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Accepted for publication

October 13, 2016. Widespread clinical laboratory implementation of next-generation sequencing—based cancer testing

has highlighted the importance and potential benefits of standardizing the interpretation and reporting
of molecular results among laboratories. A multidisciplinary working group tasked to assess the current
status of next-generation sequencing—based cancer testing and establish standardized consensus
classification, annotation, interpretation, and reporting conventions for somatic sequence variants was
convened by the Association for Molecular Pathology with liaison representation from the American
College of Medical Genetics and Genomics, American Society of Clinical Oncology, and College of
American Pathologists. On the basis of the results of professional surveys, literature review, and the
Working Group’s subject matter expert consensus, a four-tiered system to categorize somatic sequence
variations based on their clinical significances is proposed: tier I, variants with strong clinical sig-
nificance; tier II, variants with potential clinical significance; tier III, variants of unknown clinical
significance; and tier IV, variants deemed benign or likely benign. Cancer genomics is a rapidly evolving
field; therefore, the clinical significance of any variant in therapy, diagnosis, or prognosis should be
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reevaluated on an ongoing basis. Reporting of genomic variants should follow standard nomenclature,
with testing method and limitations clearly described. Clinical recommendations should be concise and
correlate with histological and clinical findings. (J Mol Diagn 2017, 19: 4—23; http://dx.doi.org/

10.1016/j.jmoldx.2016.10.002)

The sequencing of human DNA for the human genome
project has led to the emergence of technologies that iden-
tify genomic, transcriptional, proteomic, and epigenetic al-
terations in patients’ tumors. Precision medicine uses
concepts of the genetic and environmental basis of disease
to individualize prevention, diagnosis, and treatment and
integrates tumor molecular data into decision making in
medical practice. " Genomic information—based disease
prognosis and the selective use of targeted therapy to target
specific genotypic and biological biomarkers, combined
with other therapeutic strategies based on the tumor biology
of the individual patient, hold the promise of improving
clinical outcomes and patient care.

In recent years, assays for single-target detection have
been replaced by next-generation sequencing (NGS) or
massively parallel sequencing. This technology allows for
the simultaneous evaluation of many genes and the genera-
tion of millions of short nucleic acid sequences in parallel.”®
The NGS high-throughput platform is more efficient and less
expensive and provides information that is not provided by
single gene-by-gene Sanger DNA sequencing analysis or by
gene-specific targeted hot spot mutation assays.” The vast
number of variants identified by NGS in tumor tissue is
attributed to the complexity of carcinogenesis, including the
multistep process of genetic mutations and tumor heteroge-
neity (ie, multiple clones of cells with related but distinct
molecular signatures within tumors).“ Herein, tumor refers
to tissue deriving from either a benign or malignant
neoplasm. NGS results obtained using DNA or RNA
extracted from tumor tissue frequently demonstrate a com-
plex molecular signature that is different from that of normal
tissue for any given patient. The significance of the change
relative to tumorigenesis depends on the type of genetic ab-
erration, the location of the variant, and the normal function
of the protein. Genetic variants can be germline or somatic. A
germline variant is defined as a genetic alteration that occurs
within the germ cells (egg or sperm), such that the alteration
can be passed to subsequent generations. A somatic variant is
defined as a genetic alteration that occurs in any of the cells of
the body, except the germ cells, and therefore is not passed on
to subsequent generations. Genetic variations may be acti-
vating, resulting in a gain of function of the protein, such as a
missense mutation in the functional or kinase domain of the
protein, allowing for autophosphorylation of the protein, the
loss of regulation for downstream signaling, and uncon-
trolled cell growth and proliferation. Conversely, the genetic
alteration may be inactivating, such as nonsense, splice-site,
and frameshift insertion/deletion mutations, thereby causing
a loss of function of a tumor-suppressor gene. The types of
variants observed include single-nucleotide variants (SNVs)
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that cause a missense, silent, or nonsense amino acid sub-
stitution, or a splice site alteration affecting normal splicing
of the mRNA transcript. Alternatively, one or more nucleo-
tides may be involved in duplications, deletions, insertions,
or even a more complex pattern with a nucleotide(s) deletion
coupled with a nucleotide(s) insertion (indels) at a particular
location. Also common in the pathogenesis of cancer is a
change in copy number of cancer-related genes. Generically
identified as copy number variants (CNVs), these include
copy number alterations of various types. Examples of CNVs
include the common loss (deletion) of the tumor-suppressor
RBI gene in retinoblastoma or the gain (amplification) of
the oncogene ERBB?2 in invasive breast carcinoma. In addi-
tion, structural rearrangements, including chromosome
translocations, deletions, duplication, or inversions, are
frequently identified in tumor DNA and result in gene fusions
and associated fusion proteins with unique cancer-promoting
properties, such as the EML4-ALK recurrent inversion mu-
tation that is seen in non-small cell lung cancer.

Molecular profiles obtained on tumor DNA and RNA can
guide the clinical management of cancer patients. This in-
formation can provide diagnostic or prognostic information,
identify a potential treatment regimen or targeted therapy,
and determine eligibility for the following: i) a Food and
Drug Administration (FDA)—approved medication for that
tumor type, ii) a medication available as off-label treatment
for the specific molecular alteration in a nonapproved tumor
type, or iii) a targeted therapy available in clinical trials with
investigational agents based on an identified molecular
alteration. In the United States, the Clinical Laboratory
Improvement Amendments of 1988 provide regulatory
oversight to laboratories performing tumor genomics char-
acterization (US Government Publishing Office, Electronic
Code of Federal Regulations, Title 42, §Part 493.1, http:/
www.ecfr.gov/cgi-bin/text-idx?SID = 1248e3189da5e5f936
e55315402bc38b&node =pt42.5.493 &rgn=div5#se42.5.
493 _11, last accessed July 6, 2016). Clinical Laboratory
Improvement Amendment certification of laboratories,
ongoing quality assurance/improvement, and appropriate
proficiency testing are required to ensure accurate and
reproducible molecular profiling.

Implementaion of NGS identifies large numbers of ge-
netic variations in tumor DNA, which are crucial for optimal
patient care, and treatment guidelines are developed based
on specific molecular findings; therefore, it is imperative to
unify the interpretation and reporting of molecular results
among laboratiores performing these tests.'””'® In the
spring of 2015, a clinical laboratory—focused working
group was formed to establish recommendations for the
interpretation and reporting of sequence variants identified
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in tumor tissue analogous to the recently published stan-
dards and guidelines for the interpretation of sequence
variants in genes associated with mendelian disorders.'* The
multidisciplinary working group, convened by the Associ-
ation for Molecular Pathology (AMP), included in-
vestigators with expertise in molecular pathology, medical
genetics, and clinical oncology and included liaison repre-
sentation from the American College of Medical Genetics
and Genomics (ACMG), American Society of Clinical
Oncology, and College of American Pathologists.

To broadly assess the current practice of NGS testing for
tumor tissue, an NGS technical survey and an NGS
reporting survey were prepared by the working group and
made available online to the AMP membership community
for approximately 4 weeks (Figure 1). A representative from
each laboratory performing NGS testing was encouraged to
participate; 67 responses were received for the technical
survey, while 44 participants completed the reporting sur-
vey. Participants reported performing NGS testing on both
solid tumors and hematological neoplasms, with the number
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variants?

Are therapeutic
implications for
variants reported?

How do you classify
your variants?
100%

3%
5% Other

Reported

3
Category
YES
5
Category Sometimes Not
Reported

Are potential germline
variants reported?

of genes contained within the testing panels ranging from 1
to 10 genes to >100 genes. A minority of respondents re-
ported performing exome (12%) or genome (5%) analysis
on tumor tissue. All participants noted the ability to detect
SNVs; 95% of participants stated that small indels could be
identified by their testing methods, whereas CNVs and gene
fusions were interrogated by only 35% and 37% of
participating laboratories, respectively.

In addition to differences in NGS techniques reported
among the participating laboratories, this survey also high-
lighted significant differences in annotation and reporting of
variants (Figure 1). Preliminary findings from this survey and
additional public open comment designed to further inform
this project were gathered during a workshop held at the
2015 AMP Annual Meeting (Austin, TX). Classification and
reporting of variants to health care providers is critical for
patient care, including the following: accurate reporting of
tumor response to targeted therapy; establishment of national
guidelines for patient care; and collaborative institutional
clinical trials, thereby supporting the need for standardization
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Figure 1  Association for Molecular Pathology (AMP) Interpretation of Sequence Variants in Somatic Conditions Working Group technical and reporting survey 1
results. A: Minor allele frequency (MAF). B: Five categories includes pathogenic, likely pathogenic, variant of unknown significance (VUS), likely benign, and
benign; three categories includes pathogenic, VUS, and likely benign; other represents participant answers, such as two categories of pathogenic and VUS and no
categories. List variants in order of importance for clinical impact, clinical trials, and actionability or predictive of prognosis in that tumor type or in cancer.
C: Reported includes therapies approved by Food and Drug Administration (FDA) or contained in professional guidelines, or investigational therapies such as
clinical trials for investigational drugs or off-label use of FDA approved drugs. D: Reported includes recommendation of genetic counseling and/or discussion with
clinical team providing care to the patient. E: Variant allele frequency (VAF): the proportion (usually shown as %) of variant reads. F: Genomic coordinates of
variants: genomic locations of variants denoted by the chromosome number followed by the nucleotide location of the variant (eg, chr17:7674250). G: Transcript
accession information includes transcript accession number and version number (eg, NM_000546.5). H: Sometimes includes only if quality control (QC) fails for
actionable/targeted variant regions. Survey results obtained anonymously from participating AMP membership regarding reporting of clinical next-generation
sequencing results. AMP members are individuals involved in the clinical practice, educational, basic or translational research, economic, and/or regulatory
aspects of molecular diagnostics, including but not limited to pathologists, laboratory directors, clinical laboratory scientists, informaticians, technologists,
clinicians and other health care personnel, government employees, especially those involved in regulation of the field, and professionals in the in vitro diagnostics
industry. Surveys were distributed through AMP’s electronic member community [Chat AMP (CHAMP)], and responses were collected between April 7, 2015, and May
1, 2015. There were 44 individual responses for the reporting survey and 67 individual responses for the technical survey. For both surveys, respondents were
permitted to select multiple demographic categories describing their occupation. For the technical survey, respondents self-identified as pathologist (39%),
laboratory medical director (37%), researcher (15%), bioinformatician (10%), physician (8%), laboratory supervisor (12%), oncologist (3%), and clinical lab-
oratory technologist/technician (3%). For the reporting survey, respondents self-identified as pathologist (50%), laboratory medical director (40%), researcher
(13%), bioinformatician (11%), physician (8%), laboratory supervisor (8%), oncologist (3%), and clinical laboratory technologist/technician (3%).
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Table 1

Databases Relevant to Interpretation of Somatic Sequence Variants

Utility/function Database

Location (web address)

1000 Genomes Project'®
Exome Variant Server
dbSNP*’

dbVar'®

ExAC

Population databases to
exclude polymorphisms

Cancer-specific variant

databases My Cancer Genome

Personalized cancer therapy, MD Anderson Cancer

Center

cBioPortal, Memorial Sloan Kettering Cancer

Center®®
Intogen?’
ClinicalTrials.gov

IARC (WHO) TP53 mutation database
Pediatric Cancer Genome Project (St. Jude

Catalog of Somatic Mutations in Cancer’

http://browser.1000genomes.org
http://evs.gs.washington.edu/EVS
http://www.ncbi.nlm.nih.gov/snp
http://www.ncbi.nlm.nih.gov/dbvar
http://exac.broadinstitute.org
http://cancer.sanger.ac.uk/cosmic
http://www.mycancergenome.org
https://pct.mdanderson.org

http://www.cbioportal.org

https://www.intogen.org/search
https://clinicaltrials.gov
http://p53.1arc.fr
http://explorepcgp.org

Children’s Research Hospital—Washington

University)

International Cancer Genome Consortium??

NCBI Genome
RefSeqGene?

Sequence repositories and
data hosts

Locus Reference Genomic®®

UCSC table browser®

Ensemble BioMart?’
Other disease/mutation databases Clinvar®®
useful in the context of variant

interpretation for cancer genomics

Human Gene Mutation Database®
Leiden Open Variation Database®”
dbNSFP (compiled database of precomputed in

https://dcc.icgc.org
http://www.ncbi.nlm.nih.gov/genome
http://www.ncbi.nlm.nih.gov/refseq/rsg
http://www.lrg-sequence.org
https://genome.ucsc.edu/cgi-bin/hgTables
http://useast.ensembl.org/biomart/martview
http://www.ncbi.nlm.nih.gov/clinvar
http://www.hgmd.org

http://www.lovd.nl
https://sites.google.com/site/jpopgen/dbNSFP

silico prediction scores for nonsynonymous

SNVs)**

Ensemble Variant Effect Predictor’®

http://www.ensembl.org/info/docs/tools/vep/
index.html

These are not comprehensive lists, and inclusion does not represent an organizational endorsement of any individual database or product. All websites last

accessed June 7, 2016.

dbSNP, The Database of Short Genetic Variation; EXAC, Exome Aggregation Consortium; IARC, International Agency for Research on Cancer; NCBI, National
Center for Biotechnology Information; SNV, single-nucleotide variant; UCSC, University of California, Santa Cruz; WHO, World Health Organization.

among laboratories performing these tests. The goal of these
guidelines is to establish standardized classification, anno-
tation, interpretation, and reporting of sequence variants
associated with cancer. The guidelines presented herein are
based on literature review, empirical data, and the profes-
sional judgment of the working group members.

Databases

Genomic Databases

With the publication of an increasing number of large-scale
genome sequencing projects for a variety of tumor types, a
wealth of genomic information is being generated and
consolidated into many public databases globally'” '
(Table 1). For example, the National Cancer Institute’s
Genome Data Commons contains National Cancer Institu-
te—generated data from some of the largest and most
comprehensive cancer genomic data sets, including The
Cancer Genome Atlas, Therapeutically Applicable Research
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to Generate Effective Therapies, and the Cancer Genome
Characterization Initiative (hrtps://gdc.cancer.gov, last
accessed September 25, 2016). Another public somatic
variant database is the Catalog of Somatic Mutations in
Cancer (http://cancer.sanger.ac.uk/cosmic, last accessed
September 30, 2016), which contains millions of somatic
alterations across numerous tumor types. Several other data
repositories, such as reference sequence information, pop-
ulation databases, and germline variant databases, that are
frequently used in somatic variant analysis are also
constantly increasing and improving. The genomic data-
bases provide information that is necessary for accurate
annotation and prioritization of somatic variants. As a
general rule, clinical laboratories should exercise the
following cautionary steps on the use of public databases:

1. Understand the content of the database and how the data are
aggregated. The clinical laboratory should review the docu-
mentation or published literature relating to a given database
to ascertain the source, type, and intent of the database.
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2. Pay specific attention to the limitation of each database to
avoid overinterpretation of annotation results.

3. Confirm the versions of the human genome assembly as
well as mRNA transcript references to ensure appropriate
Human Genome Variation Society (HGVS) annotation.

4. Whenever possible, use genomic coordinates, instead of
HGVS nomenclature, to unambiguously query genomic
databases.

5. Assess the quality of the provided genomic data based on
the source, from publications or another database, the
number of a specific entry, single or multiple, the depth
of the study, the use of appropriate controls, confirmation
of a variant’s somatic origin, and functional and potential
drug response studies.

6. Verify data quality of the pathological diagnosis pro-
vided (eg, site, diagnosis, and subtype).

Reference Sequence Databases

Reference sequence databases provide information on the
version of the human genome assembly and related informa-
tion, such as genomic coordinates, for unambiguous repre-
sentation of sequence variants. Additional information, such as
accession and version for mRNA transcripts (eg, BRAF
NM_004333.4) and exon boundary definition, is critically
important for generating correct HGVS nomenclature for
variants. Variant location mapping (coding, noncoding, un-
translated region, and splice site) and strand representation
(positive versus negative) for a gene can be computed from
these databases. This also allows for unequivocal representa-
tion of the variant in the absence of genomic coordinate in-
formation. Some of the commonly used resources include
RefSeq (National Center for Biotechnology Information
Reference Sequence Database, hitps.://www.ncbi.nlm.nih.gov/
refseq, last accessed January 2, 2016), Ensembl (hztp://www.
ensembl.org/index.html, last accessed January 2, 2016), and
Locus Reference Genomic (https:/www.lrg-sequence.org,
last accessed February 2, 2016).

Population Databases

These databases provide comprehensive information about
frequencies of alternative (minor) alleles at a given locus in a
large cohort of individuals who represent an array of
geographically distinct populations. These databases are
frequently used to filter out variants that are deemed poly-
morphic/benign based on an arbitrary cutoff of minor allele
frequency (MAF).'**? There is no standardized cutoff for
MAF to be used for eliminating polymorphic or benign
variants. In the absence of paired normal tissue, the work
group recommends using 1% (0.01) as a primary cutoff,
which is also commonly used across many clinical labora-
tories. Although the aggregate global MAF is most
commonly used, clinical laboratories may consider using
ethnicity-specific MAFs based on the ethnic background of

the patients. In the context of interpretation of somatic vari-
ants, these databases need to be used with caution, because
individuals participating in these sequencing studies were
assumed to be healthy or free of subclinical diseases at the
time of participation in the study. Indeed, several well-known
classic cancer-associated and targetable somatic alterations
are included as germline variants in population databases.
For example, variant NM_004972.3(JAK2):c.1849G>T
(c.V617F) is commonly seen as a somatic variant in myelo-
proliferative neoplasms and can be targeted with FDA-
approved Janus kinase (JAK) inhibitors.”® It is also
included in multiple population databases, such as The
Database of Short Genetic Variation (the National Center for
Biotechnology Information database of genetic variation),
Exome Variant Server, and Exome Aggregation Consortium
(Table 1). Special care should be taken when evaluating
possible hematological malignancies because many
commonly mutated genes in leukemia and myelodysplastic
syndromes may also be somatically mutated in the blood of
otherwise healthy individuals and, therefore, may be incor-
rectly annotated as polymorphisms.”**”

Cancer-Specific Databases

These databases provide information about the incidence and
prevalence of sequence variants across the spectrum of
different cancers and subtypes, cross-references to other
genomic databases, as well as references to published liter-
ature with or without systematic review, cellular pathways,
targeted therapies, clinical trials, and outcome data. The
prevalence and distribution of sequence variants across
different cancers extracted from these databases should be
interpreted with caution because of the poor representation of
the pathology diagnosis standards, lack of clinical-grade
literature curation, and loosely controlled sources of sub-
mitted variants (eg, exploratory or discovery studies) in some
of these databases. For example, some common germline
benign variants are included in these databases, such as
NM_000222.2(KIT):c.1621A>C (p.M541L) in the Catalog
of Somatic Mutations in Cancer database. Commonly used
somatic variant databases are listed in Table 1.

Constitutional Variant Databases

It is common that tumor sequencing with or without
matched normal tissues may reveal variants that are of
germline origin, such as pathogenic variants in genes
associated with cancer predisposition syndromes. Germline
mutation databases, such as the Human Gene Mutation
Database and other disease- or locus-specific mutation da-
tabases, are useful resources for evaluating these variants.
These databases can also be used for evaluating somatic
variants that have well-studied germline counterparts re-
ported in these databases (eg, certain variants in 7P53 and
PTEN genes). Another commonly used database is ClinVar
(http://www.ncbi.nlm.nih.gov/clinvar, last accessed March
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6, 2016). ClinVar addresses all categories of rare germline
variants, such as pathogenic and benign, and provides
associated clinical and experimental evidence when avail-
able. Some of the variants in ClinVar are vetted by expert
panels regarding their pathogenicity. At the present time, the
database only hosts germline variants and is expected to
incorporate somatic variants in the near future.

Internal (Laboratory-Generated) Databases

It is important to emphasize that clinical laboratories should
establish a well-annotated in-house database for both
tracking variants identified within the laboratory and to
provide consistent variant annotations. Such databases are
useful to identify potential false-positive calls that may result
from sequencing alignment artifacts and to establish the
frequency of mutations in cancer types commonly encoun-
tered by the laboratory. We strongly encourage somatic
variant data sharing and wurge clinical laboratories to
contribute their well-curated variants to public variant data-
bases to facilitate accurate interpretation of somatic variants.
However, such a submission process should be standardized
and in compliance with federal privacy regulations, namely,
the Health Insurance Portability and Accountability Act and
the Health Information Technology for Economic and Clin-
ical Health Act. There are ongoing efforts toward building
clinical-grade genomic databases.”

In Silico (Computational) Prediction
Algorithms

In silico prediction algorithms are frequently used tools to
predict whether a nucleotide change in a gene will change the
structure and function of the protein®’ ' (Table 2). At the
onset, the early commonly used algorithms were developed
and validated for curating germline variants. Subsequently,
their use was extrapolated for interpreting somatic variants.
Although the individual algorithms may differ in their core
method of risk prediction, they can be binned into two cat-
egories: prediction of the impact of a missense variant on
protein function and impact of a sequence variant on splicing.
The degree of evolutionary conservation of the amino acid
or nucleotide residue, the biochemical impact of an amino
acid substitution considering the specific physicochemical
properties, and the location of the variant in the translated
protein are some of the main criteria used by different algo-
rithms to predict functional impact of missense variants.
Splice site prediction algorithms use a variety of statistical
approaches, such as the Markov model, machine learning
(neural networks), and the maximum entropy principle, to
predict if a variant will have any impact on splicing.”’~**
In general, missense and splice site prediction tools have a
moderate specificity (approximately 60% to 80%) with a
tendency of over-predicting deleterious impact.”” " The
interpretation of these predictions in the context of cancer
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gene function is usually not straightforward, especially for
activating mutations. For example, the canonical BRAF
V600E oncogenic mutation is predicted to have conflicting or
even benign effect when analyzed across multiple in silico
algorithms. This is one of the several scenarios unique to
somatic variant interpretation that clinical laboratories should
be aware of, and they should exercise caution when inter-
preting in silico scores. It is recommended that the results of
these prediction algorithms should never be used as the sole
evidence for variant classification or clinical decision making.

Variant Identification and Annotation

Variant identification is a critical starting point of variant
interpretation. There are many variant detection software
tools that cater to one specific alteration, such as SNV,
indels, structural variants, and CNVs (Supplemental Table
S1).7% 1t is important for clinical laboratories to under-
stand the limitations of these variant detection tools.
Appropriate laboratory validation of the bioinformatics
pipeline, including commercially purchased bioinformatics
packages, is critical to ensure the quality of the results.
Certain metrics for called variants are critical for variant
interpretation, such as supporting reads (depth of coverage)
and variant allele frequency (VAF), and should be included
in variant evaluation; the latter is particularly important for
somatic variant interpretation in the absence of paired
normal and for evaluating tumor clonal diversity.

The results of variant calling are typically represented in
one of the several standardized formats, such as the clinical
variant call format (VCF), genomic VCF, and general feature
format (alias gene-finding format or generic feature format).
The VCF is the most widely used schema in the clinical
laboratories as of 2016 to represent detected variants (Clin-
ical Variant Call Format, http://vcfclin.org, last accessed
September 28, 2016). Required VCF fields include genomic
coordinates, reference nucleotide(s), and variant nucleo-
tide(s). However, complex, multinucleotide, and large
structural variants are difficult to represent in the current
specification of VCF file format version 4.2, despite the
ongoing efforts for standardizing variant representation. For
further clinical interpretation, additional metadata that add
meaningful and readily identifiable information to variants
should be included (eg, gene symbol, variant location, variant
type, HGVS nomenclature for cDNA sequence changes, and
predicted protein sequence alterations). Additional resources,
such as cross-references to external databases (cancer-
specific and general genomic databases) (Table 1) and pre-
computed in silico algorithm-based predictions (Table 2), can
also be beneficial. This process is formally referred to as
variant annotation, and may be automated by software tools
(Supplemental Table S2).'>047¢7

Variant annotation is crucial to accurate interpretation of
somatic sequence variants. These multiparametric data of
annotated variants form the starting material for variant
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Table 2  Algorithms for Computational Prediction of Functional Impact of Sequence Variant/Splice Site Changes
Utility/function Algorithm/software Location (web address)
Missense SNV PolyPhen2®’ http://genetics.bwh.harvard.edu/pph2

SIFT*® http://sift.jevi.org

MutationAssessor®’
MutationTaster*!
PROVEAN*®
Condel“®

http://mutationassessor.org

http://www.mutationtaster.org

http://provean.jcvi.org/index.php
http://bg.upf.edu/blog/2012/12/condel-for-prioritization-of-variants-involved-in-

hereditary-diseases-and-transfic-for-cancer

CoVEC™®

CADD*’

GERP++

PhyloP and PhastCons*’
Human Splicing Finder*?
MaxEntScan“?
NetGene2**

NNSplice®°
GeneSplicer”!

Splice site prediction

https://sourceforge.net/projects/covec/files
http://cadd.gs.washington.edu
http://mendel.stanford.edu/sidowlab/downloads/gerp/index. html
http://compgen.bscb.cornell.edu/phast

http://www.umd.be/HSF3
http://genes.mit.edu/burgelab/maxent/Xmaxentscan_scoreseq.html
http://www.cbs.dtu.dk/services/NetGene2
http://www.fruitfly.org/seq_tools/splice.html
http://www.cbcb.umd.edu/software/GeneSplicer/gene_spl.shtml

These are not comprehensive lists, and inclusion does not represent an organizational endorsement of any individual database or product. All websites last

accessed June 7, 2016.
SNV, single-nucleotide variant.

prioritization and interpretation. One of the challenging as-
pects of variant annotation is the conversion of genomic
coordinates (ie, chromosome and position) to the corre-
sponding cDNA/amino acid coordinate system (c. and p.
syntax, respectively) for interpretation. This is specifically
problematic for indel variants because of the inherent dif-
ference in alignment of variant representation. Although the
HGYVS system recommends right-aligned (shifting the start
position of the variant to the right until it is no longer
possible to do so) representation of sequence variants, VCF
specifications require left-aligned representation. Currently
available annotation solutions only partially address this
problem. Lack of standardization of left/right alignment
could significantly affect variant localization, leading to
incorrect variant nomenclature. It is essential to use correct
mRNA transcript accession and version information when
multiple alternative transcripts exist to ensure consistent
representation of variants, according to HGVS nomencla-
ture, and support accurate interpretation. It is also important
that clinical laboratories use the genomic coordinate to store
variants in their in-house database to warrant unambiguous
references.

Proposed Guideline for Evidence-Based
Categorization of Somatic Variants

Somatic variants include SNVs, indels, fusion genes result-
ing from genomic rearrangements, and CNVs. Unlike inter-
pretation of germline sequence variations, which focuses on
pathogenicity of a variant for a specific disease or disease
causality, interpretation of somatic variants should be
focused on their impact on clinical care. A variant can be
considered a biomarker that affects clinical care if it predicts
sensitivity, resistance, or toxicity to a specific therapy, alters
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the function of the gene, which can be targeted by approved
or investigational drugs, serves as an inclusion criterion for
clinical trials, influences disease prognosis, assists in estab-
lishing a diagnosis of a cancer, or warrants implementing
surveillance measures for early cancer detection. Clinical
impacts should, therefore, include therapeutic, prognostic,
diagnostic, and preventive actions. The clinical impact of a
given variant should be determined according to currently
available evidence. Evidence used for variant categorization
can be weighed differently based on its significance in clin-
ical decision making. On the basis of literature review and
Working Group consensus, we propose to group clinical and
experimental evidence into four levels (Table 3):

1. Level A, biomarkers that predict response or resistance to
US FDA-approved therapies for a specific type of tumor
or have been included in professional guidelines as
therapeutic, diagnostic, and/or prognostic biomarkers for
specific types of tumors;

2. Level B, biomarkers that predict response or resistance to
a therapy based on well-powered studies with consensus
from experts in the field, or have diagnostic and/or
prognostic significance of certain diseases based on well-
powered studies with expert consensus;

3. Level C, biomarkers that predict response or resistance to
therapies approved by FDA or professional societies for a
different tumor type (ie, off-label use of a drug), serve as
inclusion criteria for clinical trials, or have diagnostic
and/or prognostic significance based on the results of
multiple small studies;

4. Level D, biomarkers that show plausible therapeutic
significance based on preclinical studies, or may assist
disease diagnosis and/or prognosis themselves or along
with other biomarkers based on small studies or multiple
case reports with no consensus.
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Table 3  Categories of Clinical and/or Experimental Evidence

Category  Therapeutic Diagnosis Prognosis

Level A 1. Biomarkers that predict response or ~ Biomarkers included in professional Biomarkers included in professional
resistance to FDA-approved therapies guidelines as diagnostic for a specific guidelines as prognostic for a specific
for a specific type of tumor type of tumor type of tumor

2. Biomarkers included in professional

guidelines that predict response or
resistance to therapies for a specific
type of tumor

Level B Biomarkers that predict response or Biomarkers of diagnostic significance Biomarkers of prognostic significance
resistance to therapies for a specific for a specific type of tumor based on for a specific type of tumor based on
type of tumor based on well-powered well-powered studies with consensus well-powered studies with consensus
studies with consensus from experts from experts in the field from experts in the field
in the field

Level C 1. Biomarkers that predict response or  Biomarkers of diagnostic significance Biomarkers of prognostic significance
resistance to therapies approved by based on the results of multiple small based on the results of multiple small
the FDA or professional societies for a studies studies
different type of tumor

2. Biomarkers that serve as inclusion

criteria for clinical trials

Level D Biomarkers that show plausible Biomarkers that may assist disease Biomarkers that may assist disease

therapeutic significance based on
preclinical studies

diagnosis themselves or along with
other biomarkers based on small
studies or a few case reports

prognosis themselves or along with
other biomarkers based on small
studies or a few case reports

FDA, Food and Drug Administration.

These levels of evidence can be assigned to genomic variants
to determine the significance of their clinical impact. We pro-
pose to categorize sequence variants in somatic conditions into
four categories based on their clinical impact: tier I, variants
with strong clinical significance (level A and B evidence); tier
I, variants with potential clinical significance (level C or D

Tier Il: Variants of
Potential Clinical

Tier I: Variants of
Strong Clinical

Significance Significance
Therapeutic, prognostic & Therapeutic, prognostic &
diagnostic diagnostic

FDA-approved therapies
for different tumor types
or investigational
therapies

FDA-approved therapy

Included in professional
guidelines
Multiple small published
studies with some
consensus

Well-powered studies
with consensus from

. . Preclinical trials or a few
experts in the field

case reports without
consensus

Figure 2

evidence); tier III, variants with unknown clinical significance;
and tier IV, variants that are benign or likely benign (Figure 2).

Determination of the pathogenicity or clinical impact of
variants in cancer remains a monumental task. Genomic
alterations can have a spectrum of clinical utility, including
diagnosis, prognosis, therapy selection, and monitoring of

Tier Ill: Variants of
Unknown Clinical
Significance

Tier IV: Benign or
Likely Benign Variants

Not observed at a

significant allele
frequency in the general
or specific subpopulation
databases, or pan-cancer
or tumor-specific variant
databases

No convincing published

Observed at significant
allele frequency in the
general or specific
subpopulation databases

No existing published
evidence of cancer
association

evidence of cancer
association

Evidence-based variant categorization. Somatic variants are classified into four tiers based on their level of clinical significance in cancer

diagnosis, prognosis, and/or therapeutics. Variants in tier I are of strongest clinical significance, and variants in tier IV are benign or likely benign variants.

FDA, Food and Drug Administration.
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therapy, although strong evidence linking genomic alter-
ations to FDA-approved cancer therapies exists only for a
few cancers.®® Peer-reviewed literature, clinical practice
guidelines, and large-scale cancer mutation databases
remain primary resources for evidence needed to effectively
assess clinical significance of a particular variant. It is within
the scope of the molecular professional’s medical practice to
use his or her considered judgment regarding the evidence
derived from these sources (Tables 4—7).%

Tier I Variants: Variants with Strong Clinical
Significance (Level A and B Evidence)

Variants with Level A Therapeutic Significance

These variants predict response or resistance to therapies
approved by the FDA or included in professional guidelines
for specific types of tumors (Table 4). For example,
BRAF"5%E predicts response to the FDA-approved drug
vemurafenib in melanoma (FDA Table of Pharmacoge-
nomic Biomarkers in Drug Labeling, http://www.fda.gov/
drugs/scienceresearch/researchareas/pharmacogenetics/ucm
083378.htm, last accessed July 2, 2016); KRAS mutations
predict resistance to anti—epidermal growth factor receptor
monoclonal antibodies in colorectal cancer (National
Comprehensive Cancer Network Guidelines—Colon, hztp://
www.nccn.org/professionals/physician_gls/pdf/colon.pdf, last
accessed March 6, 2016, registration required).”’

Variants with Level A Diagnostic/Prognostic Significance

These variants are included in professional guidelines as
diagnostic and/or prognostic biomarkers for specific types of
tumors. For instance, PML-RARA fusion is pathognomonic

Table 4 Tier I: Variants with Strong Clinical Significance

for promyelocytic leukemia, and FLT3 internal tandem
duplication variant is associated with poor prognosis in
acute myeloid leukemia (National Comprehensive Cancer
Network Guidelines in Oncology Acute Myeloid Leukemia,
Version 2, 2016, hitps://www.nccn.org/professionals/
physician_gls/PDF/aml.pdf, last accessed July 14, 2016,
registration required).’’

A biomarker may have significant impact in clinical de-
cision making in multiple areas. PML-RARA fusion is
diagnostic for promyelocytic leukemia, and it is also asso-
ciated with a good prognosis and predicts sensitivity to all-
trans retinoic acid or arsenic (National Comprehensive
Cancer Network Guidelines—Acute Myelogenous Leuke-
mia, http://www.nccn.org/professionals/physician_gls/pdf/
aml.pdf, last accessed July 6, 2016, registration required).72

Variants with Level B Therapeutic Significance

These are biomarkers that predict response or resistance to a
therapy based on well-powered studies with expert consensus
or smaller studies that are repeatedly confirmed or reproduced
by different groups. For example, BRAF'°?%, seen in >90%
of patients with hairy-cell leukemia, constitutively activates
the mitogen-activated protein kinase pathway of hematopoi-
etic stem cells.””~”> Two recently published multicenter
phase 2 clinical trials, in addition to multiple smaller studies,
demonstrate that BRAF inhibitor vemurafenib is highly
effective (96% response rate) in patients with relapsed or re-
fractory hairy-cell leukemia.’® Another example, multiple
recent studies demonstrate strong evidence that mutations of
RAS genes or amplification of mutated BRAF gene reactivates
the mitogen-activated protein kinase pathway, resulting in
acquired resistance to BRAF inhibitor therapy in

Evidence source/type

Available evidence

FDA-approved therapies, PG, investigational therapies

Mutation type

Variant frequencies

Potential germline

Population database: ESP, dbSNP, 1000Genome, ExAC
Germline database: HGMD, ClinVar

Somatic database: COSMIC, My Cancer Genome, TCGA
Predictive software: SIFT, PolyPhen2, MutTaster, CADD
Pathway involvement

Publications: functional study, population study, other

Therapeutic: FDA approved or investigational with strong evidence*
Diagnostic: In PG or reported evidence with consensus

Prognostic: In PG or reported evidence with consensus

Activating, LOF (missense, nonsense, indel, splicing), CNVs, fusions
Mostly mosaic

Mostly nonmosaic (VAF approximately 50% or 100%)

Absent or extremely low MAF

May or may not be present

Most likely present

Mostly damaging; information to be used for reference only
Disease-associated pathways

Therapeutic: reported evidence with consensus

Diagnostic: reported evidence with consensus

Prognostic: reported evidence with consensus

Ttalicized text indicates examples provided within each category; these are not comprehensive lists, and inclusion does not represent an organizational

endorsement of any individual database or product.

*Strong evidence based on well-powered clinical studies with consensus from experts in the field.

fConfirmation on normal tissue if tested tumor only and genetic counseling should be recommended.

CNV, copy number variation; COSMIC, Catalog of Somatic Mutations in Cancer; dbSNP, The Database of Short Genetic Variation; ExAC, Exome Aggregation
Consortium; FDA, Food and Drug Administration; HGMD, Human Gene Mutation Database; indel, insertion and deletion; LOF, loss of function; MAF, minor allele
frequency; PG, professional guideline; TCGA, The Cancer Genome Atlas; VAF, variant allele frequency.
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Table 5 Tier II: Variants with Potential Clinical Significance

Evidence source/type

Available evidence

FDA-approved therapies, PG, investigational therapies

Mutation type

Variant frequencies

Potential germline*

Population database: ESP, dbSNP, 1000Genome, ExAC
Germline database: HGMD, ClinVar

Somatic database: COSMIC, My Cancer Genome, TCGA
Predictive software: SIFT, PolyPhen2, MutTaster, CADD
Pathway involvement

Publications: functional study, population study, other

Therapeutic: FDA approved for different tumor type; investigational
therapies with some evidence

Diagnostic: not in PG but with convincing published data

Prognostic: not in PG but with convincing published data

Activating, LOF (missense, nonsense, indel, splicing), CNVs, fusions

Mostly mosaic

Mostly nonmosaic (VAF approximately 50% or 100%)

Absent or extremely low MAF

May or may not be present

Likely present

Mostly damaging; information to be used for reference only

Involve disease-associated pathways or pathogenic pathways

Therapeutic: evidence of using FDA-approved therapies for different

tumor types; phase 2 or 3 clinical trials for investigational therapies

Diagnostic: multiple lines of reported evidence without consensus
Prognostic: multiple lines of reported evidence without consensus

Italicized text indicates examples provided within each category; these are not comprehensive lists, and inclusion does not represent an organizational

endorsement of any individual database or product.

*Confirmation on normal tissue if tested tumor only and genetic counseling should be recommended.

CNV, copy number variation; COSMIC, Catalog of Somatic Mutations in Cancer; dbSNP, The Database of Short Genetic Variation; EXAC, Exome Aggregation
Consortium; FDA, Food and Drug Administration; HGMD, Human Gene Mutation Database; indel, insertion and deletion; LOF, loss of function; MAF, minor allele
frequency; PG, professional guideline; TCGA, The Cancer Genome Atlas; VAF, variant allele frequency.

melanoma.’” ®' It is foreseeable that certain level B evidence
may lead to new FDA-approved therapeutic application and/
or be adopted into professional guidelines in the near future
and become level A evidence.

Variants with Level B Diagnostic/Prognostic Significance
These are diagnostic and/or prognostic biomarkers based on
well-powered studies with expert consensus or smaller
studies that are repeatedly confirmed or reproduced by
different groups. Examples include activating KIT mutations
(typically D816V) that are present in virtually all adults
(93%) with indolent and aggressive forms of systemic
mastocytosis® **; a BRAF mutation (typically V60OE) that
is used as a diagnostic and prognostic marker for papillary
thyroid carcinoma in thyroid fine-needle aspiration
samplesx‘sfm; KIAA1549-BRAF fusion, which is diagnostic
for pilocytic astrocytoma and is associated with a better
clinical outcomegg’gg; and EWSRI fusions, mostly EWSRI-
FLII, seen in nearly 100% of the Ewings family of
tumors, which have greatly enhanced the ability to differ-
entiate Ewings family of tumors from other small blue
round cell tumors.”””!

Germline Pathogenic Variants Associated with Cancer
Predisposition

We recommend reporting germline variants with known evi-
dence of clinical impact. An example of germline variants with
therapeutic impact is pathogenic germline variants of BRCA1/
2. A multicenter clinical trial showed responses of multiple
advanced tumors, including ovarian, breast, pancreatic, and
prostate cancers, to poly(adenosine diphosphate-ribose)

The Journal of Molecular Diagnostics m jmd.amjpathol.org

polymerase inhibitors, which led to the FDA approval of ola-
parib for treatment of women with BRCA-related advanced
ovarian cancer (FDA Olaparib, http://www.fda.gov/drugs/
informationondrugs/approveddrugs/ucm427598.htm, last
accessed July 6,2016).”” Germline pathogenic variants leading
to the diagnosis of a hereditary cancer syndrome that has an
established guideline for clinical surveillance should also be
reported with recommendation of cancer genetic counseling.
For example, certain pathogenic germline 7P53 variants lead
to Li-Fraumeni syndrome, a hereditary cancer syndrome with
increased risk for a wide spectrum of TP53-associated malig-
nancies, including, but not limited to, breast cancer, sarcomas,
brain tumors, and leukemias.”>** Management guidelines
for TP53 mutation carriers have been established (eviQ
Cancer Treatments Online Risk management for Li-Fraumeni
syndrome, http://www.eviq.org.au, last accessed July 5, 2016;
National Comprehensive Cancer Network Guidelines—
Genetic ~ Screening,  http:/www.nccn.org/professionals/
physician_gls/pdf/genetics_screening.pdf, last accessed July
6, 2016, registration required). In the absence of paired normal
sequencing data to differentiate somatic variants from consti-
tutional/inherited variants, clinical judgment should be used
when reporting potential germline pathogenic variants identi-
fied in cancer tissue because many germline pathogenic vari-
ants (including those in TP53, PTEN, and BRCA 1/2) may also
occur as acquired somatic variants in cancer. For definitive
classification of germline status, sequencing of nontumor tis-
sue should be performed. Germline variants may also serve as
inclusion criteria for clinical trials. For example, multiple
clinical studies are currently recruiting children and adults who
are carriers of TP53 pathogenic variants to evaluate the clinical
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Table 6 Tier III: Variants of Unknown Clinical Significance

Evidence source/type

Available evidence

FDA-approved therapies, PG, investigational therapies

Cancer genes: none

Noncancer genes (apply to cancer exome/whole genome sequencing):

Mutation type

Variant frequencies

Potential germline*

Population database: ESP, dbSNP, 1000Genome, ExAC
Germline database: HGMD, ClinVar

Somatic database: COSMIC, My Cancer Genome, TCGA

Predictive software: SIFT, PolyPhen2, MutTaster, CADD
Pathway involvement
Publications: functional study, population study, other

none

Functionally unknown; mostly missense, in-frame indels; less commonly,
other types

Mosaic or nonmosaic

Mostly nonmosaic (VAF approximately 50% or 100%)

Absent or extremely low MAF

Absent or downgraded from pathogenic to VUS

Absent or present without association to specific tumors (potential
germline VUS); present but in very few cases

Variable; information to be used for reference only

May or may not involve disease-associated pathways

None or no convincing evidence to determine clinical/biological
significance

Italicized text indicates examples provided within each category; these are not comprehensive lists, and inclusion does not represent an organizational

endorsement of any individual database or product.

*Confirmation on normal tissue if tested tumor only and genetic counseling should be recommended.

COSMIC, Catalog of Somatic Mutations in Cancer; dbSNP, The Database of Short Genetic Variation; ExAC, Exome Aggregation Consortium; FDA, Food and Drug
Administration; HGMD, Human Gene Mutation Database; indel, insertion and deletion; MAF, minor allele frequency; PG, professional guideline; TCGA, The
Cancer Genome Atlas; VAF, variant allele frequency; VUS, variant of unknown clinical significance.

significance of implementing more comprehensive surveil-
lance protocols and to investigate the psychological impact of
undergoing comprehensive surveillance.”’ See the section
discussing germline variants identified during cancer testing
below.

Tier II Variants: Variants with Potential Clinical
Significance (Level C and D Evidence)

Variants with Level C Therapeutic Significance

These are FDA-approved therapies or therapies included in
professional guidelines for a different tumor type, or
investigative therapies with some clinical evidence
(Table 5). As an example, the JAK inhibitor ruxolitinib is an
FDA-approved drug for the treatment of myelofibrosis
based on the results of clinical trials that showed significant
benefits of reducing spleen size and relieving myelofibrosis-
related symptoms, and improving overall survival (FDA
Ruxolitinib, http://www.fda.gov/AboutFDA/CentersOffices/
OfficeofMedicalProductsandTobacco/CDER/ucm280155. htm,
last accessed July 6, 2016).95 9% Recent studies have shown
in vivo efficacy of ruxolitinib in JAK-activated Philadelphia
chromosome—like acute lymphoblastic leukemia.”’ Clinical
trials are being developed to test JAK inhibitor therapy in
children with acute lymphoblastic leukemia and JAK2 mu-
tations.”® Another group of variants of level C evidence
are variants that qualify patients for clinical trials for
investigative targeted therapies. For instance, patients with
FLT3 ITD mutated acute myeloid leukemia may be included
in phase 2/3 studies for FLT3 inhibitors (ClinicalTrials.gov,
https://clinicaltrials.gov/ct2/results ?term=flt3+INHIBITOR &
Search= Search, last accessed May 16, 2016).99
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Variants with Level C Diagnostic/Prognostic Significance
These are biomarkers of diagnostic and/or prognostic signifi-
cance based on the results of multiple small studies. Variants in
this category include those that are diagnostic/prognostic for a
group of related cancers or variants that are supportive of a
diagnosis along with other genomic variants. For instance,
somatic variants in genes that encode spliceosome proteins
have been recently identified to be associated with certain
myeloid malignancies, including myelodysplastic syndromes,
acute myeloid leukemia, and myeloproliferative neo-
plasms.”'*'°" Multiple studies have shown that somatic
mutations in the SF3BI gene are associated with a good impact
on overall survival and disease progression to acute myeloid
leukemia in patients with myelodysplastic syndromes.'-'**

Variants with Level D Therapeutic Significance

These are biomarkers that have been associated with
targeted therapies in preclinical trials. TP53 remains the
most commonly mutated gene in human cancers. For this
reason, restoring normal tumor-suppressor functions of p53
protein has been the center of pharmaceutical research tar-
geting mutated p53. Nutlins, a group of cis-imidazoline
small-molecule compounds, have shown selective inhibition
of the MDM2:p53 interaction in preclinical studies.'*”'**
Nutlins have also been shown in human xenograft models
to inhibit wild-type p53 tumor growth in a dose-dependent
manner and even exhibited regression in some instances.
Phase 1 clinical trials have shown that nutlin RG7112
appeared to be well tolerated and displayed initial evidence
of clinical activity in advanced solid tumors, hematological
malignancies, and liposarcomas (ClinicalTrials.gov, https:/
clinicaltrials.gov/ct2/results ?term=NCT01 164033 &Search=
Search, last accessed May 6, 2016).1057108
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Table 7  Tier IV: Benign/Likely Benign Variants

Evidence source/type

Available evidence

FDA-approved therapies, PG, investigational therapies
Mutation type

Variant frequencies
Potential germline*
Population database: ESP, dbSNP, 1000Genome, ExAC

Germline database: HGMD, ClinVar
Somatic database: COSMIC, My Cancer Genome, TCGA

Predictive software: SIFT, PolyPhen2, MutTaster, CADD
Pathway involvement
Publications: functional study, population study, other

None

Functionally benign or unknown; mostly missense; less commonly, other
types

Mostly nonmosaic (VAF, approximately 50% or 100%)

Mostly nonmosaic (VAF, approximately 50% or 100%)

MAF > 1% in the general population; or high MAF in some ethnic
populations

Absent or present but downgraded to benign/likely benign

Absent or present without association to specific tumors (potential rare
germline polymorphism)

Mostly benign; information to be used for reference only

May or may not involve disease-associated pathways

Reported evidence supportive of benign/likely benign; or none

Italicized text indicates examples provided within each category; these are not comprehensive lists, and inclusion does not represent an organizational

endorsement of any individual database or product.

*Confirmation on normal tissue if tested tumor only and genetic counseling should be recommended.
COSMIC, Catalog of Somatic Mutations in Cancer; dbSNP, The Database of Short Genetic Variation; ExAC, Exome Aggregation Consortium; FDA, Food and Drug
Administration; HGMD, Human Gene Mutation Database; MAF, minor allele frequency; PG, professional guideline; TCGA, The Cancer Genome Atlas; VAF, variant

allele frequency.

Itis important to recognize that molecular genetics in cancer
is a rapidly evolving field; therefore, the level of evidence in
therapy, diagnosis, and prognosis should be continuously
evaluated based on evolving research data and modified
accordingly. As mentioned earlier, level B evidence may
become level A evidence if a well-powered clinical trial leads
to FDA approval of an investigative therapy. On the other
hand, new research may prove that a level C potential prog-
nostic biomarker is of no prognostic significance. Because
cancers often contain multiple somatic variants, interpretation
of the clinical impact of a somatic variant should consider
the effects of other coexisting mutations and the clonal rela-
tionship among different variants whenever possible.

Tier III Variants: Variants of Unknown Significance

Variants in this category may include somatic variants in
cancer genes reported in the same or different cancer types
with unknown clinical significance and variants in cancer
genes that have not been reported in any cancers (Table 6).
These variants should not have been observed at significant
allele frequencies in the general population, such as in the
1000 Genomes Project database, Exome Variant Server, or
Exome Aggregation Consortium database. The mutation
type of the variants (eg, nonsense versus missense oOr
frameshift versus in-frame deletion or duplication) and the
main function of the gene (eg, tumor suppressors versus
oncogenes) should be considered when evaluating this
group of variants. Multiple in silico algorithms can be used
to predict the structure and function of the mutant protein,
but the predicted results should be used for reference only
(ie, not be used as the only parameter to determine potential
clinical significance of a variant). When whole genome or
whole exome sequencing is performed on tumor-normal
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paired samples, somatic variants in noncancer genes may
be revealed. These variants should be annotated based on
their mutation type, whether present in somatic mutation or
normal population databases and their MAFs, in silico al-
gorithms prediction results, and literature search. Most of
the noncancer gene somatic variants fall into the category of
variant of unknown significance.

Tier IV Variants: Benign or Likely Benign

Variants in this category are most likely rare germline var-
iants (Table 7). They often show VAFs of approximately
50% or 100%, with rare exceptions, and have been observed
at significant allele frequencies in the general population or
a specific subpopulation. Categorization and interpretation
of tier IV variants may refer to recently published ACMG/
AMP standards and guidelines for the interpretation of
germline sequence variants.'*

Germline Variants Identified during Cancer Testing

During the clinical laboratory study of somatic cancer-
causing mutations, it is important to distinguish acquired
somatic variants from inherited germline variants. Most
germline variants are inherited variants that are passed down
through generations and have the variant typically in 100%
of cells, leading to allelic fractions of 0.5 or 1.0. Somatic
variants are acquired after birth and typically result from
errors in DNA replication or repair or from environmental
insults. Allelic fractions for somatic variants are usually
<0.5 because of the presence of contaminating normal tis-
sue, even in apparently pure tumor samples. Laboratories
must correctly identify somatic mutations that may be
related to diagnosis, prognosis, therapeutic intervention,
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and/or clinical trial selection, and not misidentify high-
frequency somatic mutations as germline, because this could
have significant clinical implications. Likewise, laboratories
must recognize germline variants that potentially lead to a
cancer predisposition syndrome that would have health care
implications for the patient and other family members.

To help with classifying variants, some laboratories
sequence a normal, matched control DNA sample in par-
allel testing with the tumor DNA. When a normal, matched
control tissue is sequenced along with the tumor, germline
variants are typically evident. In this case, the laboratory
must have policies that address detection, disclosure/
nondisclosure, and interpretation/reporting of germline
variants (see section below). When a matched control is not
included in the analysis, the laboratory should have criteria
that can be used to infer that a variant is somatic or
germline. The main criterion for germline designation is the
VAF, which should be approximately 50% for a heterozy-
gous variant and 100% for a homozygous variant. Certain
germline variants, such as large indels, may lead to pref-
erential amplification (in amplicon-based tests) or capture
(in capture-based tests) of normal alleles because of the loss
of sequence homology of the variant alleles, resulting in
<50% VAF for germline variants. When an apparent
germline variant is detected in a known cancer predisposi-
tion syndrome gene (eg, TP53 or BRCAI), clinical infor-
mation on the age of disease onset (young age is associated
with higher risk for an inherited germline mutation in a
cancer-causing gene), laterality of tumor (bilateral tumors
are more likely to be inherited), and family or personal
history of cancer can assist in determining the likelihood of
a cancer predisposition. Literature review and database
queries can also help to determine whether the variant has
been reported previously as a recurrent germline variant in
patients with a predisposition syndrome. Useful databases
for constitutional mutations include the following: Online
Mendelian Inheritance in Man (National Center for
Biotechnology Information, http://www.ncbi.nlm.nih.gov/
omim, last accessed March 6, 2016), Human Gene Muta-
tion Database (http://www.hgmd.cf.ac.uk/ac/index.php, last
accessed March 6, 2016), ClinVar, and locus-specific da-
tabases, as described earlier. Interpretation of germline
variants should follow ACMG/AMP standards and guide-
lines for the interpretation of germline sequence variants.'*
When a pathogenic germline variant is suspected during
tumor-only testing, confirmation of the variant with a
normal tissue sample, along with appropriate genetic
counseling, should be recommended.

Laboratories should have a policy about testing a
germline sample for a genetic variant found in a malig-
nancy to confirm the germline or somatic origin of the
variant using a clinically validated germline test after
appropriate patient consent is received or per request of a
clinician.'””"'%? For secondary findings revealed in germ-
line testing, the ACMG recommends disclosure of positive
germline results for 53 genes, approximately half of which
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are associated with cancer predisposition susceptibility
genes that will likely be on somatic testing panels.'”
Disclosure is recommended even when the germline is
only being evaluated as part of a tumor/normal study. By
inference, it would seem prudent to also consider the
likelihood of germline pathogenic variants in a tumor-only
somatic mutation study.''’

Interpretation and Reporting

The report is an essential part of any laboratory test and
should contain all the information required for the ordering
physician and the patient to know what exactly was tested,
what results were obtained from the test, and any additional
preanalytic, analytic, or postanalytic factors that may influ-
ence the clinical interpretation of the results. In this context,
what a test does not find (ie, pertinent negatives or subop-
timal signal) may be as important, if not more so, than what
a test does find. An incomplete or unclear representation of
the data can lead to clinical errors and incorrect patient
management. Detected variants should be carefully
reviewed by appropriately trained and certified molecular
diagnostic professionals in the context of each complete
case, including histologic findings, and evidence-based
variant categorization must be performed before report-
ing.®”""" Large panels may need to convey large amounts of
information, including technical elements about assay
design that are regulatory requirements but may not be of
immediate use to all patients and clinical providers; never-
theless, reports should be short, simple, and to the point. All
clinically critical information should be at the beginning of
the report and formatted in a prominent manner to increase
the likelihood that it is seen and understood, with the un-
derstanding that data that are on page 2 or beyond stand a
high likelihood of being missed by the treating physician. It
is desirable to include graphs, charts, and tables to increase
the overall clarity of the report, provided that they can be
integrated into the medical record.

Tier-Based Reporting

All detected genetic alterations should be classified into a 4-
tiered system: tier I, variants of strong clinical significance
(Table 4); tier II, variants of potential clinical significance
(Table 5); tier III, variants of unknown significance
(Table 6); and tier IV, variants of known insignificance
(ie, likely benign or benign) (Table 7). Tiers I to III must be
reported in descending order of clinical importance. It is
NOT recommended to include tier IV or benign/likely
benign variants/alterations in the report (see criteria for
classification above).

Nomenclature

All detected genetic alterations should be annotated and
reported as designated by the HUGO Gene Nomenclature
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Committee  (http://www.genenames.org, last accessed
March 6, 2016; HGVS, http://www.hgvs.org, last accessed
March 6, 2016). SNVs and indels should be reported using
p. and c. notation (eg, BRAF p.V600E, c.1799T>A). Gene
fusions should be reported listing both fused gene partners
separated by a slash (eg, EML4/ALK fusion).''>'"" CNVs
generated from NGS tests should be reported in table format
as copy number GAIN or LOSS. Genomic coordinates of
gene/genomic locus can be included if applicable. Reporting
of numerical copy number changes can be performed when
appropriate [eg, EGFR copy number GAIN (copy number
ratio 25); CDKN2A copy number LOSS].

The use of standard nomenclature does not outweigh the
need for clear and unambiguous communication to the
clinical team. Therefore, colloquial nomenclature should be
included in addition to the standard nomenclature, as
needed, to convey meaning with clarity to the physicians
reading the reports and using them to determine treatment.
For example, reporting of hTERT promoter variants can be
c.1-124C>T (HGVS nomenclature), followed by the
colloquial nomenclature in parentheses (TERT C228T).
Reporting of genomic variants using HGVS nomenclature
allows for unambiguous remapping of the variant to the
reference genome, and colloquial nomenclature delivers a
clear message to the clinical team.

Other Reporting Elements

In addition to the detected variants, the report should also
contain several other elements that may be relevant for more
thorough analysis of the results or for comparison with other
results obtained from this patient over time, such as the
genomic coordinates, the genome build, and the transcript
reference sequence (eg, NM_004333.4), provided that this
information does not detract from the ability of a patient and
clinical provider to interpret the immediately relevant
essential elements of the report.''? Along these lines, it may
be advisable to include this information in a table format
toward the end of the section or in another section with
extended description of results, away from the topline re-
sults. Allele fraction (VAF) and coverage should be evalu-
ated and included in the report when appropriate
(Tables 4—7). The report should include the sequencing
coverage cutoff for the NGS assay used. All genes and/or
hot spots not meeting the minimal required sequencing
coverage criteria should be declared in the report as having
failed.

Reports should not be limited to positive findings. Perti-
nent negatives should be reported, in a disease-specific
manner. Pertinent negatives should be included for tier I
drug/cancer combinations (eg, the definitive lack of an
EGFR mutation in a patient with lung cancer or the defin-
itive lack of a BRAF mutation in a patient with melanoma).
Uncertainty, if present, must be communicated in reports;
this includes issues of sequence quality, sample adequacy,
tumor content, and biomedical knowledge.
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Reporting of Germline Variants

Concurrent analysis of a paired germline sample is desirable
because it clarifies interpretation.''* However, it is not al-
ways practical and should not be required. When a paired
germline sample is available, sequencing pipelines may
allow separating germline findings from somatic acquired
variants. Frequently, only somatic variants are interpreted
and reported. If a patient or clinician requests additional
analysis for germline findings, germline NGS data can be
rereviewed at a later time and reported after appropriate
patient consent is received. Consent, and documentation
thereof, may be required for paired germline testing, in
accordance with local laws and policies. If germline variants
are not reported in some of the genes in an NGS panel, the
initial report should specifically state that fact.

When paired germline samples are not used, NGS analysis
does not distinguish germline and somatic variants, and
sequencing results may contain both findings. In this case,
findings can be reported with a disclaimer that the NGS test
used does not allow definitive differentiation between
germline and somatic variants. In certain settings, a germline
variant may be suspected (eg, MAF 40% to 60%). However,
this interpretation should be made with caution and correlated
with tumor cellularity. If a germline variant is suspected,
testing of a patient germline sample (eg, blood in patients
with solid tumors) can be suggested if clinically indicated
after an appropriate patient consent. The reports should
include a statement addressing the manner in which the
distinction between somatic and germline alterations is made,
and indications of remaining uncertainty, where appropriate.

Laboratories that test cancer samples first and paired
germline samples at a later date may choose to do the
following: i) issue an addendum to the report of the cancer
incorporating the findings from the germline sample, ii)
issue a separate report of the germline variant with a uni-
fying interpretation statement in the germline report and in
an addendum to the initial cancer report, or iii) issue a
separate germline report and an additional separate report
that integrates the results from the cancer and germline
samples. Germline variants should be reported as per
ACMG/AMP guidelines."*

If germline testing is ordered for cancer predisposition
genes, reporting of germline variants should follow the
ACMG/AMP guidelines.'" Genetic counseling and referral
to a clinical medical geneticist should be offered. Labora-
tories should have policies regarding reporting of variants of
unknown significance and disclosure of secondary findings,
including under what circumstances such findings will or
will not be reported.'”’

Reporting the Clinical Significance of Detected
Variants

It is useful to provide an interpretive comment on detected
genetic  alterations that puts the alteration in
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clinicopathologic context to inform management decisions.
This is essential for mutations in tiers I and II. Detailed
analyses of tier III variants must be balanced against the
goal of keeping the most critical information in the reports
concise, clear, and prominently presented. The comments
may include functional, prognostic, or predictive signifi-
cance of the variant for particular tumor type, impact
on biochemical pathway(s), and prevalence in relevant
cancers.

Recommendations should be made wherever possible
and defensible based on evidence, with appropriate litera-
ture citations. However, recommendations should be short
and worded carefully, with the understanding that treat-
ment or other patient management decisions are based on
many pieces of medical information beyond genetic alter-
ations, many of which are not available to the molecular
professional issuing the report. It is important to recognize
that suitability for a treatment is based on many factors
other than the diagnosis as written on a test requisition and
the genotype discovered through testing. Often, these fac-
tors are unknown to the molecular professional reporting
results (ie, presence of confounding medical conditions,
such as glucose intolerance, autoimmune disease, or heart
failure), and failure to take these other factors into
consideration when recommending a specific therapy can
lead to confusion, conflict between patient and oncology
team, and anxiety. Treatment suggestions within the NGS
laboratory report should be evidence based, should be
relevant to the patient’s cancer diagnosis, and should
contain some kind of language to make it clear that the
report contains generalized treatment suggestions incorpo-
rating the data points available to the laboratory (ie, diag-
nosis and genotype), but that additional factors need to be
incorporated into crafting a treatment plan for each indi-
vidual. Recommendations for specific clinical trials should
not be made, although general statements about availability
of relevant trials or citing results of published trials are
acceptable.

Updating Knowledge

Reports should be static, and the date of issue should be
clearly presented; they do not need to be automatically
recalled and/or reissued when medical knowledge changes.
That said, medical knowledge does change rapidly, and
laboratories should anticipate being asked to reinterpret
previous test results in the light of new knowledge.
Consideration should be given to developing a process for
updating reports when specifically requested to do so.

Reporting Method

Methodologic details should be presented at the bottom of
the reports and should include description of method,
assay performance characteristics (especially limit of
detection and minimal depth of sequencing coverage), and
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critical quality metrics for the assay run. The report should
include the details of what was actually tested. It is not
sufficient for a report to simply list gene names unless the
entirety of each of these genes was sequenced or an assay
would detect all reported pathogenic mutations in the
listed gene. The specific gene loci, exons, or hot spots
tested should be listed in the final report. As gene panels
become larger, including all of this information into a
report can become onerous. Laboratories could post
additional information on a website that is available to all
of their clients. However, a true stand-alone report is
highly preferable.

Integration with Electronic Health Records

Ideally, the report should be in a format that enables inte-
gration with an electronic health record. Laboratories, in
conjunction with clinical information technology teams,
should take Health Level Seven International (Lrip.//www.
hl7.org/implement/standards, last accessed March 6, 2016)
constraints into consideration during technical design of the
report format. An aesthetically beautiful report that must be
scanned (eg, a printed or PDF file) into a patient’s chart is,
in the long-term, less valuable for that patient than a report
that can be integrated into the structured environment of an
electronic health record. Web-based reporting under
appropriately secured conditions is an enhanced option, but
it is the Working Group’s recommendation that it should not
be a substitute for a report in the medical record.

Access to germline genetic test results is sometimes
restricted to a subset of each patient’s health care providers
by electronic health record systems; this is not appropriate
for somatic genetic test results. Somatic test results should
be just as available to privileged health care workers as are
complete blood cell counts, chest X-rays, or lymph node
biopsy specimens. However, the results of tests performed
under research protocols, even when performed in a Clinical
Laboratory Improvement Amendment—certified laboratory
under clinical-grade protocols, should not be reported into
the medical record without specified approval from the
responsible institutional review board.

Conclusion

The increasing use of NGS technologies in cancer genomic
profiling has raised new challenges for clinical laboratories.
One of the key tasks for molecular professionals is to stan-
dardize the interpretation and reporting of cancer-associated
sequence variants detected during cancer sequencing. The
proposed Standards and Guidelines for the Interpretation and
Reporting of Sequence Variants in Cancer represents the
expert consensus opinion of the working group members
with input from the stakeholders they represent. The
recommendation describes a system for evidence-based
variant categorization and the process of variant annotation,
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classification, and reporting. The report also enlists useful
bioinformatics tools and databases commonly used in NGS
data analysis. The recommendations should serve as an
educational resource for both clinical laboratory pro-
fessionals and oncologists to aid variant interpretation and
clinical decision making. It is our hope that the guidelines
presented herein will achieve widespread use in the cancer
genomics community and engender significant improve-
ments in the practice of genomic testing and precision care
for cancer patients.

Disclaimer

The Association for Molecular Pathology (AMP) Clinical
Practice Guidelines and Reports are developed to be of
assistance to laboratory and other health care professionals
by providing guidance and recommendations for particular
areas of practice. The Guidelines or Report should not be
considered inclusive of all proper approaches or methods, or
exclusive of others. The Guidelines or Report cannot
guarantee any specific outcome, nor do they establish a
standard of care. The Guidelines or Report is not intended to
dictate the treatment of a particular patient. Treatment de-
cisions must be made based on the independent judgment of
health care providers and each patient’s individual circum-
stances. AMP makes no warranty, express or implied,
regarding the Guidelines or Report and specifically excludes
any warranties of merchantability and fitness for a particular
use or purpose. AMP shall not be liable for direct, indirect,
special, incidental, or consequential damages related to the
use of the information contained herein.
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