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Annotating the next generation sequencing report
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Abstract: With the advent of precision oncology, the number of genetic alterations to be tested in tumor

biopsies has significantly increased. Consequently, many clinical laboratories are incorporating multiplexed

techniques, such as next generation sequencing (NGS). Even if limited panels are used, NGS analysis of

a tumor biopsy usually detects a large number of variations that need to be annotated. Annotation means

identifying the functional and clinical relevance of the variants in order to identify the actionable alterations

that can predict sensitivity/resistance to therapies or alter prognosis. This review gives an overview of the

annotation process, with particular emphasis in its clinical relevance and potential pitfalls.
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Introduction

With the advent of precision oncology, a growing number
of genetic alterations need to be tested in tumor biopsies,
particularly in certain malignancies. In the case of advanced
lung adenocarcinoma, the list of driver alterations that have
been described is quite extensive, including mutations in
KRAS, EGFR, HER2, BRAF or NRAS; splicing variants
of MET exon 14 and fusions involving ALK, ROSI,
RET, NTRKI or NRG1 (1,2). In other types of solid or
hematological malignancies, the number of driver genes is
rarely less than 10 (3). In addition, non-driver mutations in
genes such as TP53 or PIK3CA or copy number variations
(CNVs) of MET, HER2, FGFRI and other genes might
also have clinical relevance (4,5). Finally, testing the
expression of certain proteins such as PD-L1 or HER2 by
immunohistochemistry is mandatory in many tumor types
(6-9). In order to analyze this increasing number of genetic
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alterations, many clinical laboratories are incorporating
multiplexed techniques. To this end, there are several
strategies and technologies available, which can detect
different types of alterations. Although DNA-based next
generation sequencing techniques (NGS) are becoming
increasingly popular, they cannot determine gene or protein
expression levels and they have also been described to miss
a certain number of gene fusions and splice variants (10).
Consequently, oncology-centered clinical laboratories need
to complement NGS with IHC or RINA-based techniques
in order to comprehensively analyze tumor samples. In
our laboratory, we currently test somatic and hereditary
mutations and CNVs by NGS; gene fusions and splicing
variants using nCounter, a multiplexed RNA-based platform;
and PD-L1 expression by IHC. In the limited number of
cases where non-conclusive results are obtained for CNVs or

fusions, IHC or FISH are used for confirmatory purposes.
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Table 1 Some biomarkers associated to FDA-approved therapies for solid tumors and usual techniques to detect them

Biomarker Malignancies Technique(s)

Expression of estrogen receptors (ER) Breast cancer IHC

Expression of progesterone receptors (PR) Breast cancer IHC

HER2 overexpression/amplification Breast cancer IHC/FISH

KRAS mutations CRC DNA-based

NRAS mutations CRC DNA-based

BRAF mutations CRC, NSCLC DNA-based

EGFR mutations NSCLC DNA-based

ALK fusions NSCLC FISH, IHC, DNA or RNA-based
ROS1 fusions CRC, NSCLC FISH, DNA or RNA-based
KIT mutations GIST DNA-based

PD-L1 expression Several IHC

Panels in multiplexed platforms

A relevant decision that clinical laboratories and oncology
departments need to face is the choice of a panel for NGS
or other multiplexed platforms. In the case of NGS, several
panels are commercially available, and customized panels
can be easily designed and synthesized by specialized
companies. The number of genes to be sequenced goes
from 20 to more than 300 and has a direct impact in
the cost of analysis, which is a key issue towards the full
implementation of NGS in the routine clinical practice
(11,12).

In order to select or customize a panel, a first question
is the range of tumors that is going to be analyzed. In our
laboratory, the choice was to design a custom panel that
could be comprehensively used in all types of solid tumors.
Then, the specific genes and exons within each gene
targeted by the panel have to be selected. If the panel has to
be clinically useful, it must be able to determine all genetic
alterations detectable on DNA with an associated approved
therapy, such as EGFR or BRAF mutations (see Table I). In
addition, it should include “emerging” biomarkers that have
been demonstrated to predict response to a targeted therapy
but have not yet received approval by the health authorities.
Some examples are MET exon 14 splicing variants, MET
amplification or HER2 mutations. Also, if the oncology
department has clinical trials of new drugs targeting specific
alterations, it might be convenient to include them in
the panel in order to facilitate recruitment. Finally, it can
also be useful to include genes that have been reported to
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have prognostic value or to be associated with acquired
or intrinsic resistance to therapies. As an example, Table 2
presents the list of genes selected for the NGS custom
panel we use in our institution. The panel is currently being
employed for tissue and liquid biopsy samples of cancer
patients, baseline and at progression (13-15).

Annotating variants—overview

NGS analysis of a tumor sample usually identifies a large
number of nucleotide changes relative to the reference
human genome, these changes are usually referred to as
“variants”. Even if the number of genes and exons included
in the NGS panel is limited, the number of variants can be
significant. Table 3 presents the results of a NGS analysis
of two FFPE biopsies using the 20 gene panel designed at
our institution. Typically, the number of variants detected
after alignment goes from 15 to more than 50. When using
larger panels, the number of variants increases accordingly.
The challenge is then annotation, which is the process
of identifying the functional and clinical relevance of the
variants so that the final genomic report clearly identifies
the actionable alterations that can predict sensitivity/
resistance to therapies or alter prognosis (16). Annotation
can be quite complex, and surveys have demonstrated
that oncologists are not fully confident in their ability to
interpret information derived from NGS analyses (17).
Pathologists also lack the proper background, so the
annotation process requires the participation of molecular
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Table 2 Genes included in the NGS custom panel used in our

institution

Gene CNVs analysis Exons covered
ALK NO 22,23,24,25
BRAF YES 11,15
CDK4 YES -

CDK6 YES -

EGFR YES 12,18, 19, 20, 21
ERBB2 YES 8,17,19, 20, 21
ERBB4 NO 8,17, 19, 20, 21
FGFR1 YES -

IDH1 NO 4

IDH2 NO 4

KIT NO 8,9,11,13,14,17
KRAS YES 2,38,4
MET YES 13, |1\/|5|5(TS1PAI1I;: g
NRAS NO 2,3,4
PDGFRA NO 12,18
PIK3CA NO 10, 21
RICTOR YES -

ROST1 NO 38
STK11 NO 2,3,4,5,6,7,8,9
TP53 NO 4,5,6,7,8,9

biologists, very particularly in its first steps. Although
many clinicians and health care institutions are extremely
reluctant to incorporate molecular biologists in their staffs,
circumscribing them to research activities; it is becoming
increasingly clear that they must necessarily have an active
role in molecular testing and annotation, granting them
a place in the tumor boards already functioning in many
hospitals (3). After all, in many tumor types, the information
derived from NGS is at least as relevant to the selection
of therapies as the information coming from imaging
techniques or pathological assessments (18-21).

Figure 1 summarizes the different steps of the annotation
process. In each step, variants are filtered so that, at the
end of the process, only a few clinically relevant variants
should remain, that are sometimes accompanied in the final
NGS report by a short number of variants of uncertain
significance.
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Alignment and first filtering based on
frequencies and coverage

The first relevant issue that needs to be considered when
annotating variants is the quality of the sequencing. The
software programs associated with the NGS platforms
generate a variety of quality parameters for the sequencing of
each sample, such as coverage, GC percentage, ambiguous base
content and other quality scores. Ideally, certain thresholds
need to be met for a sequencing result to be considered
reliable. In addition, all the gene regions of interest have to be
adequately covered (22). For instance, in a non-small cell lung
cancer (NSCLC) sample, it would not be acceptable that exon
19 of the EGFR is not sufficiently covered.

During data analysis, sequencing results of the regions
targeted by the panel are first aligned to a reference
sequence. There are currently software tools that
automatically perform these steps and generate two types of
computer files: SAM or BAM files, used to represent aligned
sequences; and VAF files, which compile the information
about the variants found at specific positions in the sample
analyzed relative to a reference genome. Some programs
allow for visualization of these files. In the case of VAF files,
a list of variants is generated, accompanied with additional
data such as allelic fraction, number of counts in forward
and reverse, etc. When reporting variants, ambiguity needs
to be avoiding meaning that the transcript and respective
coding and protein position should be mentioned in
the report. Ultimately, the genomic coordinate will also
unambiguous characterize the variant. All this data should
ideally be generated with the software used; if this is not the
case, the person responsible for the report should produce it
using adequate databases and programs (1able 4) (16,23,24).

A first analysis and filtering of variants can be performed
based on the data contained in the list of variants and
other quality parameters of the NGS run. Variants with
very low counts only in forward or reverse are very likely
to be artifacts, particularly in the case of FFPE samples.
This might also be the case of variants with very low
allelic fractions. For instance, a base replacement with a
0.4% allelic fraction in a tissue sample with 90% tumor
infiltration is probably artifactual. Or, in case it was really
present, it would just affect a very minor clone of tumor
cells and, in all likelihood, will not have any clinical
relevance. Many software tools that generate list of variants
also incorporate some filters in order to eliminate such low
abundance variants. In some cases, the thresholds of those
filters can be re-set by the operator.
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Table 3 List of variants in a sample of colon adenocarcinoma analyzed at our institution

Gene c. variant p. variant VAF F Count R Count Reported
NRAS c.406A>G p.Ser136Gly 7.04% 0 10

IDH1 c.347delA p.Asn116fs 4.20% 0 5

ERBB4 c.884-7delT (Intronic) 11.84% 16 2

ERBB4 €.884-8_884-7delTT (Intronic) 10.32% 12 4

ERBB4 c.884-9_884-7delTTT (Intronic) 4.52% 5 2

PIK3CA c.1540-6T>G (Intronic) 15.12% 0 13

PDGFRA c.1701A>G (Intronic) 99.26% 50 85

PDGFRA c.2472C>T (Intronic) 51.87% 37 74

RICTOR C.754-7_754-6insT (Intronic) 6.10% 3 2

RICTOR c.754-7delT (Intronic) 8.28% 5 7

EGFR c.2361G>A (Intronic) 47.78% 23 20

MET c.3109G>A p.Gly1037Ser 3.05% 0 3

MET c.3912C>T (Intronic) 6.00% 5 1

MET c.4071G>A (Intronic) 51.41% 34 39

MET c.4146G>A (Intronic) 39.86% 7 52

BRAF c.2128-5delT (Intronic) 49.43% 41 46

KRAS c.38G>A p.Gly13Asp 8.78% 16 2 KRAS p.Gly13Asp
CDK4 c.662A>G p.Asp221Gly 35.59% 39 24

TP53 c.920-10T>C (Intronic) 5.88% 2 2

TP53 c.592G>T p.Glu198* 4.40% 4 3 TP53 p.Glu198*
TP53 c.215C>G p.Pro72Arg 57.98% 23 46

The variants reported after filtering and annotation are listed in the last column. VAF, variant alellic fraction. F, forward. R, revers.

LIST OF VARIANTS

| Sequencing results |

| Align to reference sequence | Are there variants? Where?

| Identify and eliminate SNPs |

| Classify variations | Synonymous, missense, nonsense, etc

Does the gene have a role in this
malignancy?

| Obtain gene-specific information

What is the pathogenicity and
actionability of the mutation?

Determine or predict effects of mutations

FINAL NGS REPORT

Figure 1 Flow chart of the annotation process of NGS variants.
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Table 4 Web-based tools useful for annotation of NGS data
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Process Tool/database

Website

Sequence alignment  Burrows-Wheeler Aligner
T-Coffee

Variant calling GATK

Free Bayes

Variant annotation
(tools)

Annotate Variation (ANNOVAR)
Polymorphism Phenotyping v2 (PolyPhen-2)
Sorting Intolerant from Tolerant (SIFT)
Ensembl Variant Effect Predictor (VEP)
Variant annotation
(databases) cBioPortal
The Cancer Genome Atlas (TCGA)
SNP database (dbSNP)

Precision Oncology
decision support

Personalized Cancer Therapy

My Cancer Genome

Precision Oncology Knowledge Base (OncoKB)

Catalogue of Somatic Mutations in Cancer (COSMIC)

http://bio-bwa.sourceforge.net/
http://tcoffee.org/
https://software.broadinstitute.org/gatk/
https://github.com/ekg/freebayes
http://annovar.openbioinformatics.org/en/latest/
http://genetics.bwh.harvard.edu/pph2/
https://sift.bii.a-star.edu.sg/
https://www.ensembl.org/info/docs/tools/vep/index.html
https://cancer.sanger.ac.uk/cosmic
http://www.cbioportal.org/
https://portal.gdc.cancer.gov/
https://www.ncbi.nlm.nih.gov/snp/
https://pct.mdanderson.org/
https://www.mycancergenome.org/

https://oncokb.org/

Identification of actionable variants—functional
annotation

Actionable variants are those with potential clinical utility,
either because they alter prognosis or because they predict
sensitivity or resistance to specific therapies (25-27). In
the clinical setting, a particular emphasis is placed on
therapeutic actionability, since it can guide the treatment
of the patient. This kind of actionability should not be
restricted to EMA or FDA-approved therapies and markers,
but should also include variants that allow the enrolment of
patients into clinical trials (3).

In a significant percentage of tumor samples, well-known
actionable mutations appear in the filtered list of variants.
Most colon cancer samples present mutations in codons 12,
13 and 61 of the KRAS gene or 600 of the BRAF gene that
predict resistance to anti-EGFR antibodies, while 15-50%
of NSCLC samples harbor the p.L858R mutation or small
insertions/deletions (indels) in the EGFR gene, which make
the patient eligible for EGFR TKI therapies. These variants
can be directly annotated, while the rest will have to go
through the process of functional annotation.

The first step in this process is to eliminate single
nucleotide polymorphisms (SNPs), germ-line variants
that are present in a significant percentage of the human
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population. In patient samples, SNPs appear at allelic
frequencies close to 50%. Software programs are available
in some NGS platforms that automatically identify SNPs
but, if this is not the case, publicly available databases can
be used (Table 4) (3,16). The next step is to determine the
functional effects of the variation (Figure 2). A change
in the nucleotide sequence can be silent or synonymous
and have no effect on the amino-acid sequence of the
corresponding protein. Obviously, these types of mutations
are not expected to be actionable. Other mutations do
introduce changes the amino-acid sequence, but their
effects on the function of the protein depend on many
factors. Frameshift deletions or nonsense mutations, which
introduce a premature stop codon, are likely to generate
an inactive protein, except if they are located at the very
end of the gene. Small in-frame insertion-deletions (indels)
located in the exons coding for the kinase domain of a
membrane receptor are typically associated with constitutive
activation of the protein. Finally, missense mutations, which
replace a single amino-acid, will have a functional effect
depending on several factors, such as the type of amino-acid
replacement (conservative or not) and the localization of
the replacement within the protein sequence (active center,

ligand-binding regions, etc.) (Figure 2). The gene affected
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Type of mutation

INTRONIC

1. Silent\

2. Splice variants

EXONIC (Coding sequence
1.1. Silent
1.2. Nonsense

1.3. Missens:
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2.1. Frameshift
2.2. In-frame

Figure 2 Functional effects of different types of mutations.

by the mutation is also relevant for functional annotation,
particularly if it has been described to be an oncogene or a
tumor suppressor.

A number of computer algorithms have been developed
to predict the functional effect of mutations (7ible 4), usually
based on cross-species conservation but incorporating other
considerations (28). However, the predictive power of these
algorithms is limited, and their sensitivity and specificity
have been estimated to be around 65-75% (29). In particular,
they often fail to identify mutations leading to constitutive
activation (30). Publicly accessible database are also useful
in the process of functional annotation. PubMed, somatic
mutation databases (COSMIC and TCGA) or precision
oncology websites (Table 4) can be used to search for a
specific variation, check if it has been previously identified
in tumor samples and find out about its functional effects
and actionability. At the end of this process of functional
annotation, most variants should be adequately classified.
However, a significant percentage of tumor samples harbor
variants from which there is no functional information
available and cannot be properly categorized. They are the
so-called variants of uncertain significance (VUS).

The final NGS report

The process of filtering and annotating variants described
below should dramatically reduce the initial pre-analysis
list of variants. Table 3 presents the final list of variants in a
tumor sample analyzed in our institution. The final NGS
report to be handed to the clinician should clearly categorize
the variants, listing first the therapeutic actionable variants
and the approved drugs or clinical trials associated with
them; followed by other variants with prognostic or

© Precision Cancer Medicine. All rights reserved.
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predictive significance and finally the VUS, if any. In those
cases where several actionable variants are found, they
should be prioritized according to several parameters.
Alterations with targeted agents approved by the health
authorities and ideally covered by the public health care
system or the insurance companies should go first. Then,
variants with drugs with proven clinical efficacy not yet
approved but that can be obtained from pharmaceutical
companies through programs of compassionate use. Finally,
alterations allowing enrolment of the patient in clinical
trials, preferentially in the same hospital or hospitals nearby.
If the clinical institution has a tumor board, the NGS report
should be presented there, and the board should examine
and discuss it in order to select the best treatment option
for the patient (27,31,32).
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