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Liquid biopsies are considered a good alternative and complementary tool for cancer management. The study of specific

biomarkers by high throughput techniques could guide clinicians in the monitoring of disease evolution during the

administration of targeted therapies. Although ddPCR has demonstrated its high sensitivity and specificity rates for

detecting rare actionable mutations, further studies are required to implement it in all clinical laboratories for precision

medicine.
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1. Introduction

Despite many advances in the field, cancer remains one of the primary causes of death worldwide. In fact, estimations

point to a total of 19.3 million new cases and almost 10 million deaths per year with no distinction between developed and

undeveloped countries . The most diagnosed cancer type worldwide is breast cancer followed by prostate cancer. On

the other hand, lung cancer shows the highest mortality with an estimated 1,796,144 deaths worldwide in 2020 .

According to these statistics, it is not surprising that cancer has become the mainstay of research all over the world. In the

last few years, many efforts in this field have been made, majorly in the diagnosis and prognosis of the different types of

cancer, to assist clinicians to make more effective treatment selections through novel technologies. Nowadays, tumor

tissue is the main source of information for diagnosis, stratification, prognosis, and treatment decision, discriminating

between cancer or non-cancer lesions and providing significant information of different clinically relevant biomarkers 

.

Although tissue biopsies are crucial in the current evaluation and classification of cancer types, they present many

limitations. Some of these relate to the highly invasive techniques required to obtain the biopsies and the risk to the

patient associated with these procedures, as some tumors are hardly accessible due to their anatomical location and/or

their infiltrative nature . Also, tissue biopsies fail to represent the intra-tumoral heterogeneity since only a small fraction

of the tumor obtained will be evaluated by physicians. To overcome this issue, liquid biopsies are present as a new

minimally invasive tool for intra-tumoral monitoring which represents more accurately the tumoral status. Samples are

collected from different biofluids, mostly from blood (serum and plasma) but also from saliva, breast milk, cerebrospinal

fluid, stool, semen, urine, etc. . Several biomarkers represented in Figure 1 could be isolated from different sources

such as circulating tumor cells (CTCs), extracellular vesicles (EVs), cell-free DNA (cfDNA), and micro-RNA (miRNA).

Figure 1. Schematic of the liquid biopsy composition. Liquid biopsy obtained from peripheral blood is composed of

different tumoral components such as circulating tumor cells (CTCs), circulating cell-free DNA (cfDNA), extracellular

vesicles (EVs), and micro-RNA (miRNA). These elements can be isolated for the identification of various tumor-specific

genomic aberrations including point mutations, copy number variations, structural rearrangements, or epigenetic patterns.
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The circulating DNA found in all biofluids is referred to as cfDNA, which includes tumor-derived fraction called circulating

tumor DNA (ctDNA) . Nevertheless, cfDNA has been proven to be a powerful tool since all tumor cells, indistinctly of

their phenotype, secrete DNA into the biofluids, providing information of the whole tumor, and revealing a snapshot of the

intra-tumoral heterogeneity state at the moment of sample collection . The mostly minimal-invasive nature of liquid

biopsies allows clinicians to be informed about the molecular evolution of the tumor genetics, permitting disease

monitoring, and avoiding the classical biopsies that could endanger the patient. The amount and length of ctDNA has

been investigated due to its potential capacity for early detection and prognosis of some tumors. Also, in the current state

of the art, ctDNA techniques are capable of detecting the genomic aberrations represented in Figure 1 , such as copy

number variations (CNVs), methylation changes in DNA promoters, and single-nucleotide variations (SNVs) in a biofluidic

sample , giving remarkable information about treatment response, tumoral staging, prognosis, minimal residual disease,

and actionable mutations, enhancing more precise clinical decisions.

The near future of cancer diagnosis, prognosis, and treatment is expected to explore liquid biopsy biomarkers as an

additional test to guide clinicians in every step of disease management. In this sense, an increasing number of cancer-

derived biomarkers are being identified. In this review, we unify and classify different acknowledged and potentially

actionable mutations that are relevant in lung, breast, colorectal, and pancreatic tumors, for further detection by ddPCR in

clinical laboratories, in order to ease the way for clinicians in every step of disease management, striving to advance

efforts in cancer diagnosis, prognosis, and treatment. To the best of our knowledge, this is the first report that presents a

compendium of all the ongoing liquid biopsy-ddPCR clinical trials.

2. Breast Cancer

Hormonal therapies have greatly improved ER-positive mBC patient outcomes. Unfortunately, PIK3CA exon 9 E545K and

E542K, and PIK3CA exon 20 H1047R, and H1047L mutations are frequently associated with resistance to hormonal

therapies, such as fulvestrant . For this reason, the identification of those biomarkers in plasma ctDNA could be

used to predict BC treatment. In fact, a relationship has been shown between these mutations and a good response to

anti-PI3K and anti-CDK4/6 targeted therapies together with fulvestrant in HR-positive HER2-negative advanced BC .

Another interesting gene to point out is the ESR1 ligand-binding domain (LBD) , which is mutated in 30–40% of ER-

positive mBC patients . Importantly, a significant number of mBC patients treated with first-line aromatase inhibitors

(AIs) acquire ESR1 LBD mutations during the treatment developing endocrine treatment resistance . Through

ddPCR, several researchers have analyzed the ESR1 mutational status in peripheral blood . The presence of

ESR1 Y537S and D538G mutations in ER-positive mBC has been observed prior to treatment administration . A

significant increase in mutation prevalence was observed in patients who already received first-line AI therapy compared

with those patients who only received adjuvant AI therapy . Further analysis demonstrated the association of Y537S

and D538G ESR1 mutations with worse OS.

The clinical significance of monitoring ESR1 LBD mutations Y537S, Y537N, Y537C, and D538G has been assessed in a

cohort of sequential plasma samples from mBC and ER-positive primary BC treated with different endocrine therapies .

ddPCR data presented the ctDNA ESR1 mutation fluctuation as a consequence of treatment and showed that increasing

amounts of ESR1 mutation post-therapy resulted in a poor response to treatment .

Even though ESR1 mutations have been principally detected in mBC, the ddPCR implementation allows detection of

ESR1 mutations in approximately 2.5–7% of primary BC . Furthermore, it has been observed that ESR1 mutations can

be more frequently detected in cfDNA than in tissue biopsies .

3. Colon and Rectal Cancers

Over the last decade, most therapies have been designed to target aberrant signaling or activation of the MAPK pathway,

such as the overexpression of EGFR found in 50–80% of patients . Unfortunately, KRAS or BRAF mutations

trigger non-responsiveness to anti- EGFR monoclonal antibody therapies . KRAS mutations G12/G13 are

observed in about 35–45% of CRC patients  and the first-line of treatment relies on a combination of chemotherapy

of fluoropyrimidine with oxaliplatin or irinotecan . BRAF shows lower mutation rates and appears in about 8–12% of

metastatic CRC (mCRC), with V600E being the most common . Although, the use of BRAF inhibitors alone such as

vemurafenib did not reach the expected effectiveness, the combination with anti- EGFR monoclonal antibodies, MEK,

and/or PI3K inhibitors have shown promising outcomes .
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The DECALIB study was one of the first prospective studies to use the ddPCR technique to evaluate and compare the

early detection of KRAS and BRAF mutations present in plasma cfDNA and tissue . Afterwards, many other studies

have also evaluated the concordance between tissue and plasma KRAS mutations obtaining elevated specificity and

sensitivity rates . Even though many different manuscripts have observed better correlations between cfDNA

concentrations and the tumor mutation burden in mCRC , the cfDNA analysis could be also performed in patients

at earlier cancer stages .

Longitudinal analysis of circulating KRAS concentrations in mCRC has great prognostic value since it has the ability of

outcome prediction and treatment monitoring. In a KRAS -positive mCRC cohort from the prospective multicenter AIO

KRK0207 trial (NCT00973609), ctDNA KRAS mutations were quantified via ddPCR before and 2–3 weeks after first-line

chemotherapy initiation with fluoropyrimidine, oxaliplatin, and bevacizumab. Individuals with ctDNA KRAS mutations

detected at baseline and in follow-up measurements presented worse OS and PFS. Remarkably, KRAS mutations

identified at baseline in 15% of the patients were not detectable at follow-up measurements after treatment initiation.

Those patients with KRAS mutation clearance at follow-up had better disease control and most notably better OS and

PFS . The same results have been observed by Holm et al. in patients included in the AXOAXI trial (NCT01531595 and

EudraCT 2011-003137-33), treated with bevacizumab in combination with altering capecitabine and oxaliplatin or

irinotecan , or by Kelin-Scory et al. where KRAS mutations cleared precipitously independently of type and intensity of

chemotherapy and regardless of bevacizumab anti- VEGF treatment . KRAS mutations have been detected 10 months

earlier than radiographic confirmation of disease progression . More remarkably, these ctDNA KRAS fluctuations and

final disappearance open the possibility and potential treatment effectiveness of anti- EGFR therapies in those CRC

patients .

Alternative sources of DNA such as EVs and fluids in the surrounding area of the tumoral tissue have been shown to

provide information about disease evolution . Fluids in the surrounding tumoral area such as the peritoneal fluid

have been shown to be useful liquid biopsy sources of cfDNA . In CRC patients with peritoneal metastases, a

significantly higher amount of KRAS or BRAF ctDNA has been observed in peritoneal fluid than in plasma . Since urine

collection can be easily and repeatedly self-performed at any location with minimal effort, it has also been presented as an

alternative source of cancer biomarkers for disease progression and drug response monitoring. In a proof-of-concept

study with a KRAS -positive mCRC cohort, KRAS or BRAF mutations were screened from urine and matched plasma

samples. Even though the concordance achieved was low, they showed the feasibility of using urine samples for non-

urogenital tract tumor mutation screening .

4. Pancreatic Cancers

Although pancreatic cancer (PC), is not very frequent, its aggressiveness implies that the ratio of cases per number of

deaths is close to 1. Nowadays, it is the seventh leading cause of cancer death worldwide and it has been estimated that

it will surpass breast cancer in approximately 5 years . Similar to CRC, the majority of patients are diagnosed with

advanced stages and only 10–15% of PC patients have localized disease at the time of diagnosis . Despite different

genetic mutations identified in KRAS , CDKN2A , SMAD4, and TP53 genes, nearly all of them have failed to facilitate a

treatment approach and patients continue receiving chemotherapy and radiotherapy depending on tumor stage .

Recently, the FDA approved olaparib, the first targeted therapy to increase PFS in metastatic PC patients with BRCA

germline mutations .

As it has been assessed in different tumor types, bloodstream EVs represent an alternative source of ctDNA to provide

information on disease evolution. In another study, ddPCR was used to assess KRAS hotspot mutations from EVs-derived

DNA and matched cfDNA isolated from PC patients . The sensitivity and specificity were 75.4% and 92.6%,

respectively. Interestingly, KRAS mutation detection in EVs was superior to plasma cfDNA across all stages. Additionally,

the observation of mutation rate in the localized pre- and post-resection cohort showed a precipitous decrease from 66%

to 5%, respectively.

Recent studies confirmed the importance of genotyping different mutations in various genes aside from KRAS . ddPCR

was used to screen mutations previously identified via NGS in the KRAS , BRCA2 (S2378X), EGFR (R521K), ERBB2

(I655V, P1170A), and KRAS genes in a cohort of metastatic PDAC patients (NCT02017015). As expected, the KRAS

mutation rate was 72.3%, whereas BRCA2 , EGFR, and ERBB2 were 11.7%, 13.3%, and 6.4%, respectively . Other

analyses associated the ERBB2 I655V mutation with worse OS among metastatic PC patients. Further analyses are
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required to determine whether those patients would benefit from targeted therapy using, for example, trastuzumab. These

results remark the need for target gene sequencing analysis using ctDNA-based liquid biopsy samples to better guide

individualized treatments.
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