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Figure 1  Variant analysis pipeline comparing
germline and somatic annotation. Base-calling,
alignment, and variant calling (steps 1 to 3) typi-
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cally use a standard toolset, such as Samtools,
Genome Analysis Toolkit (https://www.broadinstitute.
org/gatk), Bowtie (http://bowtie-bio.sourceforge.

net), and Burrows-Wheeler Aligner (http://bio-bwa.

I sourceforge.net). All websites were last accessed
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October 2, 2014. For variant annotation (step 4),
the toolset and analysis parameters are less stan-

dardized. For germline studies, the American College
of Medical Genetics and Genomics (ACMG) variant

classification system provides guidance for inter-
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nificance. VUS, variant of unknown significance.

Comprehensive report

BRCAI and BRCA? in hereditary breast and ovarian cancer,’'
and the mismatch repair genes in Lynch syndrome.” The
genes involved, typically tumor suppressors, were initially
localized wusing linkage analysis and targeted DNA
sequencing. The genetic changes observed in affected in-
dividuals include frameshift and nonsense mutations as well
as inactivating mutations with loss of function linked to
tumor initiation.

More recently, genome-wide association studies (GWASs),
which compare variant profiles of diseased versus healthy in-
dividuals, have accelerated the rate of discovery of cancer-
associated variants.” GWASs have identified many more
cancer-associated variants in well-characterized cancer genes
than family studies, including many missense mutations that
have subtle or undetermined effects. They have also identified
recurrent germline variants in genes whose association with
carcinogenesis was not previously known. These include genes
that serve core cellular functions, such as energy metabolism,
chromatin maintenance, and protein translation.

Connecting a given variant to its phenotypic effect(s) is
more difficult for GWASs compared with classic genetic
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analyses. Even when published data are available to support
interpretation of a particular mutation call, GWASs have
often had low reproducibility attributable to weak or
incomplete phenotypic penetrance, bias against effects due
to more common variants and covariants, and inadequate
statistical power.” As a result, only approximately one-third
of germline variant associations reach statistical signifi-
cance across multiple studies.” Unsurprisingly, GWASs,
massively parallel exome sequencing projects, and routine
targeted next-generation sequencing (NGS) in clinical labo-
ratories have resulted in many more variants of undetermined
significance (VUS) in cancer-associated genes.’

The Central Role of the Analysis Pipeline

The first step in ensuring robust variant calling relies on ac-
curate base-calling and alignment. To accomplish this goal,
raw data from high-throughput sequencers are moved through
an analysis pipeline to sequentially accomplish sequence
alignment, read filtering, variant calling, and variant
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annotation (Figure 1).” The initial steps may be accomplished
by instrument vendor software, commercial or open source
third-party software, or combinations. Guidelines from the
College of American Pathologists and the New York State
Department of Health (http://www.wadsworth.org/labcert/
TestApproval/forms/NextGenSeq_ONCO_Guidelines.pdyf,
last accessed February 15, 2015) have benchmarked key data
quality and analysis requirements for somatic mutation
detection.”

Measuring sequence quality, read depth, and coverage are
critical at each step of the pipeline to ensure adequate
sensitivity and control for biases introduced by the nucleic
acid quality, sequencing chemistry, assay design, and align-
ment software. Data quality cutoffs will differ by application,
but greater read depths are needed for somatic mutation
studies. This is especially true when suboptimal sample
quality is expected because off-target reads and sequencing
artifacts are more common. Other important quality measures
include base and read quality filters, cutoffs for uniformity of
target coverage, and maximum allowable strand bias for
paired-end or bidirectional sequencing methods.

Data Sources and Classification Models for
Germline Genetic Variants

Translation of germline variant calls into clinical decisions
relies on proper annotation (Figure 1). There are now several
public sources that catalog the frequency and population
characteristics of germline variants. For SNPs, the Interna-
tional HapMap Project, the Exome Sequencing Project, and
the 1000 Genomes Project report population-based data.” "’
The online SNP catalogs Genevar (Sanger Institute)'” and the
Single-Nucleotide Polymorphism database (dbSNP; NIH
database of germline variation'”) house records for >100
million variants. The Database of Genomic Structural
Variation (dbVAR) and the Database of Genomic Variants
(DGV) catalog large-scale genomic variation (copy number
variations), including large insertions, deletions, and
inversions.'”"*

Most DNA sequencing pipelines routinely query these
sources, and the provided variant frequencies can be used to
filter out commonly occurring changes. Presumed benign
variants are typically regarded as those with minor allele
frequencies (MAFs) >1% to 5%.'” MAF segregation by
race, provided by the Exome Sequencing Project, can be
used if population demographics are relevant for tested
patients. The assumption that major variants are of limited
diagnostic utility may occasionally be erroneous but is
essential for reporting large gene panels to narrow the
number of variants requiring further analysis. However,
most SNPs occur at MAFs under 0.5% (<1% of the pop-
ulation),'” highlighting the difficulty of variant annotation.'®

Most germline analysis pipelines also query the Human
Genome Mutation Database, the Online Mendelian Inheri-
tance in Man, the Clinical Genome Resource, and ClinVar

The Journal of Molecular Diagnostics m jmd.amjpathol.org

to report clinical associations of the best-characterized
pathogenic germline variants.'>'” At this time, curated
gene-specific databases cover only a few cancer-associated
genes (eg, TP53 and BRCAI1/2). Therefore, locally curated
variant databases are essential for reporting and identifying
significant co-occurrences with other variants.

Having excluded common (presumed nonpathogenic)
variants and highlighted pathogenic ones, indeterminate calls
must be scored (Figure 1). The American College of Medical
Genetics and Genomics (ACMG)'® and the International
Agency for Research on Cancer (IARC)" have released
guidelines on germline sequence variant interpretation to
promote standardized nomenclature. The ACMG and IARC
systems rely on lines of evidence (LOE) to stratify germline
variants into tiers from nonpathogenic (benign) to defini-
tively pathogenic. LOEs include linkage and segregation data
from pedigree analysis and family studies, population-based
data on relative risk, clinical correlations, in vitro functional
studies, predictions of protein structural effects, evolutionary
conservation, and frequency distributions (Table 1). Most
laboratories do not categorically score variants for each factor
but rely most heavily, for cancer genes, on relative risk and
clinical correlations.

Approaches to the VUS Problem for Germline
Variants in the NGS Era

The best-studied cancer susceptibility genes, particularly
BRCAI, BRCA2, and the Lynch syndrome—associated
mismatch repair genes, have publicly available and curated
databases.””*' These efforts have helped to limit reporting in
routine clinical assays to those variants for which there is
strong suspicion for an inherited basis for a patient’s tumor.
Reporting a poorly characterized VUS, even in a well-studied
cancer gene,”” can have detrimental consequences. The lack
of clear guidance may lead some patients to avoid beneficial
standard therapies, whereas others may opt for unnecessary
procedures. These unintended effects can be exacerbated if
the testing has reproductive or screening implications for
family members.

In multigene cancer susceptibility panels, tens to hun-
dreds of genes that are not as well annotated as BRCAI are
now being reported. In these panels, VUS calls have
increased exponentially, encompassing variants for which
there is not yet sufficiently strong evidence of clinical and/or
functional significance, those with limited population fre-
quency data, or in which the existing data are contradictory.
Given the limited association of some of these genes with
genetically defined cancer syndromes, annotation of large
NGS panels will require different approaches.

Interpretation of a VUS call can be based, in part, on the
pretest probability of a positive test result, as determined by
demographic and/or clinical risk factors. Effective imple-
mentation of this type of Bayesian or tiered-risk approach
depends on the availability of reliable, correlative data. Given
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Table 1

Germline and Somatic Variants Compared and Contrasted

Germline sequence variants

Somatic mutations

General features
Disease association: Single gene and single disease (eg, CFTR in
cystic fibrosis), single gene and multiple diseases, multiple
genes and single disease (Lynch syndrome)
Variant effects: Directly pathogenic (dominant or recessive),
interacting effects, linkage to altered gene or locus
Allele frequency: Linked to patient population and/or racial
group
Level: Usually present in all cells and detected at ~50% or
~100% levels
Retained throughout disease course except if locus is
deleted
Clinical uses: Disease predisposition, family risk and
reproductive guidance
Challenges for annotation and reporting
Limited clinical correlations for poorly penetrant or uncommon
variants
Linking variant effect to phenotype
Inferring magnitude of variant effect(s)
Strong evidence for pathogenicity or oncogenicity
Disease and variant segregation studies

Case-controlled studies comparing prevalence of variant in
affected versus healthy populations
Functional studies reveal damaging effect of variants

Weaker or inferential evidence for pathogenicity or oncogenicity
No occurrence or rarity in SNP databases
Family studies to trace inheritance patterns and identify de novo
changes
Bayesian risk assessment based on pre-test probability in an
individual patient
Co-occurrence with known pathogenic variants reduce risk

cis- or trans-inheritance patterns (eg, VUS on the same allele as
a known pathogenic would favor benign classification of VUS)
Computational tools predict pathogenic variants

Mutation specificity: Single gene and single cancer type (eg, BCR-
ABL1 in CML), single gene and multiple cancer types (eg, KRAS ),
multiple genes and single cancer (CALR, JAK2 V617F in MPN)

Mutation effects: Tumor initiation, promotion, outgrowth,
metastasis, progression, or therapy resistance

Mutation frequency: Highly variable based on oncogenicity, tumor
type, prior treatment(s)

Level: Variable due to percentage of tumor present, gene copy
number (ploidy), and subclonal occurrence

Mutation persists, lost, and/or reacquired due to tumor evolution
or treatment selection

Clinical uses: Diagnosis, prognosis, recurrence monitoring therapy
(Table 2)

Distinguishing somatic from germline variants if no normal or
nonneoplastic reference sequence

Linking mutation to tumor category or outcome

Linking mutation to treatment response

Clinical studies linking mutation to therapy outcome or prognosis
in multivariate models are few

Highly powered correlative studies on mutation frequency by
tumor type and/or clinical stage

In vitro animal or cell studies revealing transforming or tumor
suppressive effects of a mutation

Frequency in somatic mutation databases and literature
Mutation burden tracking with disease response and
recurrence
Bayesian risk assessment based on other high-risk
clinicopathologic features (age, stage, histology)
Co-occurrence with more definitive disease-defining, prognostic or
response-predicting mutations
Pathway analysis to detect complementing mutations or those that
are known to be mutually exclusive with variant detected
Computational tools predict contribution of variant to disease

CML, chronic myelogenous leukemia; MPN, myeloproliferative neoplasm; SNP, single nucleotide polymorphism; VUS, variant of unknown significance.

the need for well-annotated reference patient populations, it
is most easily used in highly structured clinical programs and
can be difficult to implement in a reference laboratory setting.
Below, we describe how such multivariate approaches can be
applied to the even more complex task of annotating somatic
sequence variants in cancer samples.

The Types of Somatic Sequence Variants in
Cancer Samples

Genetic changes that arise during the development of a
tumor are termed somatic mutations and possess common-
alities and differences with germline changes (Table 1).
Acquired somatic mutations in cancer cells are propagated
through clonal expansion from founder cancer stem cells or
tumor subpopulations. If a given genetic change promotes

342

tumor development, it is regarded as a driver mutation and is
typically retained during the disease course.” Such patho-
genic mutations are typically classified as gain-of-function
changes in tumor-promoting oncogenes or loss-of-function
changes in tumor suppressor genes. The latter effects can
also be produced by deletion of the entire gene. Other
cancer-associated mutations have dominant-negative or
hypofunctional effects that do not fit this oncogene and
tumor suppressor duality. The latter mutations are common
in genes that serve core metabolic functions or those that
regulate epigenetic properties, such as histone and DNA
methylation or acetylation and posttranscriptional RNA or
protein modifications.

Once a tumor becomes established, additional mutations
that were present in the selected abnormal cell population
but that are not integral to tumorigenesis can arise as pas-
sengers. The differentiation of driver from passenger is not
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Table 2  Uses of Multigene Sequencing Assays in Cancer Testing

Examples

Analytic considerations

Diagnostic classification and subclassification
Molecular subclassification of hematologic malignant tumors
(eg, NPM1- and CEBPA-mutated normal karyotype AML)
Cancers presenting with unknown primary
Identifying high-risk molecular changes in tumor with typical
histologic features
Clonality assessment
T-cell and B-cell clonality by TCR and BCR repertoire profiling

Differentiating reactive hyperplasia from early-stage neoplastic
lesions
Detecting recurrent tumor in small or limited biopsy specimens
in which histologic analysis is compromised
Prognostication
Multimutation models of outcome within a standard
clinicopathologic risk group
Replacement for multimodal testing for upfront risk assessment
for decision to treat (eg, CLL prognostic models)
Theranostics
Multigene hotspot panels assessing actionable mutations for
treatment options in refractory or relapsed disease
Multimutation models to select patients for neoadjuvant or
maintenance therapies
Deep sequencing to detect emerging resistance mutation
(eg, ABL1 kinase domain mutations in CML)
Minimal residual disease assessment
Molecular fingerprinting tumors at diagnosis for followup
monitoring

Strength of association between a specific mutation and tumor
subtype is highly context dependent

Most tumor types lack mutations with high diagnostic specificity

Separate sampling of histologically divergent areas may be
necessary for molecular analysis

May change definition of clonality in many lymphoid malignant
tumors due to increased sensitivity

The full range of normal findings in hyperplastic lesions must be
fully understood

May not reflect clinically significant findings if molecular results
are interpreted in the absence of definitive microscopic findings

Association between a mutation and outcome linked to specific
data sets, may not be generally applicable

Comparability of mutation and gold standard nonmutation testing
models (eg, FISH panels in CLL) needs to be established

Many mutations identified will be lightly annotated and not linked
to well-established therapies, limited clinical trials options

Interpretation dependent on strength and relevance of model
data

Limited guidance on patient management in such preemergent
low-level mutation settings

Stability of mutation profile during disease course will depend on
oncogenic strength and treatment effects

AML, acute myeloid leukemia; BCR, B-cell receptor (IGH, IGK); CLL, chronic lymphocytic leukemia; CML, chronic myelogenous leukemia; FISH, fluorescence in

situ hybridization; TCR, T-cell receptor genes (ie, TCRG, TCRB).

always clear-cut because many somatic mutations have
cooperating and subtle effects on tumor growth. This is
particularly true for epigenetic regulators, such as TET2.

Tumor evolution, often represented as a linear progression
in historical models, has now been found to have complex
branched patterns in cancers.”* Complex tumor progression
patterns result in different secondary mutations present in
various tumor subclones and highlight the importance of
adequate tumor sampling and appropriately sensitive muta-
tion detection techniques. The level of a particular mutation
has important implications for interpretation (Table 1).
Tumor-associated aneuploidy and genomic instability often
produce unpredictable increases or decreases in the copy
number of a mutated gene. Finally, some driver mutations in
early-stage tumors can be lost as the neoplasm evolves and
spreads, whereas others may be required for tumor persis-
tence (also known as oncogene addiction).

Assay-Specific Goals in Annotation of Somatic
Variants in Cancer

Similar to germline variant annotation, approaches to somatic

variant annotation in cancers differs based on type of assay (full
exome versus hotspot or targeted panels) and assay goal(s).
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Common indications for mutation detection include estab-
lishing clonality (ie, differentiating a reactive from neoplastic
process), tumor subclassification, prognostic risk stratification,
therapy response prediction (theranostics), and minimal re-
sidual disease assessment (Table 2).

NGS clonality assays include T-cell receptor (TCR) and
B-cell antigen receptor (BCR) profiling in lymphoprolifer-
ative disorders,”*® identifying hematologic neoplasms in
patients with blood cell abnormalities”’ and distinguishing
atypical hyperplasia from early-stage precancer lesions.”®
Clonality analysis by mutation profiling also shows prom-
ise in helping diagnose tumors in limited specimens. In these
types of assays, any somatic mutation can potentially serve as
a useful marker to distinguish clonal from reactive cell
expansion. Two tasks of annotations for these assays are
distinguishing normal baseline levels of mutation from
disease-associated changes and distinguishing germline from
somatic variants if no reference (nontumor) material is
available for comparison.

The use of mutation patterns to subclassify neoplasms is
most common currently for hematologic tumors. For acute
myeloid leukemia (AML), the latest classifications have
incorporated several gene mutations along with chromo-
some changes into the diagnostic paradigm.”” ** In solid
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tumors, mutation profiling integrated with microarray ge-
nomics can identify molecular subgroups that cross histo-
logically defined categories. An important example is the
identification of TP53-mutated subgroups in both poorly
differentiated and more typical histologic variants of breast,
colon, and endometrial cancer.”” An important caveat is the
propensity of large gene panels to produce unexpected
combinations of mutations that may lead to misleading in-
terpretations because of the inevitable false-discovery rates
that occur. Multigene mutation profiles also have some
promise in identifying the originating tissue source for
cancers presenting with unknown primary.**

If a sequencing assay is used for risk stratification, annotation
must be tied to an underlying data set with strong statistical
power and a similar clinical management strategy as the target
population. This type of assay has gained the most traction in
hematologic tumors. For example, the prognostic impact of
different mutations in cytogenetically normal AML led to the
adoption of NPMI-mutated and CEBPA-mutated risk cate-
gories in the 2008 World Health Organization classification.”
However, treating all mutations within a gene as equal with
regard to prognostic impact is insufficiently sophisticated.
Especially for inactivating mutations, mutation pattern is usu-
ally relevant, such as the finding that only dual but not single
mutations in CEBPA encode favorable prognosis in AML.*

For theranostic indications, annotation focuses on identifying
important driver or resistance mutations that can guide therapy
decisions. Examples include defining the inhibitor response
pattern of specific ABLI kinase domains mutations associated
with imatinib-resistant chronic myelogenous leukemia
(CML),” categorizing which EGFR mutations in lung cancer
can predict response to EGFR-directed kinase inhibitors®® and
detecting activating BRAF V600E/K mutations that qualify
patients for use of BRAF inhibitors in melanoma.”” However,
relatively few mutation-specific targeted therapies have been
found to correlate with outcome in clinical studies, and even
fewer agents have been approved for clinical use based on
mutation result.

Nonetheless, NGS theranostic panels comprising tens to
hundreds of genes are now routinely used, particularly for
relapsed or refractory solid tumors for which off-label or
compassionate use of targeted agents is more common.
Sequencing reports often include several potentially actionable
variant calls, the types of therapeutic agents that might be used,
and the currently open clinical trials for which a patient may
qualify. The mutation-target associations reported are often
based on in vitro correlative data rather than clinical trials.

A promising application of mutation profiling is the
detection of minimal residual disease or low levels of
potentially resistant subclones following targeted therapy.
NGS assays can have the widest quantitative range of any
routine laboratory platform, with reproducible sensitivities
down to the single molecule level. These sensitivities are
comparable or superior to flow cytometry and clone-specific
real-time PCR.***' NGS assays looking for mutation levels
of <1% are regarded as deep sequencing and require upward
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of 1000X coverage.”” Deep sequencing may even provide
important information for solid tumors at diagnosis.*> Mu-
tation read percentage(s) can provide an accurate estimate of
the size of the residual tumor present, although tumor aneu-
ploidy can occasionally lead to imprecise quantitation. If
mutation assays are to be used for minimal residual disease
applications, however, the stability of specific mutations
during the disease course needs to be established.

Tools and Approaches for Annotating Somatic
Variants in Cancer

For each application above, the read depth required,
extent of sequencing performed, and need for confirmatory
methods vary. These considerations include the expected
ratio of normal and neoplastic cell populations, any
requirement to identify subclonal mutations, the precision of
quantitation needed, and expected off-target or poor quality
reads if heavily fixed or degraded samples are to be tested.
For diagnostic and theranostic applications seeking 5%
allele sensitivity, most laboratories strive for read depths of
200 to 500 per region. A recent analysis of tumor and cell
line genomic data sets revealed that detecting mutations at
5% allele frequency with 99% sensitivity requires
sequencing depth of at least 200x.*’

A variety of data analysis tools and approaches are used for
accurate and clinically relevant variant annotation. An initial
step for all studies with paired normal and nonneoplastic
sequences is to distinguish germline from cancer-associated
changes. Several well-constructed software tools are avail-
able for this task (Figure 1). There are comparatively fewer
tools available to help define functional and clinical signifi-
cance of somatic variants or to distinguish somatic from
germline calls when no normal reference (nontumor)
sequence is available. This latter task arises with hematologic
indications and small biopsy samples in which normal and
neoplastic tissue cannot be dissected for separate analysis.

A major challenge for sequence alignment tools in so-
matic NGS assays has been the frequent presence of highly
variably sized cancer-associated intragenic insertions and
deletions. Sequence reads with large indels can be inad-
vertently removed during pipeline analysis due to unre-
solved alignment or overly rigorous quality filters. They
may also align incorrectly, leading to apparent false variant
calls surrounding the indels. Applying additional realign-
ment tools before quality filtering (eg, the IndelRealigner in
Genome Analysis Toolkit or Pindel) is the most common
solution. Incorporation of multiple tools boosts the ability to
reliably call intragenic indels in cancer samples.*®

Given the limited case numbers in most cancer studies, the
breadth and accuracy of somatic mutation databases have
lagged behind those available for germline changes. The
Catalog of Somatic Mutations in Cancer (COSMIC version
71, http://cancer.sanger.ac.uk/cancergenome/projects/cosmic,
last accessed November 4, 2014) is the most important
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manually curated repository of published cancer mutation
studies, providing systematic nomenclature for calls based on
the cDNA sequence change, mutation frequencies by tumor
site, literature linkouts, browser visualization tools, and ac-
cess for pipeline queries.”’ A major deficiency of COSMIC
has been the misassignment of some SNPs as mutations,
principally due to the absence of normal reference sequences
in many of its linked studies. Although COSMIC includes
information on whether cited studies included a normal
reference, uninformative and conflicting publications can still
lead to misclassification. For the TET2 gene discussed below,
COSMIC contains at least 10 entries for mutations that are re-
ported as normal variants in dbSNP and have been confirmed as
germline changes in published studies.

The Cancer Genome Atlas and the International Cancer
Genome Consortium are public databases that provide
clinically linked annotation of somatic mutations. Although
these databases have fewer tumor samples compared with
the aggregated data in COSMIC, they provide a better
model for annotation given their standardized data collec-
tion methods. Germline variant databases may also be used
to annotate somatic calls because some important cancer
mutations occur as somatic and germline changes.*®

Distinguishing Somatic Mutations from
Germline Variants in the Absence of a
Reference Sequence

Cancer sequencing assays have been designed to establish
diagnoses in early-stage lesions or limited samples, track
disease levels after treatment, and subclassify tumors. All
rely on accurately filtering out germline variants. Given the
abundance of low frequency and previously undescribed
SNPs,'” this process can be difficult when no nonneoplastic
reference sequence is available.

Mutations in TET2 are now commonly used to help in the
diagnosis and classification of myelodysplastic syndrome
(MDS) and myeloproliferative neoplasm (MPN).“W In this
indication, somatic mutation profiling is an adjunct test when
there is clinical suspicion and abnormal blood cell counts but
a definitive diagnosis cannot be established based on other
laboratory testing, such as flow cytometry and cytogenetic
analyses.” """ In this follow-up or postbiopsy setting, there
is typically only a blood or bone marrow sample available for
sequencing. Therefore, careful annotation of the sequencing
data is required to distinguish SNPs from somatic missense
mutations. We illustrate below the various techniques that
can be used to accomplish this task for TET2.

TET2 as an Example of a Highly Polymorphic
Cancer—Associated Gene

TET2 belongs to the TET family of epigenetic regulatory
enzymes that convert 5-methyl-cytosine to 5-hydroxymethyl-
cytosine and coordinately regulates expression in many genes
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through global and site-specific DNA methylation changes.””
Somatic or acquired 7ET2 mutations occur at high frequency
across a spectrum of myeloid and lymphoid malignant
tumors™ and are transforming in animal studies and cell line
models™*” but also occur as an age-related phenomenon in
hematopoiesis without overt leukemic changes.”*

Most pathogenic mutations in TET?2 result in complete or
partial loss of function, evidenced by attenuation of 5-
hydroxymethyl-cytosine in leukocyte DNA from patients
with TET2-mutated blood cells compared with those in
unaffected populations.”> These mutations are commonly
frameshift and nonsense or terminating mutations occurring
anywhere within its 2002 amino acids but also include many
different missense mutations that are presumed to have
hypofunctional effects. However, fully cataloging pathogenic
missense TET2 mutations has proven difficult because an
ever-increasing number of SNPs are reported (Figure 2A) and
normal/tumor-paired testing has been performed for only a
small number of TET2 variants in published series.”””°
Although somatic mutation and SNP databases may be
incomplete and even occasionally inaccurate, filtering calls
with MAF >2% to 5% helps to narrow the number of variants
needing annotation.

Inferring Somatic Status from Allele Frequency and
Mutation Level

Because most NGS methods produce highly accurate esti-
mates of allele frequency, read percentage is also helpful in
distinguishing somatic from germline calls, especially if
there is an estimate of percentage tumor involvement in the
sample by other methods. Germline SNPs should be
detected at or close to heterozygous (50%) or homozygous
(100%) levels. In contrast, somatic mutations can occur at
any level, depending on the amounts of neoplastic and
normal cells present in the sample. However, use of this
finding to infer somatic status needs to be interpreted with
caution because ploidy changes in the tumor can influence
apparent SNP allele frequencies. Correlation of mutation
results in parallel genomic microarray or conventional
cytogenetic studies can also assist in this distinction.

Distinguishing Variants by Domain Mapping and
Protein Prediction

Mutagenesis studies and radiographic crystallography of the
TET2-DNA complex have identified several conserved
functional domains (CFDs) that are critical to TET2 func-
tion, including zinc-chelating sites and catalytic domains.”’
Missense mutations in TET?2 tend to cluster in these CFDs
(Figure 2A), which can help classify variants based on their
location.””*® Additional support for the pathogenicity of
TET2 missense changes can be obtained from cell lines
transfected with mutagenized TET2, which reveals signifi-
cantly decreased enzyme function when mutated at key
residues, such as H1302Y and DI1304A.°° However,
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germline SNP and VUS calls also occur within these two
CFDs, including more than 30 nonsynonymous entries in
dbSNP (build 142), and somatic changes can occur outside
CFDs.”

Domain mapping can be supplemented by computational
tools that model the effects of missense variants in silico.””
In general, these tools classify protein sequence variants
on a continuum from benign to damaging and include
phylogenetic approaches leveraging multiple sequence
alignments of evolutionary homologs (eg, SIFT, http://sift.
jevi.org, last accessed October 10, 2014), phylogenetic-
independent strategies that analyze biochemical and physi-
ochemical patterns, and combinations of these approaches
(eg, Polyphen-2, http://genetics.bwh.harvard.edu/pph?2, last
accessed October 10, 2014). Multiple sequence alignment
methods assume a relationship between pathogenicity and
evolutionary conserved residues and have found 72% to
82% accuracy for some cancer genes.’' For TET2, SIFT and
Polyphen-2 have a reduced accuracy outside conserved do-
mains, a task for which a Fourier transform physiochemical
algorithm has proven more effective.®” Applying these tools
in tumor samples assumes that pathogenic mutations are
synonymous with cancer-associated changes, which may be
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inaccurate. Broadly applicable approaches specific for pre-
dicting oncogenicity for somatic mutations have not yet been
developed. Therefore, in the absence of these tools, using
multiple prediction algorithms can improve predictive

63
power.”

Co-Occurrence and Pathway Analysis

For germline variants, the presence of a definitive pathogenic
mutation tends to reduce the pathogenicity score of a co-
occurring VUS. The opposite is often the case for somatic
mutations in cancer where the co-occurrence of an unchar-
acterized missense variant along with a definitive oncogenic
mutation in the same gene can boost significance. This is
particularly true for genes in which biallelic mutations of
different strengths (eg, one inactivating, one hypofunctional)
are a predominant mechanism of transformation, such as with
TP53, TET2, and CEBPA. For TET2, cancer samples often
have one inactivating mutation and additional missense
substitutions that would be predicted by the tools above to
have subtle or hypofunctional effects.

A related tool is pathway analysis in which genes that are
complementary are frequently mutated together, whereas
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those that act along the same pathway or in the same
complex are not. In hematopoietic malignant tumors, TET2
mutations typically co-occur with mutations in the epige-
netic regulators DNMT3A and EZH2 but are mutually
exclusive with IDHI and IDH2 mutations.”* The fre-
quency of complementing mutations also increases as tu-
Mmors progress.

For samples with especially critical indications, reflex
testing with a larger sequencing panel or genomic and SNP
microarray also represents a viable strategy for resolving
indeterminate calls. As knowledge of mutational patterns
characteristic for specific cancer types increases, the pattern of
co-occurring alterations in other genes can also help resolve
the nature of indeterminate calls.®” For TET2 profiling in
myeloid neoplasms, these complementary molecular studies
might include chromosome or genomic microarray analysis
and sequencing for mutations in other genes, such as ASXLI,
EZH2, and RUNXI, all of which co-occur with TET2 muta-
tions in MDS and MPN.”

Use of the Full Bioinformatics Toolbox to Help Resolve
Indeterminate Calls

In the absence of any widely acceptable model for scoring
somatic variants, individual laboratories currently design
their own customized approaches to weighing lines of evi-
dence. As an example, we present an approach to this
problem using several VUSs in TET2. At this time, the
significant gaps in the variant frequencies, structural data,
and clinical literature for TET2 (or any other polymorphic
cancer gene) preclude an automated or explicit scoring al-
gorithm. However, integration of the bioinformatics tools
and multiple LOEs described above can be used effectively
on a call-by-call basis to determine the likelihood of somatic
versus germline origin.

For example, consider a blood sample submitted for MDS
workup in which the E1010D missense change is detected in
TET?2 at 46% frequency (Figure 2B). This variant has been
uncommonly reported in MDS studies without normal
reference samples but not in the SNP databases, favoring
somatic origin. However, given the close to heterozygous
level and the location of this amino acid outside both TET2
CFDs, germline origin is possible. With the use of the pre-
diction tools SIFT, Polyphen-2, Align-GVGD (http.://agvgd.
iarc.fr, last accessed October 10, 2014) and Mutation
Assessor  (http://mutationassessor.org, last accessed
October 10, 2014), a nonpathogenic consensus score is
returned. Germline status would be confirmed by its detec-
tion in a posttherapy remission sample, as has been seen in
prior studies.®’

In contrast, consider another blood sample submitted for
MDS workup where TET2 N1260S is detected in 45% of
the reads (Figure 2B). This call has been rarely reported in
the SNP databases (MAF <0.01) and is present at close to
heterozygous levels. Because the amino acid lies inside a
CFD, either a somatic mutation or an SNP would be
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considered. Using the functional predictors above, a neutral
consensus score is returned. However, the identification of a
TET?2 truncation in the same sample raises the probability
that N1260S is an acquired change that produces a hypo-
functional protein.

These results for any given call might then be combined
with other mutation data, sample (eg, tumor type and grade),
and patient features (eg, age and stage) to generate a
Bayesian-type risk score for the variant, as has been per-
formed for germline calls in BRCAI and BRCA2.°® For
TET?2 calls in AML, MDS, and MPN samples, if pathogenic
mutations in other leukemia-associated genes or character-
istic cytogenetic changes are identified, this approach might
affect the probability of an equivocal variant call being
somatic (Figure 2B).

Interpreting the Significance of Somatic
Mutations

Once germline calls have been excluded, the task of
reporting the significance of definitive somatic variants is
highly context dependent. Unlike the ACMG five-tier
approach to germline variant calls, no such simple classifi-
cation is possible or even warranted for somatic mutation in
cancers. For theranostic assays in which the goal is treat-
ment guidance, mutations are often scored in three tiers as
actionable, potentially actionable, or of unknown therapeu-
tic significance. The confidence level for the score given is
based on the strength of the underlying evidence obtained
through the categories below.

Treatment Response in Clinical Studies

A highly significant criterion for an actionable theranostic
mutation call is one or more well-powered studies linking
that specific mutation or a highly similar change to outcome
after targeted therapy.®” Such studies have formed the basis
of drug approvals linked to the presence or absence of a
mutation and/or have been incorporated into treatment
guidelines.m However, effects of mutation level on outcome
and the variations in analytical sensitivity of the mutation
detection methods’' may be confounding variables. Given
the relative rarity of any specific amino acid mutation
change in even large studies, meta-analyses combining
multiple studies can be used to refine the interpretation.’”
Overrepresentation or higher than expected prevalence of
a specific mutation in a particular response group in a study
designed for another purpose may be used as weaker evi-
dence of a potentially actionable call.

Animal and Cell Line Models

Animal and in vitro studies can help establish the patho-
genic nature of specific mutations and their treatment
response profile to specific drugs. Transgenic and knockout
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animal models in which the target cancer develops in the
appropriate timeframe after introduction are the strongest
lines of evidence for oncogenicity. Less definitive but still
useful are cell line sensitivity studies in which the effects of
different drugs on a target gene engineered with a range of
clinically relevant mutations are tested in vitro. This method
has been used to map the response of specific kinase
inhibitors on various ABL kinase domain mutations.”® This
in vitro sensitivity data have then been successfully used to
select effective alternate kinase inhibitors (principally
nilotinib and dasatinib) for treatment of imatinib-resistant
CML."”

Protein Prediction Tools

For some targetable genes, there is more information on ex-
pected behavior of observed mutations on drug response in the
biochemical and structural biology literature. Computational
tools that assess the functional effect of amino acid changes in
proteins can give predictive information on a particular muta-
tion (as described in Distinguishing Somatic Mutations from
Germline Variants in the Absence of a Reference Sequence).
Protein databases, such as UniProt,"” provide highly structured
and searchable tools that link amino acid regions to functional
and drug-binding sites. If a particular mutation maps to the areas
of the protein predicted to mediate drug response, a potentially
actionable score may be achieved.

Conclusion

The elements of standardized practices for accurate analysis
and annotation of somatic mutations in cancer have been
presented here and elsewhere.”* but formal guidelines have
not yet been promulgated. Relying on public databases is
not sufficient at this time for annotation of most oncology
assays. This is partly because of the constant occurrence of
novel variants, the incomplete nature and inevitable clas-
sification errors in the SNP databases and COSMIC,*” and
the indeterminate somatic or germline status of some vari-
ants (eg, EGFR T790M).48 A recent meta-analysis of 49
cancer genomics studies found that some were deficient in
their analysis pipeline and that most did not adequately
explain their processes for filtering germline calls and
assigning significance to variants.”” These deficiencies will
limit the utility of these promising new technologies and
may lead to poor clinical decision-making. More funda-
mentally, the assumptions and goals of annotation for
different types of cancer sequencing assays have not yet
been rigorously explored.

The molecular diagnostics community will need to
continue to advocate for adoption of annotation guidelines
to realize the full diagnostic potential and clinical utility of
multigene NGS assays. Most urgently, the parameters for an
actionable call in theranostic sequencing assays need
formulation. It is likely that no single scoring system or
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rules-based approach will be sufficient for determining
significance of somatic variants calls in all cancer applica-
tions, but it is imperative that more consistent practices be
developed. As the sophistication of sequencing technologies
has quickly increased, so too must the manner in which
clinicians and investigators use these tools.
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