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L’eterogeneità spaziale nei tumori
• L’eterogeneità spaziale descrive la variabilità genetica, epigenetica e fenotipica tra diverse regioni dello stesso

tumore. 

• L’eterogeneità spaziale è un fattore chiave di resistenza ai trattamenti e di progressione tumorale.

• Le biopsie liquide permettono di studiare in modo non invasivo questa eterogeneità, catturando l’evoluzione del 
tumore nel tempo.

Burrel et al., Molecular Oncology, 2014



L’eterogeneità spaziale nei tumori
• Differenze genetiche tra regioni dello stesso tumore: alcune regioni possono contenere sottopopolazioni cellulari

con mutazioni uniche che potrebbero influenzare la progressione della malattia e la risposta alle terapie

• Eterogeneità intra-tumorale vs. inter-tumorale

• L’eterogeneità tumorale può favorire la selezione di cloni resistenti alla terapia

• Comprendere queste dinamiche è cruciale per personalizzare le strategie terapeutiche.  
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progression (temporal heterogeneity) under environmental or therapeutic stress [1,2]. ITH
has been observed in most (nearly all) types of cancers, including both haematological
malignancies (chronic lymphoblastic leukemia and acute lymphoblastic leukemia), and
solid tumours (lung, breast, ovarian, pancreatic, kidney, colorectal, brain and prostate
cancers) [3].
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Figure 1. A multifaceted heterogeneity in cancers. (A) Inter-tumour heterogeneity refers to the var-
iability observed in tumours of the same histological subtypes between different patients. (B) Intra-
tumour heterogeneity (ITH) is observed across different regions of the primary tumour site and/or 
metastatic sites (spatial ITH) and can evolve over time (temporal ITH). Colours represent the differ-
ent characteristics between tumours or tumour cells. 

1.1.1. Phenotypic Heterogeneity 
The first demonstration of tumour heterogeneity has been made by histopathologists 

who are familiar with morphological divergence (differentiation status, necrosis, fibrosis, 
etc.) across the tumours or between the different areas of the tumour (Figure 2) [1,4–8]. 
This notion has led to the very basis of tumour classification systems based on histopatho-
logical features [9]. Tumour grading systems notably include the pathological examina-
tion of multiple microscopy fields in order to avoid tumour misclassification due to ITH 
[10]. Increasing evidence indicates that tumour foci are heterogeneous at other phenotypic 
levels than merely morphologic, including differential capabilities in terms of prolifera-
tion, metabolism, motility, migration, invasiveness, metastasis and stemness, as well as 
varied sensitivity to therapies [11–13]. The morphological and other phenotypic cell fea-
tures co-vary in the different tumour regions, notably between the core and the external 
borders of the tumour. 

Figure 1. A multifaceted heterogeneity in cancers. (A) Inter-tumour heterogeneity refers to the
variability observed in tumours of the same histological subtypes between different patients.
(B) Intra-tumour heterogeneity (ITH) is observed across different regions of the primary tumour site
and/or metastatic sites (spatial ITH) and can evolve over time (temporal ITH). Colours represent the
different characteristics between tumours or tumour cells.

1.1.1. Phenotypic Heterogeneity
The first demonstration of tumour heterogeneity has been made by histopathologists

who are familiar with morphological divergence (differentiation status, necrosis, fibrosis,
etc.) across the tumours or between the different areas of the tumour (Figure 2) [1,4–8]. This
notion has led to the very basis of tumour classification systems based on histopathological
features [9]. Tumour grading systems notably include the pathological examination of
multiple microscopy fields in order to avoid tumour misclassification due to ITH [10].
Increasing evidence indicates that tumour foci are heterogeneous at other phenotypic
levels than merely morphologic, including differential capabilities in terms of proliferation,
metabolism, motility, migration, invasiveness, metastasis and stemness, as well as varied
sensitivity to therapies [11–13]. The morphological and other phenotypic cell features
co-vary in the different tumour regions, notably between the core and the external borders
of the tumour.
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Figure 1. A multifaceted heterogeneity in cancers. (A) Inter-tumour heterogeneity refers to the
variability observed in tumours of the same histological subtypes between different patients.
(B) Intra-tumour heterogeneity (ITH) is observed across different regions of the primary tumour site
and/or metastatic sites (spatial ITH) and can evolve over time (temporal ITH). Colours represent the
different characteristics between tumours or tumour cells.

1.1.1. Phenotypic Heterogeneity
The first demonstration of tumour heterogeneity has been made by histopathologists

who are familiar with morphological divergence (differentiation status, necrosis, fibrosis,
etc.) across the tumours or between the different areas of the tumour (Figure 2) [1,4–8]. This
notion has led to the very basis of tumour classification systems based on histopathological
features [9]. Tumour grading systems notably include the pathological examination of
multiple microscopy fields in order to avoid tumour misclassification due to ITH [10].
Increasing evidence indicates that tumour foci are heterogeneous at other phenotypic
levels than merely morphologic, including differential capabilities in terms of proliferation,
metabolism, motility, migration, invasiveness, metastasis and stemness, as well as varied
sensitivity to therapies [11–13]. The morphological and other phenotypic cell features
co-vary in the different tumour regions, notably between the core and the external borders
of the tumour.

Gilson et al., Cancers, 2022
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cancer and play a major role in tumor metastasis [8]. 
CTCs represent the molecular characteristics of the 
corresponding tumor tissue and have been validated 
as prognostic markers for patients with metastatic 
breast, colorectal and prostate cancer in the clinic [9]. 
More recent studies have found that tumor cells 
excrete a large number of extracellular vesicles (EVs) 
into their mircoenvironment and use them for cell-cell 
communication [10]. EVs in body fluids, in particular 
exosomes (a subset of EVs with a size of 30-150 nm), 
contain proteins, lipids and nucleic acids inherited 
from the parental tumors cells and hold great promise 
to be used as novel diagnostic/prognostic markers 
[11-13]. In addition to complete cells or cell fragments, 
the tumor’s genetic content can also be found in the 
circulating cell-free nucleic acids. Circulating tumor 
DNA (ctDNA) that derive from apoptotic/necrotic 
neoplastic cells or lysed CTCs represent genomic 
profiles closely related to tumor burden, intratumoral 
heterogeneity, therapy responses and resistance [14]. 
Non-coding microRNAs (miRNAs), which regulate 
gene expression, also exist in various biological fluids 
and distinct levels of circulating miRNAs might 
reflect the progress of cancer [15, 16]. Additionally, 
increased amounts of several kinds of proteins in the 
blood, such as prostate-specific antigen (PSA), 
carcino-embryonic antigen (CEA) and a series of 
carbohydrate antigens, have been found to be 
positively related to tumor stages [17]. 

Despite the growing interest in biomarkers in 
liquid biopsy, establishing sensitive and reliable 
detection methods for clinical applications remains 
challenging due to the complexity of biological 
samples as well as the extremely low concentration of 
the analytes [18, 19]. In recent years, optical sensors 
based on surface-enhanced Raman spectroscopy 
(SERS) have emerged as one of the most powerful 
techniques in biological and biomedical analysis 

[20-22]. Raman spectroscopy provides fingerprint 
vibrational spectra of molecules and allows individual 
components in a mixture to be identified. However, 
Raman signals are usually weak due to the very low 
ratio of inelastic scattering events (approximately one 
in 106 photons being inelastically scattered) [23]. In the 
1970s, Fleischmann et al. [24] and Van Duyne et al. 
[25] found that Raman signals can be significantly 
enhanced when molecules are adsorbed on a 
roughened metal surface. The enhancement factor can 
be a million-fold and enables detection of a monolayer 
species on a metal surface, leading to the initial 
establishment of the SERS technique. In 1997, two 
research groups independently reported single 
molecule/single nanoparticle SERS, where the 
enhancement factors were estimated to be as high as 
1014 [26, 27]. Among the various mechanisms propo-
sed to explain SERS in recent years, electromagnetic 
enhancement (EM) and chemical enhancement (CM) 
are the most widely accepted [20, 28] (Figure 2). In the 
EM mechanism, the interaction between electromag-
netic waves with plasmonic (typically Au and Ag) 
nanostructures with dimensions much smaller than 
the wavelength induces collective oscillation of free 
electrons on the metal surface. When the frequency of 
the incident light matches the inherent oscillation 
frequency of free electrons in the metal, localized 
surface plasmons resonance (LSPR) occurs and leads 
to an enhancement in the incident optical field (Figure 
2A). The CM arises from the charge transfer resonance 
between the reporter molecule and the nanostructure, 
requiring direct adsorption or chemical binding of the 
molecule on the metal surface, and is usually weaker 
than the EM [20]. In SERS (Figure 2B), the high local 
optical field induced by resonances between incident 
/scattered light and surface plasmons on the metal 
nanostructures provides more than 10 orders of 
magnitude signal enhancement (by EM); in addition, 

an enhancement factor of 
101-103 is contributed by the 
CM. As a result, SERS combines 
the structural specificity and 
experimental flexibility of 
conventional Raman spectrosc-
opy with the ultrahigh sensitiv-
ity provided by the plasmonic 
nanostructure- mediated signal 
amplification, making it a 
desirable technique for analysis 
of biomedical samples [29]. 

The rational design of 
plasmonic nanostructures with 
defined physicochemical prop-
erties is essential for SERS. In 
general, two platforms are 

 
Figure 1. Circulating biomarkers in different body fluids, including blood, urine, saliva, ascites, cerebrospinal fluid, 
etc. Adapted with permission from [7], copyright 2017 BMC. 
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Tecnologie per analizzare l’eterogeneità tumorale con la biopsia liquida

• Sequenziamento di nuova generazione
(NGS): mutazioni clonali e subclonali

• Single-cell analysis: CTCs a livello di singola
cellula

• Metilazione del ctDNA: utile per distinguere
diversi tipi di tumore e monitorare la risposta ai
trattamenti.

• Tecniche di multi-omica: L’integrazione di dati
genomici e epigenomicisensitivity and simplicity of use led to studies using ddPCR to

monitor minimal residual disease (MRD), for example, the early
detection of melanoma relapse post-surgery.20,22 However,
ddPCR cannot inform on unknown variants, intra-tumor hetero-
geneity, or tumor evolution.

Sequencing techniques provide information ranging from point
mutations to copy-number alterations, and large structural
changes (e.g., aneuploidy, whole-genome duplication, or struc-
tural variations).23 Whole-genome sequencing (WGS) enables de
novo discovery of mutations implicated in tumorigenesis or resis-
tance from within both coding and non-coding regions of the
genome. Due to the genome size with increasing read depths,
there is a significant cost associated with WGS at sufficiently
high depth to accurately detect rare variants which is a disadvan-
tage in the context of cfDNA where VAF can be minimal. The vast
quantity of data generated by WGS also requires substantial pro-
cessing power and storage. Lower-depthWGS can, however, still
be very effective for identifying copy-number alternations (CNAs),
as well as cfDNA biological features such as fragment length or
ending.24

Whole-exome sequencing (WES) limits sequencing to the pro-
tein coding genome through hybridization enrichment and is
more sensitive in detecting low VAF on a genome-wide scale
than WGS.25 However, it is uninformative on non-coding regions
such as enhancers which, when mutated, can still have signifi-
cant biologic consequences. Targeted sequencing panels
involve selective enrichment of a small number of genes/
genomic regions (!50–1,000) prior to sequencing and can
achieve high read depths at a moderate cost.26 Deep targeted
sequencing can increase sensitivity for selected variants present
at low VAF.27 This is however limited by the choice of genes in a
particular panel and therefore less suited for de novo discovery
of novel mutations/resistance mechanisms, or for assessment
of large structural changes.

For mutation-based analysis of cfDNA, it is important to distin-
guish true tumor-derived mutations from those arising from

clonal hematopoiesis of indeterminate potential (CHIP).28,29

Ideally this is achieved through parallel sequencing of either tu-
mor or white blood cell DNA although this impacts cost and prac-
ticality and in the case of the former is limited to callingmutations
that are present in the initial tumor biopsy sample.

cfDNA methylome profiling
The number of mutations in a cancer cell can be limited in some
malignancies, whereas the number of altered methylated sites
can be higher and occur early in cancer development, increasing
the chances to detect tumor signal or infer more complex infor-
mation from liquid biopsies with this additional layer of omics
data.30

DNAmethylation is the transfer of amethyl group onto a nucle-
otide, which occurs most commonly at a cytosine residue adja-
cent to a guanine residue (CpG site) to form 5-methylcytosine
(5-mC).31,32 This epigenetic modification can regulate gene
expression by affecting transcription factor binding and by influ-
encing chromatin structure.33 Methylation patterns in healthy
differentiated cells are generally stable and cell type spe-
cific.13,34 Global hypomethylation is a feature of many malig-
nancies and can result in nuclear disorganization and loss of
gene silencing of genes involved in cellular proliferation.35

Conversely, hypermethylation at specific sites (commonly within
regions with high frequency of CpG sites) involving promoters
and transcription factor binding sites (TFBSs) of key tumor sup-
pressor genes may silence those genes.32

Methylation profiles therefore can be used to determine the
tissue of origin of cfDNA, classify between cancer and non-can-
cer, and classify cancer subtypes.13,14,36–38 Methylation
changes are often an early step in tumorigenesis and can be
more numerous across the genome than genetic alterations
Therefore sensitivity of methylation-based methods can be
greater than that of mutation-based techniques, which may be
particularly important in settings such as early cancer
detection.30,32,39
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Identificazioni delle CTCs “letali”nei pazienti con carcinoma polmonare

Pulmonary vein blood 
collec1on

Multi-region 
sequencing

TRAcking lung Cancer Evolution through therapy (Rx) (TRACERx) 

Analisi di diversi campioni tumorali sequenziali per stabilire il ruolo
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Excluded (n=27):
- samples aborted PV-CTC enumeration (n=21)
- PV-CTC enumeration test incomplete (n=2)
- sample arrived out of date (n=1)
- bad quality sample (n=1)
- sample taken in error prior surgery (n=1)
- wrong ethics (n=1)

Excluded (n=22):
- incomplete tumor resection (n=7)
- patients unable to comply with study protocol (n=5)
- insufficient tissue from primary surgery (n=3)
- change in histology following surgery (n=6)
- change in stage following surgery (n=1)

Patients processed successfully through 
PV-CTC enumeration (n=122)

Blood sample sent to Manchester for PV-CTC enumeration 
by the clinical sites with intraoperatively pulmonary vein 

surgery in place (n=149)

Chemi et al., Figure 1
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• PV-CTCs rilevate nel 50% dei casi analizzati.

• Osservata una associazione tra alti livelli di PV-CTCs e incidenza di metastasi cerebrali.

Chemi et al., Nature Medicine, 2019
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of a cutpoint of ≥7 PV-CTC per 7.5 ml blood increased the perfor-
mance of PV-CTCs in predicting lung cancer-specific relapse, sen-
sitivity remained modest (45.2% for ≥7 PV-CTCs per 7.5 ml blood 

versus 32.8% for ≥18 PV-CTCs per 7.5 ml blood; Extended Data 
Fig. 1a), and further studies are clearly required before clinical util-
ity can be evaluated.
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of a cutpoint of ≥7 PV-CTC per 7.5 ml blood increased the perfor-
mance of PV-CTCs in predicting lung cancer-specific relapse, sen-
sitivity remained modest (45.2% for ≥7 PV-CTCs per 7.5 ml blood 

versus 32.8% for ≥18 PV-CTCs per 7.5 ml blood; Extended Data 
Fig. 1a), and further studies are clearly required before clinical util-
ity can be evaluated.
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79% delle mutazioni presenti nelle PV-CTCs sono anche rilevate nel tumore primario

91% delle mutazioni presenti nelle PV-CTCs sono anche rilevate nella
metastasi che si è originata 10 mesi dopo  



Limitazioni nell’impiego delle CTCs per lo studio dell’eterogeneità 
spaziale 

• La loro presenza è rara, anche nei pazienti affetti da tumori metastatici.

• L’identificazione e l’isolamento delle CTCs richiede generalmente metodiche complesse e costose.

• Difficoltà intriseche nell’analisi a singola cellula.

• Assenza di marcatori universali capaci di identificare e catturare tutte le popolazioni di CTCs.
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28%

• Solo il 28% di pazienti presentava almeno 5
PV-CTCs.

• 220 PV-CTCs isolate, solo il 47%
sequenziato con successo.



to blood, with recent reviews published elsewhere.19,20 Urine,
stool and seminal fluid are other examples of body fluids that have
been used in different liquid biopsy approaches.21

Here, we will focus on ctDNA detected in blood plasma of
cancer patients. We begin this review by providing an overview of
the main methods used to detect mutations in ctDNA before
discussing some of the associated challenges; it is not our aim,
however, to comprehensively cover this topic within this review.
We will then outline additional features of cfDNA beyond the
detection of point mutations that can be assessed using liquid
biopsy samples from patients with solid tumours.

MUTATIONS IN CTDNA
Approaches for the mutation analysis of ctDNA
Mutations in ctDNA from liquid biopsy samples can be detected
via two different approaches. In the first approach, single, or low
numbers of, mutations can be detected using highly sensitive
techniques with high specificity and at a rather fast and cost-
effective rate.22 In 2016, the Cobas EGFR mutation Test v2 that
interrogates by RT-PCR several mutations in exons 18, 19, 20 and
21 of epidermal growth factor receptor (EGFR) gene was the first
liquid biopsy-based companion diagnostic to be approved by US
Food and Drug Administration (FDA) and the European Medicines
Agency for the prescription of EGFR inhibitors in patients with
non-small-cell lung cancer (NSCLC) in cases when tumour biopsy
tissue is not available.23 Other targeted approaches, based mainly
on digital PCR (droplet digital [ddPCR] or BEAMing dPCR), have
been demonstrated to be able to detect specific known
mutations, such as the main driver mutations of the primary
tumour or variants associated with response to drugs in individual
tumour types, and usually show high concordance with results

obtained in tumour tissue24–26 and reach a variant or mutant allele
frequency detection (VAF/MAF) as low as 0.001% for the most
advanced technologies27 (i.e. the frequency of a particular genetic
variation of a specific sequence [e.g. allele/mutation] relative to
the other genetic variations of the same sequence). The detection
and comprehensive molecular characterisation of minimal residual
disease (MRD) is of particular importance in the adjuvant setting
to improve clinical outcomes;28 ctDNA detected via such targeted,
highly sensitive approaches in the early stages of melanoma was
reported to predict the relapse risk,29,30 and might therefore be
useful in the process of patient stratification for adjuvant therapy.
Next step in the implementation of ctDNA in clinical routine is to
demonstrate its utility in patient treatment selection. For instance,
in the recently published TARGET study (registered in NIHR Central
Portfolio Management System under the reference CPMS ID
39172), the primary aim was to match advanced stage patients to
early phase clinical trials on the basis of plasma ctDNA analysis of
both somatic mutations and copy number alterations in 641
cancer-associated-genes.31 Another example is the Circulating
Tumour DNA Guided Switch (CAcTUS) study (NCT03808441),
which determines whether switching from targeted therapy to
immunotherapy based on a decrease in levels of ctDNA in the
blood will improve the outcome in melanoma patients.
Broader approaches have also been developed to interrogate

multiple mutations in parallel and range from the analysis of
several tens of mutations, to a genome-wide analysis of cfDNA by
whole-exome sequencing (WES) or whole-genome sequencing
(WGS). Most of these approaches use next-generation sequencing
(NGS) but mass-spectrometry-based detection of PCR amplicons is
also becoming available.32 Besides increasing the probability of
detecting a mutation in cfDNA, these broader approaches allow a
more complete genotyping of the tumour, which can be used to

Fig. 1 Different features of ctDNA and potential clinical implications. This figure summarises the tumour-relevant clinical information that
can be gained from the study of different features of cfDNA. Somatic genomic aberrations detectable on ctDNA include mutations,
chromosomal rearrangements and copy number aberrations. Additional features characteristic for ctDNA are specific epigenetic aberrations
like methylation patterns or different DNA fragment lengths. Information on tumour-specific transcription can also be obtained from ctDNA
analysis by reading the inter-nucleosome depth coverage. In virus-induced tumours (e.g. EBV-related nasopharyngeal carcinomas or HPV-
related head and neck tumours), the quantitative assessment of virus sequences have diagnostic validity. TSS transcription starting sites.
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Profilo epigenetico
Le informazioni molecolari che si possono ottenere dall’analisi del ctDNA:

1. Aberrazioni genomiche

2. Alterazioni della metilazione del DNA

3. Informazioni sull’accessibilità della cromatina

L’utilizzo del ctDNA per lo studio dell’eterogeneità spaziale 

• Il DNA tumorale circolante è rappresentativo dell’intera malattia 
tumorale.

• l’impiego del DNA tumorale circolante, per la caratterizzazione 
molecolare di alcuni tipi di tumore, è entrato nella pratica clinica.

• Il DNA tumorale circolante viene ritrovato in circolo insieme al DNA 
proveniente dalla morte di cellule periferiche del sangue.
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• Pazienti con tumore metastatico al colon-retto trattati con terapia
combinata (anti-EGFR e chemioterapia)

• Abbiamo analizzato 141 campioni longitudinali di ctDNA

• Analisi di mutazioni somatiche attraverso il sequenziamento degli
esomi

• Sviluppo di metodi computazionali per ricostruire le sottopopolazioni
tumorali

• Analisi dei fattori di trascrizione che potrebbero essere associati a
resistenza alla terapia
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Analisi dei siti di legame dei fattori di trascrizone
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Conclusioni e prospettive future

• Le biopsie liquide offrono un approccio innovativo e non invasivo per studiare l’eterogeneità spaziale dei tumori.

• Sviluppo di metodi più avanzati per migliorare la sensitività e specificità.

• Integrazione di multi-omica (genomica, epigenomica, trascrittomica, proteomica) per comprendere meglio
l’eterogeneità tumorale .

• L’utilizzo dell’intelligenza artificiale per prevedere l’impatto dell’eterogeneità sull’evoluzione tumorale e sulla
progressione della malattia con dati longitudinali.
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