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A B S T R A C T

Circulating tumor DNA (ctDNA) is nowadays considered a robust source to search for druggable tumoral genetic 
alterations, and in some specific settings liquid biopsy (LB) is already part of the diagnostics scenario and it has 
successfully implemented in the everyday practice. Three strengths make LB an extraordinary tool: i) to represent 
the complex molecular mosaicism that characterizes spatially heterogeneous malignancies; ii) to monitor in real- 
time the tumoral molecular landscape (i.e. to depict the longitudinal/temporal tumor evolution); iii) to ensure 
molecular profiling even in those cases in which tissue sampling is not feasible or not adequate. This review 
provides a snapshot of the current state of the art concerning ctDNA assay utility in gastric cancer (GC), testing its 
robustness as marker and seeking to understand the reasons for the delay in its application in clinical practice.

1. Introduction

The comprehensive molecular characterization and the development 
of novel molecular targeted drugs have revolutionized the history of 
many solid tumors, including gastric cancer (GC), leading to the tran-
sition to more specific and personalized treatment protocols. Despite the 
overall survival (OS), still remains poor, especially in advanced stages, 

therapeutic options for GC-targeted treatment, have increasingly 
improved in the last few years, and besides the well-established HER2- 
overexpression, several other druggable targets are emerging opening 
novel therapeutic options. Molecular pathologists are therefore faced 
with new challenges. They are required not only to assess these markers 
at diagnosis but also, experienced the need to monitor how these 
markers change throughout the disease evolution. In this setting LB was 
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recognized as playing an important role. Indeed, LB can detect a broad 
range of molecular alterations including the presence of DNA mutations 
or copy number variations (CNV) in cancer driver genes, epigenetic al-
terations, transcriptomic and/or proteomic profile deregulation, and the 
identification of metabolite profile changes [1]. Considering that blood 
is not only in contact with the majority of tumor types but can also, be 
easily collected, it represents the gold standard for LB-based analysis, 
but several other body fluids can be interrogated [2].

1.1. Precision diagnostics in gastric cancer

The Cancer Genome Atlas (TCGA) research network, ten years ago, 
paved the way for precision oncology in GC. Since this first seminal work 
that identified four distinct GC molecular subgroups, the number of 
actionable alterations has progressively improved [3]. To date, the 
human epidermal growth factor receptor 2 (HER2), microsatellite 
instability (MSI)/mismatch repair protein (MMR) status, and the 
expression of programmed death ligand 1 (PD-L1) should be routinely 
evaluated on GC specimens, according to the Combined Positive Score 
(CPS). HER2 overexpression is the first biomarker assessed in newly 
diagnosed GCs, with both a prognostic and predictive value [4]. Ac-
cording to the ASCO guidelines, HER2 and PD-L1 status should be 
assessed before starting first-line therapy in metastatic GC patients [5], 
while, the recently published Pan-Asian ESMO adapted guidelines stated 
that HER2, PD-L1, and MMR status should be available at diagnosis [6]. 
The seminal ToGA study demonstrated that the association of chemo-
therapy with a monoclonal antibody (MoAb) against HER2 (trastuzu-
mab) improved the median OS (mOS) in patients with Erb-B2 Receptor 
Tyrosine Kinase 2 (ERBB2) amplification [7]. The percentage of patients 
who could benefit from this treatment (e.g. patients presenting ERBB2 
amplification) stands for 10–20 % of all GCs [8]. Both PD-L1 assessment, 
and MMR protein analysis or microsatellite status definition can be 
considered in HER2-negative patients, and their evaluation allows the 
identification of patients eligible for the treatment with immune 
checkpoint inhibitors (ICIs). The prevalence of MSI/dMMR in GC is 
strongly related to the patients’ provenience, and ranges from 4 to 8% in 
the Asiatic series to 23–28 % reported for Western countries [9–11], 
despite the benchmark remaining the molecular classification of TCGA 
that set the prevalence of MSI-high (MSI-H) GCs as 22 % of all GC cases 
[3]. Other opportunities are emerging, especially for HER2-negative 
patients, as Claudin 18.2 (CLDN18.2) over-expression. Although the 
two markers are not mutually exclusive, CLDN18.2 positivity was found 
to be numerically higher in HER2-negative patients compared with 
HER2-positive ones and prevalence in HER2-negative GCs rates from 35 
to 40 % [12,13]. In light of promising results obtained by GLOW and 
SPOTLIGHT trials, the moAb zolbetuximab targeting CLDN18.2 was just 
approved by the European Medicine Agency. Moreover, other promising 
results are coming from the targeting of the FGFR2-driven signaling. 
Fibroblast growth factor 2 (FGFR2) is considered an important onco-
genic driver, and the targeting of its aberrant signaling pathway repre-
sents a novel opportunity in the targeted therapy. FGFR2 gene 
amplification and the overexpression of the FGFR2b isoform protein 
(any moderate to strong membranous staining) were reported with a 
prevalence of 4 % and 29 % respectively, in the phase II FIGHT trial 
[14]. FIGHT trial final analysis, after 24-month follow-up, revealed that 
the combination of bemarituzumab with the standard mFOLFOX6 
regimen, in HER2-negative advanced GC with FGFR2b overexpression 
and/or FGFR2 gene amplification improved both progression-free sur-
vival (9.5 vs 7.4 months), and mOS (19.2 vs 13.5 months) [15] (Fig. 1). 
Other alterations as Neurotrophic Receptor Tyrosine Kinase (NTRK) fu-
sions, v-Raf murine sarcoma viral oncogene homolog B (BRAF) mutations, 
are under evaluation in ongoing clinical trials [16].

Although a good number of molecular targets are now available for 
GC, the main challenge in the targeted therapy is represented by its high 
molecular heterogeneity. For almost all GC, spatial and temporal het-
erogeneity in druggable targets was reported [17]. As demonstrated by 

Chao et al. nearly half (46 %) of the GC specimens presented a high 
intra-tumoral heterogeneity with clonal tumor cell populations coex-
isting at submillimeter distances [18]. Regarding CLDN18.2 expression, 
intra-tumoral heterogeneity was reported at around 31 % in primary, 
resectable GCs [19], while comparing CLDN18.2 expression in paired 
primary-metastatic specimens, the reported temporal heterogeneity was 
25.2 % [20]. Even higher heterogeneity was reported for FGFR2b pro-
tein expression, with both an extensive intra-tumoral (55.5 %) and 
temporal (28 %) heterogeneity [21]. Even in PD-L1 assessment, studies 
suggested the need for at least five bioptic sampling [22]. As regards 
tumor heterogeneity, the better-characterized marker is HER2, and in 
routine clinical practice, six to eight samples, representative of 
neoplasia, are ideally required to confidentially evaluate HER2 status 
[23,24]. In such a context, is clear that novel technological approaches 
able to better represent the above-described heterogeneity are required. 
Digital spatial profiling (DSP) and LB may be important weapons, in the 
hands of molecular pathologists to underline spatial and temporal 
makers’ changes.

1.2. Biological and clinical strengths of liquid biopsy

Tissue biopsy (TB) is essential for the initial diagnosis and for the 
definition of tumor morphological features and biomarkers assessment. 
Thus, LB will be unable to replace TB in this stage. However, it holds 
several advantages. First, being minimally invasive, LB is a valid alter-
native to TB in metastatic setting for patients with inaccessible tumors or 
with a high risk of potentially life-threatening complications (e.g. 
hemorrhage, pneumothorax) or more in general, in elderly/debilitated 
patients presenting advanced disease. Moreover, it can be used as a tool 
to capture intra-tumor and inter-tumor heterogeneity. Another strength 
of LB is the possibility to perform serial samplings (e.g. longitudinal 

Fig. 1. Principal molecular targets currently assessed in gastric cancer. Patients 
positive for HER2 expression are eligible for treatment with trastuzumab, a 
humanized recombinant monoclonal antibody able to bind to HER2 receptors, 
reducing its activity. According to the ToGA study, trastuzumab is used in 
combination with chemotherapy (fluorouracil plus cisplatin) in HER2-positive 
patients. Patients eligible for immunotherapy are selected on the basis of PD- 
L1 expression, calculated as CPS score and/or microsatellite status: MSI-high 
patients respond well to immunotherapy. The FIGHT trial investigated the ac-
tivity of bemarituzumab as first-line treatment in metastatic patients harboring 
FGFR2 amplification or FGFR2b over-expression. The effect of the monoclonal 
antibody zolbetuximab against CLDN18.2 associated with chemotherapy 
(mFOLFOX6) was investigated in the SPOTLIGHT trial. Most of the cited mo-
lecular targets are almost mutually exclusive.
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tumor monitoring) over time and detect changes in the tumor cell 
population in response to the therapeutic selective pressure. A wide 
range of clinical trials focusing on LB is underway. Over the past two 
years (2021–2022), approximately 200 new trials related to LB have 
been initiated in the field of oncology alone [25]. Most of the studies are 
focused on therapy response monitoring. Over the years LB assay 
increased progressively its robustness, becoming, nowadays, a valid tool 
when TB fails or is not feasible, in certain malignancies, such as 
non-small cell lung cancer (NSCLC). According to the guidelines of the 
College of American Pathologists (CAP), in the setting of NSCLC, LB can 
be employed, as an alternative to TB, to identify the presence of 
Epidermal Growth Factor Receptor (EGFR) T790M mutation, the most 
common resistance mechanism to EGFR-tyrosine kinase inhibitor (TKI) 
[26]. The same indication was also proposed by the recommendations of 
the AIOM–SIAPEC-IAP–SIBIOC–SIF Italian Scientific Societies, which 
not only recommended the employment of LB in NSCLC but also indi-
cated possible novel application fields including i) breast cancer (BC) 
where LB is proposed to identify predictive biomarkers of response/re-
sistance to treatment. In this setting, the PADA-1 trial demonstrated the 
benefit derived from the ESR1 mutations monitoring in plasma ctDNA 
from patients with advanced BC treated with aromatase inhibitors [27]. 
The guidelines also suggested ii) melanoma and iii) colorectal cancer 
(CRC), as novel fields of LB application to monitor treatment response, 
with BRAF and RAS genes as the most informative markers [28]. 
Although several clinical trials confirmed the potential role of LB in the 
GC setting, LB has not been codified in clinical practice, at this time.

1.3. Circulating tumor DNA (ctDNA) in gastric cancer

Circulating free DNA (cfDNA) is composed of small DNA fragments 
(mean length 166 bp) that are physiologically released by all cells, 
despite the main source being the hematopoietic system [29]. Circu-
lating free DNA can be released by different mechanisms, which affect 
the length of the released DNA [30]. The component of cfDNA that is 
released by tumor cells is defined as circulating tumor DNA (ctDNA) and 
stands for less than 0.1 % to over 10 % of total cfDNA, depending on 
tumor type, grade of the malignancy, burden, clinical status (e.g. in-
flammatory status) and tumor dimensions [31]. In fact, for GC and many 
other tumors as well, the amount of ctDNA is strictly dependent on the 
stage. Fang and colleagues reported a number of cfDNA copies for mL 
three times higher in stage IV compared to earlier stages. While among 
less advanced stages no significative differences in the number of cfDNA 
copies were found [32]. Several studies assessed the different release 
rates between different cancer types. All the studies confirmed that 

cfDNA shedding is strictly dependent on primary: a high release rate was 
found in lung cancer, prostate, uterine and hepatocellular carcinoma 
(91%–77.1 %), while, it was lower in renal and thyroid cancers (56-41 
%) and extremely low in gliomas (10 %) [33].

As for GC, cfDNA shedding rate is very similar to that of lung or 
colorectal cancer, for which LB is already recommended in clinical 
practice [34]. Circulating tumor DNA analysis allows the identification 
of a wide range of genomic alterations, including single nucleotide 
variants (SNVs), chromosomal rearrangements, and CNV (Fig. 2) [35].

1.3.1. Concordance between ctDNA and tissue biopsy
The concordance rate between LB and TB is set at around 76 % for 

NSCLC, while in GC is reported to be more heterogeneous [36]. As for 
many other malignancies, in GC most of the LB-TB correlations have 
been performed in advanced/metastatic cases. Considering only stage IV 
GC, the percentage of agreement ranges from 42 %, as reported by Kung 
et al., who analyzed 56 cases using a 29-genes NGS panel, to 89.5 % 
found in the VIKTORY clinical trial (NCT02299648) [37,38]. In the 
latter study, a NGS approach was used, but only three altered genes were 
considered, reporting percentages of concordance of 89.5 % for MET 
receptor tyrosine kinase (MET) amplifications, and 76.9 % and 75 % for 
respectively Kirsten Rat Sarcoma Viral Oncogene Homolog (KRAS) and 
Tumor Protein P53 (TP53) mutations. Focusing on GC-druggable targets, 
the concordance of ERBB2 amplification between plasma and tissue is 
still under debate. Two studies, both performed in stage IV patients, are 
available with different outcomes. Wang and colleagues reported a high 
concordance (91.1 %, k = 0.820) of ERBB2 amplification between 
ctDNA and tumor tissues, while in another work, with a very similar 
methodological strategy, Maron and co-workers reported a concordance 
markedly lower (61 %) [39,40]. A similar concordance rate (64 %) was 
also reported, by Shitara and co-workers in an exploratory analysis of 
the DESTINY-Gastric01 trial, conducted on advanced GC [41,42]. In the 
same setting: stage IV-GC, the Japanese plasma genomic profiling study 
GOZILA, revealed that ctDNA sequencing identified heterogeneous 
FGFR2 amplification that conventional TB failed to identify (prevalence 
3.4 % in TB versus 14.8 in LB) [43]. As expected, the percentage of 
agreement dramatically decreases when less advanced stages are 
considered. He and co-workers considered LBs from both stage IV and III 
GCs, using a 605-genes NGS panel, and reported an agreement of 70.6 % 
and 30 %, respectively, indicating how the agreement drops dramati-
cally, at less advanced stages [44]. Complete information about TB and 
LB comparisons discussed above are reported in Table 1.

Fig. 2. Principal biomarkers currently investigated in blood from gastric cancer patients. Two different types of markers can be detected in blood: circulating 
tumor cells (CTC) and tumor-educated platelets (TEPs), in the plasma or serum isolated from blood three markers can be investigated: circulating tumor DNA 
(ctDNA), extracellular vesicles (EVs) and noncoding RNAs (ncRNAs).
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1.3.2. ctDNA in gastric cancer early diagnosis
One of the major limitations in GC management is represented by the 

advanced stage at diagnosis, due to the lack of early specific symptoms 
and mass screening strategies for the general population. Despite some 
serological tests, including pepsinogen, gastrin-17, Helicobacter pylori 
antibody, carbohydrate antigens: 72-4 (CA72-4), 19-9 (CA19-9), 125 
(CA125), 24-2 (CA24-2) and alpha-fetoprotein (AFP) are available as 
tools for low invasive screening, their specificity and sensitivity is 
limited [45]. Thus, ctDNA may be useful in improving early diagnosis of 
GC. Nevertheless, it is important to underline that for diagnostic pur-
poses, in GC setting endoscopy associated with tissue biopsy is still 
mandatory. In comparative works, the analysis of ctDNA was reported as 
more sensitive than traditional serum markers (e.g. CEA, CA19-9, 
CA72-4) in early GC screening [46]. As demonstrated by Park and col-
leagues the mean quantity of ctDNA in plasma samples of GC patients 
was generally 2.4 fold higher than the respective age-matched healthy 
controls, with an estimated sensitivity and specificity of respectively 75 
and 63 % [47]. However, the simple quantification of ctDNA is not 
enough to reach the diagnostic sensitivity, considering that increasing in 
ctDNA may be associated with different pathological conditions such as, 
for example, infections or inflammatory diseases [48]. CancerSEEK, a 
blood-based test for pan-cancer early diagnosis based on the analysis of 
both protein expression and gene alterations, showed high sensitivity in 
detecting GC at stages I-III. However, the sensitivity, which was around 
70 %, was lower than that reported for ovary and liver cancers, despite 
being consistent with those reported for other malignancies such as 
pancreatic, colorectal, and lung cancer [49]. In another study the ratio 
between V-Myc Avian Myelocytomatosis Viral Oncogene Homolog (MYC) 
and the housekeeping gene Glyceraldehyde-3-Phosphate Dehydrogenase 
(GAPDH) by real-time PCR was assessed, achieving a sensitivity of 75 % 
in detecting GC at various stages. A high concordance with MYC 
amplification was evaluated in the matched tissue biopsies [50]. Ac-
cording to other malignancies, in the GC setting, the reliability of the 
analysis is strictly dependent on disease stage, which affects not only the 
tumor burden but also the ctDNA shedding. Yang et al. reported a ctDNA 
positivity of 68 % in stage III cases which dropped to 21 % in stage I-II 
malignancies [51], while Kim and colleagues established 90 ng/mL of 
cfDNA as a cut-off value to obtain high sensitivity (≥96 %) [52].

1.3.3. ctDNA in gastric cancer in treatment monitoring
Nowadays, treatment monitoring in GC is based on imaging and 

serological dosing of markers such as CA19-9 and CA72-4 [53]. The 
evaluation of molecular evolution of the disease during the treatment is 
mandatory considering the high temporal heterogeneity of GCs. Anal-
ysis of ctDNA was employed to monitor and evaluate the 
trastuzumab-resistant mechanism in GC treated with a combination of 
chemotherapy and anti-HER2 MoAb. The longitudinal analysis of ctDNA 
revealed the onset of secondary mutations, with variant allele frequence 
(VAF) values ≥ 2 %, involving mainly MAPK and RAS pathways [54]. In 
the DESTINY-Gastric01 trial, testing trastuzumab conjugated with der-
uxtecan (T-DXd) the employment of LB was useful to better identify 
patients benefitting from the treatment. The analysis of pre-treatment 

ctDNA revealed that patients presenting plasma amplification in MET, 
EGFR, or FGFR2 genes had a lower overall response rate (ORR). In the 
same context, the analysis of ctDNA at the end of the treatment proposed 
acquired DNA Topoisomerase I (TOP1) gene variants, as a possible 
mechanism of resistance to T-DXd [42]. The quantification of ctDNA by 
LB was shown to be useful also in verifying the response to immuno-
therapy. In a cohort of metastatic GC treated with pembrolizumab, the 
ctDNA content changes were found to be powerful predictors of both 
response and/or disease progression. Patients who experienced a 
decrease in ctDNA were associated with longer progression-free survival 
(PFS), and better ORR and disease control rate (DCR) [55]. Jin et al. not 
only demonstrated that patients who experienced a decline higher 
than 25 % in the maximal somatic variant allelic frequency had a longer 
PFS and higher response rate, but also correlated the presence of specific 
mutations (Transforming Growth Factor Beta Receptor 2: TGFBR2, Ras 
Homolog Family Member A: RHOA, and Phosphatidylinositol-3,4, 
5-Trisphosphate Dependent Rac Exchange Factor 2: PREX2) at baseline 
ctDNA with a shorter PFS. In the PANGEA clinical trial, the analysis of 
ctDNA was used as an alternative source, when TB was not available to 
monitor changes in tumor molecular profile during the different lines of 
therapy. The study demonstrated that following the temporal hetero-
geneity of the disease improved both the OS (15.7 vs 9 months) and the 
median time to treatment failure (13.6 vs 7.9 months). The search for 
genetic alterations in ctDNA can be also used as criteria for patients’ 
selection. FIGHT, a randomized trial designed to investigate the efficacy 
and safety of an anti-FGFR antibody, was one of the first trials to enroll 
patients using a combination of ctDNA testing and tumor tissue immu-
nohistochemistry [14].

1.3.4. Circulating tumor DNA for minimal residual disease in GC
Another important application of LB is the possibility to evaluate the 

presence of minimal residual disease (MRD) undetectable by imaging, 
after a curative approach. In this case, the employment of LB allows to 
avoid unnecessary administration of adjuvant therapies in low-risk pa-
tients and at the same time, identifies patients who might benefit from 
the adjuvant treatment [56]. LB analysis in patients with stage I-III GC 
after surgical resection demonstrated that the detection of ctDNA 
post-surgery (from 9 to 48 days after surgery, and before any adjuvant 
treatment) is strongly related to disease relapse [51]. Overall, 100 % of 
patients in which ctDNA was post-surgery detected, experienced recur-
rence, against 32 % in patients negative for ctDNA. Moreover, ctDNA 
positivity at any time point during the longitudinal post-surgery fol-
low-up was associated with worse post-operative DFS and OS. The study 
demonstrated that the analysis of ctDNA could advance of six months 
the imaging-based detection of recurrence. The correlation between the 
detection of ctDNA after surgery and tumor relapse was further 
confirmed by Openshaw et al. demonstrating that patients positive for 
ctDNA post-surgery presented a median PFS of 298 days versus 1000 of 
the negative ones [57]. Possible applications of ctDNA analysis in GC are 
summarized in Fig. 3.

Table 1 
Principal TB versus LB comparisons for ctDNA analysis in GC.

Stage % Agreement with TB Investigated genes Techniques Numerosity of the cohort Plasma volume Reference

IV 42 % 29 genes Targeted-NGS 56 patients 1 mL 37
IV 89.5 % MET gene Targeted-NGS 715 patients 2 mL 38

76.9 % KRAS gene 16 patients
75 % TP53 gene 13 patients

ND 91 % ERBB2 gene Targeted-NGS 56 patients 0.5 mL 39
Mixed 61 % ERBB2 gene Targeted-NGS 1630 patients ND 40
IV 64 % ERBB2 gene Targeted-NGS 151 patients ND 41
IV 90.9 % FGFR2 gene Targeted-NGS 365 patients 3 mL 43
IV 70.6 % 605 genes Targeted-NGS 14 patients 2 mL 44
III 30.2 % 10 patients
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1.3.5. Methylation profile in gastric cancer released ctDNA
As described in several works, ctDNA may be investigated to study 

the methylation profile in the shedding tissue with a double analytical 
interest [58]. From a diagnostic point of view, the value of epigenetic 
alterations as biomarkers has been reported in many studies, which 
demonstrated that methylation was among the earliest and most 
comprehensive genomic aberrations and could correlate with clinical 
parameters in several cancers [59]. On the other hand, the unique 
tissue-specific methylation pattern can help to identify the primary 
shedding tumor. This is extremely useful in the identification of cancers 
of unknown primary (CUP), as well as the primary site of distant me-
tastases [60]. Thus, ctDNA methylation signature is considered a 
promising screening marker for several cancers, including GC (Table 2). 
A cfDNA-based sequencing technology coupled with software able to 
recognize methylation patterns per region was able to detect cancer 
signals across multiple cancer types and predict the cancer signal origin 
with high accuracy [61]. While the overall sensitivity for all cancer types 
regardless of stage was 51.5 %, the sensitivity for GC was 66.7 %, similar 
to CRC and lung cancer (reporting a sensitivity of 82 % and 74.8 %, 
respectively). The sensitivity of the method was strictly dependent on 
the stage, ranging from 16 % for stage I to 100 % for stage IV. Obtained 
sensitivity, which is comparable with sensitivity reported for ctDNA 
tests based on evaluation of DNA mutation, may be a promising tool for 
early diagnosis, with the added value of high accuracy in the prediction 
of cancer signal origin.

1.3.6. Pitfalls in ctDNA analysis
As for TB, the pre-analytical phase is crucial in LB to ensure the 

reliability of the obtained information. The key point to consider in 
approaching LB is the lysis of blood cells (e.g. leucocytes) that can 
release germinal DNA potentially diluting ctDNA and thus impacting the 
identification of potential mutations. To avoid leukocyte lysis, process-
ing blood in a short time (within 1 h) is recommended. Furthermore, 
despite some authors utilizing serum as a source for cfDNA analysis due 
to its seemingly higher cfDNA content, it’s important to note that serum 
may harbor genomic DNA contamination resulting from leukocyte lysis 
during the clotting process [78]. The second aspect to consider is that 
ctDNA has a relatively short half-life. Fast processing of the sample can 
avoid ctDNA degradation. However, if rapid processing is not possible, 

the use of collection tubes with preservatives can prevent analyte 
degradation [79]. Another aspect to consider is the sensitivity of the 
assay. Despite the recent technological improvements, LB often yields 
VAFs <1 %. Orthogonal studies have demonstrated that the major pit-
falls (i.e., false positives and negatives) occur in the 0.1%–1% VAF range 
[80]. Even when high-sensitivity techniques are employed, ctDNA might 
not be detected, due to the low starting cfDNA input. Considering that 
one ng of human DNA contains about 300 haploid copies of genome, at 
least 3.3 ng of cfDNA is needed to have at least one copy of a mutation 
presenting a VAF of 0.1 %. In this case, the employment of extraction 
techniques that do not need a fixed plasma input could improve the 
cfDNA yield. Furthermore, LB can lead to an incorrect mutation classi-
fication due to clonal hematopoiesis (CH), a process that involves the 
accumulation of somatic mutations in hematopoietic stem cells due to 
aging, leading to clonal expansion of mutations in blood cells. These 
mutations (mainly found in DNA Methyltransferase 3 Alpha: DNMT3A, 
Tet Methylcytosine Dioxygenase 2: TET2, ASXL Transcriptional Regulator 1: 
ASXL1, Janus Kinase 2: JAK2, Protein Phosphatase, Mg2+/Mn2+ Depen-
dent 1D: PPM1D, and TP53) in some cases overlap with common mu-
tations in cancer driver genes and could be erroneously considered to 
arise from the tumor [81]. Retaining an aliquot of blood cells (buffy 
coat), to sequence cells in the presence of suspicious mutations, may be 
useful for the discrimination between CH-derived and tumor-derived 
mutations.

1.3.7. Techniques for ctDNA analysis in liquid biopsy
CtDNA represents only a minute fraction of cfDNA, making the 

detection of rare variants challenging (see Fig. 4). To optimally study 
ctDNA, technologies with a limit of detection (LOD) of around 0.1 % are 
required. Technologies employed for ctDNA analysis can be divided into 
PCR-based and NGS-based approaches. The two main advantages of 
PCR-based approaches are the lower cost and the simpler workflow, but 
PCR-based approaches can be used to analyze only one mutation per 
assay. When PCR-based technologies are applied to LB there are four 
major points to consider. The first one is cfDNA fragmentation; the 
majority of DNA fragments are about 160 bp in length, thus amplicon 
size must be adjusted to the length of cfDNA, designing assays with 
amplicons around 80 bp [82]. The second point is the need for high 
specificity in the detection of rare single mutations (VAF <0.1 %). To 

Fig. 3. Analysis of ctDNA in gastric cancer. Principal advantages and issues hindering the introduction of ctDNA analysis in GC. Possible biomarkers to be tested and 
applications of LB applied to GC are summarized. Applications and biomarkers are enlisted starting from the more promising.
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improve specificity several modifications to the traditional qPCR were 
introduced as ARMS-PCR (amplification-refractory mutation system 
PCR), PNA-LNA (peptide-nucleic-acid-locked nucleic acid) Clamp PCR, 
and COLD-PCR (co-amplification at lower denaturation temperature 
PCR) [83–85]. ARMS-PCR is based on the employment of allele-specific 
primers. The introduction of a mismatch at the 3’ end of the primer that 
alters the annealing temperature, associated with the employment of a 
Taq DNA polymerase without exonuclease activity, which inhibits the 
mismatch repair, allows a selective amplification. This technique is 
already used to improve selectivity in Therascreen EGFR Plasma RGQ 
PCR (Qiagen). PNA-LNA Clamp PCR employs peptide nucleic acids to 
hide the wild-type DNA sequence, preventing its amplification. Simi-
larly, the selection of low-abundance mutated alleles in the presence of 
an excess of wild-type alleles is obtained in COLD-PCR, exploiting the 
different denaturation temperatures among the mutant and the 
wild-type allele. These qPCR variants can detect VAF as low as 0.1 %, 
achieving a significantly higher sensitivity than qPCR (VAF 5 %). 
Another point to consider is iii) the need for an absolute quantification 
of the genetic alterations. The absolute quantification by qPCR is ob-
tained using standard curves, and assuming that samples and standards 
have the same amplification efficiency. Minimal changes in PCR effi-
ciency, for example, due to the presence of PCR inhibitors, can markedly 
alter the accuracy of the quantification. The last point is represented by 
the need for high sensitivity. The introduction of digital PCR (dPCR), has 
effectively answered the last two points, allowing a highly sensitive 
quantitative detection of circulating markers. Three different dPCR 
technologies are currently available i) the droplet digital PCR (ddPCR), 
ii) the chamber-based digital PCR (cdPCR), and iii) the BEAMing (Beam, 
Emulsion, Amplification, Magnetics) dPCR. In both ddPCR and cdPCR, 
DNA molecules are partitioned, according to the Poisson distribution, 
within reaction units, and within them are amplified using TaqMan 
Probes or intercalating dyes. After the fluorescence detection, the ratio 
between the number of positive and negative partitions is performed and 
the absolute quantification is obtained. The main difference between 
these two systems is represented by the partition method: while ddPCR 
partitions are composed of thousands (~20,000) of droplets generating 
a water-in-oil emulsion, in cdPCR partitions are physical wells on a solid 
support [86]. Thus, in cdPCR, the traditional droplet breaking, that can 
occur during pipetting or amplification is avoided improving the 
analytical performances. Despite some fluctuations depending on the 
gene, the LOD of ddPCR ranges from 0.07 to 0.2 % VAF. BEAMing, 
currently commercially available as OncoBEAM, is based on the 

Table 2 
Principal methylated genes in GC cancer.

Gene Source Technique Features Reference

SOX17 Serum Methylation- 
specific PCR

Distinguish GC 
patients from healthy 
controls. Prognostic 
value: patients with 
non-methylated 
SOX17 present a 
better survival rate

[62]

XAF1 Serum Real-time 
methylation- 
specific PCR

Distinguish GC 
patients (methylated) 
from healthy controls 
(non-methylated)

[63]

TFPI2 Serum Methylation- 
specific PCR

TFPI2 methylation is 
associated with 
lymph node 
metastasis and 
distant metastasis

[64]

DAPK1 Serum Methylation- 
specific PCR.

Markers for screening 
and surveillance of 
GC

[65]
CDH1, 

GSTP1,
CDKN2B,
CDKN2B
CDKN2B Serum Methylation- 

specific PCR
P16 methylation is a 
biomarker for early 
detection of gastric 
cancer

[66]

THBS1 Serum Methylation- 
specific PCR

Prognostic marker: 
aberrant THBS1 
methylation is related 
to peritoneal 
dissemination, tumor 
progression, and poor 
prognosis

[67]

RUNX3 Serum Multiplex digital 
PCR

Prognostic value: 
methylated RUNX3 is 
associated with 
tumor size, massive 
submucosal invasion, 
and lympho-vascular 
invasion

[68]

ZIC1, 
HOXD10, 
RUNX3

Plasma Methylation- 
specific PCR

Distinguish GC and 
precancerous lesions 
in early screening 
protocols.

[69]

DOCK10, 
CABIN1, 
KCNQ5

Plasma Methylated CpG 
tandems 
amplification and 
sequencing 
(MCTA-Seq)

Discriminate early- 
stage GC

[70]

PCDH10, 
RASSF1A

Plasma Methylation- 
specific PCR

Diagnostic marker: 
high frequency of 
methylation is 
reported in the GC 
group compared with 
the control.

[71]

Prognostic marker: 
cumulative survival is 
significantly lower in 
cases positive for 
RASSF1A 
methylation.
Methylation of 
RASSF1A and 
PCDH10 is higher in 
late-stage patients 
and correlates with 
metastasis

SEPT9, 
RNF180

Plasma Methylation- 
specific PCR

Prognostic marker: 
SEPT9 methylation is 
correlated with 
poorer GC survival

[72]

Diagnostic marker: 
identifies GC patients 
from controls

Table 2 (continued )

Gene Source Technique Features Reference

RPRML Plasma Methylation- 
specific PCR

Methylated RPRML 
distinguishes patients 
with GC from 
controls

[73]

SFRP2 Plasma Digital PCR SFRP2 methylation is 
associated with GC 
prognosis

[74]

ELMO1, 
ZNF569, 
C13orf18

Plasma Methylation- 
specific PCR

Diagnostic marker: 
discriminate GC from 
healthy controls

[75]

KCNQ5, 
C9orf50, 
CLIP4

Plasma Methylation- 
specific PCR

Diagnostic markers 
for GC early 
detection, with a 
sensitivity of 67.9 % 
and a specificity of 
86.6 %

[76]

IRX1 Plasma Methylation- 
specific PCR

Distinguishes GC 
group from healthy 
controls.

[77]

Higher methylation 
levels are closely 
associated with TNM 
staging
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employment of primers covalently bound to magnetic beads. Beads are 
compartmentalized into aqueous microdroplets where the amplification 
occurs. After beads purification, fluorescent probes specific for the 
wild-type or mutated sequences are attached. Each fluorescently labeled 
bead is then analyzed using a flow cytometer [87]. Compared to ddPCR 
and cdPCR, the turnaround time for BEAMing is longer (2 days), but 
offers higher sensitivity (LOD 0.02–0.04 %). In those cases that need be 
analyzed to analyzed for multiple genes simultaneously, NGS-based 
platformed are more suited. Currently, NGS platforms can analyze 
from a few genes to an entire exome or genome [88]. Two are the major 
issues to solve to achieve an optimal application of NGS to liquid biopsy: 
i) traditional NGS strategies are not able to detect variants below 1 %, 
and ii) sequencing errors or DNA polymerase errors can occur, limiting 
the confidence in calling mutations with VAFs <5 %. To reduce the error 
rate and ensure mutation calling with VAFs <0.1 %, some improvements 
as molecular barcoding have been adopted. In this case, unique molec-
ular identifiers (UMI) are added before any PCR step, allowing the 
recognition of variant alleles present in the original sample errors 
introduced during library preparation. This approach, used for example 
in assays like Guardant360, is able to correct amplification and 
sequencing errors, achieving a sensitivity of 0.05 % allele fraction. In 
other cases, computational tools and bioinformatic analysis can be used 
to differentiate true positives from background noise in sequencing. 
Cancer personalized profiling by deep sequencing (CAPP-Seq) which 
utilizes DNA probes, designed for regions with high driver mutation 
frequencies, to hybridize and capture ctDNA is used by AVENIO ctDNA 
analysis kits (Roche Diagnostics). CAPP-Seq technology reduces the 
background noise and reaches a LOD of 0.02 % [89].

1.4. Circulating tumor cells (CTC) in gastric cancer

CTCs are cancer cells released from the primary tumor into the 
bloodstream. A small fraction of them can survive in the circulation 
extravasating and initiating tumor formation in distant sites [90]. 
Despite not all CTCs having an invasive potential, all of them are suitable 
biomarkers to better understand the biological features of the shedding 
tumor. A large number of information can be obtained by CTCs that can 
be dissected from the transcriptomic, genomic, or proteomic point of 

view, both by bulk and single-cell analysis [91]. Currently, CTCs are 
mainly being investigated as prognostic biomarkers. In fact, CTC 
abundance has been associated with a worse prognosis in several cancer 
types. A meta-analysis of 14 retrospective studies on GC showed that 
CTC-positive patients had shorter OS and PFS than CTC-negative ones 
[92]. Other studies have investigated CTCs as a tool to monitor therapy 
effects. Despite the limited literature on CTC, all available studies 
confirmed that the increase of CTCs during longitudinal therapy 
outcome monitoring is associated with disease progression [93,94]. 
Recent advancements in analytical platforms have enabled the evalua-
tion of the genomic, transcriptomic, or epigenetic profiles of circulating 
tumor cells (CTCs) at the single-cell level. Analysis of the transcriptomic 
profile of single-CTC revealed that most of them showed the over-
expression of EMT-related transcription factors (Zinc Finger E-Box 
Binding Homeobox 2: ZEB2, Myocyte-Specific Enhancer Factor 2D: 
MEF2D, GATA Binding Protein 1: GATA1, and GATA Binding Protein 2: 
GATA2) and/or genes involved in chemoresistance (Cyclin Dependent 
Kinase Inhibitor 1A: CDKN1A and Cyclin Dependent Kinase Inhibitor 1B: 
CDKN1B). Noteworthy, CTC monitoring was shown to be useful also in 
evaluating immunotherapy response. Tan and colleagues detected 
PD-L1 expression in CTCs from patients affected by different advanced 
cancers, including gastric or esophagogastric junction cancer, demon-
strating that PD-L1 levels in CTCs may be a clinically actionable marker 
for immunotherapy, and could predict the therapeutic response [95]. 
Similarly, CTCs expressing PD-L1 were longitudinally monitored in 
unresectable or metastatic GC patients who received anti-HER2 plus 
anti-PD1 and chemotherapy (according to KEYNOTE-811) [96]. CTCs 
abundance is extremely limited and few (1–10) cells for milliliter of 
whole blood are expected in the metastatic setting [97]. In patients with 
advanced gastric or esophago-gastric junction cancer, according to the 
results of the PRODIGE 17-ACCORD 20 trial, the median number of 
detected CTCs, at baseline, was 1 (ranging, from 0 to 415) [98]. Due to 
their rarity, the isolation of CTCs represents the major challenge. At 
present, only one method, Cell Search System has been approved by FDA 
[99]. Cell Search System is based on the use of magnetic beads coated 
with an antibody against the epithelial marker: Epithelial Cell Adhesion 
Molecule (EpCAM). This technology presents important limitations, not 
least, the low or absent expression of EpCAM in several epithelial 

Fig. 4. Principal technologies for ctDNA analysis. Technologies for ctDNA analysis can be divided into two main groups: PCR and NGS-based technologies, that differ 
for LOD, number of analyzed genes ad turnaround time (TAT).
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tumors, so to overcome this important issue and to avoid the bias of a 
prior knowledge of CTC surface markers, other isolation techniques, 
based on CTC biophysical proprieties are under evaluation [100]. 
Nowadays only ctDNA and CTCs have been approved by the FDA as 
integrative biomarkers in oncological patient management, while 
several other analytes are currently being investigated at the pre-clinical 
level, with very promising results [101].

1.5. Circulating cell-free RNA

Besides cfDNA, circulating cell-free RNA (cfRNA) has recently been 
proposed as an additional biomarker in LB. Despite for many years RNA 
was considered a complex marker to assess, especially in LB, thanks to 
technological implementation, messenger RNA present in the circula-
tion (cf-mRNA) is gradually emerging also in LB [102]. Circulating RNA 
is a highly dynamic marker able to reflect temporal changes in 
organ-specific transcripts and with high informative potential. More-
over, as reported in the tissue context, the employment of cfRNA in LB is 
more suitable for gene fusion detection than cfDNA [103]. Although 
cfRNA appears to be a highly promising marker, particularly in the 
context of gene fusions or rearrangements (FGFR2, NTRK1/2/3, 
Anaplastic Lymphoma Receptor Tyrosine Kinase: ALK, RET Receptor Tyro-
sine Kinase: RET) that are considered druggable alterations, it poses a 
significant challenge. In fact, as for TB, RNA is less stable than DNA and 
more amenable to degradation. Moreover, cfRNA is a mixture of 
full-length RNA, fragmented RNA, non-coding RNAs, and ribosomal 
RNA [104]. In the circulating context, the latter, represents the most 
abundant RNA component that can overpower the signal of the more 
informative mRNA component. Studies investigating circulating tran-
scriptome in LB are still limited, and most of them are focused on 
non-coding RNAs, which were historically considered less prone to 
degradation.

1.5.1. Circulating non-coding RNAs as markers in gastric cancer
Non-coding RNAs (ncRNAs) are a heterogeneous class of RNA-based 

molecules, that based on their length, are divided into two major cate-
gories: small ncRNAs (smaller than 200 nucleotides) and long ncRNAs 
(lncRNAs) (longer than 200 nucleotides). Non-coding RNAs are gener-
ally very stable in different body fluids thanks to i) the packing into 
biological vesicles (e.g. exosomes, microvesicles, and apoptotic bodies) 
or ii) the binding with lipoproteins and RNA-binding proteins [105]. So 
far, microRNAs (miRNAs), together with lncRNA, are the most investi-
gated RNA-based biomarkers in LB, mainly for diagnostic and screening 
purposes.

1.5.2. Circulating miRNAs in gastric cancer
MiRNAs are single-strand sequences of 18–25 nucleotides in lengths 

that can regulate RNA translation through the binding with the 3’ un-
translated region of the messenger RNAs. The volume of research 
dedicated to investigating miRNAs in GC is substantial, with the pre-
dominant focus being the identification of prospective diagnostic 
markers (Table 3). In a meta-analysis, all studies examining miRNAs as 
early diagnostic markers in GC were analyzed to identify the most 
frequently modulated miRNAs. MiRNAs presenting an expression 
pattern more reproducible among different studies were miR-20a, miR- 
223, and miR-421, and the oncomiRNA miR-21 which was tested in 13 
works investigating deregulated miRNAs in GC-LBs, and in all of them 
reported as upregulated [106]. The major limitation of circulating 
miRNAs as biomarkers arises from the low concordance among studies, 
primarily stemming from the lack of standardization in analysis 
methods. As reported in Table 2, plasma and serum are indifferently 
employed, without considering that coagulation processes may affect 
the miRNA profile. That, associated with other technical issues, 
including blood centrifugation protocol, the extraction protocol, and the 
assay employed for miRNA detection, may affect final miRNA quanti-
tation. Furthermore, the most extensively studied miRNAs exhibit 

physiological expression even in the absence of neoplastic conditions. In 
many instances, the pathological state is distinguished by an increased 
rate of miRNA release, which is however also, expressed in a 
non-pathological condition. Thus, studies aimed to identify the range of 
physiological levels of GC-related miRNAs are needed to create a base-
line for each miRNA taking into account intra-patient variability 
(gender, age, ethnicity), and possible confounding factors (e.g. tempo-
rary inflammatory states, comorbidities). Given that miRNA profiles can 
be influenced by various physiological and pathological factors, utilizing 
a miRNA signature, consisting of sets of two or more miRNAs, may offer 
greater reliability in identifying GC. However, considering that i) several 
miRNA-based therapeutics are currently being tested in early-stage 
clinical trials and ii) miRNAs could be used as companion diagnostic 
biomarkers for these upcoming therapeutic molecules, a standardization 
of analytical protocols for miRNA quantification in LB is needed.

1.5.3. Circulating lncRNAs in gastric cancer
LncRNAs are transcripts longer than 200 nucleotides and are mostly 

transcribed by RNA polymerase II (Pol II). From a structural point of 
view, lncRNAs present similar features to that of mRNAs (5′ cap, exons, 
and poly-A tail); however, they cannot be translated into functional 

Table 3 
List of miRNAs modulated in the blood of GC patients.

MicroRNA signature Source Features Reference

hsa-miR-320a, hsa-miR- 
1260b, and hsa-miR- 
6515-5p

Serum The signature distinguishes 
GC patients from non-cancer 
controls

[107]

hsa-miR-221-3p, hsa-miR- 
376c-3p, and hsa-miR- 
744-5p

Serum The signature is upregulated 
in early GC patients

[108]

hsa-miR-106b and hsa- 
miR-21

Serum The signature differentiates 
high-risk from low-risk 
patients after H. pylori 
eradication

[109]

hsa-miR-21, hsa-miR-27a, 
hsa-miR-106b, hsa-miR- 
146a, hsa-miR-148a, 
hsa-miR-223, and hsa- 
miR-433

Serum The signature predicts the 
presence of lymph node 
metastasis in GC patients

[110]

hsa-miR-130a, hsa-miR- 
331, hsa-miR-19a, hsa- 
hsa-miR-223, hsa-miR- 
106a, miR-21, and hsa- 
miR-374

Serum The signature distinguishes 
gastric cancer patients from 
non-cancer controls

[111]

hsa-miR-21 Serum The miRNA is over-expressed 
in gastric cancer patients 
compared with non-cancer 
controls

[112]

hsa-miR-1, hsa-miR-20a, 
hsa-miR-27a, hsa-miR- 
34 and hsa-miR-423-5p

Serum The signature is modulated 
in GC patients compared 
with non-cancer controls

[113]

hsa-miR-4257, hsa-miR- 
6785-5p, hsa-miR-187- 
5p, and hsa-miR-5739

Serum The signature can be 
considered a diagnostic 
marker to detect GC

[114]

hsa-miR-18a, hsa-miR- 
181b, and hsa-miR-335

Serum The signature is considered a 
diagnostic marker for early 
GC detection

[115]

hsa-miR-26a, hsa-miR- 
142-3p, hsa-miR-148a, 
and hsa-miR-195

Plasma The signature is down- 
regulated in GC patients 
compared with non-cancer 
controls

[116]

hsa-miR-17-5p, hsa-miR- 
21, hsa-miR-106a, hsa- 
miR-106b

Plasma The signature is over- 
expressed in gastric cancer 
patients compared with non- 
cancer controls

[117]

hsa-miR-21, hsa-miR-93, 
hsa-miR-106a and hsa- 
miR-106b

Plasma The signature distinguishes 
GC patients from non-cancer 
controls

[118]

hsa-miR-425-5p, hsa-miR- 
1180-3p, hsa-miR-122- 
5p, hsa-miR-24-3p, hsa- 
miR-4632-5p

Plasma The signature is considered a 
marker for GC early 
diagnosis

[119]
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proteins, but act as gene expression regulators at transcriptional, post-
transcriptional, and translational level. As with other non-coding RNAs, 
lncRNAs can be detected in the blood and could be potentially used as 
possible non-invasive cancer biomarkers. A meta-analysis conducted on 
42 studies spanning from 2013 to 2020, focusing on circulating lncRNAs 
in GC, revealed a pooled sensitivity of 78 % and specificity of 75 %. 
These findings suggest that lncRNAs hold promise as potential non- 
invasive biomarkers for GC [120]. The list of dysregulated lncRNAs 
included 49 different lncRNAs, examined across all included studies; 
most of them upregulated in GC patients compared with healthy donors. 
The up-regulated lncRNA H19 in GC stood out for its reported sensitivity 
of 90.9 % and specificity of 100 %, highlighting its potential as a highly 
accurate biomarker. Other lncRNAs such as CTC-501O10.1, GC1, 
INHBASS1, and AK001058 exhibited high sensitivity ranging from 97 % 
to 90 %, but their specificity was comparatively lower, ranging from 83 
% to 51 %. However, the metanalysis presented two biases, the first one 
concerns the study population, in fact, of 42 studies 37 were conducted 
on the Asiatic population, while only 5 included Caucasic patients. 
Another potential bias arises from the variety of sample sources inves-
tigated, including plasma, serum, and plasma/serum exosomes. Few 
studies have explored the prognostic role of circulating lncRNAs, such as 
the aforementioned H19. Despite H19’s strong diagnostic potential, its 
levels do not appear to correlate with tumor progression [121]. High 
levels of lncRNA MIAT in the serum of GC patients correlate with a 
worse prognosis and shorter survival, proposing it as an independent 
prognostic marker for GC [122].

1.6. Circulating extracellular vesicles as markers in gastric cancer

Extracellular vesicles (EVs) are biological particles limited by a lipid 
bilayer, released by cells into biological fluids, which play a crucial role 
in intercellular communication. Based on their dimensions and biolog-
ical origin, they can be divided into three main classes: microvesicles, 
exosomes, and apoptotic bodies. EVs are stable entities that can be ob-
tained with non-invasive methods and most importantly they contain 
several biomarkers including DNA, RNA (both coding and non-coding 
RNA), and proteins. Thus, the analysis of circulating extracellular vesi-
cles (cEVs) cargos may be a new frontier in liquid biopsy applied to 
oncological practice. Several studies demonstrated that GC-derived EVs 
had a key role not only in the first stages of tumor formation and pro-
liferation but, also, in invasion, metastasis, and drug resistance [123]. A 
great body of literature now exists on investigating circulating miRNAs, 
lncRNAs, and more recently circRNAs derived from exosomes as diag-
nostic and prognostic markers in GC [124,125]. Despite the limited 
number of studies, also proteins, contained in the cEVs, emerge as an 
exceptionally intriguing marker. They constitute one of the most 
abundant components of exosomes and hold considerable promise for 
diagnostic and prognostic purposes. Several tumor-related proteins have 
been described in exosomes isolated from the blood of GC patients. A key 
area of interest in the GC setting is the ability to analyze critical protein 
markers, which are typically evaluated in FFPE tissue. For instance, Li 
et al. quantified exosomal-HER2 levels by ELISA (Enzyme-Linked 
ImmunoSorbent Assay) to assess HER2 status and predict the response to 
trastuzumab-based therapy [126]. Despite sensitivity (66.7 %) and 
specificity (74.2 %) needs to be improved, the quantification of exoso-
mal HER2 levels may be useful to monitor trastuzumab-based treatment 
efficacy. Although data are still highly inconclusive, also exosomal 
PD-L1 may be considered a possible prognostic marker. Fan et al. 
demonstrated that circulating exosomal PD-L1 was significantly asso-
ciated with the tumor stage and correlated with OS [127]. The primary 
limitation in utilizing exosomes as markers in diagnostics remains the 
lack of efficient and standardized exosome isolation methods in LB 
[128].

1.7. GC biomarkers in other biological fluids

Various body fluids offer opportunities for analyzing diagnostic, 
prognostic, and predictive biomarkers, including urine, saliva, bile, ce-
rebrospinal fluid, pleural ascites, peritoneal fluid, amniotic fluid, breast 
milk, tears, synovial fluid, breath, and seminal fluid. While some fluids 
are attractive for their minimal invasiveness, others, though less acces-
sible, may be in direct contact with the tumor, potentially harboring 
higher levels of biomarkers [129]. Indeed, while blood and its de-
rivatives are typically considered the gold standard, the selection of 
alternative fluids is often guided by tumor localization. In the context of 
GC, alternative sources include gastric juice, gastric washes, or ascitic 
fluids in cases of advanced neoplasms. Despite the more invasive pro-
cedures needed to obtain gastric juice, it is considered a promising 
source because biomarkers are directly secreted from cells, bypassing 
the elimination by the liver [130]. Although the analysis of gastric juice 
may be challenging, due to low pH levels, some literature is available on 
the topic. Gareev et al. identified three miRNAs: miR-129-1-3p, 
miR-129-2-3p, and miR-421 as candidate GC biomarkers [131]. 
MicroRNA-21 represents a controversial case: it was reported 
up-regulated in blood by several studies, while in gastric juice, it was 
found to be down-regulated [132]. The lncRNA LINC00152 was suc-
cessfully measured in gastric juice, reporting a differential expression 
between GC patients and healthy controls [133].

1.8. Current applications of liquid biopsy in clinical practice

LB is well established in the routine clinical practice for the man-
agement of NSCLC, but it also finds application in CRC, BC, and other 
cancers (46). Currently, the FDA approved five LB-based tests, mostly 
addressed to NSCLC, CRC, prostate cancer (PCa), and BC (Table 4) 
[134]. The first LB-based approved test is Cobas EGFR mutation Test v2 

Table 4 
List of FDA-approved tests, based on liquid biopsy.

Name of test Technique Gene of 
interest

Type of 
cancer

Application

Cobas EGFR 
mutation Test 
v2

qPCR EGFR exons 
19 and 21

NSCLC Erlotinib/ 
osimertinib 
(EGFR)

Guardant360 
CDx

NGS 55 clinically 
relevant genes

NSCLC Osimertinib/ 
amivantamab 
(EGFR)

Breast 
cancer

Trastuzumab 
deruxtecan 
(ERBB2)
Sotorasib 
(KRAS)
Elacestrant 
(ESR1)

FoundationOne 
Liquid CDx

NGS 300 pan- 
cancer genes

NSCLC, 
PCa BC, 
CRC

Niraparib/ 
olaparib 
(BRCA1-2)
Encorafenib/ 
ceritinib (BRAF)
Osimertinib 
(EGFR)
Alectinib/ 
brigatinib/ 
crizotinib/ 
ceritinib (ALK)
Capmatinib 
(MET)
Entrectinib 
(ROS1)

Therascreen 
PIK3CA RGQ 
PCR

Real-Time 
qPCR

PIK3CA Breast 
cancer

Alpelisib 
(PIK3CA)

Epi proColon Real-Time 
PCR

Methylation 
of SEPT9 
promoter

CRC Early detection 
of CRC

J. Gasparello et al.                                                                                                                                                                                                                              The Journal of Liquid Biopsy 7 (2025) 100288 

9 



(Roche Diagnostics, 2016). The test allows the detection of exon 19 
deletions or L858R mutation in exon 21 of the EGFR gene by a quanti-
tative PCR (qPCR) analysis using ctDNA isolated from NSCLC patients 
[135]. Despite this test has revolutionized the history of ctDNA analysis, 
the number of detectable alterations is limited. Thanks to the intro-
duction of novel sequencing techniques and the improvements in their 
LOD, in 2020, next-generation sequencing (NGS)-based LB tests were 
approved, including the Guardant360 CDx and FoundationOne Liquid 
CDx, both based on hybridization-based capture NGS [136]. The Guar-
dant360 CDx can identify genetic alterations in 55 clinically relevant 
genes and is FDA-approved as a companion diagnostic for the identifi-
cation of EGFR (exon 19 and 20), ERBB2/HER2 (SNVs and exon 20 in-
sertions), and KRAS (G12C mutation) genes alterations in NSCLC and 
Estrogen Receptor 1 (ESR1) missense mutations in BC. FoundationOne 
Liquid CDx analyzed alterations in more than 300 pan-cancer genes and 
is currently approved as a companion diagnostic to identify patients 
with EGFR, ALK, MET, and Proto-Oncogene Tyrosine-Protein Kinase ROS 
(ROS1) alterations in NSCLC. More recently, other applications were 
added including advanced metastatic PCa cancer (Breast Cancer gene 1: 
BRCA1 and Breast Cancer gene 2: BRCA2 mutations), BC (phosphatidyli-
nositol-4,5-bisphosphate 3-kinase catalytic subunit alpha: PIK3CA muta-
tions), and metastatic CRC (Ataxia Telangiectasia Mutated: ATM and 
BRCA1/BRCA2) [137–139]. For BC and CRC, other tests are currently 
approved by the FDA: Therascreen PIK3CA RGQ PCR, a real-time 
qualitative PCR test for the detection of 11 mutations in the PIK3CA 
gene (BC patients), and Therascreen KRAS RGQ PCR Kit for the search of 
KRAS G12C mutation (CRC and NSCLC patients). Moreover, in 
CRC-affected subjects, Epi proColon can employed to analyze the ctDNA 
methylation profile of Septin 9 (SEPT9) promoter using real-time PCR 
[140].

1.9. Novel potential application for liquid biopsy

Considering the success of immunotherapy in several solid neo-
plasms, even more studies are focused on the evaluation of microsatel-
lite status and/or the evaluation of the molecular tumor burden (TMB) 
in ctDNA. Most of the available ctDNA-based NGS tests are nowadays, 
able to detect MSI, with a good concordance with the respective FFPE 
tissue. For example, within the GOZILA study, performed on advanced 
GI cancers, underwent both plasma and tissue testing for MSI, the 
overall percent agreement was 98.2 %. Recently the TMB has become 
one of the primary markers to assess, to evaluate patients’ eligibility for 
ICI treatment. There is so, a need for the evaluation of the TMB with no 
invasive techniques: blood tumor mutational burden (bTMB) [141]. 
Jensen and colleagues proposed a low-coverage, genome-wide 
sequencing of cfDNA, to detect copy-number alterations (CNAs) in 
ctDNA for the calculation of a score, defined genomic instability number 
(GIN) [142]. GIN can capture genome-wide alterations in the circulating 
genome and its pattern during treatment was shown able to predict the 
responsiveness to immunotherapy.

2. Conclusions and future perspectives

Liquid biopsy nowadays has become a robust technique, that at least 
as far as ctDNA, is already part of clinical practice in some solid tumors. 
None of the current guidelines suggest the application of LB in GC, 
despite literature suggesting good i) shedding rate and ii) concordance 
with the respective TB, for advanced GCs. The employment of ctDNA for 
the treatment monitoring (PANGEA) or as criteria to enroll patients 
(FIGHT) in clinical trials, indicates that the time has come for the 
introduction of LB in the management of advanced GC. Stated that TB 
remains essential for the initial diagnosis, LB may successfully adjuvate 
TB in the therapy definition, overcoming the well-established spatial 
heterogeneity that characterizes GC and allowing real-time monitoring 
of tumor progression. However, not all centers are yet ready to approach 
LB, both because of the required technological platforms and the correct 

personnel training. The methylation profile in ctDNA and other circu-
lating markers (cfRNA and CTC) which are providing intriguing results 
at the pre-clinical level, must be fine-tuned, to obtain a multiple-level 
and a more compressive non-invasive neoplasm characterization.
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