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Abstract

The current limitations of  �cancer diagnosis and molecular profi ling based on invasive tissue biopsies or clinical imaging have led to the development of the  �Liquid 
Biopsy fi eld (LB), includes the isolation of  �Circulating Tumor Cells (CTCs), circulating free or tumor DNA (cfDNA or ctDNA), Extracellular Vesicles (EVs), and Tumor-
Educated Platelets (TEPs) from body fl uid samples and their molecular characterization to identify biomarkers for early cancer diagnosis, prognosis, therapeutic prediction, 
and follow-up. As cancers grow, evolve, and spread, they shed circulating tumor cells (CTCs), as well as other tumor-associated cells and products, into the bloodstream. 
Capturing and analyzing CTCs or other tumor-associated cells and products from a patient’s blood sample can provide insight into particular cancer’s biology, response 
to treatment, and/ or potential therapeutic targets. CTCs are heterogeneous; a pressing question concerns which CTCs represent those directly involved in metastasis, the 
major cause of cancer-related death. The aim of this review, is to describe the biological principles underlying the Liquid Biopsy (LB) concept and to discuss how functional 
studies can expand the clinical applications of these circulating biomarkers. 
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Introduction 

GLOBOCAN 2018 estimates that the incidence and mortality 
from cancer worldwide were 18.1 million and 9.6 million 
deaths, respectively is responsible for one in eight deaths 
worldwide. It encompasses more than 100 distinct diseases 
with diverse risk factors and epidemiology which originate 
from most of the cell types and organs of the human body 
and which are characterized by unrestrained proliferation of 
cells that can invade beyond normal tissue boundaries and 
metastasize to distant organs  [1]. There is great potential for 
genome sequencing to enhance patient care through improved 
diagnostic sensitivity and more precise therapeutic targeting. 
To maximize this potential, genomics strategies that have been 
developed for genetic discovery - including DNA-sequencing 
technologies and analysis algorithms - need to be adapted to fi t 
clinical needs. The hallmarks of cancer comprise six biological 
capabilities acquired during the multistep development of 
tumors, constitute an organizing principle for rationalizing 
the complexities of neoplastic disease. They include sustaining 
proliferative signaling, evading growth suppressors, resisting 
cell death, enabling replicative immortality, inducing 
angiogenesis, and activating invasion and metastasis [2].

All cancers arise as a result of changes that have occurred 
in the DNA sequence of the genomes of cancer cells, cancer 
development is based on two constituent processes, the 
continuous acquisition of heritable genetic variation in 
individual cells by more-or-less random mutation and natural 
selection acting on the resultant phenotypic diversity. Now, it 
will be possible to obtain the complete DNA sequence of large 
numbers of cancer genomes. These studies will provide us with 
a detailed and comprehensive perspective on how individual 
cancers have developed [3].

The identifi cation of the variations of the tumor genotype 
demonstrate the heterogeneity parameter that predicts 
the therapeutic response, subpopulations of Cancer Cells 
(CC), unique genomes can exist within the same tumor and 
evolve over time (intratumor heterogeneity), which is used 
for characterization, monitoring of clonal dynamics and 
identifi cation of therapeutic resistances [4].

The Biological basis of liquid biopsies

ctDNA and CTCs are the currently approved diagnostic 
biomarkers for screening cancer patients. In addition, tumor-
derived extracellular vesicles (tdEVs), circulating tumor-
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derived proteins, circulating tumor RNA (ctRNA) and platelets 
formed by tumors (TEPs) are other components of LB with 
diagnostic potential. The analysis of tumor cells or tumor 
cell products obtained from blood or other body fl uids (“LB”) 
provides a broad range of opportunities in the fi eld of oncology. 
Clinical application areas include early detection of cancer or 
tumor recurrence, individual risk assessment and therapy 
monitoring. Allows to portray the entire disease as tumor 
cells or tumor cell products are released from all metastatic or 
primary tumor sites, providing comprehensive and real-time 
information on tumor cell evolution, therapeutic targets and 
mechanisms of resistance to therapy. 

ctDNA fragments are released by tumor cells into the 
bloodstream and in principle contain genetic defects identical 
to the tumor cells they originate from. Accordingly, molecular 
alterations, which can be detected in cfDNA of plasma, span the 
types of genomic alterations identifi ed in tumors and include 
point mutations, rearrangements, amplifi cations, and even 
gene copy variations Although fragmented, free DNA is stable 
in the circulation. On the contrary, free RNA molecules do not 
generally survive in the bloodstream. The exceptions are cell-
free microRNAs that can be detected in blood plasma or serum 
of cancer patients. Relevant molecular information may also be 
obtained by analyzing RNA molecules present in extracellular 
vesicles such as exosomes (both coding and non-coding) or 
in platelets. The nucleic-acid- and protein-rich content of 
these nanoparticles, fl oating in virtually all bodily fl uids, has 
potential for non-invasive molecular diagnostics and may 
represent a novel therapeutic delivery system [5].

Tumor diagnosis

Tissue biopsies are laborious, and stressful for the patient, 
generally unlikely to be repeated during disease progression. 
For these reasons, the majority of clinical decisions in the 
metastatic context tend to be based on biopsies of the primary 
cancer, and frequently do not represent the genetic profi le that 
allows establishing the treatment of the disease, particularly 
of metastases [6]. The current diagnosis of tumors is studied 
with a tissue biopsy, it is considered the gold standard, 
however, it has many limitations to have an accurate diagnosis, 
it determines its origin and genetic profi le, although it only 
allows studying a static and limited sample and eventually It 
is diffi cult to obtain, it has low sensitivity and precision, it 
does not allow determining heterogeneity or invasiveness, it 
is incompatible with longitudinal clinical follow-up, and it 
does not detect an early-stage tumor or residual tumors [7]. 
Specifi cally it does not offer an accurate diagnosis.

In oncology, detection of cfDNA derived from tumors, 
also known as ctDNA, has been challenging for three primary 
reasons, which include: discrimination of ctDNA from normal 
cfDNA; presence of sometimes extremely low levels of ctDNA; 
and the accurate quantifi cation of the number of mutant 
fragments in a sample. These somatic mutations, commonly 
single base-pair substitutions, are present only in the genomes 
of cancer cells or precancerous cells and are not present in the 
DNA of normal cells of the same individual. This juxtaposition 
assures ctDNA exquisite biologic specifi city as a biomarker.

The coexistence of cells of different origins and populations 
with different genomic and epigenomic profi les, represent 
the tumor genetic perspective that determines the molecular 
profi le that allows monitoring, detecting resistance to therapy, 
this knowledge gives rise to the new paradigm of “Oncology, 
Precision”, where clinical, anatomopathological, molecular, 
genomic, proteomic and metabolomic data are integrated 
(“Theranostics”), which aims to apply more precise and 
effective personalized treatments according to the genetic 
profi le of each tumor [8].

The US National Cancer Institute, defi nes the LB as “a 
blood test, which studies the free nucleic acids of CTC, DNA 
fragments of tumor cells”, represents is a complementary 
alternative to detect genomic alterations, predicts early 
relapse and response to treatment, using rapid sampling 
non-invasive and repeatable, it allows to dynamically identify 
tumor genomes in body fl uids such as blood, saliva, stool, 
urine, pleural, cerebrospinal and ascitic fl uids, allows early 
screening, evaluates tumor progress, therapeutic response and 
detects recurrences through analysis of ctDNA, CTC, which are 
the only components for clinical application approved by the 
FDA, EV, ctRNA and TEP members of the tumor circuloma are 
biomarkers still under study [9-11].

Liquid Biopsy (LB)

Tissue biopsies are generally time consuming, and are 
generally unlikely to be repeated in each cycle of disease 
progression. For these reasons, most clinical decisions in the 
metastatic setting are based on past biopsies (of the primary 
tumor), which generally represent the genetic makeup relevant 
to the treatment of the disease in its metastatic form. The 
reliability of tissue biopsies understanding the cancer genotype 
depends on several factors, such as the intrinsic dynamics of 
tumor evolution and the extrinsic selection pressure that 
results from any cancer treatment, as well as the timing 
and location of the tumor. biopsy itself. This has favored 
the appearance of the LB. Comprising analysis of circulating 
tumor-derived material (the ‘tumor circulome’), represent 
an innovative tool in precision oncology to overcome current 
limitations associated with tissue biopsies. Within the tumor 
circulome, ctDNA and CTCs or circulating tumour-derived 
factors, in particular, ctDNA, are the only components the 
clinical application of which is approved diagnostic biomarkers 
for screening cancer patients, by the US Food and Drug 
Administration (FDA) are the currently approved. EVs, ctRNA, 
and TEPs are relatively new tumor circulome constituents with 
promising potential at each stage of cancer management [12]. 
Is a convenient fast, non-invasive and reproducible sampling 
method that can dynamically refl ect the changes in tumor gene 
expression profi le, and provide a robust basis for individualized 
therapy and early diagnosis of cancer [13].

Minimal Residual Disease (MRD) can be defi ned as cancer 
persisting in a patient after treatment that cannot be detected 
with current medical imaging modalities and is, therefore, an 
occult stage of cancer progression. LB approaches based on 
the detection of small numbers of CTCs or minute amounts 
of ctDNA now enable MRD detection in patients with various 
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malignancies. CTC detection at primary diagnosis of cancer 
predicts an unfavourable prognosis and is, therefore, applicable 
to risk stratifi cation strategies beyond the current approaches 
to tumour staging. Highly sensitive LB assays have been 
developed that can now be applied to detect and characterize 
MRD, which refl ects the presence of tumour cells disseminated 
from the primary lesion to distant organs in patients who 
lack any clinical or radiological signs of metastasis or residual 
tumour cells left behind after local therapy that eventually lead 
to local recurrence. This application is the new frontier of LB 
analyses, which are challenged by the very low concentrations 
of CTCs and ctDNA in blood samples. Monitoring of CTCs and 
ctDNA during post-surgical follow-up assessments can enable 
the detection of disease relapse many months earlier than is 
possible with current radiological imaging procedures. Further 
characterization of CTCs and ctDNA can provide insights into 
the molecular evolution of MRD during tumour progression, 
with implications for therapy to delay or even prevent 
metastatic relapse [14].

Applications of Liquid Biopsy: Early detection. Assessment 
of molecular heterogeneity of overall disease, Monitoring 
of tumor dynamics, Identifi cation of genetic determinants 
for targeted therapy, Evaluation of early treatment response 
Monitoring of minimal residual disease, Assessment of 
evolution of resistance in real time

Latest advances and implications for therapies 

ctDNA may have utility at almost every stage of the 
management of patients with cancer, including diagnosis, 
minimally invasive molecular profi ling, treatment monitoring, 
the detection of residual disease and the identifi cation of 
resistance mutations. ctDNA analysis may be broadly considered 
as a tool both for quantitative analysis of disease burden and 
for genomic analysis. The identifi cation of ctDNA in individuals 
before a cancer diagnosis, and in presymptomatic individuals, 
suggests the possibility of ctDNA analysis as a tool for earlier 
detection and screening. Noninvasive cancer classifi cation 
or subtyping has also emerged as a possibility, although for 
early detection, both technical and biological factors introduce 
challenges to the detection of mutant DNA in plasma and its 
interpretation. Monitoring multiple mutations in parallel can 
enhance the sensitivity of ctDNA detection, can be used to 
assess the clonal evolution of patients’ disease and may identify 
resistance mutations before clinical progression is observed. 
Potential applications of ctDNA have been demonstrated by 
a number of proof-of-principle studies. Prospective clinical 
trials are beginning to assess the clinical utility of ctDNA 
analysis for molecular profi ling and disease monitoring. The 
increasing acceptance of ctDNA is enabling the fi eld to move 
from exploratory ctDNA studies towards clinical trials in which 
ctDNA guides decision-making [15,16].

Improvements in genomic and molecular methods are 
expanding the range of potential applications for ctDNA, both in 
a research setting and as a ‘LB’ for cancer management. cfDNA 
is released predominantly by cell death into the bloodstream, 
although active secretion may have a role. in the plasma of 
cancer patients constitutes a potential source of tumor-derived 

DNA. Massively parallel sequencing analysis of cfDNA samples 
from cancer patients revealed that ctDNA accounts for only a 
fraction of the total cfDNA, and this fraction varies according 
to disease burden, site, and tumor biologic features including 
histology, vascularization, proliferation and apoptosis rates. 
ctDNA fraction is extremely low in many early-stage and 
some metastatic cancers. Accurate identifi cation of tumor-
derived somatic variants in cfDNA requires understanding of 
the various biological compartments contributing to the cfDNA 
pool. The assay displayed high sensitivity and specifi city, 
allowing for de novo detection of tumor-derived mutations 
and inference of tumor mutational burden, microsatellite 
instability, mutational signatures and sources of somatic 
mutations identifi ed in cfDNA [17]. 

The degree of tumor heterogeneity in individual patients 
is an underinvestigated mechanism of resistance, which can 
only be targeted by combinatorial therapies. Addressing the 
challenge of low CTC numbers, apheresis can highly increase 
the number of CTCs, allowing better downstream analysis of 
intrapatient heterogeneity within research studies on selected 
patients. Apheresis facilitated the capture of large numbers 
of CTCs noninvasively with minimal morbidity and allowed 
the deconvolution of intrapatient heterogeneity and clonal 
evolution [18]. The study of EVs has the potential to identify 
unknown cellular and molecular mechanisms in intercellular 
communication and in organ homeostasis and disease. 
Exosomes, with an average diameter of ~100 nanometers, are 
a subset of EVs. The biogenesis of exosomes involves their 
origin in endosomes, and subsequent interactions with other 
intracellular vesicles and organelles generate the fi nal content 
of the exosomes. Their diverse constituents include nucleic 
acids, proteins, lipids, amino acids, and metabolites, which can 
refl ect their cell of origin. Exosomes are associated with immune 
responses, viral pathogenicity, pregnancy, cardiovascular 
diseases, central nervous system–related diseases, and cancer 
progression. The effi cient exchange of cellular components 
through exosomes can inform their applied use in designing 
exosome-based therapeutics. Owing to their high abundance 
and stability, circulating ncRNAs have potential utility as non-
invasive, blood-based biomarkers, the roles of ncRNAs in cell-
to-cell communication, with several ncRNAs having the ability 
to regulate gene expression outside the cell of origin, through 
EVs -mediated transfer to recipient cells, with implications for 
cancer progression and resistance to therapy, thus “foreign” 
microRNAs (miRNAs) encoded by non-human genomes (so-
called xenomiroRNAs), like viral miRNAs, are present in human 
body fl uids and can be used as biomarkers [19]. 

The potential of tumor-educated blood platelets (TEPs) as 
non-invasive biomarkers for RNA biomarker panels has been 
discovered. PETs are involved in the progression and spread of 
various solid tumors, and spliced PET RNA surrogate signatures 
can provide specifi c information on the presence, location, and 
molecular characteristics of cancers. Until now, PET samples 
from patients with different types of tumors, including lung, 
brain, and breast cancers, it has been shown that PETs from 
cancer patients are different from those with infl ammatory 
and other non-cancerous diseases. TEP RNA may complement 
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currently used biosources and biomolecules employed for 
liquid biopsy diagnosis, potentially enhancing the detection of 
cancer in an early stage and facilitating noninvasive disease 
monitoring [20,21].

Composite biomarker panels need to be tested in clinical 
studies with well-established endpoints to demonstrate 
clinical validity and utility, which will be key to introduce LB 
into clinical practice. Furthermore, experimental studies must 
gain more knowledge on the biology of LB markers, which 
can then in turn be retranslated to the bedside to improve the 
clinical use of LB analytes.

Molecular analysis of cCTCs at single-cell resolution offers 
great promise for cancer diagnostics and therapeutics from 
simple LB. Recent development of massively parallel single-
cell RNA-sequencing (scRNA-seq) provides a powerful method 
to resolve the cellular heterogeneity from gene expression 
and pathway regulation analysis. Next-generation sequencing 
(NGS)based methods include targeted as well as untargeted 
approaches and stand out due to their ability of massive parallel 
sequencing of millions of DNA sequences. Targeted NGS 
methods such as TAm-Seq, Safe-SeqS and CAPP-Seq enable to 
detect multiple rare mutations in ctDNA simultaneously. Even 
though targeted approaches show high analytical sensitivity, 
they are limited to mutations in a set of predefi ned genes, 
whereas untargeted approaches like whole genome sequencing 
or whole-exome sequencing provide the opportunity to 
detect novel, clinically relevant genomic aberrations without 
requiring information about the primary tumor. Nevertheless, 
clinical use of untargeted approaches is usually hampered due 
to lower sensitivity, higher input sample volume requirement 
and higher costs [22,23].

Conclusion future directions

LB comprising the noninvasive analysis of circulating 
tumor-derived material (the ‘tumor circulome’), represent 
an innovative tool in precision oncology to overcome current 
limitations associated with tissue biopsies. Within the ctDNA) 
and CTCs are the only components the clinical application of 
which is approved by the US Food and Drug Administration 
(FDA). EVs, ctRNA, and TEPs are relatively new tumor 
circulome constituents with promising potential at each 
stage of cancer management. Up to now, ctDNA has shown 
many promising results for cancer classifi cation, monitoring, 
prognosis, and treatment selection. However, using ctDNA for 
cancer screening and early detection remained to be solved. 
The biggest challenge is the low concentration of ctDNA in 
the blood. Although some NGS-based protocols improve the 
sensitivity of ctDNA assays in many different ways, the trade-
off between sensitivity and cost is still the greatest concern 
in practice. In the future, other sources of information apart 
from ctDNA should be combined to increase sensitivity and 
specifi city. Moreover, applying ctDNA sequencing to cancer 
screening provides us with a good opportunity to collect 
longitudinal data to create a better disease classifi cation model. 
Provide a cost-effective, fast, reproducible and non-invasive 
source for early cancer diagnosis and prognostic monitoring. In 
addition, analysis of circulating tumor-derived factors or the 

tumor circulome in the liquid biopsies can capture the clonal 
heterogeneity of these tumors unlike tissue biopsies. Various 
LB samples can be combined to improve the chances of cancer 
diagnosis, and sequential real-time biopsies will further 
aid in the early identifi cation of therapy-resistant tumors. 
Furthermore, detection and characterization of minimal 
residual disease after initial therapy can also be improved by 
analyzing LB.
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