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Abstract: Technological advances have led to the introduction of next-generation sequencing 

(NGS) platforms in cancer investigation. NGS allows massive parallel sequencing that affords 

maximal tumor genomic assessment. NGS approaches are different, and concern DNA and RNA 

analysis. DNA sequencing includes whole-genome, whole-exome, and targeted sequencing, 

which focuses on a selection of genes of interest for a specific disease. RNA sequencing 

facilitates the detection of alternative gene-spliced transcripts, posttranscriptional modifica-

tions, gene fusion, mutations/single-nucleotide polymorphisms, small and long noncoding 

RNAs, and changes in gene expression. Most applications are in the cancer research field, 

but lately NGS technology has been revolutionizing cancer molecular diagnostics, due to the 

many advantages it offers compared to traditional methods. There is greater knowledge on solid 

cancer diagnostics, and recent interest has been shown also in the field of hematologic cancer. 

In this review, we report the latest data on NGS diagnostic/predictive clinical applications in 

solid and hematologic cancers. Moreover, since the amount of NGS data produced is very large 

and their interpretation is very complex, we briefly discuss two bioinformatic aspects, variant-

calling accuracy and copy-number variation detection, which are gaining a lot of importance 

in cancer-diagnostic assessment.

Keywords: hereditary breast cancer, melanoma, prostate cancer, thyroid cancer, lung cancer, 

colorectal cancer, hematologic cancer

Introduction
In recent years, next-generation sequencing (NGS) technologies have played an 

essential role in the understanding of the altered genetic pathways involved in human 

cancer. Compared to earlier genome-sequencing methods, numerous advantages 

characterize NGS. Primarily, this is a high-throughput method, as it allows massive 

parallel sequencing consisting of simultaneous sequencing of multiple targeted genomic 

regions in multiple samples in order to detect concomitant mutations in the same run. 

Another important advantage in routine tumor sequencing is the reduced turnaround 

time of analysis, which leads to reduced clinical reporting time. Moreover, an analysis 

in NGS requires very low input of DNA/RNA, in contrast to traditional sequencing 

methods. A variety of genomic aberrations with high accuracy and sensitivity can be 

screened simultaneously, such as single/multiple-nucleotide variants, small and large 

insertions and deletions, copy-number variations (CNVs), and fusion transcripts. 

The  sensitivity of NGS is higher than Sanger sequencing (detection of 2%–10% 

versus 15%–25% allele frequency, respectively), and allows quantitative evaluation 

of the mutated allele.

NGS workflow is constituted by different steps, from nucleic acid extraction to 

variant annotation, as shown in Figure 1. There are currently three main companies 
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offering NGS platforms: Roche, Illumina, and Life Tech-

nologies (Thermo Fisher Scientific, Waltham, MA, USA). 

Each of the available platforms uses different sequencing 

chemistry and methods for signal detection. Roche 454 

platforms employ pyrosequencing, whereby a chemilumines-

cent signal indicates base incorporation and the intensity of 

the signal correlates with the number of bases incorporated 

through homopolymer reads.1 However, the NGS platforms 

most commonly used employ sequencing by synthesis, in 

which the DNA strand to be sequenced is used as a template, 

a complementary strand is synthesized, and consequently the 

sequence of the template strand is obtained. Illumina MiSeq 

and HiSeq sequencers use four distinct fluorescently labeled 

nucleotides and optical imaging to visualize the growing 

complementary strand. The error rate estimated for Illumina 

technology is ,0.4%.2,3 Instead, Life Technologies uses a 

nonoptical approach and unlabeled nucleotides. Sequencing 

by synthesis is performed in microscopic wells interfaced 

with a semiconductor chip. The DNA is clonally amplified on 

microscopic beads. After incorporation of nucleotides one at a 

time, the protons released result in a change in pH, measured 

by the semiconductor chip. The error rate estimated for Ion 

Torrent technology is 1.8%–1.9%, mostly in the detection of 

homopolymer stretches.2,3

NGS approaches are different, and concern tumoral DNA 

and RNA analysis. DNA sequencing includes whole-genome 

sequencing (WGS), whole-exome sequencing (WES), and 

targeted sequencing. WGS allows sequencing of the entire 

genome, requiring a large DNA sample. To detect clinical 

mutations accurately, 100- to 200-fold sequencing coverage 

may be needed, which is both time- and cost-prohibitive. 

Usually, a 30- to 60-fold sequencing, sufficient to identify 

structural rearrangements, is employed. WES focuses on 

the coding regions (exons) of a genome, typically ~2.5% 

of the human genome, to discover rare or common variants 

associated with a disorder or phenotype. WES reduces cost 

and time compared to WGS. The most common methods 

rely on hybridization by oligonucleotide probes to “cap-

ture” targeted DNA fragments, thereby enriching for exonic 

sequences. Targeted sequencing, focusing on a selection of 

genes of interest for a specific disease, could be more accurate 

and accessible in terms of time and cost for clinical applica-

tions for more laboratories.

RNA sequencing (RNA-Seq) facilitates the detection 

of alternative gene-spliced transcripts, posttranscriptional 

modifications, gene fusion, mutations/single-nucleotide 

polymorphisms (SNPs), and changes in gene expression. The 

extracted RNA is first enriched and reverse-transcribed into 

complementary DNA, which is then processed. Moreover, 

with the NGS approach, it is possible to investigate epigenetic 

alterations, such as promoter methylation, microRNAs, and 

the expression of other small RNAs, even if currently there 

are no relevant panels available to use in diagnostics. Life 

Technologies is engaging more in the setup of specific kits for 

the disease (Ion AmpliSeq Colon and Lung Panel version 2, 

BRCA1/2 Panel, AML Panel, and RNA Lung Fusion Panel) 

with respect to the Illumina approach, which is based on the 

development of a generic cancer-panel kit including infor-

mation on the genes of several cancers (TruSeq Amplicon 

and TruSight Cancer).

Although NGS is extensively used for research purposes, 

its application in clinical practice has not been fully formalized 

with guidelines, due to the novelty of the approach. Despite 

this, NGS is beginning to be widely used for diagnostic 

requests. The Italian Society of Human Genetics has recently 

released early indications on this topic, summarizing criteria 

needed for new NGS-based molecular diagnosis.

This review includes the advances and initial clini-

cal applications of NGS in solid and hematologic cancer 

diagnosis. Moreover, we briefly discuss two bioinformatic 

aspects that are gaining significant importance in cancer-

diagnostic assessment: first, the accuracy and quality of 

variant calling, which is still an open question in terms of 

reducing the false-positive rate; and second, CNV detection, 

which is an essential analysis in the clinical setting.

NGS analysis for solid cancer 
diagnosis
Detection of critical cancer-gene alterations in solid-tumor 

samples better defines patient diagnosis and prognosis, 

and indicates what targeted therapies must be adminis-

tered to improve the care of selected cancer patients in the 

personalized-medicine scenario. NGS studies on solid cancer, 

Figure 1 NGS workflow from nucleic acid extraction to variant annotation.
Abbreviation: NGS, next-generation sequencing.
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described here, offer a fundamental overview about how 

the cancer molecular approach is changing, evidencing 

advantages compared to traditional diagnostic methods.

Hereditary breast cancer
Hereditary breast cancers (HBCs) account for 5%–10% of 

all BCs, and in about 30% of cases are caused by BRCA1 

and BRCA2 mutations. The BRCA1 and BRCA2 genes codify 

for tumor-suppressor proteins, essential for DNA repair and 

genomic stability. The presence of these mutations increases 

the lifetime risk of developing HBC, and so genetic counsel-

ing and a BRCA-gene test is recommended for BC patients 

with early onset or a significant family history.

Conventional DNA sequencing, such as direct Sanger 

sequencing, requires long analysis times and high costs, 

due to BRCA1 and BRCA2 gene lengths of 23 and 27 exons, 

respectively. Moreover, prescreening methods, such as dena-

turing high-performance liquid chromatography, have been 

suggested to speed up the molecular analysis.

Our lab experience and several recent papers have dem-

onstrated how NGS methods are adequate to detect point 

mutations and indels in BRCA1/BRCA2 genes, revolution-

izing this genetic analysis and reducing time and costs.4–6 This 

approach in fact is suitable in routine diagnostic workflow, 

since it is faster and more sensitive than denaturing high-

performance liquid chromatography/Sanger sequencing 

methods. Data quality is assured by participation in interna-

tional quality programs on BRCA1/BRCA2 testing with the 

NGS method (ie, the European Molecular Genetics Quality 

Network) that also allow obtainment of specific certification 

on correct results, sensitivity, specificity, and interpretation 

of variant calling.

Nowadays, other genes besides BRCA1/BRCA2 have 

been shown to confer high BC risk. NGS platforms allow 

the customization of gene panels, in order to give more 

chance to patients to determine their BC risk.7–9 Tung et al 

found that the frequency of mutations in non-BRCA1/BRCA2 

genes was 4.3% in their 25-gene panel.7 Lin et al developed 

a sequencing panel containing 68 genes associated with 

cancer risk for patients with early onset or familial  BC.8 

They discovered alterations in RAD50, TP53, ATM, BRIP1, 

FANCI, MSH2, MUTYH, and RAD51C, which may be valu-

able in BC-risk assessment. Lhota et al performed NGS of 

581 genes in 325 BC patients (negatively tested in previous 

BRCA1/BRCA2/PALB2 analyses), identifying 127 truncat-

ing variants.9

Despite several findings on HBC with NGS, a recent 

study demonstrated that with regard to the two most common 

platforms, neither the Illumina MiSeq sequencer with the 

supplied MiSeq Reporter software nor the Life Technologies 

Ion Torrent Personal Genome Machine (Ion PGM) with the 

supplied Torrent Suite software were completely suitable 

for clinical laboratory sequencing of BRCA1 or BRCA2.10 

The inability of the MiSeq system is that it fails to detect 

insertions and deletions larger than nine base pairs. Similarly, 

the inability of the Ion PGM with Torrent Suite software 

was in detecting a ten-base pair insertion and 64-base pair 

deletion. However, the authors reported that an alternative 

alignment and variant-calling software, Quest Sequencing 

Analysis Pipeline (QSAP), was capable of detecting large 

deletions and insertions. With the combination of the MiSeq 

platform and QSAP alignment, they were able to design an 

assay with 100% sensitivity and specificity for BRCA1-and 

BRCA2-sequence variations. These results underline the 

strong impact of specific bioinformatic tools for alignment 

and variant calling depending on the application of interest, 

as we describe herein.

Melanoma
BRAF mutations play a key role in 40%–70% of malignant 

melanomas. According to the COSMIC database, 44% of the 

melanomas have BRAF mutations and 97.1% of these muta-

tions are localized in codon 600 of the BRAF gene. Mutated 

BRAF can be inhibited by small-molecule kinase inhibitors, 

among which are vemurafenib (Roche), approved by the US 

Food and Drug Administration (FDA) in August 2011 for 

unresectable or metastatic melanoma, and dabrafenib. For 

these therapies, it is mandatory to detect BRAF alterations 

by gold-standard methods, such as Sanger sequencing and 

real-time polymerase chain reaction (PCR).

Ihle et al evaluated several parameters of different meth-

ods for BRAF-mutation analysis.11 They compared allele-

specific PCR performed with the Cobas BRAFV600 test, 

pyrosequencing using the Therascreen BRAF Pyro kit, 

high-resolution melting analysis, immunohistochemistry, the 

NGS approach, and Sanger sequencing with regard to their 

sensitivity, specificity, costs, amount of work, feasibility, and 

limitations. They suggested the best method to be a combi-

nation of VE1-antibody staining and high-resolution melt-

ing for p.V600E-mutation analysis, associating the lowest 

detection limit with a fast method with 100% sensitivity. 

However, the authors reported the numerous NGS advantages 

for melanoma molecular diagnostics, supporting the future 

substitution of the current methods with an NGS approach.

However, there is a clinical need to analyze other 

genes, both in terms of finding other target-therapy types 
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and understanding eventual resistance. Currently, vali-

dated diagnostic panels are not commercially available, and 

very few studies have been performed on the development of 

a custom-designed gene panel.12,13 van Engen-van Grunsven 

et al designed a panel containing hotspot alterations, such as 

BRAF exon 15, NRAS exons 2 and 3, HRAS exons 2 and 3, 

AKT1 exon 3, GNAQ exons 4 and 5, GNA11 exons 4 and 5, 

KIT exons 8, 9, 11, 13, and 14, and PDGFRA exons 12, 14, 

and 18.12 Our AmpliSeq custom panel includes eleven cru-

cial full-length genes (BRAF, NRAS, PTEN, MITF, CDK4, 

MGMT, CTLA4, PIK3CA, MC1R, KIT, and RB1) involved in 

melanoma carcinogenesis and therapy-response pathways.13 

We tested its clinical applicability on the NGS platform Ion 

PGM in order to individuate new or already known SNPs and 

mutations that could be related to different response duration 

to BRAF inhibitors. Our results showed higher sensitivity and 

specificity in detecting a wide range of genetic alterations 

compared to traditional sequencing methods. Moreover we 

identified alterations in CTLA4, MITF, PIK3CA, KIT, and 

MC1R related to BRAF-inhibitor response duration. This 

panel is now in validation, in order to use it routinely in 

diagnostic prognosis and therapy prediction.

Prostate cancer
Prostate cancer (PC) has become the leading cause of cancer 

death in many countries among males. The high tumor 

heterogeneity suggests that numerous genetic events are 

responsible for indolent and aggressive forms of the disease. 

Currently, there is no way to differentiate accurately between 

these two forms before treatment. Most men diagnosed with 

PC have clinically indolent disease that does not require 

immediate radical treatment, and overtreatment of these men 

could lead to worse quality of life. The clinical response to 

therapy varies widely from patient to patient, since some 

patients relapse shortly after treatment, whereas others 

remain disease-free for a long time before relapsing.

Recent advances in NGS technology have improved the 

understanding of PC biology and clinical variability. In partic-

ular, DNA-Seq, RNA-Seq, chromatin immunoprecipitation-

Seq, and methyl-Seq experiments have better elucidated the 

major pathways affecting prostate tumorigenesis, which are 

the AR-signaling, PI3K–PTEN–Akt, and RTK–Ras–MAPK 

pathways.14

Two studies have evidenced the possibility for huge 

screening of PC patients in routine diagnosis.15,16 Manson-

Bahr et al showed that DNA from cancer material dissected 

from transrectal ultrasound needle-core biopsy specimens can 

be analyzed.15 The authors observed a pattern of mutation 

consistent with those previously observed in PC surgical 

tissues, including TMPRSS2–ERG fusion and mutations 

in SPOP, TP53, ATM, and MEN1, while nonsense muta-

tions were observed in the MAP2K5 and the NCOR2 genes. 

Iacono et al performed the first retrospective NGS study on 

60 specimens: 30 high- and 30 intermediate-risk patients.16 

They identified nonsynonymous variations and SNPs with 

an allelic frequency $10% in the TP53, CSFR1, KDR, KIT, 

PIK3CA, MET, and FGFR2 genes, evidencing their role in 

the progression and aggression of PC. However, at present the 

study of multiple genetic alterations in PC is not suggested 

for routine diagnostic purposes.

Thyroid cancer
Thyroid nodules, very frequent in the general population, 

are mostly benign, but an accurate identification of those 

nodules that could be a precursor of a cancer is needed. 

A common diagnostic approach that allows differential diag-

nosis between cancerous and benign nodules in most cases 

is represented by ultrasound-guided fine-needle aspiration 

(FNA) of the thyroid nodule followed by cytological exami-

nation. However, in approximately 25% of nodules, the 

diagnosis cannot be established by FNA cytology, since the 

limited diagnostic material available is not sufficient to 

perform a comprehensive molecular characterization by 

traditional techniques.

In the last few years, several studies have been performed 

on the possibility of improving thyroid cancer (TC) diagnosis 

by an NGS molecular test.17–19 In 2013, they developed the 

first custom gene panel, the ThyroSeq, which allowed the 

targeting of 284 mutational hotspots in 12 cancer genes. 

Sequencing was performed on 228 neoplastic and nonneo-

plastic thyroid samples, including 105 frozen, 72 formalin-

fixed, and 51 FNA samples, representing all major types 

of TC.17 Using this approach, point mutations were detected 

in 30%–83% of specific types of TC and in only 6% of benign 

thyroid nodules.

In 2014, Nikiforov et al validated the performance of a 

new gene-mutation panel (ThyroSeq version 2) and a gene-

fusion panel (ThyroSeq RNA) in a large series of thyroid 

nodules with follicular or oncocytic (Hürthle cell) neoplasms/

suspicious for a follicular or oncocytic (Hürthle cell) neo-

plasm, demonstrating that it allowed accurate  cancer-risk 

assessment in these nodules.18 In 2015, the same authors 

demonstrated the possibility to stratify patients with benign 

and malignant thyroid nodules diagnosed as atypia of unde-

termined significance/follicular lesion by cytology, with high 

sensitivity and specificity. The last custom panel developed 
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by the authors (ThyroSeq version 2.1) included 14 genes 

analyzed for point mutations and 42 types of gene fusions 

occurring in TC.19

Recently, Simbolo et al investigated the diagnostic 

stratification of sporadic medullary TC by the use of the 

Ion AmpliSeq Hot Spot Cancer Panel version 2 (Life 

Technologies).20 Thirteen cases had a somatic RET mutation, 

and the authors showed that only ten were detected by both 

Sanger sequencing and NGS, while three were undetected 

by Sanger, revealing higher NGS sensitivity. In summary, 

these studies demonstrated that NGS offers the possibility 

of better classifying thyroid nodules. Moreover, this should 

improve patient management and allow clinicians to avoid 

diagnostic surgeries associated with significant costs and 

potential risks.

Lung cancer
Lung cancer (LC) is the leading cause of cancer-related 

death in developed countries, and is often diagnosed at an 

advanced stage. A comprehensive knowledge of predictive 

biomarkers has enabled the selection of LC patients for the 

use of tyrosine-kinase inhibitors (TKIs). In clinical practice, 

EGFR mutations must be evaluated to address patients 

for TKI treatment appropriately. Most (80%–90%) EGFR 

mutations are either small exon 19 deletions or the L858R 

mutation in exon 21, but other TKI-sensitive EGFR muta-

tions can occur in exons 18–21. The mutation T790M in 

exon 20 needs to be investigated, because it is associated 

with first-generation TKI resistance but third-generation TKI 

sensitivity.21–24 Another marker of TKI resistance consists of 

ALK rearrangement. Indeed, to date, EGFR and ALK are the 

only actionable genes that have drugs approved by the FDA 

for LC treatment.

Formalin-fixed paraffin-embedded tissue is considered an 

optimal specimen for molecular analysis. The gold-standard 

technique to detect EGFR mutations for several years 

was Sanger sequencing, but recently other methods have 

been employed for molecular diagnostics (high resolution 

melting, restriction fragment-length polymorphism, mutant 

allele-specific PCR, peptide nucleic acid-mediated PCR, 

pyrosequencing, immunohistochemistry with specific EGFR 

antibodies, and the Scorpion Amplification Refractory 

Mutation System). Instead, to study ALK rearrangements, the 

gold standard is still immunohistochemistry or fluorescence 

in situ hybridization.

Several studies have indicated numerous changes due to 

the introduction of NGS into daily clinical practice for LC 

molecular diagnosis, reporting high sensitivity for detecting 

actionable alterations by the use of a gene panel on LC 

specimens.25–27 In fact, Lim et al recently reported that 58% of 

patients with wild type by standard testing for EGFR/KRAS/

ALK showed alterations identified by NGS, thus giving these 

patients a therapeutic chance.28

However, tissue biopsies are not always available, 

because 60% of non-small-cell LCs (NSCLCs) are high-stage 

locally advanced and/or inoperable tumors that have already 

metastasized to distant sites when they are detected. The 

diagnosis of LC sometimes depends on metastatic lymph-

node specimens obtained by FNA cytology. In these patients, 

cytology specimens are usually the only material available 

for histological typing and for molecular analysis. In these 

cases, the tumor-cell content may be very low, implying the 

need to use very sensitive methods. Scarpa et al demonstrated 

for the first time in 2013 the diagnostic relevance of the Ion 

AmpliSeq Colon and Lung Cancer Panel on lung adenocar-

cinoma cytological samples.29 The first version of this panel 

included 504 mutational hotspot regions in 22 cancer-related 

genes, and it was able to detect variants up to 1% of allelic 

frequency, which corresponds to 2% of cancer cells in a 

sample. An implementation of the Ion AmpliSeq Colon and 

Lung Cancer Panel was reported in a study in which seven 

different labs belonging to the OncoNetwork Consortium 

tested the NGS panel on the same samples.30 This final 

version of the panel was constituted of 1,825 selected muta-

tional hotspots in 22 cancer-related genes.30 Recent studies 

have confirmed the sufficient and high quality of DNA from 

cytological LC samples for NGS molecular analysis.31,32

Neoplastic tissues remain the standard specimen for 

molecular analysis. However, the potential to obtain noninva-

sive sampling compared with tissue biopsy is very attractive. 

Blood collection is less invasive than tissue sampling, and can 

be used when tissue specimens are limited/not available or 

for critically ill patients. Moreover, it can allow for sampling 

at several time points to monitor the genetic evolution of 

the tumor and also to predict early treatment resistance or 

nonresponse.

Plasma DNA can also be used by NGS to detect 

cancer-related gene alterations useful in LC-treatment 

decisions, because plasma may reflect disease status com-

pared with tumor biopsy.33–36 Moreover, during treatment, 

plasma  analysis could reveal EGFR treatment-resistant 

mutations, indicating early clinical progression.37

In our lab, two NGS panels on Ion Torrent are in daily 

use in NSCLC patients: the Ion AmpliSeq Colon and Lung 

Cancer Panel version 2 and the Ion AmpliSeq RNA Fusion 

Lung Cancer Research Panel. We also participated in Thermo 
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Fisher Scientific’s international validation program for the 

final version of this fusion panel. Routinely, NGS clinical 

analysis is performed on NSCLC formalin-fixed paraffin-

embedded and cytological samples. A comparative study is 

ongoing on NGS application for tissue and plasma detection, 

obtaining encouraging results (manuscript in preparation). 

Moreover, the use of the Ion AmpliSeq Colon and Lung 

Cancer Panel is a fundamental step in our clinical analysis 

to characterize the EGFR deletion type, because specific 

in vitro diagnostic molecular tests on Rotor-Gene real-time 

PCR do not provide this information.

Colorectal cancer
EGFR, involved in cancer growth and survival, is targeted 

by several drugs in colorectal cancer (CRC) therapy. 

However, only a small subgroup of patients with metastatic 

CRC can benefit from anti-EGFR therapies (cetuximab or 

panitumumab), and thus prediction of patient responses 

is  necessary to avoid side effects and to save costs. Ras 

proteins (HRas, KRas, and NRas) are important downstream 

effectors that transmit signals from EGFR to the intracel-

lular signaling cascade. KRAS is considered a predictive 

biomarker for the efficacy of anti-EGFR therapy since 

KRAS-mutant CRC patients (codons 12 and 13 in exon 2) 

are resistant to treatment with EGFR inhibitors. However, 

approximately 40%–50% of patients harboring wild-type 

KRAS exon 2 do not benefit from these targeted agents, sug-

gesting the potential involvement of other genetic alterations 

in pathways downstream of EGFR. In fact, a recent study 

suggested that additional mutations in KRAS and NRAS, as 

well as downstream mutations in BRAF or PIK3CA, may 

cause resistance to anti-EGFR treatment.38 Inter- and intra-

tumoral genetic heterogeneity is another factor in predicting 

treatment failure and drug resistance in CRC therapies. The 

recently updated National Comprehensive Cancer Network 

guideline strongly recommends genotyping of tumor tissue 

(either primary tumor or metastasis) in all patients with 

metastatic CRC for RAS (exons 2–4 of KRAS and NRAS), 

and patients with any known KRAS or NRAS mutation should 

not be treated with cetuximab or panitumumab. To date, the 

gold standard for analysis of these genes is real-time PCR 

or pyrosequencing, methods that are time-consuming with 

low sensitivity.

In order to investigate CRC specimens with NGS in 

clinical practice, Tops et al developed a multigene panel, 

already used for LC investigation.30 This panel has also been 

employed by several other groups in CRC research, who 

have recommended it in clinics when compared to traditional 

methods.39–42 Another clinical application of NGS to CRC is 

represented by an interesting recent study in which a cutoff 

for mutational load can be identified via multigene tumor 

profiling to discriminate CRC patients in DNA-mismatch 

repair (MMR)-pathway proficiency and deficiency, since 

15%–20% of CRC patients are deficient in one or more genes 

of MMR.43 This approach can be used for initial screening 

of Lynch syndrome. Moreover, the authors demonstrated 

the feasibility of analyzing MMR deficiency and RAS/BRAF 

mutations in CRC patients with the same panel, reducing 

time and costs of analysis.43

Lately, several custom gene panels have been developed 

with Illumina and Life Technologies to investigate many 

other crucial CRC genes.44–47 A multigene approach is in 

fact mandatory to obtain simultaneously a larger mutational 

spectrum, increasing the knowledge of CRC. Probably in 

the future, additional information emerging from these NGS 

studies will be useful for anti-EGFR therapy response dura-

tion or to develop other target therapies.

NGS and hematologic cancer
Hematological malignancies are grounded in genetic aberra-

tions, in particular large mutations that are at the basis of the 

different phenotypes in the spectrum of hematologic cancers. 

NGS technologies have been applied to hematological 

disorders in a variety of contexts: guiding diagnosis (TCR 

gene rearrangement to establish T-cell clonality), subclassifi-

cation (recurrent cytogenetic translocations in acute myeloid 

leukemia), prognosis (Philadelphia chromosome-positive in 

acute lymphoblastic leukemia), and minimal residual disease 

(MRD) testing (BCR–ABL transcripts in chronic myelog-

enous leukemia), often allowing the identification of novel 

mutations.48,49 The characterization of leukemias, lymphomas, 

and myelomas is continually evolving, and includes the 

precise identification of additional common mutations that 

may be of great prognostic value and clinical importance.

Multiple myeloma
Multiple myeloma (MM) is a malignancy of plasma cells. It is 

a multistep process, and an asymptomatic stage of monoclonal 

gammopathy of undetermined significance precedes virtually 

all cases of MM. This malignancy undergoes a multistep-

transformation process. Its genetic landscape changes over 

time due to additional events, such as somatic mutations and 

epigenetic and chromosomal copy-number changes, driving 

its progression from monoclonal gammopathy of undeter-

mined significance to symptomatic MM and ultimately to 

aggressive extramedullary disease in some patients.50

The first important event in plasma-cell transformation 

is represented by hyperdiploidy, observed in up to 55% 
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of patients. The second is based on IGH translocations 

in 40%–50% of patients. Moreover, t(11;14) (dysregula-

tion of the CCND1 gene, with its overexpression), t(4;14) 

(upregulation of FGFR3 and MMSET/WHSC1), and many 

other chromosomal rearrangements are present in the tumor 

plasma cells at the time of diagnosis. All these abnormalities 

have been known for a long time, because they are visible 

on the conventional karyotype. More recent data based on 

comparative genomic hybridization or SNP-array technolo-

gies have revealed other important chromosomal changes, 

especially homozygotic deletions.

With the development of NGS, the understanding of MM 

has been greatly improved in the past 5 years, confirming its 

wide heterogeneity at the molecular level, but also providing 

a clearer picture of the disease pathogenesis and progression. 

The quantitative nature of NGS data allows for higher resolu-

tion of the subclonal architecture of cancers. Nevertheless, 

initial reports of genomic evolution in MM using NGS were 

conducted on small cohorts, suggesting that MM shows a 

heterogeneous subclonal structure at diagnosis and only a few 

recurrent mutated genes of likely pathogenetic significance, 

including KRAS, NRAS, TP53, BRAF, and FAM46C.51,52

With NGS, Bolli et al confirmed subclonal KRAS, NRAS, 

and BRAF mutations in MM observed in about one-third of 

patients: acquisitions with crucial therapeutic implications in 

trials of Mek and BRaf inhibitors.53 Recently, Kortüm et al 

designed a 47-gene-targeting gene panel containing 39 genes 

known to be mutated in $3% of MM cases and eight genes 

in pathways therapeutically targeted in MM.53 Mutation 

analysis revealed KRAS as the most commonly mutated gene, 

followed by NRAS, TP53, DIS3, FAM46C, and SP140. They 

tracked clonal evolution and identified mutation acquisition 

and/or loss in FAM46C, FAT1, KRAS, NRAS, SPEN, PRDM1, 

NEB, and TP53, as well as two mutations in XBP1, a gene 

associated with bortezomib resistance.54

Lymphomas
In recent years, the development of NGS has also allowed the 

acquisition of important molecular information in a variety 

of lymphoid tumors, including Hodgkin’s lymphoma, diffuse 

large B-cell lymphoma, Burkitt’s lymphoma, chronic lympho-

cytic leukemia, follicular lymphoma, mantle-cell lymphoma, 

hairy-cell leukemia, and splenic marginal zone lymphoma. 

Although there have been many advances in this field, NGS 

panels are not yet available for clinical practice. The current 

modality to diagnose a hematological disease is based on 

fluorescence in situ hybridization, classic molecular biology, 

and radiographic studies. The latter in particular is associated 

with radiation exposure and limited specificity.

The new sequencing technologies, in addition to iden-

tifying somatic mutations involved in cancer progression 

(ie, mutations of BRAF, MYD88, and NOTCH2), have pro-

vided scientific evidence that might be useful for clinical 

treatment, as well as for the diagnosis and progression of 

these diseases.55 NGS aims to detect the tumor-specific 

clonotype and circulating tumor-specific sequence in the 

peripheral blood of patients with Hodgkin’s lymphoma. 

Quesada et  al used this approach to identify lymphoma-

specific immunoglobulin gene rearrangements in primary 

tumor samples at diagnosis or disease recurrence, as well as 

in follow-up. Moreover, the sequencing of B-cell lymphoma 

genomes has identified recurrent mutations, some of which 

have prognostic impact or serve as drug targets. Mutation of 

P53 predicts poor response to treatment and shortened overall 

survival across lymphoma entities, and mutations in NOTCH1 

and SF3B1 have been shown to be independent predictors 

of poor outcome in chronic lymphocytic leukemia.56

Minimal residual disease
MRD is defined as the small number of cancer cells that per-

sist in a patient during or after treatment, even though clinical 

and microscopic examinations confirm complete remission 

and the patient shows no signs or symptoms of disease. MRD 

detection and quantification are used for the evaluation of 

treatment efficiency, patient-risk stratification, and long-term 

outcome prediction in hematological malignancies.

Currently, flow cytometry is the most commonly used 

technique for the diagnosis and characterization of hema-

tological malignancies and MRD. Although the method is 

widely used, a high level of expertise is required to interpret 

the data precisely when it comes to rare-event detection, 

such as MRD. The sensitivity for the detection of malignant 

cells varies according to the type of disorder, the panel of 

antibodies used, the number of cells analyzed, and the exper-

tise of the laboratory. Furthermore, DNA and RNA tests 

usually lack the sensitivity required for MRD monitoring.

NGS approaches allow for searching not only for known 

mutations/translocations but also for all clonal gene muta-

tions and rearrangements present in diagnostic samples to 

understand the possible evolution of MRD better. In a recent 

study, consensus primers and high-throughput sequencing 

were employed to amplify and sequence all rearranged 

IGH and TCR gene segments.57

Ladetto et al described a comparison between real-

time quantitative PCR and LymphoSight NGS as methods 

for MRD detection using clonal IGH rearrangements.57 

The  primary results demonstrated that NGS enabled the 

detection of this molecular marker in a high proportion of 
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cases, including a fraction in which standard PCR-based 

amplification failed. In addition, NGS showed a sensitivity 

comparable to that obtained by real-time quantitative PCR, 

allowing its use for detection of MRD.57

Unfortunately, NGS for this purpose is not yet routinely 

employed in clinical practice. NGS might overcome some 

disadvantages of PCR-based methods and avoid the need 

for patient-specific reagents. In addition, the NGS approach 

enables the analysis of genetic diversity and clonogenic 

heterogeneity which may contribute to our current under-

standing of disease biology and relapse kinetics.57,58 To date, 

only one CE (Conformité Européene)-marked in vitro diag-

nostic panel is commercially available: the LymphoTrack Dx 

assay (for Illumina MiSeq and Ion PGM) used for the iden-

tification of the DNA sequence, clonal prevalence, and V–J 

family identity for each gene rearrangement, as well as IGH 

assays, and the extent of IGHV somatic hypermutation.

Variant calling and copy-number 
variations
NGS provides large-scale data that continue to pose a major 

challenge.59 To call variants from NGS data, many aligners 

and variant callers have been developed and composed into 

diverse pipelines. A typical pipeline contains an aligner, 

which maps the sequencing reads to a reference genome, and 

a variant caller, which identifies variant sites and assigns a 

genotype to a subject. The performances of different aligners 

have been extensively studied, and great effort is still needed 

to correctly identify the best analysis pipeline.60,61

The Genome Analysis Toolkit (GATK; Broad Institute, 

Cambridge, MA, USA) is a powerful set of tools for NGS-

data analysis. Recently, we focused on the optimization 

of GATK to call variants from data sets coming from an 

Ion Torrent targeted custom panel, including eleven genes 

involved in melanoma.13 In particular, the variant-filtration 

step was investigated. To this end, the variant quality-score 

recalibration (VQSR) step has been recently introduced. 

VQSR filtering uses annotation metrics (eg, quality by depth, 

mapping quality, strand bias) from a true variant, annotated 

in HapMap for instance, to generate an adaptive model. Such 

a model applied to the other variants allows calculation of 

the probability that a variant is true or false. Although this 

is a powerful method, it requires a large call set. Indeed, 

GATK’s best practices suggest not to apply VQSR in “small-

scale experiments, such as targeted gene panels or exome 

studies with fewer than 30 exomes”. In these cases, hard 

filtering is the approach indicated by GATK. General rules 

are available, but appropriate filters have to be specifically 

set up for each study, considering also that GATK does not 

provide any technical documentation for Ion Torrent data. 

Therefore, starting from a comparison of results from GATK 

and proprietary Torrent Suite variant caller (TVC) analyses 

on the real data set, our aim was to determine a framework 

for GATK hard filtering in order to lower false-positive calls 

(Figure 2). We observed a high discrepancy between TVC 

and GATK, particularly for indels, suggesting that such 

type variants are difficult to detect with even the present 

bioinformatic tools. We then decided to simulate two data 

sets, each with a different coverage and each carrying altera-

tions found in real data. Indeed, the importance of defining 

a “gold standard” data set to test variant calling methods is 

a very hot topic, and, recently “synthetic” matched tumor–

normal samples have been created to compare performances 

of popular variant callers in the detection of “somatic” single 

nucleotide variants (SNVs).62 The first important result is that 

results are strictly correlated with coverage. We found that 

in a high-coverage data set, calling of SNVs led to a lower 

number of false positives than in a low-coverage data set. 

However, focusing on indels, the picture is more complex and 

the number of false-positive cases is high in both of the two 

data sets when looking at the variants suggested by GATK 

in the phase preceding the filtering of “good” variants. To 

be able to select opportune hard filters, we considered the 

most important parameters of quality indicated in the raw 

Variant Call Format file. We built up regression trees to be 

able to identify the best choice for hard filtering, in order to 

discriminate true and false calls better. We performed the 

Figure 2 Our approach to setting up a pipeline for SNV calling.
Abbreviations: SNV, single-nucleotide variant; GATK, Genome Analysis Toolkit; 
TVC, Torrent Suite variant caller; VCF, Variant Call Format.
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analyses in SNV and indel subsets, both stratified by geno-

type, in high- and low-coverage data sets. Regression trees 

allowed us to set a series of filters for each type of alteration. 

Recently, Vanni et al used GATK to analyze sequencing 

data of the targeted AmpliSeq Colon and Lung Cancer Panel 

(Life Technologies).63 Methodologically, they filtered out 

variants with a Phred score of 5–30, marking them as low 

quality. Our results showed that such an approach might not 

be enough to have a high-quality GATK call set. In detail, 

we found that different parameters could be tuned depend-

ing on the type of mutations and genotypes suggested. The 

application of hard filtering was able to reduce the number 

of false positives. Sometimes, the loss of true variants could 

be high, in particular for indels, but it has to be noticed that 

the number of false variants was also high. Therefore, the 

application of hard filtering can help to drastically reduce 

such a high number of false positives, and we argue that 

increasing coverage should improve filtering results in terms 

of true variants not correctly discarded. We explored flank-

ing regions of each type of alteration, in particular searching 

for recurrent homopolymeric strings, highlighting that they 

are partly responsible for false-positive calls. Hard filters 

were tested on a real independent cohort, which underwent 

sequencing by the same custom panel. We found almost 

100% concordance regarding SNV calling (manuscript in 

preparation).

Another NGS application is represented by CNV analysis. 

CNVs occur frequently during carcinogenesis, and thus the 

detection of these aberrations is essential for cancer-genome 

analysis to improve diagnosis and treatment. NGS-based 

CNV algorithms frequently manage WGS and WES data. 

A number of somatic CNV-detection programs for NGS 

data have been developed, each of them based on a different 

approach.64 However, with regard to targeted sequencing, 

the approach used in diagnostic settings, the bioinformatic 

challenge remains open. In essence, all pipelines for CNV 

detection in targeted-sequencing data work through the read-

depth approach. In detail, they are based on the calculation 

of coverage of the amplicons and in the detection of outliers, 

subsequent to the opportune normalization step. Some algo-

rithms require matched tumor–normal samples or a reference 

DNA, but recently an R package was introduced, Ioncopy, 

that does not need control samples.65–67 Different biases have 

to be considered in a read depth-based approach. PCR could 

lead to coverage distortion, because of nonuniform efficiency 

in amplification. An important issue deeply studied for CNV 

identification is guanine–cytosine bias, which affects read 

coverage. Moreover, another important bias regards the 

alignment step, because short reads might not be unambigu-

ously mapped to the reference genome. In conclusion, even 

if a number of methods have been set up, validation is still 

needed in order to include them in a clinical setting.

Conclusion
Despite several critical points regarding mostly technology 

implementation and data interpretation, in this review, we 

have shown numerous benefits of an NGS approach (Figure 3). 

In fact, recent innovations in sequencing  technologies, 

Figure 3 Benefits obtained from the use of NGS methods in clinical molecular diagnostics.
Note: The introduction of the NGS in the clinical guidelines requires an improvement of some critical points shown in this figure.
Abbreviation: NGS, next-generation sequencing.
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have allowed the obtainment of a wide spectrum of genomic 

alterations occurring within tumors.

At present, the clinical utility and efficacy of compre-

hensive genomic profiling with the NGS are under evalu-

ation, in order to introduce this technology in clinical 

guidelines for solid and hematologic cancer management. 

Initial results demonstrate that NGS might improve patient 

care, guiding them toward specific screening programs and 

targeted therapies with more accuracy and specificity than 

traditional sequencing methods, even if other many studies 

are needed.
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