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Abstract

Liquid biopsy (LB) is a promising tool that is rapidly evolving as a standard of care in early and advanced stages of cancer
settings. Next-generation sequencing (NGS) methods have become essential in molecular diagnostics and clinical labora-
tories dealing with LB analytes, i.e., cell-free DNA and RNA. The sensitivity and high-throughput capacity of NGS enable
us to overcome technical issues that are mainly attributable to low-abundance (below 1% mutated allelic frequency) tumour
genetic material circulating within biological fluids. In this context, the introduction of unique molecular identifiers (UMIs),
also known as molecular barcodes, applied to various NGS platforms greatly improved the characterization of rare genetic
alterations, as they resulted in a drastic reduction in background noise while maintaining high levels of positive predictive
value and sensitivity. Different UMI strategies have been developed, such as single (e.g., safe-sequencing system, Safe-SeqS)
or double (duplex-sequencing system, Duplex-Seq) strand-based labelling, and, currently, considerable results corrobo-
rate their potential implementation in a routine laboratory. Recently, the US Food and Drug Administration approved the
clinical use of two comprehensive UMI-based NGS assays (FoundationOne Liquid CDx and Guardant360 CDx) in cfDNA
mutational assessment. However, to definitively translate LB into clinical practice, UMI-based NGS protocols should meet
certain feasibility requirements in terms of cost-effectiveness, wet laboratory performance and easy access to web-source
and bioinformatic tools for downstream molecular data.

1 Liquid Biopsy as a Clinical Tool

Liquid biopsy (LB) refers in general to circulating bio-
markers, including cell-free DNA (cfDNA), cell-free RNA
(cfRNA), circulating tumour cells (CTCs), extracellular vesi-
cles (EVs) and tumour-educated platelets (TEPs). Although
LB does not yet represent a complete substitute for tumour
tissue, the hope of the clinical scientific community is that,
in the near future, it can become decisive in cancer manage-
ment. The LB approach offers significant advantages over
others primarily because of its less invasive nature, lower

Liquid biopsy is proposed as a minimally invasive tool
with potential prognostic, predictive and diagnostic
purposes.

Unique molecular identifier strategies applied to NGS
methodologies are a valuable molecular tool for improv-
ing one of the main challenges of liquid biopsy, i.e.,
detection of rare alleles in routine practice.

Further progress in UMI-based NGS panel performance
is urgently needed to make their use feasible and repro-
ducible in multiple cancer clinical settings.
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cost, real-time insights into tumour status, and, in some cases,
the ability to overcome the issue of tumour heterogeneity [1].

The analysis of LB analytes, mainly circulating tumour
DNA and CTCs, has opened new avenues in different clini-
cal settings, from early to metastatic disease, and for mul-
tiple purposes, such as the detection of gene drivers for
patient eligibility/resistance to a treatment and/or to pre-
dict prognosis in different tumour types, including lung,
breast, colorectal and prostate cancers [2].

For example, advanced lung cancer is the best example
for utilization of the LB tool in two specific phases of the
disease course: first-line therapeutic administration with
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detection of druggable EGFR targets for cases with limited
and/or unavailable tumour tissue and at progression with
detection of EGFR Thr790Met resistant mutation [3, 4].

Recently, the application of ctDNA analysis has
received more attention in advanced breast cancer for the
detection of PIK3CA mutations and patient selection for
alpelisib therapy [5], as well as in colorectal cancer, where
serial ctDNA samples can be a reliable device to precisely
guide the timing of anti-EGFR therapy [6-8].

In addition to mutational analysis, some epigenetic
changes, such as DNA methylation profiles, can be
explored in LB, as shown in the elegant paper of Luo, who
identified a methylation score able to distinguish healthy
controls from colorectal cancer patients [9].

Although less abundant and more unstable than cfDNA,
cfRNA is also attracting increasing interest for diagnos-
tic, treatment-prediction, or even prognostic purposes.
Indeed, cfRNA can be used to identify complex genomic
rearrangements such as fusion gene transcripts in NSCLC
(ALK and ROSI) or alternative splice variants (exon
14-skipping MET gene) as well as information about the
relative expression levels of key genes [10].

It was recently found that the levels of PD-L1, measured
from cfRNA in patients with NSCLC prior to immune
checkpoint inhibitor treatment, are significantly associated
with the response to immunotherapy, and that the changes
in PD-L1 RNA over time can signal the onset of progres-
sive disease before CT scan documentation [11]. In other
studies, the expression level of PD-L1 in the plasma of
cancer patients had a high degree of concordance with the
corresponding tissues [12, 13].

In addition to ctDNA/RNA, circulating tumour cells
(CTCs) are another main but rare component of LB, and
are released into circulation from primary and/or multiple
metastases in cancer patients. However, recently, thanks
to advances in isolation technologies, some of the biologi-
cal and molecular aspects of CTCs have been elucidated.
In breast cancer, the clinical value of CTC analysis has
assumed a very important prognostic role in the meta-
static setting, and similar findings have been obtained in
prostate cancer [14—16]. Although CTC mutational profil-
ing has not yet reached the same clinical utility, the idea
that CTCs may potentially be complementary to cfDNA
is intriguing. Indeed, the transcriptional program of CTCs
has been revealed at the single-cell level by advanced RNA
sequencing (RNA-seq), and some prognostic signatures and
resistance mechanisms have been identified in various can-
cer types [17-21]. Nonetheless, more studies are needed to
elucidate the clinical utility of both ctDNA and CTCs to
launch them as surrogate endpoints for clinical studies in
which new drugs are being tested.

More recently, the search for both tumour mutational
burden through ctDNA analysis and PD-L1 assessment of
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CTCs for immune checkpoint inhibitor treatment as first-
line therapy in the NSCLC setting is a clear example of how
combinatory studies of the two LB components would aid
in the treatment of cancer patients [22].

Here, we discuss the technical aspects and benefits of
unique molecular identifier (UMI) strategies in next-gen-
eration sequencing (NGS) methodologies when applied to
LB. Notably, we will focus our discussion on cfDNA (and
cfRNA), with a prospective view on CTCs.

EVs and TEPs will not be further discussed since no
definitive significant data were obtained from these analytes,
and little is known about their clinical application. Compre-
hensive studies are available elsewhere [1, 23-25].

2 The Next-Generation Sequencing
Approach to Solving LB Technical
Requirements

NGS has revolutionized molecular biology in the LB field,
thus representing an important alternative to the current real-
time and digital PCR approaches [26-31]. NGS assays can
be used to investigate the mutational status of a restricted set
of genes (targeted panels) or to sequence the entire genome
(WGS) or the entire exome (WES). At present, NGS-tar-
geted panels have found a large consensus among clinical
laboratories for the analysis of liquid biopsy, since they dis-
play greater sensitivity, a faster turnaround time, and lower
costs than other approaches.

Several advantages have accelerated the spread of NGS
applications into routine practice: (1) the ability to interro-
gate multiple genes simultaneously and to identify a broader
range of genomic alterations (base substitutions, insertions
and deletions, copy number alterations, gene rearrangement,
gene expression and epigenomic variants) without sensitiv-
ity/specificity being affected, and (2) the ability to use small
quantities of starting genetic material for library generation
in multiplexed reactions. This issue is of paramount impor-
tance when applied to ctDNA analysis since it represents
only a minor fraction (< 0.1-10%) of the total circulating
cfDNA, usually derived from normal cells [30].

The accuracy of cfDNA results is not sufficient, especially
when background mutation noise from ageing individuals
can be interpreted erroneously as a “real” cancer-derived
variation. This phenomenon is mainly derived from the
possible presence of acquired mutations by clonal popula-
tions of myeloid/haematopoietic cells, also known as clonal
haematopoiesis of indeterminate potential (CHIP). These
mutations occur in genes usually altered in haematological
disorders and even in other genes, such as KRAS, NRAS,
BRAF and PIK3CA [32-34]. Since recent studies suggest
that rates of CHIP mutations are high under small mutant
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allele fractions [35, 36], this finding unavoidably would
lower the specificity of potential tumour-derived alterations.
Although this event has particular relevance when ultradeep
sequencing is applied in the early stage of disease, the ability
to distinguish between tumour-derived mutations and those
of haematological origin is relevant for a correct patient
diagnosis and eligibility for targeted therapies as well as
the identification of a mutation as a result of tumour hetero-
geneity and/or resistance subclones [37, 38]. To this end,
sequencing of matched peripheral blood mononuclear cells
would be preferable.

3 UMI-Based NGS Strategies Improve
the Discrimination Between Real
Low-Frequency Genetic Alterations
and False Positives

In the past decade, next-generation sequencing platforms
have moved significantly from a research-only level
to molecular diagnostics, drastically impacting the
routine genotyping of tumours. In particular, the most
common NGS platforms currently in use worldwide are
the Illumina and Ion Torrent (ThermoFisher Scientific)
systems, which are different in terms of technologies and
subsequent run time, sequencing output, read length and
error rates. The Illumina platform offers hybridization
capture-based sequencing by synthesis, whereas Ion
Torrent uses targeted amplicon-based NGS and non-
optical semiconductor technology. Each platform
provides high sequencing accuracy and different error
rates because of the specific technologies employed,
and these are estimated to be approximately 0.25-0.8%
in Illumina and 1.1-2% in Ion Torrent sequencing for
indel variations. In general, standard NGS with both
platforms has been successfully applied to tumour tissues
and is suitable for LB analysis. However, strategies have
been adopted to correct and to lower the possible errors
occurring at every step of the NGS workflow, which
renders low-level mutation detection (<1% variant
allele frequency) difficult, especially in the presence of
a limited amount of genetic material.

In addition, LB samples require high (deep and/or
ultradeep) sequencing to ensure an adequate number of
NGS “reads” to validate a variant call; thus, the need to
filter out polymerase, sequencing and miscalling errors, and
the avoidance of “false calls” is urgent [39, 40]. The above
considerations should alert precision medicine laboratories
when choosing the most suitable NGS approach for LB
genotyping applications.

One revolutionary strategy introduced and upgraded more
recently has been the introduction of unique molecular iden-
tifiers (UMISs) or unique identifiers (UIDs), also known as

“molecular barcodes” or “random barcodes”, i.e., random
oligomers ligated to DNA/RNA molecules, which has drasti-
cally lowered the false-positive rate [41-44]. Indeed, UMIs
“tag” the original DNA molecules as distinct identities,
referred to as “tag families”, i.e., common groups sharing
the same UMI. After sequencing, a bioinformatics pipeline
will recognize amplified reads and collapse together only
those with the same UML. If an alteration is present in all the
reads within a family compared to the genomic reference,
that mutation will be considered a true event.

Two different template tagging approaches can be realized
depending on the incorporation of UMI into single or double
DNA strands. The first considers each strand molecule as an
independent family, and forward and reverse DNA sides will
be tagged by two different barcodes (Fig. 1). Consequently,
as shown in Fig. 1a, each tagged strand gives rise to inde-
pendent families, each separately aligned on the genomic
reference. Although single-stranded consensus techniques in
general reduce artefacts, certain mistakes, known as “jackpot
errors”, persist [45]. These errors usually occur during the
first round of amplification and thus can be propagated to all
subsequent produced reads.

The second alternative UMI ligation technology provides
DNA double-strand tagging that produces an original DNA
side back together in the original fragment after paired-end
sequencing (Fig. 1b). In this case, we have correspondence
between the two strands, thus implying that only if a variant
is present in both chains will be further considered.

It is obvious that this last approach provides high con-
fidence of variant calling and in some instances may reach
higher sensitivity with detection of 0.01% mutants compared
to the single-strand UMI method.

4 UMI-Based Technology Evolution and its
Applicationin LB

Since its discovery, UMI technology has gone through sev-
eral developmental stages, with a wide range of applications
in quantitative sequencing as well as in variant detection.

In 2004, Laird and colleagues developed a model of
“hairpin-bisulfite PCR” with the aim of analysing patterns
of cytosine methylation by using a hairpin linker targeted
and ligated to restriction-enzyme-cleaved genomic DNA
before bisulfite conversion and PCR amplification, which
was subsequently modified with the addition of molecular
sequence barcodes [46—48].

In 2010, the first paper reported the use of molecular tag-
ging technology applied to NGS with the intent of labelling
sequence reads derived from a common progenitor molecule
[49-55]. The timeline in Fig. 2 summarizes the main steps in
the development of UMI-based technologies in the last dec-
ade. Among these pivotal studies, Kinde et al., published in
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Fig.1 An overview of unique molecular identifiers (UMIs) sin-
gle- and double-strand strategies applied to a DNA molecule. The
whole process is simplified by the representation of library prepa-
ration using UMISs, starting from a DNA molecule. The first step is
UMI ligation to the ends of each template. The tagged fragments are
amplified, and multiple reads are produced. Generally, during this
step, various errors are generated, which are mainly due to nucleo-
tide misincorporation by the polymerase enzyme. Other errors will
occur during the sequencing and variant calling phases. UMIs enable
a drastic reduction of the effects of these events and thus of the over-

2011, introduced the use of a random tag sequence in a PCR
primer [53]. This multiplexed PCR-based NGS strategy used
UMI to group redundant read results into PCR families and
is currently known as the Safe-Sequencing System (“Safe-
SeqS”). The single-stranded DNA fragments are labelled
with a primer containing a 14-bp degenerate sequence, and
any mutation found will be considered “true” only if it is
present in multiple duplicates with a reduction of ~20-fold
of error recurrence [53]. Safe-SeqS was successfully applied
in clinical cohorts and was shown to be able to detect > 75%
of patients with multiple advanced cancer types and was
highly specific in the detection of minimal residual disease
after surgery in colorectal cancer patients [56]. Together
with the exogenous UID used to label DNA molecules dur-
ing library preparation, the use of endogenous UMI derived
from the sequencing of the DNA fragment end was the clear
strength of this strategy. Similarly, by using patient-specific
multiplex PCR-NGS formulated together with the Natera®
companion, the Abbosh group in 2017 identified both driver
genes and passenger variants (TRACERX study). This study
aimed to evaluate the presence of ctDNA in plasma samples
of NSCLC patients after surgery (in a minimal residual dis-
ease context) and was essentially based on preceding knowl-
edge of the genotype signature of each patient through deep
exome sequencing [57].
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... TTGCAACTTGAATTCGGCGGTAGTGCGATCGCCGTTTGCACAACGTT...

4

Forward and Reverse strands will
be counted as a single molecule

all background noise. A In the single-strand-based UMI approach,
the forward strand is tagged by a pair of UMIs (a, b) different from
those of the reverse strand (c, d). This will generate two independent
tag read families with no possibility of returning to the original DNA
template molecule. B When a double-strand-based approach is con-
sidered, both strands are tagged with the same couple of UMIs (e, f).
Since the 5" and 3’ UMIs of the forward strand will correspond to the
5"and 3’ UMIs of the reverse strand, both templates will be collapsed
to a unique tag family and individually counted

In 2012, Schmitt and colleagues introduced a duplex
sequencing (Duplex-Seq) UMI approach, further improv-
ing error correction by using the sequence complementa-
rity of double-stranded DNA to filter out recognizable false
variants that do not appear in either strand of the original
fragment [58].

In contrast with the multiplexed PCR-based NGS test
described above, two other NGS approaches, i.e., cancer
personalized profiling by deep sequencing (CAPP-Seq) and
targeted error-correction sequencing (TEC-Seq), are hybrid
capture-based methods [59, 60]. Subsequently, improvement
by integrated digital error suppression (IDES) applied to
CAPP-Seq technology further lowered the limit of detec-
tion from 0.02% to ~ 0.001% and allowed early-cancer-stage
ctDNA analysis [61]. Similarly, a modified CAPP-seq tech-
nology involving dual-index sample barcodes and error-
correcting duplexes was used for cancer screening applica-
tions, and the detection of very low amounts of ctDNA was
demonstrated to be strongly prognostic in early-stage lung
cancers prior to treatment [62].

New dual-matched indexed adapters with UMI were
employed by MacConaill in 2018 to correct sample index
misassignment and the “jumping PCR” phenomenon, which
can result in false-positive calls, particularly with the Illu-
mina platform. The use of dual-indexed UMI adapters leads
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Fig.2 A timeline of major achievements in unique molecular identi-
fier (UMI) strategies. Safe-SeqS safe-sequencing system, Duplex-seq
duplex sequencing, CAPP-Seq + IDES Cancer Personalized Profil-
ing by Deep Sequencing + Integrated Digital Error Suppression,

to a drastic drop in false positives (~30-fold) and a consid-
erable increase in the predictive positive value (PPV) from
26 to 92% when low-frequency variants (0.5-1%) are con-
sidered [63].

In 2020, Dunwell and colleagues developed a novel tech-
nology, called adaptor template oligo-mediated sequencing
(ATOM-Seq), for the analysis of both cfDNA and cfRNA.
Briefly, the idea was to use the original acid nucleic mol-
ecule as a primer and to capture it by extending it in the
3’ direction. The extended DNA/RNA molecule was com-
bined with a synthetic oligo, named an adaptor template
oligo (ATO), bound to a single-strand random sequence at
the 5’ end of the ATO, which functions as a true UMI [64].
The PCR procedures and primer extension are conceptually
similar to those previously designed by other groups and
here have been optimized to fit LB sample analysis [65, 66].

5 Commercial UMI-Based NGS Testing
for cfDNA/cfRNA Analysis

In 2020, the US Food and Drug Administration (FDA)
approved two hybrid capture-based UMI-based NGS
assays, i.e., FoundationOne Liquid CDx and Guardant360
CDx [67, 68]. FoundationOne Liquid CDx includes > 300
genes implicated in cancer growth and genomic biomarkers
for microsatellite instability. A > 99% analytical sensitivity
was reported for SNVs, indels, and gene rearrangements at
a > 0.5% allelic frequency, and a 99% positive predictive

TEC-Seq targeted error-correction sequencing, FDA US Food and
Drug Administration, ATOM-Seq Adaptor Template Oligo Mediated
Sequencing, RUO Research Use Only

value was reported for all alterations. Clinical validation of
the FoundationOne Liquid CDx test was conducted in > 30
cancer types and included > 7500 tests and > 30,000 unique
variants across > 300 genes, and the results demonstrated
a 95% limit of detection of 0.40% variant allele fraction for
restricted substitutions and insertions/deletions, 0.37% vari-
ant allele fraction for select rearrangements, and 21.7% and
30.4% tumour fraction for copy number amplifications and
copy number losses, respectively [69].

The Guardant360 CDx (Guardant Health, Inc.) NGS
panel includes 73 cancer-related genes with an expected
sequencing depth of ~ 15,000, which enables variant call-
ing and filtering of SN'Vs, indels, CNVs, and fusions [70,
71]. Validation of the Guardant360 CDx assay in advanced
tumour patients revealed 85.9% clinical sensitivity and
97% SNV detection specificity [71]. Guardant360 CDx
was specifically approved for liquid biopsy application for
the detection of actionable EGFR mutations in NSCLC
patients for osimertinib eligibility. The clinical utility of the
Guardant360 CDx assay has been demonstrated in a large
cohort of 21,807 consecutive cancer patients (25,578 total
samples) affected by over 50 solid tumour types [72]. More
recently, Leighl et al. demonstrated through the NILE (Non-
invasive versus Invasive Lung Evaluation) study, enrolling
307 metastatic lung cancer patients, the non-inferiority of
the “blood first” approach in the metastatic NSCLC setting
when using the Guardant360 CDx assay [73]. In this study,
the authors also showed that the detection of guideline-
recommended biomarkers was at a rate similar to tissue
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genotyping (P < 0.0001) and had a better turnaround time
(9 vs. 15 days; P < 0.0001) and biomarker discovery rate
(80%) [73].

In addition to the two FDA-approved tests, other UMI-
based commercial NGS options are available from Ther-
moFisher Scientific and Illumina, both requiring modest
minimum circulating nucleic acid input (range 20-30 ng).
The Safe-Seq-based NGS panel launched by [llumina and
the TruSight Tumor 170 coupled with TruSight™ Oncology
UMI Reagents detects a wide range of variations in differ-
ent cancer types and was demonstrated to produce highly
confident variant calling while maintaining a low level of
error rates [74]. ThermoFisher proposes various cancer-
specific (for lung, colon and breast cancers) or PanCancer
solutions for ctDNA-only genotyping or broader cfDNA/
cfRNA analysis, including CNV applications. As we and
others recently reported, the Oncomine Lung cfDNA Assay
based on a single-strand molecular tagging approach pro-
duced optimal results [75—77]. Conclusive results in favour
of UMI-based Oncomine Lung cfDNA assays were obtained
in a comparative study in the context of EGFR Thr790Met
resistance detection, demonstrating that mutations with low
allelic frequencies were more reliably revealed by the use of
the UMI-based panel [78]. Finally, additional commercial
solutions include the QIAact Lung UMI Panel from Qia-
gen Company and the AVENIO ctDNA Targeted Kit from
Roche. The former is lung-cancer oriented, while the latter
may be used for pan-cancer research applications, even if
it was especially optimized for lung cancer and colorectal
cancer [79, 80].

6 New Frontiers for Applications
of Molecular Tagging Technology
in LB: CTC Sequencing by Skipping
Whole-Genome Amplification

CTCs are live cells with great potential to best describe
cancer heterogeneity and its evolving biology over time
[81]. Although the CTC count can have a relevant clinical
impact [14, 82-87], the enumeration of CTCs alone may
not be enough to fulfil precision therapy requirements since
molecular profiling provides more useful information for
clinicians. Indeed, CTCs often reflect tumour resistance to
previous treatment and can be derived from heterogeneous
subclones that affect cancer biology evolution [88].

The lack of standardized procedures for their isolation
as well as for their definitive molecular characterization
are still barriers to definitive CTC implementation in clini-
cal practice [89-91]. The pre-PCR step of whole-genome
amplification (WGA) employed in standard protocols for
CTC molecular characterization to produce enough starting
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genetic material is known to introduce much bias (e.g.,
allelic dropout, chimaeric molecules, low uniformity and
polymerase errors), sometimes leading to the incorrect inter-
pretation of mutational data [92-96].

We recently proposed a modified NGS workflow based on
molecular tagging technology to obtain reliable molecular
data of CTC mutational status while avoiding WGA and its
drawbacks. In detail, we took advantage of a targeted UMI-
based NGS panel already commercialized for ctDNA evalu-
ation in breast cancer patients and prepared NGS libraries
starting from DNA derived directly from cell lysis without
any preamplification step. Our findings showed that this
approach, if confirmed, can be an alternative tool that is
able to discriminate true mutations from false positives and
wild-type DNA molecules [97].

These preliminary findings were encouraging, and fur-
ther studies and perhaps more efficient protocols are needed
to corroborate the idea of using UMI-based NGS for this
purpose.

7 Challenges to Overcome for UMI-Based
NGS Implementation in Clinical
Laboratories

Both clinical and technical aspects remain to be elucidated
when NGS platforms are present in loco, and the intention
is to optimally perform a UMI-based NGS procedure instead
of sending the samples to centralized laboratories that in
general will produce a final analysis report.

Therefore, what requirements should there be for a UMI-
based NGS panel to be fully implemented in a routine clini-
cal laboratory with minimally experienced and skilled per-
sonnel in NGS procedures?

1. In-house validation system Substantial variability among
the different NGS assays in terms of specificity and sen-
sitivity has been reported, and highlights the necessity
and paramount importance of an extensive validation of
test performance before labs are ready to offer these tests
in clinical practice, including external quality assess-
ment.

2. Cost effectiveness NGS panels have the advantage of
interrogating multiple genomic regions of interest
through a single test. However, focusing on hotspot
genes of real interest (“disease-oriented” targeted UMI-
based NGS panels) has the double advantage of limiting
costs and increasing assay sensitivity. For example, a
UMI-based panel for NSCLC should include genes such
as EGFR, BRAF, KRAS, ALK, MET, RET, ROSI and
NTRK, which are currently the guideline biomarkers for
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patients affected, and a few other targets such as PIK3CA
and ERBB?2.

3. Faster turnaround times By quickly reviewing wet-
laboratory protocols offered by, for example, Illumina
and ThermoFisher, long procedures and still too many
manual steps are scheduled into different working days.
The library preparation phase should be fastened by
decreasing the overall steps and increasing the auto-
mation levels. This optimization may have the further
advantage of drastically reducing operator-dependent
errors.

4. Robust bioinformatic pipeline Currently, each UMI
approach has a dedicated data-analysis procedure. Usu-
ally, from an NGS run, it is possible to obtain raw (e.g.,
FASTQ) and processed sequencing outputs (e.g., BAM
and VCF) corresponding to the samples tested. Some
NGS platforms, for example, the Ion Torrent system
(ThermoFisher), provide an already predefined pipe-
line with optimized variant call parameters that facili-
tate the post-analytic phase. This approach also has the
advantage of being manageable by personnel without a
machine-learning education, but parallel processing of
raw data with an alternative in-house-validated pipeline
is not allowed.

Generally, a reliable bioinformatic pipeline should ensure
the correct filtering of sequencing errors and only include
the most confident variant calls. When UMI methodologies
are involved, it is necessary to introduce additional suitable
tools to perform UMI quality control and trimming and
accurate reads to merge to unique tag families. This last
point is very relevant, as UMI sequences are more likely to
accumulate sequencing errors, which could result in ambigu-
ity about whether sequences with similar UMISs result from
sequencing errors or are unique molecular events. In this
direction, web source tools, i.e., pRESTO [98], MAGERI
[99] and AmpUMI [100], have been developed to perform
bias correction to reduce noise and to mitigate sequencing
errors, with AmpUMI, which additionally helps to establish
a suitable UMI length for NGS platforms [100].

8 Conclusions

The advent of UMI technologies in the NGS approach has
greatly improved the accuracy and confidence of variant
calls because of precise discrimination of true mutations
from the background. During the last decade, powerful sin-
gle- or double-strand-based UMI strategies were created,
and NGS panels were developed, with recent FDA approval

of FoundationOne Liquid CDx and Guardant360 CDx assays
for cfDNA assessment.

Major efforts in wet laboratory and bioinformatics proce-
dures are required before full implementation of UMI-based
NGS methodologies in clinical laboratories. Indeed, despite
the encouraging results from the clinical validation of even
FDA-approved assays, it is still necessary to establish their
real feasibility in a routine laboratory. A UMI-based NGS
panel must in fact be sustainable for laboratory turnaround
times (library preparation and NGS runs), use of economic
and human resources, and easily accessible bioinformatics
tools.
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