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ABSTRACT 

Cancer is a major cause of death worldwide. Next-generation sequencing (NGS) has dramatically increased the 

sequencing data output and transformed biomedical investigations. NGS enables the generations of genetic data 

specific to patients from tumor tissue samples so that targeted therapies can be used. The obtained data further 

allows the prioritization of effective therapies based on the tumor-specific genotype. Practitioners in the field of 

clinical genomics can make the best use of testing facilities while lessening the possible off-targets by choosing a 

priori gene set. Therefore, targeted sequencing has arisen as a more affordable technique for the genomic profiling 

of tumors. Drug resistance is commonly observed in cancer because of mutations. Thus, precise genetic and mo-

lecular profiling of tumors ought to be routinely done prior to the use of targeted therapy or precision cancer 

therapy. NGS already has the capacity to ameliorate genetic screening in families with previous histories of the 

high occurrence of various cancer-associated genes, including TP53, APC, BRCA2, and BRCA1. By using NGS 

system, researchers detected increased variants in cancer cells with greater specificity and sensitivity than conven-

tional diagnostic approaches, which suggest the potential of NGS in diagnosis. The field of precision cancer ther-

apy is continuously growing and because of their specificity at the molecular level has improved the management 

and treatment of numerous cancers. These therapies are less toxic and more efficient compared to conventional 

chemotherapies used in cancer treatment. The field of precision cancer therapy is likely to significantly expand as 

NGS system advances. This review provides extensive information regarding current advances in the NGS field 

in terms of methods, clinical applications, genomic profiling, and the role of NGS of precision cancer therapy.  
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INTRODUCTION 

The first DNA (deoxyribonucleic acid) 

sequencing method was revealed after 

25 years of DNA discovery. This DNA se-

quencing process involves the selective incor-

poration of chain-terminating dideoxynucleo-

tides, which are fluorescently or radioactively 

labeled, to sequence a DNA strand comple-

mentary to the template being analyzed. Sub-

sequently, the fragments were then separated 

based on sizes and analyzed through gel elec-

trophoresis in order to estimate the sequence 

(Hu et al., 2021). In 1977, the development of 

Sanger sequencing or chain terminator se-

quencing revolutionized DNA sequencing 

technology, which was subsequently auto-

mated and went through minor changes. 

Sanger DNA sequencing was the undisputed 

gold standard till the late 2000’s (Kamps et 

al., 2017). Then, the new DNA and RNA se-
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quencing technology known as next-genera-

tion sequencing (NGS) was introduced in 

2004, which dramatically increased the se-

quencing data-output and transformed bio-

medical investigation.  

NGS is also known as deep sequencing or 

massively parallel, or high throughput se-

quencing. NGS is utilized to determine short-

read sequencing obtained from various types 

of specimens for clinical sequence examina-

tion, elucidation, and report generation. In the 

field of clinical oncology, NGS enables the 

generations of genetic data specific to pa-

tients, which will be obtained from tumor tis-

sues so that targeted therapies can be used. 

This data further allows prioritization of ef-

fective therapies as per the tumor-specific 

genotype while abandoning the therapies that 

are likely to be less effective. In addition, se-

quence data derived from tumors might offer 

prognostic data or might even mediate confir-

mation of a diagnosis. Cancer testing often in-

volves whole-genome sequencing, where 

most of the obtained sequences are intronic 

and/or are obtained from genes that are not 

important in cancer. Moreover, the lower ex-

tent of coverage obtained through conven-

tional whole-genome sequencing is inade-

quate to detect variations present in a specific 

subset of cells, particularly in case of tumor 

heterogeneity and nontumor cell admixture 

(Gargis et al., 2016). Thus, there is a growing 

interest in target enrichment strategy for se-

quencing, which is a technique where genes 

of interest are targeted for sequencing. Practi-

tioners in the field of clinical genomics can 

make the best use of testing facilities while 

lessening the possible off-targets via choosing 

a priori gene sets. Therefore, targeted se-

quencing has arisen as a more affordable tech-

nique for the genetic profiling of tumors.  

Globally, cancer is one of the major 

causes of death. Advances in screening meth-

ods and cancer treatment modalities have de-

creased the mortality rates in recent times (Lu 

et al., 2023). Nonetheless, tumor recurrence is 

still a major challenge that is responsible for 

cancer deaths. Therefore, it is important to use 

mutation-targeted therapies in cancer treat-

ment (Waarts et al., 2022). In addition to bet-

ter understanding and diagnosis of cancer, 

NGS has mediated the novel approach of can-

cer treatment through the usage of targeted 

therapy or precision medicine (PM). PM is 

used in cancer treatment to target phenotypic, 

biomarker, genetic, or even psychosocial fea-

tures of individual patients that differentiate a 

certain patient with cancer from other cancer 

patients exhibiting similar clinical presenta-

tions (Jameson and Longo, 2015). NGS has 

an enormous contribution in PM, since NGS 

can mediate genome sequencing and identify 

each cancer-associated genomic alteration, 

which also aids in the clinical data availability 

(Morganti et al., 2020). Indeed, NGS is mak-

ing it more possible to treat cancer patients by 

using personalized PM in clinical settings 

(Colomer et al., 2020). This review provides 

extensive information regarding current ad-

vances in the NGS field in terms of methods, 

clinical applications, genomic profiling, and 

the role of NGS in precision cancer therapy.  

 

NEXT-GENERATION SEQUENCING 

(NGS) TECHNOLOGY  

Sanger sequencing is first-generation se-

quencing (FGS), which has been used in clin-

ical genetics and research for decades. After 3 

decades, NGS technology rapidly evolved, 

which resulted in the discovery of second-

generation sequencing (SGS) and third gener-

ation sequencing (TGS) technologies (Zhong 

et al., 2021). In the case of Sanger sequencing 

or FGS, the target DNA is fragmented and 

then cloned into a plasmid vector. Subse-

quently, the DNA is sequenced by utilizing a 

cyclic chain termination method with fluores-

cently or radio isotopically labeled chain ter-

minators. Only sequencing by synthesis 

(SBS) technique is used in SGS (Figure 1), 

where the most commonly used methods are 

bridge polymerase chain reaction (PCR) and 

emulsion PCR. Several companies have de-

veloped TGS systems based on different prin-

ciples. However, all these methods aim at di-

rect investigation of the target DNA (Dlamini 

et al., 2020; Srivastav and Suneja, 2019).   
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Figure 1: The principle of sequencing by synthesis (Uhlen and Quake, 2023) 

 

 

Second-generation sequencing (SGS) 

Various commercial companies devel-

oped several SGS technologies. The 3 com-

mon steps of these sequencing technologies 

involve template preparation, library con-

struction, and sequencing as well as align-

ment of short reads. In 2005, Roche intro-

duced the first commercially available NGS 

platform known as 454 Sequencing™. Py-

rosequencing technology is used by 454 Se-

quencing, where it captures the release of py-

rophosphate and utilizes this release to deter-

mine specific base integration (Figure 2). On 

the other hand, DNA fragment-bound beads 

are then ligated to adaptors followed by emul-

sion PCR-mediated amplification of DNA 

fragments if necessary. Subsequently, wells 

of the picotiter plates are loaded with the 

beads harboring several identical copies of the 

template DNA. The nucleotides are then 

flowed sequentially into the picotiter plates. 

Pyrophosphate is released following incorpo-

ration of each nucleotide during DNA synthe-

sis process, which subsequently gets con-

verted to ATP. Light is emitted during the lu-

ciferase-mediated conversion of luciferin to 

oxyluciferin. Eventually, a coupled-charge 

device (CCD) camera then detects and cap-

tures this generated light. Therefore, the accu-

racy of sequencing is largely reliant on the 

light signal readings. It was observed that a 

missing or misread signal may lead to base er-

rors as well as deletions or insertions (Zhong 

et al., 2021). 

Thermo Fisher Scientific introduced Ion 

Torrent SGS technology that can detect hy-

drogen ions, which contrasts with other tech-

nologies that use chemiluminescence or fluo-

rescence. Ion Torrent can identify proton re-

lease when nucleotides are added into the 

growing strands during DNA synthesis. DNA 

fragments with specific adapter sequences 

bind with the 3-micron diameter beads. Sub-

sequently, clonal amplification takes place in 

those beads via emulsion PCR. Then, the 

beads are loaded into microwells. Base inte-

gration during DNA synthesis results in pro-

ton release which alters pH, which is then de-

tected by the microwell sensing region, which 

converts chemical signals into digital ones 

(Rothberg et al., 2011). In 2010, the first 

benchtop sequencer Ion Personal Genome 

Machine (PGM) was introduced. PGM sys-

tem has a fast run time (2–7 hours), which is
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Figure 2: Steps of pyrosequencing process (Katara et al., 2024) 
 

 

appropriate for smaller genomes or targeted 

sequencing (Liu et al., 2012; Rothberg et al., 

2011). A fast and high-throughput Proton se-

quencer was introduced by Ion Torrent in 

2012, which can perform sequencing of hu-

man genomes as well as exome sequencing 

(Boland et al., 2013; Mason and Elemento, 

2012). In 2015, a semiconductor-based NGS 

technology known as the Ion GeneStudio S5 

System was introduced, which modified the 

reagents and instrument cartridges for shorter 

run time and easier sample run time (Mehro-

tra et al., 2017). Ion Torrent is a cost-effec-

tive, direct, and fast NGS technology; none-

theless, this platform has some issues related 

to sequencing errors including deletions or in-

sertions linked with homopolymer stretch and 

repeats (Boland et al., 2013). Illumina se-

quencing technology is now extensively uti-

lized in the field of NGS for sequencing and 

clonal amplification through reversible termi-

nation sequencing technology (Chen et al., 

2014; Franzosa et al., 2015; Hamid et al., 

2013; Zhao et al., 2014; Zhou et al., 2015). In 

this technology, two solid adapters are ligated 

to the ends of the DNA fragments, which are 

immobilized on the solid surface of the flow 

cell. This is followed by bridge amplification 

to create a clonal cluster containing identical 

fragments. All four dideoxynucleotides or 

ddNTPs (ddGTP, ddCTP, ddTTP, and 

ddATP) are fluorescently labeled and pro-

tected at the 3′-OH group. Altered ddNTPs 

are then integrated into the growing DNA 

chain during DNA synthesis which results in 

the release of fluorescent signal. These sig-

nals are eventually detected and captured 

through CCD sensors. Indeed, this SGS tech-

nology markedly decreases the repeated nu-

cleotides sequencing-related errors via inte-

grating one base at a time, since the introduc-

tion of more than one base necessitates re-

moval of a terminator first (Thermes, 2014).  

In 2011, the MiSeq System was intro-

duced by Illumina, which is a commonly used 

benchtop sequencer. This system is appropri-

ate for sequencing bacterial genomes and 

small gene panels (Ravi et al., 2018). In 2012, 

Illumina introduced a high-throughput NGS 

system known as the HiSeq 2500 system, 

which can sequence an entire genome in a sin-

gle day. Four-channel SBS system is used in 

both platforms, where each base is identified 

through individual images. A two-channel 

SBS system known as NextSeq 500 was in-

troduced in 2014, which necessitates only 2 
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images to detect all four base calls. NextSeq 

500 also decreases the number of cycles and 

time for capturing images, which eventually 

reduces time and cost. In 2015, several sys-

tems, including HiSeq 4000, HiSeq 3000, and 

HiSeq X Ten were introduced (Zhong et al., 

2021). 

 

Third-generation sequencing (TGS) 

The SGS method has a significant contri-

bution in the field of NGS; however, there are 

some drawbacks of this method including 

PCR artifacts, sequence gaps resulting from 

short sequence reads, and alignment problems 

linked with pseudogenes or repetitive regions 

(Berlin et al., 2015; Ferrarini et al., 2013). The 

Oxford Nanopore Technology (ONT) and Pa-

cific Biosciences (PacBio) mainly represent 

TGS system (van Dijk et al., 2018). ONT de-

termines base sequences by using nanopore 

sequencing as per current distortion when tar-

get DNA crosses the nanopore. Amplification 

is not required in PacBio Single Molecule, 

Real-Time (SMRT) system and provides sig-

nificantly longer reads than SGS systems. Li-

brary preparation is almost similar in both 

SGS and TGS, however the adapters that are 

utilized in the preparation of the library pos-

sess a hairpin structure to make sure that the 

double-stranded DNA fragments turn out to 

be circular following ligation to generate the 

SMRT bell template. In real-time, bases are 

sequenced through synthesis on a chip com-

prising millions of zero mode waveguides, 

which are nanowells around 100 nm in depth 

and several nanometers in diameter. In addi-

tion, the DNA polymerase and template mol-

ecule are immobilized at the bottom of each 

zero-mode waveguide. The template’s com-

plementary strand is elongated via DNA pol-

ymerase with fluorescent deoxyribonucleo-

tide triphosphates. The fluorescent signals are 

then detected in real-time and captured by a 

CCD camera (Travers et al., 2010; van Dijk et 

al., 2018). In 2011, the PacBio RS system was 

introduced, which reads average around 1.5 

kb in length (Coupland et al., 2012; Ferrarini 

et al., 2013). RS II was released after 2 years 

that reads average around 20 kb in length 

(Baker et al., 2016). 

 PacBio introduced a new SMRT system 

in 2015 called Sequel which contains an ele-

vated number of zero-mode waveguides and 

larger cells. The sequel read length is between 

8 and 12 kb (Baker et al., 2016). On the other 

hand, the upgraded Sequel II can read length 

≥50 kb and can generate 8 times higher se-

quence data than the previous version. Fur-

thermore, PacBio offers several advantages as 

compared to SGS including the reduced level 

of PCR amplification-related sequencing er-

rors as well as GC bias, much longer read 

length (average 10–15 kb), shorter sequenc-

ing run time (within a run or in a day), and 

shorter time (4–6 hours) for sample prepara-

tion. Nonetheless, this system has some dis-

advantages as well, such as relatively higher 

extent of error rate (10–15 %). It was ob-

served that most of the errors take place be-

cause of insertions and deletions (indels), 

while a smaller portion of errors take place 

because of miscalls. Several sequencing runs 

can be used to reduce this error rate (Baker et 

al., 2016; Zhong et al., 2021). Unlike SBS or 

fluorescence-based detection techniques, 

ONT uses tiny pores in a thin membrane 

known as nanopores to estimate current 

changes. Particles interrupt the voltage across 

the channel while passing through the pore 

because of the nanopore properties (Figure 3). 

Different current change is observed with 

each of the 4 bases because of their unique 

structures. In contrast with PacBio SMRT, 

fluorescence labeling or amplification is not 

needed for ONT, since it is not reliant on 

DNA polymerase. In addition, ONT can se-

quence DNA, RNA, and protein. ONT has no 

GC bias and offers a short turnaround time. A 

common drawback of ONT includes an in-

creased level of sequencing error rate of 

around 14 %, wherein indels are responsible 

for most of the errors (Zhong et al., 2021). 

Collectively, TGS can offer longer sequence 

reads, which can aid in closing gaps in current 

reference assemblies produced from short 

reads and can sequence by prolonged repetitive
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Figure 3: Principle of a Nanopore Sequencer (Katara et al., 2024) 
 

 

areas as well as characterize structural altera-

tion in human genomes. Considering the high 

sequencing error rate of TGS, a hybrid se-

quencing technique combining SGS and TGS 

might prove beneficial in addressing the error 

rate (Brown et al., 2014; Koren et al., 2012; 

Quail et al., 2012; Weirather et al., 2015; 

Zhong et al., 2021). 

 

GENETIC MUTATIONS ASSOCIATED 

WITH VARIOUS CANCERS 

Cancer-associated genetic mutations can 

take place owing to the environmental and in-

herited factors (Table 1). These mutations can 

significantly affect the sensitivity of drugs 

used in cancer treatment. Drug resistance be-

cause of the mutations is commonly observed 

in cancer. Therefore, precise genetic and mo-

lecular profiling of tumors are now routinely 

done prior to the use of targeted therapy or 

PM in cancer treatment (Jin et al., 2019). It is 

now easier and beneficial to identify actiona-

ble genetic mutations for therapeutic and di-

agnostic purposes through molecular testing. 

Molecular testing should be carried out when 

it is evident that test outcomes might have an 

impact on clinical management (Colomer et 

al., 2020). All NGS platforms are not suitable 

for certain tumor markers, therefore it is im-

portant for clinicians to familiarize them-

selves with different NGS platforms to indi-

cate the appropriate test.  

 

NEXT-GENERATION SEQUENCING 

TEST DESIGN FOR CLINICAL  

APPLICATIONS  

It is crucial to select the right sequencing 

technology before test development. A num-

ber of factors need to be considered when as-

sessing the performance of an NGS platform 

including variant detection capacity, data out-

put, rates of sequencing error, sequencing 

completion time, sequence read length, cost, 

computing and physical space. These factors 

must need to be aligned with the preferred 

clinical testing approach to confirm optimum 

patient care. Major types of genetic variation 

include single-nucleotide variants, structural 

variants (>1 kilobase), copy number variation 

(1 kilobase to megabases), and indels (1–

10,000 base pairs). It is absolutely essential to 

choose the right NGS platform which can de-
  

https://www.ncbi.nlm.nih.gov/core/lw/2.0/html/tileshop_pmc/tileshop_pmc_inline.html?title=Click%20on%20image%20to%20zoom&p=PMC3&id=4727787_gr3.jpg
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Table 1: Cancer gene mutations observed in various cancers 

Can-
cer 
type 

Somatic mutations Germline muta-
tions 

FDA-approved targeted 
drugs 

References 

Breast 
cancer 

PIK3CA, HER2, 
FGFR2, MAP2K4, 
PTEN, FGFR1, 
ESR1, AKT1, 
SMAD2, NTRK1, 
ERBB2, CCND1, 
PI3KCA, AKT2, 
FBXW7 

RUNX1, TBX3, 
TP43, AKT1, 
CBFB, PTEN, 
BRCA2, 
BRCA1, TP53 

Ribociclib, abemaciclib, letro-
zole, tamoxifen, palbociclib, 
exemestane, fulvestrant, 
anastrozole, abemaciclib, ri-
bociclib, neratinib, everoli-
mus, emtansine, ado-
trastuzumab, pertuzumab, 
lapatinib, trastuzumab, al-
pelisib 

Colomer et 
al., 2020; 
Shen et al., 
2015; Vogel-
stein et al., 
2013 

Liver 
cancer 

IN1, p57, GNMT, 
CTNNB1 

ARID2, IN1, 
GNMT, EGFR, 
CTNNB1, TP53, 
MLL3, MLL, 
ARID1B, 
ARID1A 

Atezolizumab  Colomer et 
al., 2020; 
Shen et al., 
2015; Vogel-
stein et al., 
2013 

Lung 
cancer 

PIK3CA, NRAS, 
MEK1, HER2, DDR2, 
AKT1, RAS, BRAF, 
PTEN, ALK, EGFR, 
STK11, KRAS, TP53 

KRAS, RAS, 
TP53, BRAF 
EGFR 

Lorlatinib, ceritinib, brigatinib, 
alectinib, crizotinib 

Colomer et 
al., 2020; Lip-
son et al., 
2012; Shen et 
al., 2015; Vo-
gelstein et al., 
2013  

Colo-
rectal 
cancer 

PTEN, BRAF, AKT1, 
PTNP1, MAP2K4, 
TGFBR2, TGFBR1, 
SMAD4, SMAD2, 
NRAS, KRAS, 
PIK3CA, FES, 
PI3KCA, FBXW7, 
BAX, CTNNB1  

IRS2, RHEB, 
IRS4, PTEN, 
PIK3CA, 
HNPCC, PMS2, 
MSH6, MLH1, 
MSH2, FAP, 
MUTYH, AXIN2 

Fruquintinib, regorafenib, ziv-
aflibercept, ramucirumab, 
bevacizumab 
  

Colomer et 
al., 2020; Lip-
son et al., 
2012; Shen et 
al., 2015; Vo-
gelstein et al., 
2013 
 

Mela-
noma 

ARID2, PPP6C, 
MEK1, MITF, CDK4, 
TACC1, SNX31, 
STK19, RAC1, 
PREX2, GRIN2A, 
PTEN, MMAC1, 
NRAS, KIT, GNAQ, 
GNA11, CTNNB1, 
RAS, BRAF, HRAS  

CDK4, MAP2K2, 
MAP2K1  

Binimetinib, encorafenib, co-
bimetinib, trametinib, dabraf-
enib, vemurafenib 

Colomer et 
al., 2020; Ho-
dis et al., 
2012; Shen et 
al., 2015; Vo-
gelstein et al., 
2013; Wei et 
al., 2011 

Thy-
roid 
cancer 

RET, KRAS, BRAF, 
NTRK1 

BRAF, NTRK1, 
RET  

Vandetanib, trametinib, so-
rafenib, selpercatinib, 
pralsetinib, Lenvatinib, 
dabrafenib, cabozantinib   

Colomer et 
al., 2020; 
Shen et al., 
2015a; Vogel-
stein et al., 
2013 

Pan-
creatic 
cancer 

BRCA2, SMAD4, 
TP53, CDKN2A, 
MAP2K4, N-RAS, 
KRAS2 

CDKN2A, 
STK11 

Sunitinib, Olaparib, everoli-
mus, erlotinib, belzutifan 

Colomer et 
al., 2020; 
Shen et al., 
2015; Vogel-
stein et al., 
2013a 
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Ovar-
ian 
cancer 

PTEN, PIK3CA, 
KRAS, BRAF, 
TGFBR2, TGFBR1, 
ERBB2, AKT2, 
FBXW7 

BRCA2, 
BRCA1, STK11 

Niraparib Colomer et 
al., 2020; 
Shen et al., 
2015; Vogel-
stein et al., 
2013 

 

tect the extent of mutations suitable for the in-

tended clinical use. For instance, some struc-

tural variants including predominant translo-

cations are preciously detected by paired-end 

sequencing and these variants might be clini-

cally important. On the other hand, amplicon-

based techniques can not clearly differentiate 

between the comparative abundance of se-

quences, which can make it difficult to detect 

copy number variants. While choosing the 

NGS platform, it is also crucial to determine 

whether the designed test is going to exten-

sively investigate a particular sequence from 

a whole genome or exome to target a limited 

set of genes (Hagemann et al., 2013). The 

clinical workflow can be developed once key 

decisions regarding assay design have been 

taken (Figure 4). The aim of NGS-based can-

cer tests is to identify somatic variants present 

in the patient’s tumor. The input involves liq-

uid specimens or solid tissue comprising neo-

plastic cells, while the output includes a clin-

ical report mainly containing a prioritized var-

iant list along with clinical interpretations, 

which is entered into the medical record of a 

patient. The intermediate steps of clinical 

workflow include intake review, DNA extrac-

tion, library preparation, target capture, pool-

ing, sequencing, analysis, and finally report-

ing (Hagemann et al., 2013). 

 

 

Figure 4: A schematic representation of clinical workflow for a next-generation sequencing-based assay 
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FOOD AND DRUG ADMINISTRATION 

(FDA)-APPROVED NEXT  

GENERATION SEQUENCING TESTS 

In 2017, the FDA approved two major 

NGS tests, including MSK-IMPACT and 

FoundationOne CDx (F1CDx) tests, for mo-

lecular profiling, which investigates a large 

number of genes at once. FDA also approved 

several other NGS tests that can target gene 

sets or a certain gene including Foundation 

Focus CDx BRCA loss of heterozygosity 

(LOH) assay, Illumina Extended RAS Panel 

for colorectal cancer, and Oncomine Dx Tar-

get Test for lung cancer (Colomer et al., 

2020). Various other NGS tests are also cur-

rently under development including MI Tran-

scriptome CDx (Caris Life Sciences), which 

is an in vitro NGS-based diagnostic test that 

utilizes RNAs obtained from formalin-fixed, 

paraffin-embedded tumor tissues to identify 

rearrangements of the structures. FDA gave 

Breakthrough Device Designation to MI 

Transcriptome CDx in 2019 for the identifi-

cation of FGFR gene fusions in solid tumors. 

Moreover, TruSight Oncology 500, Illumina's 

pan-cancer assay, also received Breakthrough 

Device Designation in 2019. This device can 

use both RNA and DNA samples to detect 

small DNA variants, splice variants, and fu-

sions, as well as microsatellite instability and 

tumor mutational burden (Colomer et al., 

2020). A summary of FDA-approved NGS 

systems and devices has been provided in Ta-

ble 2. Since NGS platforms are becoming pro-

gressively cost-effective, therefore investigat-

ing with a 300-gene panel might have a com-

parable cost to that of investigating five or six 

mutations individually (Legras et al., 2018). 

The generated data might not be useful imme-

diately; however these data might prove ben-

eficial in future investigations (Colomer et al., 

2020).  

 

Table 2: Fully FDA-approved next-generation sequencing systems and devices 

Names Number of  
target genes 

Developer/Manufacturer FDA approval Year 

NGS platforms 

Memorial Sloan Ketter-
ing-Integrated Mutation 
Profiling of Actionable 
Cancer Targets (MSK-
IMPACT) 

468 Memorial Sloan Kettering 
Cancer Center 

2017 

Oncomine Dx Target 
Test  

46 Thermo Fisher Scientific Inc. 2017 

FoundationOne CDX  324 Foundation Medicine, Inc. 2017 

Companion diagnostic devices 

Therascreen KRAS 
RGQ PCR Kit 

1 Qiagen 2012 

THXID-BRAF kit 1 Biomérieux 2013 

Therascreen EGFR 
RGQ PCR KIT  

1 Qiagen 2013 

BRACAnalysis CDx 2 Myriad Genetic Laboratories 2014 

FoundationFocus 
CDxBRCA 

2 Foundation Medicine, Inc. 2016 

Cobas 4800 BRAF 
V600 Mutation Test  

1 Roche Molecular Systems, 
Inc. 

2016 

Cobas EGFR Mutation 
Test V2  

1 Roche Molecular Systems, 
Inc. 

2016 

Praxis Extended RAS 
Panel 

2 Illumina, Inc. 2017 

Therascreen PIK3CA 
RGQ PCR Kit  

1 Qiagen 2019 

Therascreen FGFR 
RGQ RT-PCR Kit  

1 Qiagen 2019 
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CLINICAL IMPORTANCE OF NGS 

NGS has a significant contribution in can-

cer diagnosis in clinical settings. Only a few 

years ago subtypes of tumors were defined as 

per their morphologic features, however they 

are now either exclusively or inclusively de-

fined by genetic mutations. A study involving 

the investigation of fibrolamellar hepatocellu-

lar carcinoma reported that 15 out of 15 pa-

tients had a gene fusion product between 

PRKACA and DNAJB1 (Honeyman et al., 

2014). Since there is a growing interest in in-

dicating cancer therapies based on the results 

of DNA sequencing, thus NGS has a critical 

contribution in selecting proper targeted ther-

apy (Table 1). If a drug targets a certain mu-

tation and a patient lacks that mutation, then 

not only the drug will fail to treat that patient 

but also may cause harm owing to inappropri-

ate targeted therapies (Douillard et al., 2013). 

NGS can also help a clinician when a targeted 

therapy stops working in a patient because of 

known resistance mutations. the resistance 

mutation in some cases might be restricted to 

only one or a few loci. In this regard, for in-

stance, a single point mutation is often ob-

served with resistance to EGFR-targeted ther-

apies used in cancer treatment, which could 

be solved simply by using to a different tar-

geted therapy (Jänne et al., 2015). In contrast, 

glioblastoma can use a complicated epige-

netic regulation to show resistance to EGFR-

targeted therapies (Nathanson et al., 2013). 

As compared to a single gene assay, a more 

complete scenario of tumor dynamics is likely 

to be obtained by using NGS, which is ex-

pected to shed light on resistance mechanisms 

caused by unknown reasons (Gagan and Van 

Allen, 2015). In addition, NGS can help in 

identification and enrolment into a suitable 

clinical trial if a conventional therapy fails in 

a patient. Genotypes of tumors of patients 

need to be well explained by NGS for two 

kinds of clinical trial setups. In the case of an 

umbrella trial, the treatment arm includes the 

cancer patients with morphologically defined 

cancer as per the genetic mutations identified 

in their tumors. On the other hand, various 

treatment arms are present in umbrella trials 

under the umbrella of a single trial.  

Umbrella trials mainly estimate whether a 

precision method is likely to result in better 

outcomes within a conventional diagnosis as 

compared to standard-of-care methods. Dif-

ferent cancer types are clustered only by ge-

netic mutations. By using the Molecular 

Analysis for Therapy Choice Program, the US 

National Cancer Institute has identified the 

potential use of the NGS followed by the use 

of targeted therapy. Biopsies derived from 

3000 patients’ tumors will go through NGS in 

order to detect individuals whose tumors con-

tain genetic mutations that might be respon-

sive to certain targeted drugs only. Subse-

quently, 1000 patients will be enrolled in a 

phase II trial, along with research plans as per 

the genetic aberrations which is considered to 

be triggering their cancer (Gagan and Van Al-

len, 2015). A number of efforts are currently 

ongoing to identify the prognostic biomarkers 

in cancer. Numerous wrong directions were 

previously observed owing to the develop-

ment of a model based on a non-representa-

tive and small data set. Prognosis based on 

non-druggable mutations obtained from NGS 

resulted in aforesaid problem. In almost all 

clinical scenarios, some mutations including 

TP53 signify a poor prognosis. On the other 

hand, certain mutations including ASXL1 are 

linked only with a certain disease (Gelsi-

Boyer et al., 2012). It was observed that IDH1 

and IDH2 mutations signify a better glioma 

prognosis, however frequently indicate con-

tradictory findings in myeloid malignancies 

(Im et al., 2014), however this might alter 

since targeted therapies go through clinical 

trials (Wang et al., 2013). Therefore, caution 

should be taken while communicating prog-

nostic data to cancer patients (Gagan and Van 

Allen, 2015). 

 

APPLICATIONS OF NGS IN GENETIC 

SCREENING AND MUTATION  

PROFILING  

Population-wide genomic screening is 

more likely to happen owing to the progres-

sive reduction of the price of NGS devices 
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(Brunicardi et al., 2011). NGS already has the 

capacity to ameliorate genetic screening in 

families who have histories of greater occur-

rence of various cancer-associated genes in-

cluding TP53, APC, BRCA2, and BRCA1 

(Meldrum et al., 2011). Various researchers 

used Illumina's HiSeq system to detect TP53, 

BRCA2, and BRCA1 from tumor cell lines 

(Morgan et al., 2010; Schroeder et al., 2010). 

By using this NGS system, these researchers 

detected all known variants in cancer cells 

with specificity and sensitivity more than con-

ventional diagnostic approaches, which sug-

gest the potential of NGS in diagnosis. NGS-

generated data also allow more complex in-

vestigation of gene interactions, which is 

more crucial than the amelioration in specific-

ity or sensitivity (Shen et al., 2015). Cost-ef-

fective NGS will allow the detection of cancer 

patients with novel mutations who otherwise 

would not go through family history based ge-

netic testing. Family history in the case of 

BRCA mutations is only responsible for 30 to 

50 % of mutations. Moreover, NGS-based de-

vices allow genetic testing with an extensive 

range of frequency (Meldrum et al., 2011). 

Various institutions and companies have de-

veloped cancer gene panels that can screen 

more than 70 genes. On the other hand, clini-

cal applications of NGS-based tests include 

several steps. Genetic mutations that need to 

be assessed should be determined first. Such 

selections should be based on the capacity of 

an NGS system to identify certain diseases.  

In the case of cancer, current guidelines 

for the disease or diseases need to be explored 

first to detect the target gene mutations that 

are mentioned in the guideline as the standard 

of care. In this regard, for instance, the guide-

lines suggest that ROS1 and ALK transloca-

tions as well as mutations in Her2, RET, MET, 

BRAF, KRAS, and EGFR should be assessed 

and also have clinical importance (Ettinger et 

al., 2017). Indeed, research related to cancer 

mutation is continuously developing and new 

discoveries are made on a regular basis. Thus, 

the latest information in this field needs to be 

regularly reviewed in order to detect the po-

tential mutations that have clinical signifi- 

cance, however they are not available in the 

existing guidelines yet. For instance, muta-

tions in DDR2, NTRK, MAP2K1, AKT1, 

NRAS, and PIK3CA have clinical importance 

in a small proportion of patients with non-

small cell lung cancer (NSCLC) (Faehling et 

al., 2017; Pao and Girard, 2011), thus such 

potential mutations need to be reviewed 

properly whether to be included or not. Labor-

atories also can communicate with the clini-

cians of each subspecialty in order to obtain 

their feedback. In this way, the list of potential 

mutations can be generated that need to be as-

sessed. Such design of an NGS assay for a set 

of genetic mutations is known as an NGS 

panel (Qin, 2019). In general, if NGS systems 

continue to be more cost-effective, then rou-

tine sequencing of all individuals will be pos-

sible in near future (Shen et al., 2015). 

 

APPLICATIONS OF NEXT-GENERA-

TION SEQUENCING IN PRECISION 

MEDICINE 

Numerous cancer-associated genes have 

already been identified by researchers with 

the help of NGS, which will certainly reveal 

more novel therapeutic targets. The field of 

targeted therapies is continuously growing 

and because of their specificity at the molec-

ular level has improved the management and 

treatment of numerous cancers. These thera-

pies are less toxic and more efficient com-

pared to conventional chemotherapies used in 

cancer treatment (Tsimberidou et al., 2014). 

Various therapies including EGFR-targeted 

magnetic-plasmonic particles suppressed tu-

mor growth and development of lung cancer 

by inducing apoptosis and through G2/M cell 

cycle abrogation (Kuroda et al., 2014). In the 

treatment of castration-resistant prostate can-

cer, targeted cancer therapy was found to be 

effective as it suppresses cancer progression 

and deactivates tumor proliferation signaling. 

NGS has significantly advanced in the field of 

diagnosis than PM. The field of PM is likely 

to significantly expand as NGS system ad-

vances (Shen et al., 2015). Sequencing circu-

lating tumor DNA (ctDNA) is an attractive 

approach in analyzing treatment effectiveness 
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and tumor load because of their easy accessi-

bility (Wang and Wheeler, 2014). Research-

ers proposed that ctDNA enters the blood-

stream after the release of whole cells fol-

lowed by lysis and then apoptosis. It is al-

ready demonstrated that measurements of 

ctDNA in colorectal cancer patients can be 

used to find out the tumor dynamics.  

In a study, Lohr et al. (2014) designed 

computational approaches to isolate se-

quences of ctDNA from serum samples. 

These researchers compared the sequences of 

ctDNA to sequences of previous tumor sam-

ples, which showed 73 % of metastatic trunk 

mutations and 90 % of early trunk mutations 

in the tumor were also observed in ctDNA 

(Lohr et al., 2014). In a non-invasive manner, 

ctDNA sequencing of samples derived from 

individuals with ovarian, lung, and breast can-

cers facilitated the tracking of mutations in 

the tumor genome. In a different study, Daw-

son et al. (2013) showed that ctDNA sensitiv-

ity outperformed various other circulating bi-

omarkers (Dawson et al., 2013). Collectively, 

these findings indicate the potential of NGS 

analysis of ctDNA in clinical decision-mak-

ing, diagnosis, and screening (Shen et al., 

2015). In this field, still there are some chal-

lenges that need to be overcome by clinicians 

and researchers including the development of 

new approaches for data curation in 

healthcare infrastructures. Moreover, the eco-

nomic impact of extensive sequencing is yet 

to be fully revealed owing to the multifaceted 

interplay between academic research, insur-

ance companies, biomedical industries, and 

healthcare providers (Shen et al., 2015). 

 

Applications of NGS in precision medicine 

in clinical settings 

A number of clinical trials already demon-

strated the beneficial use of NGS in cancer pa-

tients because of its potential to identify mu-

tations (Table 3). For instance, an interna-

tional data-sharing consortium, Genomics 

Evidence Neoplasia Information Exchange, 

found 30 % as the actionability rate across 

various cancer types. In this consortium, a 

mutation was detected in 30 % of tumors se- 

quenced that might be targeted by using an 

existing targeted therapy (Morash et al., 

2018). Indeed, the use of cancer therapy as per 

the cancer genome was found to be beneficial 

in cancer treatment. A treatment was given to 

advanced cancer patients by matching their 

tumor mutations in a Phase I trial. It was ob-

served in that trial that the sequencing-

matched therapy exhibited better overall sur-

vival, time to treatment failure, and response 

rate in comparison with the patients with can-

cer who did not receive sequencing-matched 

treatment (Tsimberidou et al., 2014). Progres-

sion-free survival (PFS) is commonly evalu-

ated in the case of cancer, which estimates the 

time between the start of a therapy and cancer 

growth. In one study, Radovich et al. found 

that the PFS of cancer patients with therapies 

that were matched to their mRNA levels, copy 

number variations or DNA mutations was sig-

nificantly higher than in cancer patients who 

received a non-matched therapy. Various 

other studies also observed ameliorations in 

PFS, tumor response, and overall survival in 

patients treated with sequencing-matched 

therapy compared to non-matched (Morash et 

al., 2018; Radovich et al., 2016). The devel-

opment of drugs that have the capacity to tar-

get tumor-driving mutations has also pro-

gressed significantly. In a study, Le et al. 

(2017) observed that treatment with PD-1 

blockade therapy showed effectiveness across 

twelve different types of tumors with loss-of-

function mutations in the mismatch repair 

cascade. Based on the findings of this trial, 

pembroluzimab received FDA approval in 

2017, which was given only based on the mu-

tations instead of the tumor types. This afore-

said approach is an example of a precision 

medicine concept. Drilon et al. (2017) in a 

first-in-human study adopted a similar histol-

ogy-agnostic method and used LOXO-195 

(an inhibitor of tropomyosin-related-kinase) 

based on certain gene fusions to treat different 

tumor types. However, more studies are re-

quired to elevate the comfort and knowledge 

in using genomic sequencing as well as se-

quencing-matched therapies (Morash et al., 

2018).
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Table 3: Clinical trials with precision medicine in cancer treatment 

Cancer 
type 

Participants  Study outcomes References 

Advanced 
cancer 

143 patients received 
matched therapy and 236 
patients received un-
matched therapy. 

Patients receiving matched therapy 
showed longer survival, longer pro-
gression-free survival (PFS), and 
higher objective response rate. 

Tsimberidou et 
al., 2014 

Advanced 
solid 
cancers 

87 patients were treated 
with matched therapy and 
93 patients received un-
matched therapy. 

Patients receiving matched ther-
apy showed improved overall sur-
vival and longer PFS than un-
matched patients. 

Schwaederle et 
al., 2016 

Metastatic 
solid  
tumors 

44 patients received ge-
nomically guided therapy 
and 57 patients received 
non-genomically guided 
therapy. 

Longer median and improved ra-
tios of PFS were observed in pa-
tients treated with genomically 
guided therapy. 

Radovich et al., 
2016 

Advanced 
cancer 

175 patients received 
matched therapy and 116 
patients received un-
matched therapy. 

Longer survival, higher overall re-
sponse rate, and longer time-to-
treatment failure were exhibited by 
matched group as compared to un-
matched group. 

Tsimberidou et 
al., 2012 

Advanced 
solid  
tumors 

84 patients received geno-
type-matched therapy and 
161 patients received geno-
type-unmatched therapy. 

Overall response rate was higher 
in genotype-matched than geno-
type-unmatched therapy receiving 
group. 

Stockley et al., 
2016 

Lung  
adeno- 
carcinoma 

113 patients received tar-
geted therapy and 74 pa-
tients did not receive tar-
geted therapy. 

Improved survival was observed in 
targeted therapy receiving patients 
in comparison with the patients 
who did not receive targeted ther-
apy. 

Aisner et al., 
2016 

Lung 
cancer 

260 patients received 
matched therapy and 318 
patients received un-
matched therapy. 

Improved survival was observed in 
matched group. 

Kris et al., 2014 

[Matched therapy indicates a therapy which was given based on sequencing results.] 
 
 

Clinical trials  

The SHIVA trial is a randomized, multi-

centric, proof-of-concept, phase II PM trial. A 

comparison was carried out in the SHIVA01 

trial cohort as per the tumor molecular pro-

files versus patients with various types of 

metastatic cancers who received therapies se-

lected by physicians who failed standard-of-

care treatment (Le Tourneau et al., 2015). In 

this trial participants, a molecular alteration 

was detected in patients in one of 3 molecular 

pathways including RAF/MEK, PI3K/AKT/ 

mTOR, and hormone receptor that could be 

matched to an available molecular targeted 

therapy including tamoxifen, letrozole, abi-

raterone, everolimus, vemurafenib, dasatinib, 

imatinib, sorafenib, lapatinib plus trastu-

zumab, and erlotinib. In total, 195 patients 

were randomized in this trial, among them 96 

were in the control group and 99 were en-

rolled in the experimental group. It was ob-

served that the median PFS was 2.0 months in 

the control group and 2.3 months in the exper-

imental group. Unfortunately, this trial’s pri-

mary endpoint was not reached along with no 

statistical difference in PFS between the two 

treatment arms. Collectively, these findings 

suggest that the specific treatment algorithm 

used to allocate the targeted therapies in 

SHIVA01 trial as per some genetic mutations 

was not effective in improving outcomes in 

patients when they received only empirical 
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treatment. Therefore, the researchers sug-

gested that off-label routine usage of molecu-

larly targeted therapy should not be encour-

aged, even though clinical trial enrolment 

ought to be fortified to evaluate predictive ef-

ficacy biomarkers (Colomer et al., 2020).  

In a non-randomized trial, Molecular 

Screening for Cancer Treatment Optimization 

(MOSCATO-01) assessed the clinical effec-

tiveness of high-throughput genomic investi-

gations in different advanced cancer types. 

NGS assays were used to analyze the freshly 

obtained biopsy samples. In total, 199 study 

participants received a targeted therapy, 

where 22 patients exhibited objective re-

sponses (Massard et al., 2017). It was reported 

that 63 study participants exhibited PFS val-

ues greater than the pre-set threshold of 1.3. 

Positive outcomes were obtained in this trial, 

owing to the availability of tumor sequencing 

data which was used to prescribe targeted 

therapy (Colomer et al., 2020). MyPathway is 

a multiple basket, phase 2a, open-label, mul-

ticenter, and non-randomized study, which 

was carried out with 251 study participants 

with refractory solid tumors containing mo-

lecular changes in B-RAF, EGFR, HER2, or 

the Hedgehog signaling cascade. Objective 

responses were particularly reported in the 

BRAF V600 lung cancer and HER2+ colorec-

tal cohorts (Massard et al., 2017).  

It was summarized that targeted therapy 

regimens generated considerable effects in 

various types of refractory solid tumors which 

are currently not considered for these agents. 

A series of eight agent-specific baskets, phase 

2 trials designated as the Novartis Signature 

Program employed 595 cancer individuals 

with an actionable mutation. This program 

utilized an altered Bayesian adaptive trial de-

sign along with a hierarchical model, which 

enrolled patients as per local testing of fresh 

or archival tissues. Commonly observed ge-

netic mutations were found in PTEN, p16, 

RAS, and PIK3CA. In 16 tumor types, 30 

complete or partial actions were noticed with 

six therapies (Slosberg et al., 2018). Collec-

tively, this trial’s outcomes were positive, 

since it resulted in decreased exposure of pa-

tients to toxicity, fast signal finding, and sig-

nificantly reduced trial start-up times (Co-

lomer et al., 2020). Currently, an open-label, 

non-randomized phase II trial known as Tar-

geted Agent and Profiling Utilization Regis-

try (TAPUR) study is ongoing, which is spon-

sored by the American Society of Clinical 

Oncology. This study aims at defining signals 

involved in mechanism of actions of FDA-ap-

proved targeted therapies used in the treat-

ment of advanced cancer patients containing 

possible actionable mutations. Around 1400 

participants are currently enrolled in 113 sites 

of the TAPUR study. So far 15 TAPUR co-

horts have been closed to further enrolment, 

among them 5 cohorts have outcomes pend-

ing, 5 cohorts had negative outcomes, and 5 

cohorts showed positive outcomes (Ahn et al., 

2019; Alva et al., 2021; Gupta et al., 2022; 

Klute et al., 2022; Papadimitrakopoulou et al., 

2016). In addition, 29 cohorts have been ex-

tended. In the positive TAPUR cohorts, an 

objective response rate (ORR) of 29 % was 

observed in mutated colorectal cancer pa-

tients containing V600E/D/K/R variants 

treated with cobimetinib and vemurafenib, 

3.6 % ORR was seen in NSCLC patients 

treated with palbociclib, 11 % ORR was re-

ported in metastatic colorectal cancer patients 

receiving pembrolizumab, 21 % ORR was re-

ported in metastatic breast cancer patients 

treated with pembrolizumab, and 25 % ORR 

was noticed in individuals with ERBB2 over-

expressed or amplified colorectal cancer re-

ceiving trastuzumab and pertuzumab. Recent 

TAPUR study outcomes suggest that this 

method is beneficial in detecting novel mech-

anisms of action along with the usage of tar-

geted therapies in cancer treatment (Colomer 

et al., 2020). In some trials, histology-agnos-

tic targeted therapies were randomly used. 

BATTLE-2 program is one such study, which 

involves the use of targeted therapy in previ-

ously treated 334 advanced refractory 

NSCLC patients. A modest effect was ob-

served in this trial, which did not result in any 

novel predictive markers, therefore not going 
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to explore further (Colomer et al., 2020; Ro-

don et al., 2019). 

 

FUTURE DIRECTIONS 

NGS entails great potential in terms of its 

multifaceted uses and in advancing various 

fields. Advances in nucleic acid preparation, 

liquid handling, robotics, and bioinformatics 

are likely to transform NGS sequencing tech-

niques for more precise and rapid outcome. 

Only a few molecules, a small portion of rea-

gents as well as DNAs will be enough for 

these upcoming NGS systems. Moreover, 

NGS systems are likely to be progressively 

portable, which will enable their use in vari-

ous diagnostic purposes in multiple fields in-

cluding ecological, agricultural, and medical 

fields. Multiple domains are also likely to be 

transformed by the use of NGS. Already, 

NGS has significantly advanced microbial ge-

nomics, cancer genomics, and clinical diag-

nostics. In these fields, NGS has provided ex-

traordinary understanding regarding the ge-

netic causes of diseases, which is also helping 

in selecting the right personalized medicine. 

NGS is also likely to have significant contri-

butions in various other areas including per-

sonalized treatment approaches, disease 

mechanisms, more comprehensive under-

standing of cellular mechanisms, disease 

pathways, and cellular mechanisms. NGS is 

likely to advance further owing to the devel-

opment of point-of-care uses and real-time se-

quencing, which will further advance moni-

toring and fast diagnostics in multiple set-

tings. Furthermore, advances in data analysis 

and bioinformatics are important in obtaining 

a meaningful understanding of the huge vol-

ume of generated NGS data. Advanced level 

multiplexing will further allow a shorter time 

processing at a reduced cost, which is likely 

to be more reinforced by the developments in 

sample processing, data transfer as well as 

storage, bioinformatics tools for data analysis, 

liquid handling, and robotics. Indeed, there is 

a great potential for NGS to become more 

widespread and accessible because of the cur-

rent progress in cost reduction and technolog-

ical developments. In future, NGS is likely to 

mediate deeper understandings of complex 

scenarios which will have significant effect in 

improving numerous fields including envi-

ronmental conservation, agriculture, and hu-

man health (Satam et al., 2023). 

 

CONCLUSION 

In oncology, NGS has a close link with 

genomic profiling and precision cancer ther-

apy. In the current scenario, it is currently not 

possible to replace the entire conventional di-

agnostic methods with NGS, however NGS is 

helping to obtain a better understanding re-

garding the etiology of various types of can-

cer than any other platforms. Nonetheless, 

large-scale NGS-based screening and preci-

sion medicine will need new methods to en-

sure evidence-based medicine. When hun-

dreds to thousands of genetic mutations are 

investigated in every patient, considering 

each genetic mutation as an independent var-

iable will need novel statistical methods and 

trial designs to ensure the best use of these 

methods. Moreover, direct communication is 

required between translational researchers 

and clinicians for further development to en-

sure the integration of clinical phenotypes and 

genomic information for enabling precision 

cancer medicine by NGS-based systems. 
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