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Abstract
Interrogation of tissue informs on patient management 
through delivery of a diagnosis together with associated 
clinically relevant data. The diagnostic pathologist will usu-
ally evaluate the morphological appearances of a tissue sam-
ple and, occasionally, the pattern of expression of a limited 
number of biomarkers. Recent developments in sequencing 
technology mean that DNA and RNA from tissue samples 
can now be interrogated in great detail. These new technol-
ogies, collectively known as next-generation sequencing 
(NGS), generate huge amounts of data which can be used to 
support patient management. In order to maximize the util-
ity of tissue interrogation, the molecular data need to be in-
terpreted and integrated with the morphological data. How-
ever, in order to interpret the molecular data, the pathologist 
must understand the utility and the limitations of NGS data. 
In this review, the principles behind NGS technologies are 
described. In addition, the caveats in the interpretation of 
the data are discussed, and a scheme is presented to “clas-
sify” the types of data which are generated. Finally, a glos-
sary of new terminology is included to help pathologists be-
come familiar with the lexicon of NGS-derived molecular 
data. © 2017 S. Karger AG, Basel

Introduction

Histopathology involves direct visual interrogation of 
diseased tissue in order to generate data which can be 
used to inform on patient management. The main test 
performed on the tissue is application of the 2 stains, i.e. 
haematoxylin and eosin. This incredibly simple proce-
dure is followed by sophisticated interpretation of the 
morphological features of the tissue to yield information 
on the underlying diagnosis as well as information on the 
likely behaviour and the prognosis of the disease. 

The use of haematoxylin-eosin staining has been 
around for over 100 years [1], and it provides a summa-
tive picture of the events which are occurring in the tissue. 
It does not however provide any detail on the individual 
processes which are contributing to the pathological 
change. A number of adjunctive tests have been devel-
oped over the years in order to identify the specific pro-
cesses occurring within tissue samples. These tests range 
from simple histochemistry (for example, tests for spe-
cific mucins) to immunohistochemistry (testing for spe-
cific proteins) and, more recently, to molecular testing of 
nucleic acids. However, spectacular developments in se-
quencing technology mean that changes in the genome 
and transcriptome can be viewed in unprecedented de-
tail. The sheer scale of these developments is demonstrat-
ed by the changes in cost for sequencing the human ge-
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nome: assembly of the first human reference genome, us-
ing fluorescent Sanger sequencing, took approximately 
13 years and cost around USD 3 billion [2]. Today, using 
next-generation sequencing (NGS) technologies, the 
same data could be captured in under 2 weeks and would 
cost under USD 1,000. These developments are therefore 
paving the way for a transformation of diagnostic pathol-
ogy in which NGS-based tests will become a routine part 
of tissue interrogation. 

NGS versus Standard Sequencing Technologies

NGS refers to a group of technologies which have, in 
common, the ability to perform and capture data from 
millions of sequencing reactions simultaneously – also 
called massively parallel sequencing [3–6]. Although the 
various NGS platforms differ in the way they acquire data, 
they are all able to capture the individual sequence of hun-
dreds of millions of molecules. This is in contrast to stan-

dard sequencing technology (such as Sanger sequencing) 
in which the net signal derived from a pool of molecules 
is captured, thus giving a collective sequence (Fig. 1). NGS 
has a number of advantages, the foremost of which is the 
ability to sequence multiple targets in 1 reaction as op-
posed to the “1 target per reaction” limitation of standard 
technology. In addition, since the sequence of each mol-
ecule can be checked individually, low-frequency allelic 
variants can be identified rather than being lost in the net 
signal generated by the majority allele population. The 
limit of detection (i.e., the proportion of variant alleles 
which must be present in order to be detected) is variable 
for standard sequencing technologies and ranges from 
5% for pyrosequencing to 20% for fluorescence-based 
Sanger sequencing [7]. It can however be enhanced 
through modifications such as COLD-PCR [8, 9]. The 
limit of detection of NGS will depend on the depth of cov-
erage (see later) but it can reach well below 1% [10]. Hav-
ing a low limit of detection gives greater flexibility in cer-
tain situations such as when the proportion of tumour 
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Fig. 1. The difference between NGS and standard sequencing. Any 
template may contain several targets of interest. In standard se-
quencing, 1 target is amplified in each test (by cloning or PCR), 
and the net signal from sequencing all the amplified molecules is 
taken for base calling. In NGS, multiple targets are interrogated in 
1 test (5 targets shown here), and firstly a library containing the 
targets of interest is created. Individual molecules then undergo 
sequencing and are then compared against a reference sequence 

(shown here in red). The random nature of the library construc-
tion for non-targeted sequencing means that the library may con-
tain different size fragments, and these may overlap. The under-
lined sequence in the reference AT-rich regions serves to indicate 
that reproducible biases can occur in the library construction so 
that some regions (such as GC- or AT-rich regions) may be less 
well represented. Even if only a single target were to be tested by 
NGS, the sequence of individual molecules would still be collected.
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cells in a tissue sample is low or when genetic heterogene-
ity may be an important consideration (such as predictive 
testing for treatment decisions).

What Targets Can Be Tested by NGS?

The genome and transcriptome can be examined at 
several different levels with NGS, and the targets chosen 
for sequencing should be appropriate for the underlying 
question. The human genome comprises approximately 
3 × 109 bases which are organized into coding regions 
(exons) and non-coding regions (introns, promoters, 
regulatory elements, and structural elements). Sequenc-
ing all of these elements together is known as a whole-
genome sequencing (WGS). 

WGS may not always be the most appropriate test to 
perform, and in many cases, where for example informa-
tion about regulatory elements is not required, sequenc-
ing of selective parts of the gene can be performed. If one 
is only interested in the coding regions, then the most ap-
propriate test would be sequencing only the exons of the 
known genes. This is known as whole-exome sequencing 
(WES) and would require sequencing only of approxi-
mately 2% of the genome [11]. This would be cheaper and 
would allow sequencing to be performed in greater depth. 
In other cases, information will be required only for a lim-

ited number of genes (or indeed the hotspots in those 
genes) and this is known as targeted sequencing. 

NGS can also be applied to perform genome-wide 
analysis of specific modifications such as DNA methyla-
tion (known as Methyl-Seq) or DNA-protein interactions 
(such as histone modification or transcription factor 
binding, known as chromatin immunoprecipitation se-
quencing, ChIP-Seq). 

RNA can be sequenced, and this is known as RNA-Seq. 
This would include all RNA species including mRNA, 
microRNA, ribosomal RNA, etc. [12–15].

Not all of the targets which can be sequenced by NGS 
have clinical utility, and some may remain permanently 
in the research arena. It is important to note, however, 
that if data emerge showing clinical value for specific tar-
gets (such as transcription factor binding sites), these can 
be quickly adopted into clinical practice.

The NGS Workflow

Assays must be designed in light of the clinical and 
laboratory requirements. The appropriate template can 
then be obtained, and testing can begin. The NGS work-
flow comprises 3 steps, i.e. library construction, sequenc-
ing reaction, and data analysis. These are considered next 
(Fig. 2–4).

Conversion to ss template
Separation of molecules
Immobilization of molecules
Sequencing by synthesis
Data capture

Sequencing reaction

Fragmentation
Adapter ligation
Barcoding
Target enrichment
Library pooling
Quality control

Library construction

Template preparation

Clinical decisions

Quality control
Base calling
Sequence assembly
Coverage
Variant calling

Validation reaction

Data analysis

Assay design

Fig. 2. NGS workflow. This shows the stan-
dard workflow for an NGS assay. There are 
numerous steps involved which require 
technical precision. The steps may vary de-
pending on the type of assay and the infor-
mation required.
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Library Construction
Once the target regions have been decided, the next 

step is processing the template into a format which is suit-
able for sequencing – known as library construction. The 
importance of template quality is discussed later but it is 
well known that poor-quality template will result in great-
er numbers of sequencing errors. Given the huge num-
bers of sequencing reactions being performed simultane-
ously, it is easy to see that even minor increases in error 
rate could produce large amounts of unreliable data.

Library construction protocols will vary to some de-
gree depending on the type of NGS platform to be de-

ployed but in essence library construction involves 2 
main steps: (i) fragmentation of the template into a suit-
able size (usually 200–500 bp) and (ii) attachment of spe-
cially modified DNA adapters to allow the sequencing 
reaction to occur and identify the origin of the sample 
(i.e. a sequence barcode). The barcoding will allow mul-
tiple samples to be pooled together and sequenced simul-
taneously. Prior to the sequencing reaction, the library 
should undergo both precise quantification and quality 
control. 

Fragmentation can be performed using a variety of 
methods including physical methods (such as sonication, 
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Fig. 3. Whole-genome sequencing and depth of coverage. Togeth-
er with Figure 4, this shows how different types of assay can pro-
duce different results on the same material. In this example, the 
template (shown in red) is derived from a tumour which has am-
plifications, deletions, and point mutations. The DNA library is 
prepared and undergoes whole-genome sequencing. Assuming no 
bias, the whole genome will be sequenced, and library fragments 
from each site will be sequenced. However, a finite number of se-

quencing reads are produced and, in this example, only 10 se-
quencing reads are shown. Depth of sequencing refers to the num-
ber of times any base is sequenced, and it can be seen from this 
example that there is an average depth ×2. Areas of amplification 
and deletion (highlighted in blue) will be over- and underrepre-
sented compared to the average, and thus copy number variations 
can be identified. If there is a point mutation which is present at a 
low frequency (for example 20%), it is likely to be missed. 
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acoustic shearing), enzymatic methods (such as endonu-
cleases) and, for single-stranded RNA, chemical methods 
(heat with divalent ions). The required size of the frag-
ment – also known as the insert (as it is inserted between 
adapters) – will depend on the sequencing platform [16, 

17]. The various fragmentation methods have similar ef-
ficiencies although the enzymatic methods are more 
prone to introducing insertion-deletion artefacts [18]. 
The fragmented DNA is then blunt ended and phosphor-
ylated in order to allow the ligation of adapters. The 

DNA library

Assembled sequence

Reference sequence

Microarray capture

Enriched library

Fig. 4. Whole-exome sequencing and depth of coverage. Together 
with Figure 3, this shows how different types of assay can produce 
different results on the same material. In this example, the tem-
plate (shown in red) is derived from a tumour which has amplifi-
cations, deletions, and point mutations. The DNA is fragmented 
and enriched for exonic sequences (representing approx. 2% of the 
DNA and in this case captured on a chip). The sample undergoes 
whole-exome sequencing, and although the total number of reads 

will be the same as for whole-genome sequencing, each target base 
will be read at greater depth. In this example, there are a total of 10 
sequence reads but only 2 exons, and therefore each base will have 
a sequencing depth of ×5. This allows low-frequency mutations to 
be identified (down to a limit of detection of 20%, i.e. 1 mutant 
sequence in the 5 sequences that are read). However, inferences 
about structural changes (copy number changes, translocations, 
etc.) are far more difficult to make.
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adapters contain sequences to allow clonal PCR amplifi-
cation during the sequencing reaction. 

For WES, the principles of library construction still ap-
ply but a step of enrichment to pull out the coding se-
quences is required. This can be done by PCR using exon-
specific primers but is usually done by using exon-specif-
ic hybridization probes [19]. This can be done using a 
microarray whereby the library is hybridized to an ex-
pression array. Alternatively, the library can be hybrid-
ized in solution with exon-specific probes which have 
been tagged to allow the exonic regions to be pulled out. 
Targeted NGS is a scaled-down version of WES, and PCR 
for the specific targets forms the enrichment step. Since, 
for these applications, the total amount of sequencing to 
be performed is much less than WGS, barcodes for sam-
ple identification can be added to adapters by PCR. Bar-
coded libraries can then be pooled to allow multiple sam-
ples to be tested in 1 reaction.

In some specialist applications the DNA may need 
modification prior to library construction. Examples 
would include methylation profiling using Methyl-Seq in 
which DNA will need to be bisulphite modified. Cross-
linking of DNA and bound protein will be required for 
ChIP-Seq and then, after fragmentation, the protein-
bound DNA fragments can be pulled out by immunopre-
cipitation with the appropriate antibodies.

Once the library has been constructed it needs to be 
cleaned up to remove self-ligated adapters and inappro-
priately sized fragments. This can be done by magnetic 
beads or purification from agarose gel. Quantification 
and quality assessment of the library are important steps 
and can be performed by quantitative PCR. This will al-
low an assessment of the amplifiability of the library and 
also, when using a bioanalyser, the range of insert size.

Sequencing Reaction
The first step of the sequencing reaction is to convert 

the library into single-stranded DNA and isolate individ-
ual molecules in order for them to be sequenced. The sig-
nal emitted from sequencing a single molecule will not be 
detectable using currently available chemistries, and thus 
each individual molecule must be “clonally amplified” so 
that sufficient signal is obtained. This involves immobili-
zation of the single-stranded molecule and local PCR am-
plification of that molecule. The 2 most common meth-
ods of clonal amplification are “bridge amplification” and 
“bead amplification” [5, 6, 19].

Bridge amplification is proprietary technology of the 
Illumina platform. The library is poured into a flow cell 
which is covered with a “lawn” of oligonucleotides at-

tached to the cell. These oligonucleotides are comple-
mentary to sequences within the adapters and therefore 
individual molecules in the library can be immobilized on 
the flow cell. Once immobilized, local PCR results in gen-
eration of what is known as a “cluster.” The sequencing is 
then performed, and the sequence from each cluster (de-
rived from a single molecule) can be captured. 

For bead amplification, beads and the library are mixed 
together in a water-in-oil emulsion [20]. Oligonucle-
otides are attached to the bead which immobilize the 
DNA molecule and which allow PCR to be performed. 
The quantities of the beads and library are adjusted so 
that each droplet contains 1 DNA molecule and 1 bead. 
Each bead will therefore contain clonally amplified mol-
ecules, and it can then be placed in a well from which the 
sequence can be captured. 

Both methodologies require precise quantification us-
ing specialized equipment. Excess DNA in the libraries 
may lead, for example, to a high cluster density with sig-
nals from one cluster bleeding into adjacent clusters or to 
more than 1 molecule becoming attached to a bead, thus 
leading to a mixed sequence.

Sequencing of the clonally amplified molecules is 
based on the principle of synthesizing a new complemen-
tary strand onto a single-stranded template. The sequence 
is captured as the bases are incorporated into the new 
strand, and this is known as “sequencing by synthesis.” A 
variety of chemistries are used in the different platforms 
for base calling and include fluorescently tagged bases 
(such as with the Illumina platform) or monitoring the 
change in pH that occurs every time a base is incorpo-
rated into a newly synthesized strand (such as the Ion 
Torrent platform) [21]. Quantifying pyrophosphate re-
lease during DNA synthesis (as used in pyrosequencing) 
is less commonly used [22]. Some platforms will sequence 
in both directions (known as paired-end sequencing) 
whilst others will have protocols which sequence both 
strands in a library. 

Data Analysis
A huge amount of data is generated by NGS, and in-

terpreting the data correctly is a major challenge. A vari-
ety of different software packages are available which en-
able the data to be analysed. Some of these are produced 
by the manufacturers themselves whilst others are third-
party packages. The primary output of the data is usually 
in the form of a FASTQ file which contains the raw se-
quence and information about the quality of the sequence. 
Information about sequence quality is denoted by the 
“Phred” score which is allocated to each base. It is derived 
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from assessment of a number of features in the raw data 
which are distilled into a single value. This value indicates 
the probability of a base having been accurately called and 
therefore indicates the confidence with which a variant 
has been accepted as “true.” The Phred score was origi-
nally devised for assessing quality of Sanger sequencing 
but it is also used for NGS data. Since the chemistries used 
in NGS are variable, each platform will have its own met-
rics which are used for calculating the Phred score [23].

In contrast to Sanger sequencing, which may have read 
lengths of up to 1 kb, NGS platforms produce short reads 
(typically 25–500 bases). Thus, once poor-sequence reads 
have been excluded, the next first step is to stitch the se-
quence fragments together. This process is known as se-
quence assembly. Theoretically, for WGS, it is possible to 
create the genomic sequence directly from the sequence 
data, and this is called de novo assembly. In diagnostic 

practice, it is more likely that the test genome will be com-
pared with a known reference genome in order to find 
variations.

The sequence will be mapped and aligned automati-
cally by the bioinformatics tools resulting in BAM (bi-
nary alignment/map) files. These contain information on 
the sequence and its location in relation to the reference 
sequence. Accurate mapping and alignment are essential 
parts of the bioinformatics analysis and can be confound-
ed by pseudogenes, homopolymers and, in the case of 
RNA-Seq, contamination of samples by DNA. The BAM 
files can then be analysed further using software such as 
the Integrated Genome Viewer. The software will also 
produce a variant call file (VCF) which will contain infor-
mation about the variant detected, the location of the 
variant and the number of reads at that location contain-
ing wild-type and variant sequences.

Table 1. Commonly used NGS-based assays

Assay type Template Utility

Whole-genome sequencing 
(WGS)

DNA: coding (exons) and non-coding 
regions (introns, regulatory and 
structural regions)

Generates huge amounts of data per sample but usually 
low depth of coverage
Useful for CNV and SV although less useful for SNV and 
small insertion/deletion (indels)

Whole-exome sequencing 
(WES)

DNA: coding regions Sequence from 2% of the genome and usually good depth 
of coverage
Useful for SNVs and indels but less useful for CNV/SV

Targeted sequencing DNA: specifically selected regions Usually very deep sequencing
Very good for SNVs and indels and for identifying 
minority clones in heterogeneous samples; cannot be used 
for CNV/SV

RNA-Seq Nascent and mature mRNA
Non-coding RNA – miRNA, lncRNA, 
snoRNA, rRNA footprinting

Useful for precisely quantified transcriptome profiling, 
expressed SNV and indel analysis, splice variant analysis, 
SV analysis
Useful for profiling the various RNA species and 
translational profiling

Methylome sequencing 
(Methyl-Seq)

Methylated DNA Useful for identifying regions of DNA (such as promoters) 
which have become methylated
Requires pretreatment of DNA with bisulphite prior to 
NGS

Chromatin 
immunoprecipitation and 
sequencing (ChIP-Seq)

DNA-protein complexes Useful for identifying target regions of DNA-binding 
proteins (such as transcription factors) or DNA regions 
affected by protein modification (such as histone 
acetylation)
Requires DNA-protein cross-linking and then  
antibody-mediated immunoprecipitation prior to NGS

CNV, copy number variant; SV, structural variant; SNV, single-nucleotide variant; indel, insertion or deletion mutation; miRNA, 
microRNA; lncRNA, long non-coding RNA; snoRNA, small nucleolar RNA; rRNA, ribosomal RNA.
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Interpretation of these data also requires a knowledge 
of what exactly has been sequenced, i.e. what percentage 
of the desired sequence has actually been tested (known 
as breadth of coverage) and how many molecules from 
each point of interest have been sequenced (known as 
depth of coverage or read depth). Since each sequencing 
reaction has a finite capacity, this will inevitably lead to a 
tension between the breadth of coverage required and the 
depth of sequencing possible (Fig. 3, 4). The best way to 
understand this is to consider 2 extreme examples. If a 
single short target (such as a PCR product from 1 exon) 
is sequenced on a platform which can perform 15 million 
sequencing reactions, then 100% breadth of coverage can 
be obtained of the target sequence with a sequencing 
depth of ×15 million. If however, there are 15 million tar-
gets, statistically only 1 molecule of each target can be se-
quenced for a breadth of coverage of 100%, thus limiting 
the depth of coverage to ×1. In this scenario, given the 
stochastic nature of DNA immobilization during the se-

quencing reaction, it is possible that some of the targets 
may have 2 molecules sequenced (depth of ×2) at the ex-
pense of other targets. If some targets, by chance, are not 
sequenced, there will be <100% breadth of coverage. 

These 2 extreme examples serve to exemplify the dif-
ferent types of inferences which can be made from the 
data. In the first example, if there is a mutation in the tar-
get, even if the mutation is only present in 1% of the al-
leles, this will still lead to 150,000 reads containing mu-
tant sequence. Nothing however can be inferred about 
structural changes. In the second example, if there is no 
bias, each target will be sequenced a similar number of 
times, and an average depth of sequencing can be derived. 
If however there is bias (such as gene amplification) some 
targets may have a read depth at variance with the average 
depth thereby allowing an inference of copy number 
change. However, low-frequency mutations/variants will 
not be identified since only 1 molecule from each target 
will be sequenced. 

The optimum would be whole-genome and transcrip-
tome coverage at great depth to allow all mutation types 
to be detected and all RNA species to be profiled. Given 
the rate of progress of the technologies, this may soon be 
possible although currently different assays give different 
information. The strengths of the different assays are list-
ed in Table 1 and a key to terminology is given in Table 2. 

The Clinical Potential of NGS and a Classification 
System for Biomarkers

The sheer volume of data produced by NGS technolo-
gies could become overwhelming especially for the non-
specialist. A classification is proposed in which the “ac-
tionable” biomarkers are put into 6 distinct classes in ac-
cordance with the type of information they provide. This 
is called the “6 Ps of genetic biomarkers” (Fig.  5), and 
adoption of this type of classification would allow the cli-
nician to see the clinical implication of the biomarker. An 
individual biomarker may be found in more than one of 
the following categories:

Predisposition Biomarkers
This refers to the germline variants which are associ-

ated with subsequent risk of disease. Since the whole ge-
nome can be sequenced, it is no longer necessary to iden-
tify large kindreds in order to map and then clone the 
mutant gene. NGS – both WGS and WES – has proven to 
be extremely useful in identifying the causative mutations 
in several rare inherited syndromes from only a few af-

Germline

Predisposition

Pharmacogenetic

Diseased tissue

Prognostic

PredictiveProfile

Pharmacotherapeutic

Fig. 5. A classification system for genetic biomarkers. Each bio-
marker can be put into a category depending on what kind of in-
formation it gives. Biomarkers from the germline give information 
about predisposition to a disease and metabolism of chemical ther-
apies. Biomarkers from a diseased tissue give a profile of the dis-
ease and may also give prognostic, predictive, or pharmacothera-
peutic information. A biomarker may occupy more than 1 catego-
ry. For example, mutation of the MSH2 gene will be a predisposition 
biomarker for Lynch syndrome. Tumours arising in a context of 
Lynch syndrome will have microsatellite instability, and therefore 
this mutation may also be a prognostic biomarker. Tumours with 
microsatellite instability also have a resistance for 5-fluorouracil 
therapies, and therefore it could also be a predictive marker. Fi-
nally, tumours with microsatellite instability may respond better 
to immunotherapy, and so it may also be a pharmacotherapeutic 
marker.
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Table 2. Glossary of commonly used technical and interpretative terms

Technical terminology
Fragmentation Breaking up of DNA/RNA (either physically or chemically) into 200- to 500-bp fragments
Adapters Sequences of DNA ligated onto the DNA/RNA fragments to allow PCR and sequencing
Barcodes Specific sequences added to DNA/RNA fragments allowing sample identification in 

multiplexed reactions
Library All the fragments from a sample with adapters and barcodes added; libraries can be pooled
Hybrid capture A means of enriching libraries using probes complementary to regions of interest (e.g. the 

exome)
Emulsion PCR PCR performed in a droplet of water in an oil/water emulsion; usually used for clonal 

amplification in conjunction with beads so that each drop contains 1 bead, 1 DNA molecule 
(immobilized on the bead), and PCR components

Bridge amplification PCR performed on an Illumina flow cell; DNA molecules are immobilized and clonally 
amplified to form a cluster

Flow cell Chamber in which Illumina platform NGS is performed; bridge amplification is followed by 
sequencing by synthesis

Sequencing by synthesis Sequence is recorded as fluorescently tagged bases are incorporated into the new strand
Semiconductor sequencing Sequence is recorded by measuring changes in pH which occur following incorporation of bases 

in new strands
Pyrosequencing Sequence is recorded by measuring pyrophosphate released following incorporation of bases in 

new strands
Read length The length of sequence recorded from each sequencing reaction; it normally ranges from 25 to 

500 bp
Paired-end sequencing Sequencing performed in both directions
FASTQ file Output file containing the raw sequence and information on sequence quality
SAM/BAM file (sequence/binary 
alignment map)

Output file containing the raw sequence aligned to a reference sequence; BAM – binary version 
of SAM

Interpretative terminology
Depth of coverage How often any particular point in the target regions has been sequenced
Breadth of coverage How much of the target region has been sequenced
Reference sequence The sequence against which newly generated sequencing data are compared
Sequence assembly Alignment of the newly generated sequence from DNA fragments to the reference sequence
De novo assembly Creation of a new sequence from the newly generated sequence of the DNA fragments; 

sequence overlap at the edges of the fragments allows a contiguous sequence to be created
SNV (single-nucleotide variant) Variation at a single base
SNP (single-nucleotide 
polymorphism)

Single base variation occurring at a frequency of >1% in the population (if <1%, it is regarded as 
mutation)

Synonymous/non-synonymous 
change

Single base change which, in coding regions, may change the amino acid sequence  
(non-synonymous) or which may be silent (synonymous); in non-coding regions, synonymous 
changes may alter splicing, transcription, etc.

VUS (variant of unknown 
significance)

Gene variants can be put into 5 classes: pathogenic (known, disease causing); likely pathogenic 
(novel, likely disease causing); VUS (novel, uncertain whether pathogenic or benign); likely 
benign (novel, unlikely disease causing); benign (known, not associated with disease)

SV (structural variants) Changes in large DNA fragments due to translocation, inversion, deletion, and duplication/
amplification

CNV (copy number variation) Amplification or deletion leading to either >2 or <2 copies of a specific gene/genomic sequence; 
there is a lot of CNV within the general population, and individuals may have duplicated/
deleted regions without phenotype

Indel (insertion or deletion 
mutation)

Insertion or deletion of bases; indels are generally more difficult to detect using NGS, especially 
if located at the edges of a sequence; large indels (>30 bp) are problematic as shortened 
sequences may be filtered out as low quality
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fected individuals [24–27]. As well as being used to iden-
tify the predisposition biomarkers in rare syndromes, 
NGS can identify – either through deliberate screening or 
as incidental findings – susceptibility alleles for a variety 
of more common syndromes. This is important in the 
syndromes which have variable penetrance and variable 
expression. Thus, a patient may have the germline variant 
but may not yet have an overt or typical manifestation of 
the disease. Similarly, a patient may be found to be a car-
rier of a mutant allele for an autosomal recessive syn-
drome. Both situations have implications for both the pa-
tient and extended family members but they also raise 
ethical issues (see below).

Pharmacogenetic Biomarkers
This refers to the germline variants which will predict 

how an individual will handle a particular kind of drug. 
This will have implications on whether or not the patient 
should be given the drug and also on the dosage of the 
drug that is administered [28–32].

Profile Biomarkers
This refers to the variants which are found within a 

diseased tissue. In tumours, for example, a variety of dif-
ferent mutations can be detected (see above), and these 
can be used to classify tumours – both as an addition to 
morphological classification and as an alternative to mor-
phological classification. Some mutations are character-
istic of certain tumours, and therefore they can be used to 
confirm or refute a morphological diagnosis [33–36]. For 
both tumour and non-tumour tissue, profile biomarkers 
would include a description of molecules expressed in 
that tissue. Certain disease states may have specific ex-
pression profiles, and thus the expressed profile could be 
used for classification.

Prognostic Biomarkers
This refers to the biomarkers which give information 

on the outcome of the disease. Knowledge of how a dis-
ease may behave allows management decisions to be 
made on, for example, whom and when to intervene with 
therapy. 

Predictive Biomarkers
This refers to those biomarkers which give informa-

tion as to whether the patient will respond to specific 
therapies. Predictive biomarkers allow the patient to be 
stratified into the appropriate treatment group and for 
precision medicine to the practised. Thus, certain muta-
tions may be associated with resistance to specific therapy 

(such as KRAS mutation in a tumour indicating resis-
tance of cetuximab) [37, 38]. Other mutations, however, 
may denote a sensitivity to specific therapies (such as a 
BRAF mutation in melanoma indicating a likely response 
to vemurafenib) [39]. 

Pharmacotherapeutic Biomarkers
This refers to the biomarkers identified in diseased tis-

sue (whether they are gene mutations or expression pat-
terns) which are amenable to direct therapeutic targeting. 
These may or may not be biologically relevant to the dis-
ease, e.g. there may be a passenger mutation which creates 
a tumour-specific neo-antigen, there may be cell surface 
molecules aberrantly expressed as an epiphenomenon of 
a driver mutation, or there may be novel targets which 
show synthetic lethality with driver mutations.

Limitations of NGS

As with all techniques, there are a number of factors 
which can confound the interpretation of NGS data. 
These range from variations in the templates (i.e. pre-an-
alytical confounders), technical issues around the meth-
odology (analytical confounders) and features within the 
data (post-analytical confounders).

Pre-Analytical Confounders
NGS can be performed on nucleic acid derived from 

any template although, in clinical practice, the most like-
ly templates to be used will be frozen tissue, formalin-
fixed paraffin-embedded tissue, and, increasingly more 
often, plasma (i.e. liquid biopsy). The first of the con-
founding factors is the content of the tissue, and steps 
should be taken to ensure that the sample must be appro-
priate for the test that is being performed. For example, if 
tumour tissue is being tested in order to obtain a mutation 
profile, then the ratio of tumour cells to non-tumour cells 
must be above the limit of detection of the methodology. 
Similarly, if RNA-Seq is being performed to profile 
mRNA or microRNA, it should be noted that this may be 
affected by external factors such as warm ischaemia (when 
the blood supply is cut off from the tissue during surgery) 
[40]. As a general rule, the highest quality of DNA and 
RNA is obtained from tissue which is frozen as quickly as 
possible. Short delays in freezing will not affect the DNA 
but there may be subtle changes in the RNA expression 
profile (a phenomenon known as cold ischaemia) [41]. 
The circulating free DNA obtained from plasma is usu-
ally of high quality but is frequently fragmented due to 
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cleavage prior to release from cell nuclei into the circula-
tion. Methods requiring DNA fragments >200 bp are less 
likely to succeed on a template derived from plasma [42].

Probably the largest pre-analytical confounder in NGS 
is the effect caused by processing of fresh tissue into for-
malin-fixed paraffin-embedded tissue [43, 44]. This will 
cause fragmentation and cross-linking of the nucleic acid 
resulting in low quality and low-molecular-weight DNA. 
This is generally not suitable for WGS but can be used for 
WES and for targeted sequencing. Formalin-fixed paraf-
fin-embedded tissue-derived DNA is more prone to AT/
GC drop-out, random PCR errors and to deamination 
artefacts [45]. The latter is caused by loss of the amino 
residue in cytosine resulting in a sequence change to thy-
mine during PCR. Sequencing platforms which analyse 
both strands are able to avoid these errors.

Analytical Confounders
Our experience has been that, under optimal condi-

tions, NGS is a robust and reproducible technique. Each 
NGS platform will have its own strengths and weakness-
es, and there will be platform-specific sources of varia-
tion. It is beyond the scope of this review to discuss the 
specific confounders but there are some generic con-
founders which can be identified. Template concentra-
tion – if too low or too high – can cause errors to occur 
during each of the steps of library construction. Inaccu-
rate dilution of the libraries themselves can induce errors 
(such as excessively dense clusters) and there may be 
batch-to-batch variation due to changes occurring in the 
consumables. Although library construction is theoreti-
cally non-biased, there is also a tendency for underrepre-
sentation of CG- and AT-rich areas [46]. NGS technolo-
gies do not deal well with repeat sequences, and those 
using pyrophosphate as a means of sequence detection 
are particularly prone to errors in mononucleotide repeat 
sequences. Platforms which sequence very short frag-
ments are more likely to miss large (>20 bp) deletions 
[47]. A potential problem common across the various 
platforms is if some of the molecules in a clonally ampli-
fied group of molecules fall out of phase during the se-
quencing reaction; thus, different residues will be added 
to those being added to the other molecules in the group 
causing a loss of signal quality. 

Post-Analytical Confounders and Interpretation in 
Context
The progress in sequencing technologies has led to the 

development of robust platforms for acquiring large vol-
umes of sequencing data. The greater challenge now lies 

(i) in the optimization of the bioinformatics pipelines to 
ensure that the data are accurate and (ii) in the discrimi-
nation of clinically meaningful variation from irrelevant 
“noise.” 

Firstly, once the sequence data have been obtained, 
they need to be filtered to remove low-quality reads. The 
sheer number of sequencing reactions that are performed 
means that there will inevitably be errors. For platforms 
which sequence both strands, they can also filter out 
spontaneous PCR errors and deamination artefacts by 
ensuring that a variant is only called when it is present in 
both strands. Next, the generated sequence has to be ac-
curately aligned to a reference sequence (or accurately 
stitched together for de novo assembly).

Once the sequence assembly is complete and true vari-
ants have been identified, it is important to interpret the 
data with the laboratory and clinical context in mind. For 
example, if mutations are not found in a tumour, it is es-
sential to confirm that there was sufficient tumour in the 
template initially. A sample containing insufficient tu-
mour cells should not get through for testing but samples 
may be near the borderline limit of detection. In this case, 
especially for resistance mutations, a decision needs to be 
made regarding the confidence with which a “true nega-
tive” call can be made. A factor informing this decision 
may be the depth of sequencing achieved for that specific 
site.

If a sequence variant is found, it is important to know 
whether this represents a true pathogenic event. Even 
fairly large-scale structural changes (such as copy number 
variations) can occur without any obvious phenotypic ef-
fect. Given the variation within the human population, it 
could be argued that structural variant analysis in a tu-
mour should be undertaken in comparison with matched 
normal tissue from the same patient. This would give the 
most accurate information but would double the cost of 
the test. As more sequencing is performed, more devia-
tions from the reference sequence will inevitably be iden-
tified. Some will be known pathogenic mutations whilst 
others will be referred to as variants of uncertain signifi-
cance. Guidelines have been published on inferring the 
pathogenicity of a newly identified sequence variant [48, 
49]. It is constantly emphasized that the simple presence 
of a variant – even one that has been called with confi-
dence and is predicted to severely affect gene function – is 
not enough to assume that it is clinically pathogenic. 
There is a concern that simply taking mutations at face 
value may lead to overcalling of pathogenic mutations 
and inappropriate clinical management. Given the im-
pending explosion of NGS-derived data, there is a need 



Next-Generation Sequencing in 
Diagnostic Pathology

303Pathobiology 2017;84:292–305
DOI: 10.1159/000480089

to establish international databases in order to pool 
knowledge and facilitate interpretation. Since NGS can 
pick up pathogenic changes incidentally, there needs to 
be a local decision as what information will be relayed 
back to the clinician – whether it will be all changes, only 
validated pathogenic changes, or only changes in the tar-
gets of interest. 

Once a known pathogenic variant is identified, its in-
terpretation will still be context dependent. Thus, a BRAF 
mutation in melanoma may mean that a patient will re-
spond to the Braf inhibitor vemurafenib – this would 
therefore be put into the “predictive” group as well as the 
“profile” group of genetic biomarkers. However, BRAF 
mutation does not have the same implication in colorec-
tal cancers – it is a driver mutation but colorectal cancers 
tend not to respond to Braf inhibitor treatment [39, 50]. 
The lack of response of colorectal cancers to vemurafenib 
is due to activation of pathways which bypass the Braf in 
inhibition. Thus, BRAF mutation will be in the profile of 
a colorectal cancer but it would not be included in the 
predictive group. 

In other instances, it may be that the tumour has be-
come “amnesic” for certain driver mutations and there-
fore may not respond to targeted therapy [51]. Finally, 
heterogeneity within a tumour continues to be a chal-
lenging question. If a variant is found at a lower frequen-
cy than the other variants, it most likely represents a sub-
clone. If the variant is known to give resistance to a che-
motherapy, then a decision will have to be made about 
the risk of selecting out resistant cells if that therapy is 
used. 

NGS and Laboratory Management

Guidelines on the management of an NGS-based diag-
nostic service have been published, and an in-depth dis-
cussion is beyond the scope of this review [52–55]. It is 
worthwhile pointing out that the complexity of the NGS 
methodology provides major challenges. For a laboratory 
providing an “end-to-end” service beginning with receipt 
of the tissue sample and concluding with a list of variants, 
there are a number of “wet” bench steps and “dry” bioin-
formatics steps. Each step – both wet and dry – needs to 
be quality controlled, and parameters need to be set for 
accepting results (DNA quality, Phred score, number of 
reads mapping to target areas, depth of coverage, etc.). 
The quality control cannot deal with template-intrinsic 
confounders (such as formalin fixation or low tumour 
cell content) but it needs to ensure that there are no arte-

facts arising from the technical processes of the assay. 
The technical performance of the assay (e.g. limit of de-
tection, short-term and long-term precision) needs to be 
assessed and documented. Given the multiple steps in-
volved, specimen tracking needs to be accurate, and the 
final sequence data need to be validated. Each laboratory 
must decide on when and how validation is to be per-
formed but variant detection protocols for all types of 
variants (i.e. single-nucleotide polymorphisms, indels 
etc.) should be validated. Every time one of the steps is 
changed, whether it is a wet step (such as a new DNA ex-
traction kit) or a dry step (such as a new bioinformatics 
algorithm [56]), then the test needs to be validated to 
confirm that bias has not been introduced. The degree to 
which a diagnostic pathologist should be involved in the 
management of an NGS-based diagnostic service is a 
moot point. At the very least, however, the pathologist 
should have some understanding of the processes in-
volved in the generation of the data and the potential 
sources of artefact.

New Technologies

NGS technologies have revolutionized biological re-
search and, in due course, will transform the way that di-
agnostic pathology and clinical medicine are practised. 
Technology however continues to evolve, and newer 
technologies are being developed which offer an alterna-
tive methodology and which overcome some of the limi-
tations of current technologies. Current technologies rely 
on clonal PCR to generate a signal which is sufficient for 
detection. A methodology involving single-molecule se-
quencing would theoretically be much better and would 
require a lower quantity of starting template. Two tech-
nologies have developed single-molecule sequencing. 
The technology produced by Pacific Biosystems requires 
library construction but each molecule of the library is 
sequenced using immobilized specially modified poly-
merase enzyme, and each nucleotide is detected during 
incorporation into the new strand [57]. The technology 
produced by Oxford Nanopore does not require new 
molecule synthesis. Single-stranded DNA molecules are 
fed through tiny pores in a special electrically resistant 
membrane. Specialized proteins feed single-stranded 
DNA through the pores which have current running 
through them [58]. The molecule disrupts the current as 
it passes through the pore, and from the pattern of disrup-
tion, the DNA sequence can be inferred. Chips have been 
produced by Oxford Nanopore which can be plugged into 
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a USB socket of a computer, and the DNA sequence can 
be read in real time. These new technologies are able to 
produce much longer reads (up to tens of kilobases) than 
current NGS technologies. They are however more error 
prone.

Conclusion

NGS technologies are opening up new possibilities for 
tissue interrogation and molecular diagnostics. Whilst 
the information which they will generate is undoubtedly 

going to contribute to patient management, it should not 
be taken at face value. The diagnostic pathologist is at the 
interface of clinical and laboratory medicine and is best 
placed to provide interpretation of the data within the 
context of the clinical question. Pathologists need to un-
derstand and embrace these technologies in order to 
maximize their clinical utility. 
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