in length, encoded by endogenous genes which
negatively modulate about 30% of coding genes in
the human genome, by binding a complementary
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sequence present in the 3’-untranslated region
(UTR) of target mRNAs, resulting in direct mRNA
cleavage or translational inhibition [31-33].
Experimental evidence showed that miRNAs may
play a key role in the modulation of different bio-
logical processes, such as immune response, apop-
tosis, cell growth, angiogenesis, and regulation of
several metabolic pathways [34-39], whose altera-
tion may be crucial for the cancer onset and pro-
gression, metastasis development, and drug
resistance [31, 40, 41]. In recent years, the role of
miRNAs as novel potential biomarkers for diag-
nostic, prognostic, and predictive purposes has
been investigated, in order to develop new thera-
peutic strategies for the treatment of several dis-
eases [42, 43]. Therefore, the identification of
miRNA signatures currently seems to be an inter-
esting field to explore in oncology research, also
thanks to recent advances in the development of
miRNA-based antitumor therapeutic approaches.

Several studies highlighted the crucial role of
miRNA expression variations in GIST biology,
especially in tumorigenesis, prognosis, progres-
sion, metastasis, therapy response, and acquisition
of primary and secondary resistance [44—48]. Over
these years, the role of miRNAs in GIST was
investigated mainly through expression analysis in
cell lines and fresh or formalin-fixed paraffin-
embedded (FFPE) tissue specimens. However,
despite encouraging preliminary results, the intro-
duction of miRNAs in clinical practice appears to
be currently still far, due to the low number of ana-
lyzed cases and other limitations such as the use of
unstandardized methodologies and poor reproduc-
ibility of data [44]. In recent years, several evi-
dences suggested the possibility of using specific
circulating miRNAs as liquid biopsy for GIST
patients. Although an increasing number of
researchers are focusing on the finding of new cir-
culating miRNAs to use as potential noninvasive
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biomarkers for GIST, however, to date, studies
concerning plasma/serum miRNAs or miRNAs
from exosomes or animal models were not
reported in literature. The molecular investigation
of circulating and exosome miRNAs in peripheral
blood of GIST patients could represent, in future,
an important tool for identifying biomarkers use-
ful for the diagnosis, progression risk prediction,
prognosis, and response to treatment [49, 50].

Long Noncoding RNAs (IncRNAs)
in GIST

A new, valid, and largely unexplored field of
investigation is represented by a class of noncod-
ing RNAs called long noncoding RNAs
(IncRNAs). IncRNAs have been defined accord-
ing to their size greater than 200 nt in length.
IncRNAs belong to a class of regulatory RNA
noncoding for proteins that, as it has been esti-
mated, represent approximately 1.5% of the
almost entirely transcribed eukaryotic genome
[51, 52]. They contribute to oncogenesis in can-
cer as oncogenic and/or tumor suppressor factors
[53]. They play essential biological functions,
including chromatin modification, and transcrip-
tional and posttranscriptional processing [54,
55]. In GIST, upregulation of HOTAIR has been
associated with tumor aggressiveness and metas-
tasis and poor patients’ survival. Niinuma et al.
[45] in 2012 described the upregulation of the
HOTAIR expression in high-risk malignancy
samples from frozen GIST tissues. An additional
study by Lee et al. [56] has recently confirmed
such evidences, showing that if the target gene
subjected to silencing is a tumor suppressor such
as PCDHI10, the final result will be the failure of
the mechanisms which control both tumor inva-
sion and progression. Even if this is very inter-
esting, these are the only published data currently
available regarding expression of IncRNAs in
GISTs. Further analyses are needed to confirm
these data and evaluate the potential role of such
IncRNAs, as prognostic/predictive molecular
biomarkers. Furthermore, no evidence exists that
these molecules have been obtained from the
bloodstream. Nevertheless, IncRNAs may repre-
sent interesting candidates as prognostic and

157
predictive “circulating biomarkers” in this
disease.
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RAR- Retinoic acid receptor beta

RASSF1  Ras association (RalGDS/AF-6)
domain family member 1

RECIST  Response evaluation criteria in solid
tumours

RTK Receptor tyrosine kinases

SCF Stem cell factor

SOCS1 Suppressor of cytokine signalling 1

SOCS2 Suppressor of cytokine signalling 2

TILs Tumour-infiltrating lymphocytes

Epidemiology and Molecular
Biology of Malignant Melanoma

Epidemiology and Molecular Biology
of Malignant Melanoma

Melanoma is a neoplastic disorder that is origi-
nated from a malignant transformation of melano-
cytes, the pigment-producing cells of the body.
Almost half of melanomas are diagnosed before
the sixth decade of life [1], so understanding the
underlying biology of melanoma is a fundamental
element to predict its clinical course and develop
new therapies to improve survival. In this section,
we will concentrate on cutaneous melanoma.

An increasing incidence of cutaneous mela-
noma in white population has been observed dur-
ing the last few decades, whereas its incidence
remains low in populations of African or Asian
origin with darker pigmentation. In Europe, the
incidence is 10—15 new cases per 100,000 inhabit-
ants/year and in the USA reaches 18 new annual
cases per 100,000 inhabitants. However, the high-
est incidence has been reported in Australian and
New Zealand population ranging from 40 to 60
annual new cases per 100,000 inhabitants [2, 3].

Around 82-85% of patients with melanoma
are diagnosed with a localized stage, and treat-
ment consists of surgery alone. If there is lymph
node involvement, treatment options also include
the administration of high doses of interferon
alpha (IFN-a) and radiotherapy. Finally, in a con-
text of metastatic melanoma, traditional approach
consisted of chemotherapy with dacarbazine, an
agent that induces the methylation of the N7
position of guanine on DNA and cross-links
DNA strands, so that inhibition of DNA, RNA

and protein synthesis is produced. Historically,
this treatment has resulted in a very limited
efficacy with an 8% objective response rate and
without a demonstrated improvement in overall
survival in metastatic melanoma [4]. The
advanced discoveries in cell signalling in the last
years have provided a better understanding of the
molecular mechanisms underlying metastatic
melanoma [5] and have led to the discovery of
new therapies with the consequent improvement
in the prognosis of this disease. These therapies
include specific agents for the recently discov-
ered molecular targets (anti-BRAF therapies) and
immune-mediated treatments, derived from the
research in this field, too.

The traditional classification of different types
of melanoma distinguishes four histogenetic
groups (superficial spreading, lentigo maligna,
nodular and acral lentiginous melanoma).
However, it has also been stated that there are dif-
ferent pathways that predominate in the distinct
subtypes of melanoma, founding the notion that
the different phenotypes of melanoma are sup-
ported by different genetic mechanisms [6]. The
fundamental pathways related to melanoma
tumorigenesis are discussed below.

Molecular Biology

MAPK Pathway
Mitogen-activated protein kinases (MAPK) are
serine-threonine kinases that mediate intracellu-
lar signalling (Fig. 17.1) leading to a variety of
cellular activities including cell proliferation, dif-
ferentiation, survival, death and transformation
[7]. MAPK signalling cascade has been impli-
cated in the pathogenesis of a variety of human
disorders including cancer. This oncogenic path-
way is essential for the pathogenesis of cutaneous
melanoma [8] and is composed by different pro-
teins: RAS, RAF, MEK and ERK, all of which
transfer signals from the cell surface to the
nucleus, through protein phosphorylation, and
activate the genes that induce cell proliferation
and apoptosis (Myc, cyclin D1, p21, NF-xB).
One of the possible ways of initiating the sig-
nalling cascade is through the association
between growth factor receptor tyrosine kinases
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Fig.17.1 MAPK
pathway

Growth Factor (c-Kit)

fr]

(RTK) and RAS. The complex RTK-RAS induces
the activation of BRAF, MEK and ERK in the
cytoplasm. Finally, ERK is phosphorylated and
translocates to the nucleus to induce cell differen-
tiation. In melanoma, MAPK pathway can be
activated by oncogenic mutations, such as N-RAS
and BRAF, and by mutations in membrane recep-
tors, such as KIT (Fig. 17.1).

N-RAS is mutated in 25-35% of melanomas,
and the most common mutation is a glutamine (Q)
to arginine (R) substitution at position 61 (Q61R)
[9]. The other two members of the RAS proto-
oncogene family include HRAS and KRAS, all
with GTPase activity. These mutations induce
the constitutive activation of RAF proteins
enhancing its signalling through the MAPK
pathway and leading to proliferation, survival,
invasion and angiogenesis in melanoma. The
phosphatidylinositol 3-kinase (PI3K) cascade can
also be activated by the MAPK pathway, but this
phenomenon is much less common, being muta-
tions in RAF the most common genetic alterations
and main drivers in MAPK activation [8].

There are three different RAF isoforms in
humans, ARAF, BRAF and CRAF, with different
genetic events and activation mechanisms. BRAF
shows constitutive phosphorylation of the
N-terminus, as opposed to ARAF or CRAF,
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which can be one of the causes why BRAF is
mutated in a higher proportion of patients, as it
can be directly activated by RAS [10].

The most frequently mutated element of MAPK
pathway is BRAF, which has been reported to be
mutated in as many as 66% of cutaneous melano-
mas [11]. Ninety percent of these mutations con-
sist of a substitution of a glutamic acid (E) for
valine (V) (BRAF V600E) at the codon 600 (GTG
to GAG) in exon 15 [11]. However, there are other
less common activating mutations that are
known and clinically relevant too, such as BRAF
V600 K, the second most common BRAF muta-
tion (present in 16% of all melanomas), and,
thirdly, BRAF V60OR, which is present in 3% of
the patients [12]. BRAF V600E mutation constitu-
tively activates the MEK and ERK cascade, inde-
pendent of upstream RAS activation (Fig. 17.1).

After the discovery of the role of aberrant acti-
vation of the RAS/RAF/MEK/ERK pathway in
tumorigenesis, great efforts have been made to
look for drugs that selectively target this path-
way. The development of targeted therapies rep-
resents the main achievement in systemic therapy
for metastatic melanoma in the last decade. In
this context, PLX4720 (vemurafenib), a selective
BRAF inhibitor [13], demonstrated significant
activity in metastatic melanoma patients, with an
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84% overall survival rate after 6 months, a
progression-free survival of 5.3 months and a
48% objective response rate, compared to the
poor 8% response rate of dacarbazine. After the
confirmation of its activity in other randomized
studies, it was approved (together with other later
similar drugs) for its use in the treatment of meta-
static melanoma.

PI3K/AKT Pathway

The PI3K/AKT pathway can be activated due to
growth  factor receptors, so that the
phosphoinositide-3-OH kinase (PI3K) phosphor-
ylates  phosphatidylinositol  4,5-biphosphate
(PIP2) to phosphatidylinositol 3,4,5-triphosphate
(PIP3), provoking its downstream activation and
consequently promoting cell proliferation and
survival. In a great proportion of melanomas, this
signalling pathway is hyperactivated, sometimes
due to PI3K mutations, but most times in response
to loss of PTEN function.

PTEN causes dephosphorylation of PIP3, and,
as a result, it negatively regulates the pathway
[14]. PTEN is deleted in approximately 45% of
melanomas, and the inhibition of PTEN function
causes Akt gene amplification [15]. Both, deregu-
lation of the PI3K signalling and loss of PTEN
function, lead to an increase in the expression of
Akt3, which at the same time is associated with a
shorter survival [16]. As aforementioned, RAS
can simultaneously activate PI3K and MAPK
pathways, so the two signalling cascades can be
co-activated in many melanomas [17]. Therefore,
therapies with BRAF inhibitors can result inef-
fective, due to the escape mechanism of PI3K/
AKT pathway activation. The understanding of
these molecular concepts has settled the funda-
ments for the combined therapy with inhibition in
the MAPK pathway and the PI3K/AKT cascade.

Furthermore, PI3K/AKT can be activated
through RAS independent signalling, a statement
that is confirmed with the fact that PTEN somatic
mutations are seen in melanomas with mutations
in BRAF but not NRAS [18]. Herein, when onco-
genic NRAS is present, additional mutations in
BRAF and PTEN are not necessary [19], as
NRAS can activate both MAPK and PI3K/AKT
pathways.

p16(INK4a)-Rb Pathway

The pl6(INK4a)-Rb pathway acts through the
pS53 pathway to provoke cycle arrest or apoptosis
[20]. When Cdk4/6 is hypophosphorylated, Rb
binds the E2F transcription factor provoking its
repression and, so, avoiding the progression
through the S phase [21]. On the contrary, in the
phosphorylated state, cells progress through G1
to S phase, driven by Rb. The tumour suppressor
p16(INK4a) binds to the cyclin-D-Cdk4/6 com-
plex and inhibits it, stopping cell cycle [20].
When p16(INK4a) is inactivated, cell prolifera-
tion is stimulated, inducing tumour progression.
Germ line mutations in p16(INK4a) are associ-
ated with familial melanoma, and, in fact, these
mutations have been found in approximately
20-40% of melanoma-prone families worldwide
[22]. Similarly, somatic mutations in p/6(INK4a)
are also found in sporadic melanomas [23].

It is known that, after a limited number of divi-
sions, normal somatic cells enter a state called
senescence. This state also takes place in response
to oncogenic stress, acting as a protector factor
against cancer [24]. Thus, independent activation
of proliferative pathways in melanoma can pro-
mote senescence, inhibiting cellular growth [25].
In fact, BRAF V600E has been found to induce
pl6(INK4a) expression and senescence [26].

Activating mutations in cyclin-dependent
kinase 4 (CDK4) can disrupt pl6(INK4a) bind-
ing [27] and, thus, be related to the development
of resistance to BRAF-targeted therapy.

Microphthalmia transcription factor (MITF) is
a component which is also related to melanoma
pathogeny, as its transcription leads to pigment
production. Activation of pERK, due to mutated
BRAF, provokes a decrease in levels of MITF and
induces melanoma cell proliferation, through
interaction with CDKN2a and BCL-2 [28],
among other mechanisms. Nevertheless, further
work is necessary to better characterize the role
of this pathway in the development of BRAF-
targeted therapy.

The Role of c-Kit

¢-KIT mutations are rare in melanoma (10%) and
are mainly associated with tumours located in
mucosal and acral areas and genital regions or
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melanomas that have been originated in sun-
damaged skin. MAPK pathway can be activated
by the mutational activation of growth factor
receptors such c-KIT. KIT is a transmembrane
receptor with tyrosine kinase activity. When KIT
binds to its ligand, stem cell factor (SCF), it
induces dimerization and autophosphorylation of
the receptor, resulting in the activation of path-
ways (MAPK and PI3K/AKT) that stimulate cell
survival and proliferation (Fig. 17.1). c-Kit is
also involved in the melanocyte pigmentary path-
way through activation of MITFE.

Imatinib mesylate is a tyrosine kinase inhibi-
tor active against BCR-abl in chronic myeloge-
nous leukaemia. It also blocks downstream c-KIT
signalling in gastrointestinal stromal tumours. A
phase II study [29] was conducted to analyse the
effect of the therapy with imatinib in 43 patients
diagnosed with KIT-mutant metastatic mela-
noma. An ORR of 23% was demonstrated with
stable disease observed in 30.2% patients, and
median PFS was 3.5 months. Additional analysis
of the correlation of responses to c-Kit aberra-
tions demonstrated that patients with mutations
in exon 11 or exon 13 of ¢-Kit may be most sensi-
tive to imatinib [29]. Thus, there is a rationale for
using imatinib in the subset of patients whose
melanoma overexpresses or carries mutations in
c-Kit. It appears that NRAS mutations can be
related to c-Kit-targeted therapy resistance [30].

Fig.17.2 Interaction
between B7 and
CTLA-4 in T-cell
activation and the
mechanism of action of
ipilimumab

Antigen

presenting cell

Immunotherapy

The best treatment option for metastatic mela-
noma depends on several factors, including
BRAF mutation status, the natural history of the
disease and the presence of symptoms. Regulation
and control of the immune system is another
essential aspect in melanoma. Patients with low
tumour burden and few symptoms are good can-
didates for immune therapy: ipilimumab or IL-2,
as there is probably time for a lasting immune
response. The only therapies which have shown
clinical benefit in the adjuvant setting after sur-
gery are IFN-o 2b and peg-IFN-a 2b, when given
to patients with high risk of recurrence [31].
Ipilimumab, a monoclonal antibody directed to
the receptor of the immune checkpoint termed
“cytotoxic T lymphocyte-associated antigen 4
(CTLA-4)” was approved by the FDA for meta-
static melanoma in March 2011 [32]. This drug
stimulates T cells and is associated with second-
ary immune reactions (diarrhoea is the most
common). T cells need two signals for activa-
tion: the one provided by the complex TCR-CD3
and another one derived from the binding
CD28-B7 on antigen-presenting cells [33].
CTLA-4 can bind to B7 with a 50- to 100-fold
higher avidity than CD28. Engagement of
CTLA-4 provokes the termination of the T-cell
response (Fig. 17.2).
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Generally, it has been stated that immune ther-
apy has no efficacy for melanoma patients with
brain metastasis. However, 7-month median OS
was shown when ipilimumab was administered at
10 mg/kg every 3 weeks for 24 weeks to 72
patients with melanoma brain metastases in a
phase II study [34]. That was the first evidence of
immune therapy benefit for melanoma patients
showing brain metastases.

On 4 September 2014, the FDA granted acceler-
ated approval to pembrolizumab, a PD-1 check-
point inhibitor, for patients with advanced or
unresectable melanoma following treatment with
ipilimumab. For melanoma harbouring BRAF
V600 mutations, it is intended after treatment with
ipilimumab and a BRAF inhibitor. Pembrolizumab
is an antibody that specifically blocks PD-1,
thereby overcoming immune resistance (since
tumour cells express PD-L1, an immunosuppres-
sive PD-1 ligand, inhibition of the interaction
between PD-1 and PD-L1 can enhance T-cell
responses and mediate antitumour activity).

As it has been shown, a combination of mul-
tiple therapies, including surgery, radiation, che-
motherapy and target and immune therapies, is
plausible in the context of melanoma. Recent
studies support the possibility to combine
immune and targeted treatments in patients with
metastatic melanoma. Again, the understanding
of molecular biology and immune pathways in
cancer is essential to achieve the best approach
directed to induce immune activation and stop
regulation [35].

Conclusions

The spectacular advance in molecular research of
the last decade has provided a new scenario with
a wide spectrum of different strategies of
treatment in patients diagnosed with metastatic
melanoma. The understanding of underlying bio-
logic pathogenesis and the specific details of the
distinct signalling cascades has radically changed
the natural history of this disease.

The RAS/RAF/MEK/ERK signalling path-
way has shown to be fundamental for melanoma
growth and proliferation, and the possibility of

targeting the elements of this cascade with inhibi-
tors has supposed a clear clinical benefit for
patients with metastatic melanoma. However,
despite the excellent responses, 50% of meta-
static BRAF-mutated melanoma patients develop
resistance to BRAF inhibitors after months on
therapy, making further approaches necessary to
improve the perspectives of the illness and the
clinical outcomes.

Clinical Management of Advanced
Malignant Melanoma

Introduction

In the last 5 years, the better understanding of the
molecular aberrations and the immunogenicity of
melanoma has allowed to improve our ability to
develop rational and effective new treatments
with the subsequent improvement in the expected
overall survival and quality of life for patients
with advanced disease. The new agents recently
approved for the treatment of advanced mela-
noma are represented in Fig. 17.3.

Clinical Management

Chemotherapy

Different chemotherapy agents have been classi-
cally used alone or in combination with limited
antitumour activity and unclear benefit over best
supportive care. Although no randomized con-
trolled clinical trials have shown improvement in
overall survival, dacarbazine has been considered
the standard therapy for advanced disease [36].
Dacarbazine treatment renders a 7-12% response
rate and median overall survival of 67 months
[4, 37]. In a clinical trial, temozolomide was
compared with dacarbazine. Temozolomide arm
was associated with a non-significant improve-
ment in overall survival [38]. Biochemotherapy
combining cisplatin, vinblastine and dacarbazine
plus interleukin-2 and interferon o 2b has been
evaluated as well, showing no evidence of supe-
riority over single-agent dacarbazine or temo-
zolomide [39].
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Fig.17.3 FDA (US Food and Drug Administration) approval of novel agents for advanced melanoma treatment

Target Therapy

One of the most relevant signalling pathways in
tumour cells is the mitogen-activated protein
kinase (MAPK) pathway or RAS/RAF/MEK/
ERK pathway, which regulates cell growth, pro-
liferation and differentiation. BRAF mutations
constitutively activate BRAF and the downstream
signal transduction in the MAPK pathway. When
this protein was targeted in BRAF-mutant mela-
noma cell lines with specific BRAF inhibitors,
the cell growth and proliferation were signifi-
cantly inhibited [40]. The frequency of BRAF
mutations in metastatic cutaneous melanoma
ranges from 42% to 55% [41, 42]. The 80-90%
of BRAF-mutant melanomas show that V€
mutation (glutamic acid is substituted by valine),
V% mutation and other BRAF mutations (V°P,
VOOOR) are less frequent [43, 44].

BRAF Inhibitors

Vemurafenib

Vemurafenib is a highly specific inhibitor of the
tyrosine kinase domain in mutant BRAF. This
drug has notable antitumour effects against
BRAF-mutant melanoma cell lines but not against
BRAF wild-type cell lines [45, 46].

The maximum tolerated dose of vemurafenib
established in the phase I clinical trial was
960 mg twice daily. This trial showed a spectacu-
lar clinical activity associated with vemurafenib,
showing an unprecedented response rate (com-
plete plus partial tumour responses) of 81% in the
extension cohort [47].

In the phase II trial with the same drug, 132
BRAF V600-mutant metastatic melanoma patients

were treated with vemurafenib 960 mg twice daily.
The confirmed overall response rate was 53%
(complete responses in 6% and partial responses
in 47% of the patients). In most patients, the time
to response was 6 weeks. The median progression-
free survival was 6.8 months, and the overall sur-
vival reached 15.9 months [48].

The phase III randomized clinical trial com-
pared vemurafenib (960 mg twice daily) with
dacarbazine (1000 mg/m?) in 675 untreated
patients with diagnosis of metastatic melanoma
harbouring BRAF V60OE mutation. The primary
endpoints of the study included overall survival
(OS) and progression-free survival (PFS).
Treatment with vemurafenib showed a relative
reduction of 63% in the risk of death and 74% in
the risk of tumour progression compared to the
control arm (p < 0.01 for both comparisons).
After a follow-up of 12.5 months, vemurafenib
was associated with improved efficacy compared
with dacarbazine showing a response rate of 57%
and a median time to response of 1.45 months.
Overall survival was significantly superior in the
vemurafenib arm compared to dacarbazine (13.6
vs. 9.7 months; HR 0.70; p <0.001). Progression-
free survival was 6.9 months vs. 1.6 months for
vemurafenib and dacarbazine arms, respectively
(HR 0.36, p <0.001) [49, 50]. Vemurafenib dem-
onstrated to be active in patients carrying either
BRAF V600E or BRAF V600 K mutations [51].

The most frequent adverse events in relation
with vemurafenib were arthralgia, rash, fatigue
and photosensitivity. It is important to notice that
skin toxicity represented by keratoacanthoma and
the development of squamous cell carcinoma were
reported in 18% of the patients; these lesions were
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resolved with surgery. Discontinuations due to
adverse events were observed in 7% and 2% of the
patients on vemurafenib and dacarbazine, respec-
tively. A potential mechanism of the induction of
cutaneous tumours seems to be the paradoxical
activation of the MAPK pathway in wild-type
BRAF skin cells [52, 53].

Dabrafenib

Dabrafenib is a highly active inhibitor of V600-
mutant BRAF that showed similar efficacy to
vemurafenib [54]. The dabrafenib dose of 150 mg
orally twice daily was demonstrated to be safe [55].

In a phase II clinical trial, 92 patients with
advanced melanoma were enrolled. All of them
harboured BRAF V600 mutations, 83% V600E
and 17% V600 K. Median PFS for BRAF V600E
and BRAF V600 K groups was 6.3 months and
4.5 months, and median OS was 13.1 months and
12.9 months, respectively [56].

A phase III clinical trial enrolled 250 meta-
static melanoma patients with demonstrated
BRAF V600E mutations. Patients were random-
ized to receive dabrafenib 150 mg twice daily or
i.v. dacarbazine 1000 mg/m* every 3 weeks.
Dabrafenib significantly improved median PFS
compared to dacarbazine [5.1 months for dab-
rafenib and 2.7 months for dacarbazine, with a
hazard ratio of 0.30 (95% CI 0-18-0-51;
p < 0.0001)]. The more common adverse events
associated with dabrafenib were erythrodyses-
thesia, pyrexia and fatigue [54]. The efficacy of
dabrafenib was observed independently of the
BRAF mutation subtype presented [57].

Resistance to BRAF Inhibitors

BRAF inhibitors have shown, as aforementioned,
improvement in terms of response rate,
progression-free survival and overall survival,
compared to standard chemotherapy in patients
with BRAF-mutant metastatic melanoma.
However, despite of its remarkable efficacy,
almost all patients receiving BRAF inhibitors
experience progression after weeks to months of
therapy due to acquired resistance (secondary
resistance) in which tumour progression is pre-
ceded by an initial response. There are also some
BRAF-mutant melanoma patients never respond-

ing to BRAF inhibitors by initial refractoriness
(primary resistance).

Loss of PTEN, a tumour suppressor gene that
normally inhibits Akt signalling pathway, was
found in tumour samples of a cohort of patients
with BRAF-mutant melanoma, resulting in Akt
activation. In melanoma patients, loss of PTEN
function is observed in 10-27% of the cases and
may play a role in intrinsic BRAF inhibitor resis-
tance [58].

Cyclin D1, a protein required for progression
through the G1 phase of the cell cycle, may con-
tribute to BRAF inhibitor resistance of mela-
noma cells. In some studies, melanoma cell lines
showed increased cyclin D1 expression with
subsequent intrinsic resistance to BRAF inhibi-
tors [59].

The tumour microenvironment may also play a
role in innate tumour resistance to therapy. Stromal
cells produce hepatocyte growth factor (HGF),
which activates MAPK and PI3K/Akt signalling
pathways through its receptor (HGFR or MET) in
BRAF-mutant melanoma cells [60, 61].

Similarly, multiple mechanisms are associated
with acquired resistance to BRAF inhibitors such
as the activation of different signalling pathways
through several receptors such as insulin-like
growth factor 1 receptor (IGF-1R) and beta-type
platelet-derived ~ growth  factor  receptor
(PDGFR-B) [62, 63]. The overexpression of
MAP3KS8 (COT) and the presence of activating
KRAS (Q61K) and MEK mutations may also
produce reactivation of the mitogen-activated
protein kinase (MAPK), conferring secondary
resistance to BRAF inhibitors [64-66].

Finally, BRAF amplification and BRAF alter-
native splicing generating truncated BRAF iso-
forms that permit its dimerization in the presence
of BRAF inhibitors are other mechanisms respon-
sible for activating the MAPK pathway [67, 65].

MEK Inhibitors

MEK protein (MEK1 and MEK?2) is a protein
downstream BRAF in the MAPK pathway that is
constitutively active in patients with BRAF muta-
tions. Thus, MEK inhibition is an attractive
mechanism for blocking reactivation of the
MAPK pathway.
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Trametinib
Trametinib is an oral selective allosteric inhibitor
of MEK1 and MEK2. In vitro trametinib shows
cell proliferation decrease and apoptosis induc-
tion [68]. The recommended dose based on safety
and pharmacokinetic and pharmacodynamic data
was 2 mg once daily [55]. In the phase I and II
clinical trials, trametinib showed clinical activity
in BRAF-inhibitor-naive patients and minimal
clinical activity in patients previously treated with
BRAF inhibitors suggesting that BRAF and MEK
inhibitors share the same resistance mechanisms.
In the phase III open-label trial, trametinib
was evaluated in 322 patients diagnosed with
metastatic melanoma harbouring a V600OE or
V600 K BRAF mutation, not previously treated
with BRAF inhibitors, MEK inhibitors or ipilim-
umab. Patients received either trametinib 2 mg
once daily or chemotherapy (dacarbazine or
paclitaxel). Overall response rate including par-
tial or complete responses was 22% and 8%
(p =0.01) in the trametinib arm compared to the
chemotherapy group, respectively. Median PFS
was 4.8 months in the trametinib arm and
1.5 months in the chemotherapy group (HR for
disease progression or death in the trametinib
group was 0.45; p <0.001). At 6 months, median
OS was 81% in the trametinib group and 67% in
the chemotherapy arm [69].

Combined BRAF and MEK Inhibitors
Considering that MEK is an important escape
route allowing treatment resistance, it is rational
to think that combination therapy delays the
appearance of resistance to BRAF inhibitors.

The combination treatment with dabrafenib
150 mg twice daily and trametinib 2 mg once
daily was safe and showed antitumour activity
[69]. Combination therapy was compared to
vemurafenib monotherapy in a phase III clinical
trial, showing a significantly improved OS in
untreated metastatic melanoma patients carrying
BRAF V600E or V600 K mutations, with an
acceptable toxicity profile [70].

Immunotherapy

Immunotherapy has changed the natural history
of advanced melanoma. At the end of the nine-
teenth century, Coley observed a spontaneous

tumour regression due to postsurgical fever, relat-
ing the observed tumour response with the
immune system activation [71]. Dynamic inter-
actions exist between the host and the tumour,
and the ability of the tumour to evade the recog-
nition of the immune system and determine the
clinical course of the disease has been proven.
Therefore, in the last several years, immunomod-
ulation has become one of the main characters in
the treatment of advanced melanoma.

Anti-CTLA-4 Agents

Cytotoxic T lymphocyte-associated antigen 4
(CTLA-4, also known as CD125) is expressed on
the surface of T cells. Its activation induces an
inhibition of T-cell activity [72].

Ipilimumab is a fully human (immunoglobu-
lin G1) antagonist antibody recognizing human
CTLA-4 [73]. After the observation of an
improved OS in two clinical trials testing this
drug, the FDA approved ipilimumab 3 mg/kg for
the treatment of patients with untreatable or met-
astatic melanoma.

A randomized, double-blind phase III clinical
trial evaluated 676 patients with advanced mela-
noma. This study compared three different treat-
ment arms: ipilimumab at a dose of 3 mg/kg
every 3 weeks for four doses, gp 100 peptide vac-
cine alone and gp 100 peptide vaccine plus
ipilimumab. Ipilimumab arm conferred an
improved median OS (10.1 vs. 6.4 months,
p =0.003) [32].

A second randomized phase III clinical trial
comparing dacarbazine plus ipilimumab against
dacarbazine plus placebo was conducted in 502
patients with metastatic melanoma. Patients
received ipilimumab at a dose of 10 mg/kg every
3 weeks for four doses, followed by maintenance
treatment of ipilimumab every 3 months. In the
ipilimumab arm, a clear benefit in median OS was
observed (11.2 vs. 9.1 months, p = <0.001) [74].

Anti-PD-1 Agents

The PD-1 (programmed cell death protein 1)
receptor is a transmembrane glycoprotein
expressed in activated T cells, activated B cells,
activated NK cells, TILs (tumour-infiltrating
lymphocytes) and different tumour types, where
it exerts its immune system inhibitory function
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over its receptor [75]. In normal conditions, this
receptor is important for maintaining self-
tolerance and avoiding tissue injury due to the
immune response to pathogenic infection.
However, in patients with cancer, the activation
of the PD-1 in the tumour microenvironment pro-
duces a tumour resistance to the inhibition of the
cytotoxic tumour-specific T cells [76].

Pembrolizumab
Pembrolizumab was the first PD-1 inhibitor to be
approved at a dose of 2 mg/kg every 3 weeks. It is
a humanized monoclonal IgG4 antibody against
PD-1. Pembrolizumab showed antitumour activity
in patients with advanced melanoma who pro-
gressed to ipilimumab. The treatment was well
tolerated, with a similar safety profile for both
administrations [77].

Pembrolizumab showed better results com-
pared with ipilimumab in terms of objective rate
response, PFS and OS [78].

Nivolumab

Nivolumab is a fully human IgG4 PD-1 immune
checkpoint inhibitor antibody. In the phase I clin-
ical trial, an objective response rate was observed
at a dose of 3.0 mg/kg in 41% of the patients
(7/17 patients) [79].

Based on those data, the efficacy and safety of
nivolumab were assessed in a randomized, con-
trolled, open-label, phase III clinical trial with
405 patients with advanced melanoma who pro-
gressed after anti-CTLA-4 treatment. Nivolumab
(3 mg/kg) was compared to chemotherapy
(dacarbazine or paclitaxel 175 mg/m? combined
with carboplatin), showing a higher rate response
(31.7 vs. 10.6%) [80].

In a different phase III clinical trial, nivolumab
was compared to dacarbazine 1000 mg in previ-
ously untreated melanoma patients without
BRAF mutations. Nivolumab showed a signifi-
cant improvement in OS and PFS, when com-
pared to dacarbazine [70]. Nivolumab shows
similar clinical activity regardless of patient’s
BRAF mutation status [81].

On the basis of these reports, pembrolizumab
and nivolumab received accelerated approval for
the treatment of patients with advanced melanoma

and disease progression after ipilimumab and a
BRAF inhibitor in case of the presence of a
BRAF V600 mutation, in September 2014 and
December 2014, respectively.

Predictive Biomarkers of Response

to Immunotherapy

Currently, there is not a predictive biomarker for
anti-PD-1 therapy in metastatic melanoma. PD-L
(ligand)-1 expression by immunohistochemical
analysis in tumour tissue has been intensively
studied in clinical trials as a potential biomarker.
Patients, who show tumour PDL-1 overexpres-
sion, tend to have better responses than negative
PDL-1 individuals. However, some responses
have been shown despite low levels of PDL-1
expression that make the interpretation of this
biomarker difficult [82].

Combined Immunotherapy

The development of therapies to enhance tumour
immunity is a rational treatment strategy.
Preclinical studies in mouse models have shown
that CTLA-4 and PD-1 combination blockade has
a synergistic antitumour activity [83, 84].

Ipilimumab Plus Nivolumab

The combined therapy with nivolumab and ipili-
mumab has been shown to be safe and active
against advanced melanoma [85, 86].

In a phase II clinical trial, combined therapy
was evaluated using ipilimumab 3 mg/kg and
nivolumab 1 mg/kg or placebo every 3 weeks for
four doses, followed for nivolumab 3 mg/kg or
placebo. The confirmed objective response rate
was 61% for the combination arm and 11% for the
ipilimumab monotherapy group. The combined
therapy showed an acceptable safety profile. The
response observed was independent of baseline
PDL-1 expression and BRAF status.

Currently, we are witnessing an enormous
advance in the therapeutic options against meta-
static melanoma. On the one hand, it seems evi-
dent that the combination is better than
monotherapy. On the other hand, it is unclear the
best sequence of treatment in some patients, in
which there are several treatment options. One
important point will be to find immuno-biomarkers
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to help selecting the proper drug or combination
of drugs in the more adequate patient as well as
the appropriate sequence of different treatment
options.

Clinical Need of Liquid Biopsies
in Malignant Melanoma

The better knowledge of tumour biology and the
signalling pathways involved in cancer progres-
sion and metastasis, along with the emergence of
new targeted therapies against certain tumour
types, has motivated the intense investigation of
tumour markers in cancer [87].

Malignant melanoma is one of the solid
tumours in which this aspect is being intensively
investigated to provide better tools for less inva-
sive disease management [88]. Historically, the
lack of effective therapies against advanced mel-
anoma has limited the utility of these markers.
However, encouraging results obtained with new
therapeutic strategies, such as BRAF inhibitors
or different immune checkpoint inhibitors, have
stimulated a renewed interest in this field [89].

Melanoma cells are able to release a number
of substances into circulation either by active
secretion or as result of cell death. Other com-
pounds are endogenously produced in response
to the disease process [88].

Logically, the concentration of those sub-
stances, as biomarkers, is a dynamic variable and
can vary and be modified during the disease
course as a result of tumour response and tumour
progression or due to a certain therapeutic inter-
vention. These soluble markers include nucleic
acids, proteins, metabolites and microvesicles
[90]. Moreover, during disease progression, some
cells can detach from the primary tumour, enter
the circulatory compartment and, therefore, serve
as true biomarkers [91].

As ideal tumour markers, their general prop-
erties should include the following characteris-
tics [92]:

1. Their specific production by premalignant or
malignant tissue early in the progression of
disease

2. To be produced at detectable levels in all
patients with a specific malignancy, expres-
sion in an organ site-specific manner, evidence
of presence in bodily fluids obtained noninva-
sively, levels related quantitatively to tumour
volume, biological behaviour or disease
progression

3. Their relatively short half-life, reflecting tem-
poral changes in tumour burden and response
to therapy

4. The existence of a standardized, reproducible
and validated objective and quantitative assay
In addition, these soluble biomarkers should

show high sensitivity and specificity. Blood is a

very accessible specimen that can be obtained

repeatedly providing a more dynamic picture of
the disease process vs. a tissue biopsy that implies

a single point in time.

Potentially, circulating biomarkers in mela-
noma patients may offer a complete information
related to not only the diagnosis, staging and
prognosis but also to monitoring the disease pro-
cess during periods on and off treatment.

Exosomes and miRNAs
Exosomes

Exosomes Biogenesis

and Characteristics

Several types of vesicles can be found in the
extracellular space: apoptotic bodies, microvesi-
cles, exosomes, etc. Although exosomes were
first defined as vesicles of around 40-100 nm,
this definition originated a misunderstanding
because different types of vesicles share that
range of size. For that reason, it was stablished
that exosomes correspond to vesicles of that size,
exclusively originated from endosomal mem-
brane. This specific origin differentiates them
from microvesicles that are originated by bud-
ding from the plasma membrane [93].

During their biogenesis, exosomes are first
intraluminal vesicles (ILV) originated inside
multivesicular bodies (MVBs). Subsequent
fusion of MVBs with the plasma membrane
releases those intraluminal vesicles to the



172

E. Alegre et al.

extracellular space as exosomes. During ILV bio-
genesis from the MVB membrane, there is an
accumulation of cholesterol; sphingomyelin;
ceramide; lysobisphosphatidic acid, which is a
phospholipid specific of this membrane; and
ubiquitinated proteins incorporated by the endo-
somal sorting complex required for transport
(ESCRT). There are also other mechanisms
involved in ILV biogenesis independent of
ESCRT, such as oligomerization of tetraspanin
complexes or ceramide, whose structure favours
membrane invaginations. Regarding exosome
release, as in other vesicle trafficking, proteins of
Rab family seem to play a role in its regulation.
Similarly, p53 protein seems also to be involved
in exosome release [94], and its dysregulation in
cancer might translate into a higher release of
exosomes in cancer. Interestingly enough, there
is a feedback regulatory mechanism where exo-
somes present in the cellular microenvironment
of the source cells inhibit the release of new exo-
somes [95].

Multiple cellular types are able to release exo-
somes. First observations of exosomes were
accomplished during reticulocyte differentiation,
in lymphocytes and dendritic cells [96]. Later,
these observations extended to several cellular
types including neurons and epithelial cells [97]
and also multiple types of cancer such as mela-
noma [50], prostatic [98], breast [99], ovarian
[100], lung [101] or pancreatic [102]. In fact,
higher levels of exosomes have been detected in
cancer patients than in healthy controls, associ-
ated with tumour staging [103] and with a shorter
survival [104]. As a consequence of their secre-
tion from such a wide range of cellular types,
exosomes have been detected in several body flu-
ids including blood, urine, semen, breast milk,
bile and organic fluids such as amniotic fluid or
cerebrospinal fluid [96]. Once in the extracellular
compartment, exosomes can either be incorpo-
rated by cells of vicinity by endocytosis [105] or
enter into systemic circulation that allows exo-
somes to reach distant cells. Even more, they can
participate in tropism mechanism responsible of
the preference of tumours to metastasize certain
specific organs [106].

Exosomes, independent of the cell they origi-
nate from, contain proteins related to their bio-
genesis such as Alix and Rab proteins and
tetraspanin such as CD9, CD81 and CD63 [97].
Along these proteins, exosomes also contain pro-
teins specific of the cell they are derived from
such as MHC-II in exosomes derived from
antigen-presenting cells [107] or CD86 in those
derived from dendritic cells [108]. In case of can-
cer, traditionally used markers have been also
detected in exosomes. For example, carcinoem-
bryonic antigen (CEA) has been detected in
colon carcinoma-derived exosomes isolated in
ascites [109] or CA125 [100] and other proteins
in exosomes from ovarian carcinoma. Even more,
the detection of these proteins allows us to iden-
tify exosomes derived specifically from the
tumour and not from other sources. Given the
diversity of proteins identified in exosomes, a
useful tool in exosome research has been devel-
oped recently, Exocarta (www.exocarta.org),
which is a growing database containing data
about exosome characterization in humans and
other species [110].

Exosomes Isolation

Multiple techniques have been used to isolate
exosomes [111]. Ultracentrifugation is one of
the preferentially employed methods especially
for the isolation of exosomes derived from cell
culture supernatants. Ultracentrifugation
requires previous steps of centrifugation and fil-
tration to remove cellular debris and other types
of extracellular vesicles. This methodology pres-
ents some reproducibility issues as exosome
recovery is affected by rotor type, angle of cen-
trifugation and viscosity of the solution among
other factors. A strategy to achieve a stricter iso-
lation is to perform the ultracentrifugation within
a sucrose gradient, as exosome density is fixed in
the range of 1.1-1.19 g/mL. Although the ultra-
centrifugation usually lasts around 16 h, some
studies reflect that this time should be prolonged
to 60-90 h to avoid the contamination of exo-
some fraction. In any case, ultracentrifugation is
clearly time-consuming and requires quite large
sample sizes, which are usually reduced in the
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case of clinical samples. Both reasons limit
ultracentrifugation application to clinical rou-
tine, and alternative methods have been devel-
oped. One of them is exosome precipitation with
solutions containing polymers such as polyeth-
ylene glycol. One of the most used is ExoQuick™
solution, which allows exosome isolation in a
much shorter time, easily and without require-
ments of special instrumentation. However,
these polymers do not remove lipoproteins, and
when using them, we should consider their
potential interference in the subsequent analysis
to be performed in those isolated exosomes.
Another recent approach is exosome capture
based on immunoaffinity, using antibodies
immobilized in beads or plates that target com-
mon exosome antigens, mainly tetraspanin such
as CD63. This procedure seems to achieve a
higher level of exosome than ultracentrifugation
with or without sucrose gradient [112].

Exosomes in Cancer
As aforementioned, some proteins traditionally
used as biomarkers in cancer have been detected
in exosomes. For that reason, exosomes 