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Abstract

Genomic testing enables clinical management to be tailored to individ-
ual cancer patients based on the molecular alterations present within can-
cer cells. Genomic sequencing results can be applied to detect and classify
cancer, predict prognosis, and target therapies. Next-generation sequencing
has revolutionized the field of cancer genomics by enabling rapid and cost-
effective sequencing of large portions of the genome.With this technology,
precision oncology is quickly becoming a realized paradigm for managing
the treatment of cancer patients. However, many challenges must be over-
come to efficiently implement the transition of next-generation sequenc-
ing from research applications to routine clinical practice, including using
specimens commonly available in the clinical setting; determining how to
process, store, and manage large amounts of sequencing data; determining
how to interpret and prioritize molecular findings; and coordinating health
professionals from multiple disciplines.
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INTRODUCTION

Precision medicine is a health-care model in which patient management is customized based on
patient-specific analytics that include genomic data (1).

Precision medicine has been defined as “an emerging approach for disease treatment and pre-
vention that takes into account individual variability in genes, environments and lifestyle for
each person” (2, p. 443). The prospects of achieving this goal, particularly the approach that
takes individual variability into account, have been significantly enhanced by the recent advent of
high-dimensional multiparametric approaches that facilitate interrogation of, for example, entire
genomes (genomics), transcriptomes (transcriptomics), proteomes (proteomics), andmetabolomes
(metabolomics). The contemporaneous development of computational algorithms that facilitate
analysis of the large data sets generated from these approaches and the ubiquitous availability of
digital and mobile technologies further enhance the ability to electronically archive and dissemi-
nate the data.

In particular, nucleic acid–based high-throughput technologies, especially next-generation se-
quencing (NGS), offer great promise for radically impacting the routine implementation of pre-
cision medicine. Among different spheres, oncology is an immediately apparent area for applica-
tion, given the high aggregate frequency of cancers, the fact that cancer remains a leading cause
of mortality, the increasing incidence linked to population aging, and the availability of targeted
treatments that aim to treat cancers by inactivating the driver alterations that are specific, critical
vulnerabilities for the cancer cells.

In cancer, the genomic testing of cancer tissue can be employed to render a diagnosis, inform
prognosis, predict the efficacy of targeted therapies, and monitor disease burden longitudinally.
Genetic testing of germline DNA can also be used in oncology to determine an individual’s risk
for various cancer types. The increasing pace of drug discovery and clinical trials in specific can-
cers or orphan diseases is contributing to the implementation of high-throughput approaches for
identifying robust biomarkers for cancer diagnostics. Accordingly, precision diagnostics driven by
NGS is poised to radically alter the routine practice of cancer diagnostics in the clinical laboratory.
In this review, we discuss the infrastructural, technical, and operational considerations for devel-
oping, implementing, and deploying genomic precision diagnostics within a clinical laboratory
environment to support state-of-the-art clinical oncological care and research trials.

ASSAY CONFIGURATIONS FOR PRECISION ONCOLOGY

Single-Gene Assays Versus Next-Generation Sequencing

Single-gene assays have been the mainstay of molecular diagnostics for decades. Various methods
are employed depending on the type of molecular alteration, the type of specimen to be tested,
the burden of disease in tested specimens, and how the result is to be used. Common methods
include the amplification of DNA or RNA using polymerase chain reaction (PCR) followed by
sequencing (e.g., Sanger, pyrosequencing), fragment analysis using electrophoresis, restriction en-
zyme digestion, or hybridization with sequence-specific probes. Fluorescence in situ hybridization
is also frequently employed in molecular oncology.

These single-gene tests often have significant advantages over large-scale genomic sequencing,
including faster turnaround time; lower cost; and lower complexity in developing, running, and
interpreting the test. Since each gene is evaluated separately, these assays can also be customized
to meet the needs of the clinical context in which they are employed. For instance, single-gene
assays can be designed to be extremely sensitive and highly quantitative, and once they are stan-
dardized across laboratories, can be used to monitor the response of oncology patients; an example
is testing for BCR-ABL1 in patients with in chronic myeloid leukemia. Single-gene assays can also
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be carefully designed to overcome challenges associated with problematic regions of the genome
(e.g., the high G:C content associated with CEBPA) and variant types that may be challenging to
detect by NGS (e.g., the large internal tandem duplications within FLT3) (3, 4).

The use of single-gene tests continues to be a useful approach for clinical contexts in which in-
formation about a limited number of genes is clinically relevant.However, as more andmore genes
become relevant for a given clinical context, NGS becomes an increasingly attractive approach.
The resources associated with designing, optimizing, validating, and running several single-gene
tests become prohibitive with more than a handful of genes. Molecular testing of advanced-stage
non–small cell lung cancer (NSCLC) provides a good example of the quickly increasing need
for the molecular profiling of several genes. Initially, testing for EGFR exon 19 deletions and the
L858R mutation was the only molecular information relevant for targeted tyrosine kinase in-
hibitor (TKI) therapy (5–7). However, within a few years, effective targeted therapies approved
by the US Food and Drug Administration (FDA) arose and are effective in treating lung cancers
with other EGFR mutations (8, 9), ALK and ROS1 rearrangements (10–17), and BRAF muta-
tions (18, 19). Still other molecular alterations have associated targeted therapies with promising
early clinical data—including MET exon 14 skipping mutations (20, 21), high-level MET am-
plification (22), RET rearrangements (23–25), and ERBB2 (HER2) mutations (26)—leading to
new treatment recommendations from the National Comprehensive Cancer Network (NCCN)
(27).

NGS also offers some technical advantages over single-gene methods. For instance, NGS is
more sensitive than many single-gene methodologies, such as Sanger sequencing. Other single-
gene methods, such as allele-specific PCR, offer better sensitivity, but can be employed only to
detect a limited number of specific mutations. The simultaneous sequencing of many regions in
parallel with NGS also enables sequencing of many genes even when DNA or RNA is limited.

Gene Panels Versus Unbiased Genomic and Transcriptomic Analyses

NGS approaches may include whole-genome sequencing (WGS), whole-exome sequencing
(WES), whole-transcriptome sequencing (RNA-seq), and target gene panels. The first human
genome to be sequenced was a massive multicenter project that cost billions of dollars and took
decades (28). WGS can now be accomplished by a single laboratory in a matter of days for as
little as $1,000. The potential advantage of WGS is its ability to detect essentially any genomic
alteration, including novel or rare alterations. However, this approach is expensive and cannot
practically be done at sufficient depth to reliably detect low-level alterations in samples contain-
ing a mixture of tumor cells and normal cells. In addition, this approach identifies a huge number
of sequence variants. In NSCLC, for instance, whole-genome studies have demonstrated a me-
dian of 888 and 15,659mutations inNSCLC samples from, respectively, nonsmokers and smokers
(29). The vast majority of these variants are not clinically actionable, and making this distinction
when faced with this much data can be overwhelming. In the absence of comparisons between
tumor and normal DNA, distinguishing somatic mutations from germline polymorphisms adds
even further complexity.

WES is an unbiased approach that has also found utility in some laboratories as a platform
for the interrogation of cancers. WES limits sequencing to the ∼1.5% of the genome that lies
in the exons of genes. Nevertheless, this approach also generates a large number of potential
variants, the vast majority of which currently do not have annotated clinical implications. Exome
sequencing will also fail to detect pathogenic variants, such as structural rearrangements with
intronic break points.While input and DNA quality requirements are lower than those forWGS,
the drawbacks of this approach include the fact that the depth of sequencing obtained with WES
is much lower than that obtained by targeted panels. Thus, in cases with a low tumor burden,
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the allele frequencies obtained with WES may result in missed calls for clinically actionable
mutations. Finally, WES is more expensive than targeted assays.

RNA-seq involves sequencing RNA transcripts, which may include mRNA or small RNAs.
RNA-seq data provide a snapshot of gene expression patterns and can be an alternative to data
obtained from microarray-based gene expression profiling, which has limited dynamic range and
less specificity due to cross-hybridization (30). Also, RNA-seq enables the detection of gene fu-
sions, including those that are novel. Finally, RNA-seq can provide information about noncoding
RNAs (ncRNAs), including long noncoding RNAs, and microRNAs. Abnormal ncRNA function
has been implicated in the pathogenesis of cancer and non-neoplastic diseases (31). While the
role of ncRNA in cancer remains far from fully characterized, some studies have suggested that
profiling ncRNA may have diagnostic or prognostic applications (32–34). Like WGS and WES,
RNA-seq generates a large amount of complex data and is not routinely performed by most
clinical laboratories.

Most laboratories performing NGS for clinical purposes use targeted sequencing panels. In
addition to having lower sequencing costs and faster turnaround times, this approach provides
much higher coverage of genomic regions of interest, thereby enabling the detection of lower-level
molecular alterations: an essential capability for somatic testing of clinical samples that contain a
mixture of neoplastic and non-neoplastic cells. The dramatically decreased complexity of the data
generated by gene panels markedly reduces the time and effort associated with interpretation.
By focusing on those molecular alterations that are clinically actionable, this approach mitigates
the risk of actionable data being overshadowed by a deluge of data without clinical application.
Finally, these types of panels can be designed with capabilities to meet various clinical needs.
For example, solid tumor NGS panels can be designed to be run with very small amounts of
nucleic acid, thus enabling the testing of small biopsy and aspirate samples (35). Targeted panels
can also be designed with sufficient sensitivity to detect molecular alterations that are present
at extremely low levels, for example, in cell-free DNA (cfDNA) (36). The principal drawback of
targeted gene panels is the need for a priori knowledge of the molecular alterations to be detected
because novel alterations may be missed. In most cases, novel variants are not expected to have
clear clinical implications, but there are exceptions, such as ALK gene fusions in NSCLC even in
cases in which the fusion partner is novel (27). Targeted panels may also require updating as new,
clinically actionable molecular analytes emerge.

APPLICATIONS OF MOLECULAR ONCOLOGY TESTING

Diagnosis

For a number of neoplastic diagnoses, molecular findings either are a requirement for rendering
the diagnosis (e.g., BCR-ABL1 in chronic myeloid leukemia) or molecular data can assist oncolo-
gists or pathologists, or both, in rendering a diagnosis in cases in which the clinical presentation
and pathologic features are equivocal (e.g., the KIAA1549-BRAF fusion in pilocytic astrocytoma).
However, in many instances, molecular data must be used cautiously and correlated with other
clinicopathologic data. For example, while many mutations associated with myelodysplastic syn-
dromes are readily detectable in specimens from peripheral blood or bone marrow, these muta-
tions are also found in otherwise healthy individuals with clonal hematopoiesis of indeterminate
potential (37–39).

Prognosis

Molecular alterations found in neoplastic cells frequently correlate with various prognostic
indices. For instance, IDH1 mutations are associated with more favorable outcomes in glioma
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patients (40, 41). Not only can these prognostic associations be applied to counseling patients,
but the mutations may also carry diagnostic or therapeutic implications, or both. For instance,
IDH1 and IDH2 mutation status is now incorporated into the World Health Organization’s
classification of central nervous system tumors (42). The prognostic implications of mutations in
NPM1, FLT3, CEBPA, KIT, TP53, RUNX1, and ASXL1 are used to stratify patients with acute
myeloid leukemia (AML) who are under the age of 60 into risk categories that, in turn, determine
the appropriate postremission therapy according to the NCCN’s guidelines (43).

Therapy

Molecular profiling of neoplastic cells is frequently used to guide therapeutic decisions. This pro-
filing often identifies an oncogenic alteration that can be specifically targeted by small molecule
inhibitors or monoclonal antibodies. For example, BRAF inhibitors and MEK inhibitors (act-
ing downstream of BRAF) are efficacious in treating melanomas with a BRAF V600E mutation
(44, 45), and several BRAF and MEK inhibitors are currently approved by the FDA for this ap-
plication. Other molecular alterations may predict resistance to a particular therapy. In colorectal
cancer,KRAS andNRASmutations are associated with primary resistance to anti-EGFR antibody
therapy (46, 47).

Molecular findings also frequently guide the use of FDA-approved therapies for applications
outside of the approved indications (off-label indications). For example, imatinib is a TKI that
is FDA approved for the treatment of several neoplasms with TKI-sensitive mutations in KIT,
including gastrointestinal stromal tumor, chronic myeloid leukemia, and systemic mastocytosis.
While imatinib has not been FDA approved for treatingmelanoma, several studies have shown that
patients with melanoma harboring specific mutations in KIT respond to imatinib (48–50). This
off-label therapy is recommended in the current NCCN guidelines for metastatic melanoma (51).

Targeted therapies may also be employed in an iterative fashion based on both those alter-
ations initially identified as well as those acquired during treatment. In NSCLC, an EGFR exon
19 deletion or L858Rmutation is associated with sensitivity to first- and second-generation EGFR
inhibitors, for example, erlotinib, gefitinib, and afatinib (5, 6). However, the acquisition of a sec-
ondary EGFRT790Mmutation is a commonmechanism of acquired resistance to these therapies.
The emergence of third-generation EGFR inhibitors, such as osimertinib, has provided oncolo-
gists with an effective therapy to treat NSCLC with acquired resistance to EGFR inhibitors (52).

Another class of treatment for which molecular results may be informative is immune-
enhancing therapies. These include checkpoint inhibitors that block inhibitory immune signaling,
such as the interaction between programmed cell death 1 protein (PD-1) and its ligand PD-L1
[e.g., pembrolizumab (Merck), nivolumab (Bristol-Myers Squibb)] and cytotoxic T lymphocyte–
associated protein 4 [CTLA-4; e.g., ipilimumab (Bristol-Myers Squibb)]. Several studies suggest
that tumors with microsatellite instability (53) or a high tumor mutation burden (54–57), or both,
are strong predictors of response to these agents, and both microsatellite instability status and
tumor mutation burden can be identified using NGS data sets.

The response to therapies that inhibit poly (ADP-ribose) polymerase (PARP) is also associ-
ated with molecular findings. Several studies have shown that some of these drugs (e.g., olaparib,
rucaparib) are more efficacious in cancers with homologous recombination deficiency due to mu-
tations in genes such as BRCA1 and BCRA2 (58–60). Other drugs (e.g., niraparib) have proven
efficacious regardless of homologous recombination deficiency or BRCA1 or BRCA2 status (61).

Finally, molecular results are increasingly being used to screen patients for molecular alter-
ations that may qualify them for clinical trials. These may include clinical trials for particular
cancer types with specific molecular alterations or trials that enroll patients with advanced
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cancer who have particular targetable molecular alterations, regardless of cancer type. These
include the Molecular Analysis for Therapy Choice (MATCH; http://www.cancer.gov/about-
cancer/treatment/clinical-trials/nci-supported/nci-match) trial conducted by the National
Cancer Institute (NCI) and the Targeted Agent and Profiling Utilization Registry (TAPUR) trial
conducted by the American Society of Clinical Oncology (ASCO).

Precision Diagnostics Enabling Clinical Trials in Oncology

The implementation of NGS-based genomic diagnostics that identify tumor-associated variants
and structural alterations activating specific pathways in cancers, along with the rapid development
of targeted novel therapies, have given rise to paradigm shifts in clinical trial design in oncology.
Observations from numerous studies in clinical and research environments show that tumors ap-
parently arising from the same organ can be heterogeneous in their pathogenesis and genetic
signatures. Indeed, within the same tumor there may be intratumoral genetic heterogeneity. Also,
tumors with different organ and tissue origins may demonstrate identical genetic alterations and
molecular drivers.

In the category of clinical trials known as umbrella trials, patients with a particular tumor type
are subjected to genomic sequencing and assigned to multiple therapies that target the specific
driver abnormalities identified in each individual tumor.This paradigmmaximizes the opportunity
for a patient to receive and benefit from precision therapies based on the identification by NGS
of oncogenic drivers. Examples of umbrella trials include the Investigation of Serial Studies to
Predict Your Therapeutic Response with Imaging and Molecular Analysis 2 (I-SPY2) (62) and
Lung Cancer Master Protocol (Lung-MAP) studies.

Another approach in which therapies are driven by precision diagnostics is the so-called basket
trial. In this approach,multiple tumors or tumors with different histopathologic classifications are
treated with one specific drug targeting a common group of oncogenic driver alterations. This
approach may be complementary to the umbrella trial approach and seeks to determine whether
a targeted therapy offers a benefit across diverse tumor types that share a targetable molecular
aberration.This tissue-agnostic paradigm is exemplified by the NCI’s MATCH trial, the Pediatric
MATCH trial (63), and amulticenter basket trial of theTRK inhibitor larotrectinib (64). Precision
diagnostics is also playing an increasingly critical role in adaptive trials wherein data accumulating
during the trial are utilized to modify the course of the clinical trial (62, 65).

Disease Monitoring

Molecular testing is also frequently used for monitoring cancer patients after treatment begins.
The most established example is the monitoring of patients with chronic myeloid leukemia with
quantitative BCR-ABL1 testing after initiating TKI therapy (66, 67). Patients are evaluated every
3 months (67), and a major molecular response (defined as a 3-log reduction in BCR-ABL1 values)
is strongly associated with a more favorable outcome (68). TKI resistance is suspected if there is
an incomplete initial response, a 1-log increase in BCR-ABL1 while on treatment, or hematologic
evidence of relapse (69). For these patients, ABL1 kinase domain sequencing is used to identify
resistance mutations and guide TKI therapy decisions (70, 71).

Several studies have also highlighted the prognostic significance of measurable residual disease
(MRD; previously termed minimal residual disease) in AML and acute lymphoblastic leukemia
(ALL). MRD can be evaluated using flow cytometry or molecular methods. In BCR-ABL1-
negative ALL, molecular MRDmonitoring has traditionally been performed using allele-specific
oligonucleotide PCR of rearranged immunoglobulin and T cell receptor genes; however, this
approach is time consuming and labor intensive (72–74). The use of NGS for these genes has
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emerged as a more practical alternative (75–80). In the past, molecular MRD detection in AML
has been performed using reverse transcription PCR assays for oncogenic gene fusions (i.e.,PML-
RARA,RUNX1-RUNX1T1, and CBFB-MYH11) (81–84). Studies have also demonstrated the util-
ity of monitoring NPM1mutation status in NPM1-mutated AML (85–88). Recently, studies have
investigated the utility of multigene NGS panels for detecting MRD based on the presence or
absence of mutations in multiple different genes (89, 90). However, this approach requires defin-
ing those alterations that are specific to leukemic cells (rather than in nonleukemic hematopoietic
clones) and present in all leukemic cells (rather than in subclonal populations) (89, 90).

Peripheral blood from patients with solid tumor cancers is also increasingly being used as a
noninvasive sample for monitoring disease burden. The evaluation of neoplastic DNA can be
accomplished through the collection of circulating tumor cells or cfDNA in plasma. Patients on
treatment (particularly targeted therapies) can be monitored both for recurrence (91–93) and for
acquired resistance mutations (94, 95), which may enable therapy to be adjusted (e.g., osimertinib
may be used for patients with NSCLC who acquire an EGFR T790M mutation). Not only does
the use of cfDNA offer a noninvasive alternative for detecting resistance mutations but also this
method may mitigate sampling challenges associated with tumor heterogeneity (96).

Cancer Predisposition

Some patients diagnosed with cancer have a genetic predisposition. Identifying these patients can
have important implications for treatment, follow-up, screening for other cancers, and genetic
counseling. Lynch Syndrome (also known as hereditary nonpolyposis colorectal cancer) is an ex-
ample of a cancer predisposition syndrome for which cancer patients are frequently screened.This
syndrome results from a deleterious germline mutation within a gene (MLH1,MSH2,MSH6, or
PMS2) encoding a mismatch repair protein, and it is associated with an increased risk of several
cancers, particularly colorectal and endometrial carcinomas (97). Screening for Lynch syndrome
is now recommended for all patients diagnosed with colorectal cancer (98, 99) or endometrial can-
cer (100). It is recommended that patients diagnosed with Lynch syndrome receive more frequent
follow-up, more rigorous screening for other cancers, and genetic counseling (99). In addition,
cancers in these patients display microsatellite instability, which is predictive of the response to
immune checkpoint inhibitors (53).

Another common example of screening for cancer predisposition is testing for mutations in
BRCA1 and BRCA2. Mutations in these genes are associated with a much higher risk of several
cancers, including breast, ovarian, and prostate. Again, detecting these mutations has implications
for follow-up, screening for other cancers, and genetic counseling. As stated above, both germline
and somatic mutations in these genes are also associated with the response to PARP inhibitors
(58–60).

NEXT-GENERATION SEQUENCING TECHNOLOGIES

While the performance of NGS varies depending on the particular assay, the basic steps include
isolation or enrichment of neoplastic cells, extraction of nucleic acid, preparation of a sequencing
library, sequencing, and data processing.

Isolation or Enrichment of Neoplastic Nucleic Acid

The detection of molecular alterations in neoplastic cells is contingent on having a sufficient pro-
portion of nucleic acid from neoplastic cells within the extracted specimen to meet or exceed the
limit of detection of the test being performed. Because molecular testing is frequently employed
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for patients with advanced-stage cancer for whom resection is not indicated,many specimens con-
sists only of small biopsies and aspirates. These limited specimens are often challenging substrates
that have only a limited percentage of neoplastic cells (thus, requiring enrichment) or a limited
absolute number of neoplastic cells, resulting in low nucleic acid yield, or both.

Various methods can be employed to enrich for neoplastic cells. For formalin-fixed, paraffin-
embedded (FFPE) tissues, manual macrodissection is frequently performed and involves circling
the relevant area for extraction on a hematoxylin and eosin–stained slide. The corresponding re-
gion from subsequent stained or unstained slides is then scraped into a container for extraction
(101). This method has low precision and is generally limited to specimens in which a fairly large
region contains sufficient neoplastic cells.Microdissection with the aid of a stereomicroscope pro-
vides additional precision, enabling the use of specimens in which small focimust be extracted (e.g.,
a microscopic metastasis within a lymph node) (102). Digitally guided and laser-capture microdis-
section provide even greater precision, enabling the extraction of even single cells (103, 104).

Traditionally, the use of blood for molecular testing has been limited to hematologic neoplasms
in which neoplastic cells circulate in the blood in relatively high numbers. However, blood is
increasingly being used for testing in cases of solid tumor cancers as it offers a noninvasive method
of obtaining and characterizing tumor DNA and for monitoring disease burden.The collection of
circulating tumor cells relies on capturing these cells using specific cell surfacemarkers. In addition
to providing a source of neoplastic nucleic acid, the enumeration of these cells can be employed for
disease monitoring (105–108).TumorDNA can also be found within the plasma of cancer patients
as cfDNA. While the use of cfDNA is often complicated by the exceedingly low proportion of
tumor DNA, this limitation can be overcome with ultrasensitive molecular assays. These assays
require an extremely high sequencing depth in order to achieve the needed sensitivity and may
employ error correction using molecular barcodes to avoid false-positive results from PCR errors
(109). These assays also require prompt removal of white blood cells to prevent the dilution of
cfDNAwith DNA released from lysed white blood cells.These assays may be useful when surgical
pathology or cytology specimens contain insufficient neoplastic cells for molecular analysis (e.g.,
FFPE specimens that are exhausted). Several studies of various cancer types, including breast (110–
113), colorectal (91, 110, 114) and NSCLC(109, 110, 115), have demonstrated high concordance
between paired tumor and cfDNA specimens.

Both DNA and RNA are frequently used in molecular testing. DNA is more stable than RNA,
which can easily be degraded by ribonucleases; as a result, DNA is most frequently used to detect
single nucleotide variants (SNVs), insertion/deletion variants (indels), and copy number variants.
RNA is a useful substrate for measuring gene expression as well as gene fusions.While DNAmay
also be used to detect gene fusions, this can often be done more efficiently with RNA due to the
removal of introns by splicing.

Library Preparation

Following extraction, sequencing libraries must be prepared. In order to perform targeted
sequencing, the DNA or RNA regions of interest must first be enriched using either hybrid
capture or amplification. Hybrid capture starts by fragmenting nucleic acid to create a library
of fragments of a size that is optimal for sequencing. Fragmentation can be accomplished by
various means: physical (e.g., acoustic shearing and sonication), enzymatic (e.g., using a cocktail
of nonspecific endonucleases or transposase tagmentation reactions), or chemical (116). The
fragments of interest are then captured by hybridizing to complementary oligonucleotides,
either in solution or on an array. Solution-based hybridization is more commonly employed
in molecular oncology due to its lower cost and lower requirements for DNA and RNA input.
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PCR-based library preparation involves a pool of primers designed to specifically amplify the
regions of interest. In both capture- and amplification-based methods, adapters and barcodes are
ligated to library fragments in order to, respectively, perform subsequent sequencing and enable
sample identification of each fragment after pooling.

Each library preparation method has its pros and cons. Amplification enables the evaluation of
samples with extremely small quantities of nucleic acid. For instance, the Oncomine Focus Assay
(ThermoFisher Scientific) can be run with 10 ng of DNA or RNA, or less (117). Amplification-
based library preparations are also generally less expensive and less time consuming. However,
variants within a primer annealing site or large deletions that extend into a primer annealing site
may cause false-negative results (118). The detection of gene fusions using amplification has the
advantage of using far fewer sequence reads since reads are generated only for the specific fusion(s)
present in sample, if any. However, novel fusion partners or fusion transcripts will not be detected
with traditional reverse transcription PCR since primers must be designed for each gene fusion.
Anchored multiplex PCR is a library preparation method that is compatible with low nucleic acid
input from FFPE and enables the detection of gene rearrangements without prior knowledge of
the fusion partner (119). Capture-based library preparation is also capable of detecting novel gene
fusions since detection relies on capture probes annealing to one of the two genes in fragments
that contain a sequence corresponding to both genes.

Sequencing

The two principal sequencing chemistries underlying the function of NGS platforms in clinical
use today are sequencing by synthesis (Illumina platform) and pH-sensing technologies (Ion Tor-
rent, ThermoFisher Scientific). Both methods require the generation of many immobilized copies
of each template molecule to be sequenced using solid-phase amplification.The Illumina platform
relies on immobilizing sequencing templates in a flow cell followed by solid-phase bridge ampli-
fication to create clusters of identical copies. Ion Torrent employs emulsion PCR to generate
identical copies of each template molecule immobilized on separate beads. Illumina’s sequenc-
ing by synthesis is accomplished using fluorescent-labeled, reversible terminator deoxynucleoside
triphosphates, while Ion Torrent relies on detecting voltage changes as each base is added. Both
technologies provide accurate sequencing results for targeted gene panels and large-scale genomic
or transcriptomic analyses, although Ion Torrent tends to have a higher error rate for calling in-
sertions and deletions in regions containing homopolymers (120).

Bioinformatics

Translating raw data from sequencing instruments into informative results that can be applied to
patient care requires several processing steps (Figure 1). The large amounts of data generated
by NGS as well as the complexity of base calling, alignment and assembly, variant calling, quality
control, and annotation pose significant bioinformatics challenges. These challenges have been
addressed through the creation of a number of commercial, open source, and laboratory-developed
computational tools that are used to assemble a bioinformatics pipeline for routine handling of
clinical NGS data (Figure 2).

Base calling (the conversion of raw signal files into FASTQ text files) is often performed us-
ing proprietary, vendor-specific data processing programs that are integrated into the sequencing
pipeline. However, all sequencing chemistries are prone to low-level errors. Ion Torrent sequenc-
ing is especially prone to indel errors within homopolymers (120, 121); although this problem has
been significantly mitigated in recent years with refined base calling algorithms and sequencing
chemistries. In the Illumina platform, substitution errors are more frequent than indel errors, and
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Sample

DNA

FASTQ

BAM

VCF

aVCF

Interpretation

ATGACGATGATAGGATGA

Chromosome 19:  17,949,097   ATGACGATATAAGATGA

Chromosome 19:  17,949,108 G   A  Ref: 35 Alt:39 GQ: 99

Chromosome 19:  17,949,108 G   A   JAK3 p.M511I MISSENSE NM_000215

Known pathogenic mutation in cancer (often T cell neoplasia), with targeted therapy

Figure 1

Workflow for analyzing genome sequencing data, from sample processing to result interpretation. Interpretation may include comment
about targeted treatment opportunities. Genotype–phenotype correlations are known for several conditions. Increasingly, these data are
available in public databases. FASTQ is a text-based format that includes biological sequence information. Abbreviations: aVCF,
annotated variant call format; BAM, binary alignment map; VCF, variant call format.

particular substitutions (A>C) are more common (122). Error rates are greater near the ends of
reads due to the accumulation of synthesis asynchrony. Base calling algorithms also generate error
probabilities, which are often converted to Phred quality scores (Q scores) (123). Sequence arti-
facts can also be related to suboptimal template DNA extracted from poor quality specimens. In
FFPE tissue, sequence artifacts are common, particularly fragmentation and deamination artifacts
(C>T or G>A on the opposite strand) (124).

Base calling is followed by the mapping of reads from a FASTQ file to the human genome,
resulting in a binary alignment map (or BAM) file (Figure 3). Incorrect read mapping or the
inability to map sequence reads can also lead to the identification of artifactual variants or the
failure to detect true variants. The detection of large indel variants, translocations, and variants
in regions homologous to other regions in the genome, can all be affected by mapping issues.
Nevertheless, large structural and copy number variants can be accurately detected and visualized
using a number of approaches, including Circos plots (125) (Figure 4a). Mapping transcriptome
data is associated with additional challenges related to reads that span splice junctions or fusion
junctions (Figure 4b). Several algorithms have been created specifically to correctly map splice
site–crossing reads and to correctly identify gene fusions (126–130).

Variant calling is the next bioinformatics step. SNVs are perhaps most readily detected by
current variant calling algorithms (Figure 4c). However, other errors, such as amplification errors
and deamination, can create false-positive SNV calls. While these artifacts generally produce a
low variant frequency, they may be more prevalent in poor quality specimens, presumably due
to a lack of stoichiometric competition from good quality template molecules. Minimum variant
requirements (e.g., variant allele frequency, quality score, reads, strand bias) as well as minimum
specimen requirements (e.g., sample depth, depth per region, read length, percentage of base calls
greater than Q20) can minimize false-positive calls. Optimally, each variant call should be curated
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Flowchart of a bioinformatics pipeline, from raw next-generation sequencing data to annotated variants.
FASTQ is a text-based format that includes biological sequence information (often nucleotide sequences)
and quality scores in ASCII format. The BWA (Burrows–Wheeler Aligner) is a program that aligns relatively
short nucleotide sequences against a long reference sequence, such as the human genome. The BWA utilizes
two algorithms that together align contiguous and gapped sequences. BAM (binary alignment map) is the raw
genomic sequencing data and consists of the compressed binary representation of SAM (sequence alignment
map). SAM is a flexible, text-based format for storing large nucleotide sequence alignments generated by
different alignment programs. Picard is a tool that is composed of Java-based command-line utilities and a
Java application programming interface that facilitates the creation of new programs that can read and write
SAM files. The GATK (Genome Analysis Toolkit, Broad Institute) is used for variant identification. It is one
of many tools used for identifying single nucleotide variants (SNVs) and insertion/deletion variants (indels)
in genomic and RNA sequencing data. VCF (variant call format) is a tab-delimited format that represents
several types of variants including SNVs, small indels, and structural variants. Each VCF data line contains
several fields that include significant information, such as the chromosome identity, the position and identity
of the variant, the reference and alternative alleles, and variant and reference quality information. VAT
(variant annotation tool) is a framework that generally operates in a cloud environment and functionally
annotates the variants as, for example, synonymous, nonsynonymous, insertion, or deletion.

by an experienced professional based not only on technical benchmarks but also on each variant’s
functional effect, reported frequency in the tumor type being analyzed, variant allele frequency
in comparison with the estimated percentage of neoplastic cells, and clinicopathologic context,
among other considerations.

Indel mutations within NGS data can be significantly more challenging than SNV muta-
tions to identify and to accurately annotate (131, 132). Various variant calling algorithms are
commonly employed to detect indels including Pindel, the Genome Analysis Toolkit (GATK)
UnifiedGenotyper, and the GATKHaplotypeCaller (133, 134). Studies have suggested that some
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Figure 3

Sequence mapping profiles comparing amplicon-based and capture-based base next-generation sequencing strategies. Amplicon-based
sequencing produces sequence information delineated by the 5′ and 3′ ends of the primers. Thus, redundancy across regions does not
occur. By comparison, capture-based sequencing provides overlapping sequence coverage with multiple redundancies contributed by
other probes utilized in the capture of the genomic bait.

indel variant callers have greater accuracy for smaller indels while others perform better with
large indels (134, 135). Therefore, multiple algorithms may be used to obtain maximum sensi-
tivity (134). However, this approach can lead to greater false-positive indel calls. Again, technical
requirements for each variant call as well as manual curation by an experienced professional can
be invaluable for ensuring the accuracy of indel calls.

Most clinical laboratories also employ one or more approaches for visualizing sequencing data.
Visual inspection of read support data using tools such as the Integrative Genomics Viewer can
facilitate the distinction of true variants from artifacts, or even the detection of indels missed by
variant callers. Manual review is also often required to designate variants according to accepted
nomenclature and naming conventions, such as that of the Human Genome Variation Society
(136). Circos plots are another common mode of visualizing sequencing data (125) (Figure 4a).
Global analysis of variants detected by NGS within a sample is also increasingly being applied to
precision oncology. The assessment of microsatellite instability has traditionally been performed
by comparing PCR analyses from several well-established microsatellites in tumor and normal
tissue (137) or by evaluating tumor tissue for the loss of mismatch repair protein expression (138).
However, several studies have reported high concordance of these conventional techniques with
algorithmic evaluation ofNGS data (139–142).This can typically be accomplished by normalizing
the data to a population of controls, obviating the need to evaluate normal tissue from each patient.
This information can be used for cancer predisposition screening—for example, for Lynch syn-
drome (143)—as well as for predicting response to immune checkpoint inhibitor therapies such
as the PD-1 antibody pembrolizumab (53). The tumor mutation burden, defined as the incidence
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Figure 4

Display outputs for genome sequencing. (a) Whole-genome sequencing. Circos diagram representing data from whole-genome
sequencing of a T cell neoplasm (125). In these plots, the 22 autosomes are disposed end to end, and the sex chromosomes complete the
circle. The plots demonstrate the genomic complexity associated with the case and depict the structural alterations detected. The arcs
within the circle represent translocations connecting chromosomal regions. The thickness of the arcs represents the read support for
the chromosomal events. The outer data track represents the relative sequencing coverage of chromosomal regions normalized to
publicly available genome sequencing data from healthy individuals. Light purple indicates regions of euploidy; dark purple indicates
regions of chromosomal gain; and red indicates regions of chromosomal loss. The inner data tracks represent large structural
alterations between spatially distinct genomic regions affecting the coding regions of one or more genes. Light purple lines indicate a
single gene involved in structural alteration. Some of the genes implicated in the structural alterations are identified in this display.
(b) RNA sequencing. The panel shows the identification of a gene fusion between NPM1 and TYK2 in a T cell lymphoma by whole-
transcriptome sequencing. Read support from RNA sequencing illustrates the forward fragment reads spanning the break point (vertical
line) between the NPM1 and the TYK2 genes. Sanger sequencing confirmation is shown at the bottom. (c) Targeted sequencing.
Targeted panel sequencing showing a mutation in KRAS (G12D) visualized on the Integrative Genomics Viewer. Read counts are
shown in the yellow box with the calculated variant allele fraction. Next-generation sequencing more readily shows the variant allele,
which is barely visible (green peak) on the Sanger sequence electropherogram (green arrow).

of SNVs per megabase, has also been employed as a predictor of response to immune checkpoint
inhibitors (54–57). While WES is the gold standard for assessing the tumor mutation burden,
analyses from large, targeted panels show good correlation (144, 145).

As with every other aspect of molecular testing, each component of a bioinformatics pipeline
requires optimization and thorough validation (146).

Technical Innovation and Validation Standards for Patient Safety

Themajority of NGS assays in the United States consist of laboratory-developed tests. As a result,
assays in different laboratories are quite variable in terms of content, methodology, bioinformat-
ics analysis, quality control practices, interpretative procedures, and reporting. This variability
largely reflects the tremendous pace at which sequencing technology and its clinical implications
are evolving.Many laboratories have not only developed their own NGS assay but also have gone
through several iterations of assays in order to have an assay that takes advantage of the latest
technological advances and includes all of the clinically relevant content.While the process of de-
signing, optimizing, and validating an NGS assay is time consuming, labor intensive, and expen-
sive, the innovation involved in this process has helped to advance the technology as laboratories
and oncologists share their experience and learn from other institutions. However, this variabil-
ity in laboratory practices raises concerns about quality and patient safety in some laboratories.
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Organizations such as the Association for Molecular Pathology, the ASCO, and the College of
American Pathologists (CAP) have taken up the call to police NGS practices through education,
the publication of consensus guidelines, and in the case of CAP, the regulation and inspection
of laboratories (146, 147). This structure enables medical innovation while maintaining quality
control and patient safety.

INTEGRATING GENOMIC RESULTS INTO REPORTS AND CLINICAL
DECISION SUPPORT

NGS is a powerful tool that enables the simultaneous interrogation of many regions of the hu-
man genome. However, as the volume of data from NGS testing grows, so does the challenge
of distinguishing the findings that are clinically meaningful and prioritizing their clinical utility.
Given the large number of genetic variants that occur in cancer genomes and the increasingly
large tail of low-frequency or nonrecurrent mutations that are detected using NGS, it is becom-
ing quite clear that a systematic approach to prioritizing variants is necessary to effectively im-
plement NGS-based precision diagnostics in routine clinical contexts. Molecular pathologists in
collaboration with their oncology colleagues, are tasked with evaluating this abundance of data,
distilling it to what is clinically relevant, and communicating this information in the most cogent
and manageable manner possible. Several components are required to properly integrate genomic
results into clinical reports. These include proper annotation and prioritization of the genomic
variants, development and maintenance of a well-curated and current knowledge base in real time,
and generation of succinct clinical reports with pertinent information offering direction toward
appropriate therapies and clinical trials.

Filtering Variants Without Clinical Utility

A great deal of information generated from NGS data is not clinically useful and should not be
reported because doing so would only make extracting clinically useful information that much
more difficult for all practitioners. These findings that should not be reported include artifacts,
synonymous variants, most intronic variants (other than splice site mutations and functional gene
rearrangements), and benign germline polymorphisms.

The distinction between germline and somatic variants is not always clear (unless non-
neoplastic tissue is also evaluated), and some germline variants can be clinically relevant, in-
cluding those associated with cancer predisposition syndromes. Without a comparison between
tumor and normal tissue, distinguishing somatic from germline variants relies largely on consti-
tutional databases (e.g., the 1000 Genomes Project, the Exome Aggregation Consortium’s ExAC
browser, the Single Nucleotide PolymorphismDatabase dbSNP, and ClinVar) and cancer-specific
databases [e.g., the Catalogue of Somatic Mutations in Cancer (COSMIC) and cBioPortal].How-
ever, information from these databases must be interpreted with caution as some somatic variants
(e.g., JAK2 V617F) are included in germline databases, and both deleterious and benign germline
variantsmay be included in cancer-specific databases.Even the acquired resistancemutationEGFR
p.T790M can be seen as a rare a germline event, and this must be considered when it is identi-
fied at cancer diagnosis (148). Ultimately, tumor-only testing should not be used to conclusively
infer the presence of a germline variant, but it can be used as an indication for definitive germline
testing.

Somatic variants are frequently inferred to be driver or passenger mutations (149). A driver
mutation is one that confers a selective growth advantage for the mutated cell, while a passenger
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Table 1 Recommended framework for tiered reporting of genetic variants in the clinical laboratory setting

Tiera
Classification (therapeutic,
prognostic, diagnostic) Evidence level Description of level of evidence

I Variants of strong clinical
significance

A US Food and Drug Administration-approved therapies,
professional guidelines

B Well-powered studies with consensus from experts in the
field

II Variants of potential clinical
significance

C Multiple small studies with some consensus,
investigational therapies, and clinical trials

D Preclinical studies, small studies, or a few case reports
without consensus

III Variants of unknown clinical
significance

Not observed at a significant allele frequency in general
population or specific subpopulation databases or in
pan-cancer or tumor-specific variant databases

No convincing evidence of cancer association
IV Benign or likely benign

variants
Observed at significant allele frequency in general

population or specific subpopulation databases
No evidence of cancer association

Adapted with permission from Reference 147.
aTiers I and II represent variants that are consistently reported, and those in Tier III are sometimes listed as variants of unknown clinical significance.
Tier IV variants are annotated in databases but reported only infrequently.

mutation has no growth advantage and is observed within a tumor due to its co-occurrence with
a driver. Because passenger mutations are random events that are not selected for during onco-
genesis, they generally are not recurrent, while driver mutations are. Therefore, the frequency
of a particular variant within databases of somatic mutations (such as COSMIC and cBioPortal)
and the large cancer-specific studies (e.g., in The Cancer Genome Atlas) are eminently useful in
evaluating the potential oncogenesis of a mutation. Functional studies provide the most defini-
tive evidence of oncogenesis; however, these studies may not be available for unusual alterations.
While driver mutations are generally the most clinically relevant, passenger mutations may also
be informative. For example, passenger mutations are relevant for calculating the tumor mutation
burden, which can be predictive of the response to immune checkpoint inhibitor therapies (54,
56, 150).

Classifying Variants

The classification of variants according to perceived clinical significance is based on the availabil-
ity of relevant therapies and national guidelines developed on the basis of clinical and preclinical
studies. Several classification schemas are employed by various institutions performing clinical
sequencing. The MD Anderson Cancer Center’s Knowledge Base for Precision Oncology clas-
sifies variants based on the level of clinical or preclinical evidence supporting the efficacy of a
therapy for a particular tumor type and a particular variant (151). Other groups incorporate clin-
ical trial eligibility criteria (152). As shown in Table 1, guidelines for interpreting and reporting
sequence variants in cancer were recently published in a joint consensus recommendation from
the Association for Molecular Pathology, ASCO, and CAP (147). These guidelines recommend
classifying variants based on clinical and experimental evidence into four tiers, each with differing
therapeutic, diagnostic, or prognostic significance.
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Information Management Platform for Incorporating Molecular Genomic Data
into Electronic Health Records

Most genomic sequencing test results are currently delivered as a text document and stored in
portable document format (that is, as PDFs). For optimal benefit to be obtained from genomic
sequencing data, this information needs to be incorporated into electronic health records (EHRs)
as discrete data elements that facilitate flexible computational interrogation, transformation, and
analysis. The delivery of results in an electronic format facilitates real-time interaction, retrieval,
and data interrogation by pathologists and clinicians. Information management systems need to
be configured to permit seamless interoperability between data housed within laboratory infor-
mation systems and EHRs (e.g., Epic). Several advantages accrue from implementing interop-
erable platforms. These include the ability to perform monitoring activities to investigate the
processes of nonrandom variations, to run queries for statistically valid trends in mutations and
outcomes, and to identify promptly patients with specific mutations who are eligible for trials
and can benefit from novel therapies. Regardless of the specific platform implemented, it is rec-
ommended that the discrete data elements comprising the laboratory result inputs be formatted
according to the standards of the SystematizedNomenclature ofMedicine–Clinical Terms (known
as SNOMEDCT) and the Human Genome Variation Society nomenclature for archiving data in
EHRs.

Multidisciplinary Integration

Written reports are not always the best way to communicate complex information derived from
molecular testing or to integrate these findings with other important patient information. Many
institutions that apply molecular data to clinical care are increasingly initiating multidisciplinary
conferences, often termed molecular tumor boards. These face-to-face, real-time interactions can
greatly facilitate the communication of complex molecular results. These conferences also take
advantage of the expertise and perspectives of multiple disciplines, including oncology, molecular
pathology, surgical pathology, pharmacology, medical genetics, and social work (Figure 5).

REQUIREMENTS FOR ADDITIONAL DATA SOURCES
AND DATA SHARING

The availability of molecular data enables oncologists to tailor treatments to individual patients.
However, this practice increasingly leads to patients receiving therapy outside of the current stan-
dard of care, including, for example, the use of drugs off label or for compassionate care. Because
these treatments are often given outside of the context of a clinical trial, the clinical outcomes
from these N-of-1 trials are often unpublished or published as individual, heterogeneous case re-
ports that cannot be easily collated and that suffer from publication bias and a lack of experimental
controls. However, many potentially targetable alterations are so rare that a formal clinical trial
is not possible. An interinstitutional database that enables health-care professionals to collect and
share these clinical experiences is needed. A number of clinical trials have been created that at-
tempt to accumulate sufficient numbers of patients harboring these rare but targetable alterations
by enrolling patients from across the United States, regardless of cancer type. Examples include
the MATCH trial conducted by the NCI and the TAPUR trial conducted by ASCO. Nonethe-
less, the conduct of these trials depends on widespread molecular profiling of cancers in order to
identify potential participants.
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Figure 5

Overall process for clinical implementation of precision oncology using next-generation sequencing (NGS). A patient’s sample
undergoes sequencing followed by bioinformatics analysis using an analysis pipeline. The data are then interpreted by a precision
diagnostician, and the diagnostic, prognostic, and therapeutic implications of the findings are communicated to clinicians in other
disciplines through a report and multidisciplinary conferences. This information is then used to create a patient management plan that
is customized to the patient’s molecular findings.

CONCLUSIONS

Revolutionary advances in genomic testing have made possible the routine use of genomic data
to guide patient management. Since the completion of the first human genome sequence in 2004
(28), the advent of massively parallel DNA sequencing—commonly referred to asNGS—has dras-
tically reduced the speed and costs associated withmolecular testing.However, the large quantities
of data produced by this technology require the implementation of data management and infras-
tructure that facilitate the efficient utilization of data obtained from clinically relevant settings,
and the data also present significant challenges that must be overcome to ensure that the most
salient genomic information is applied to patient care.

The acquisition, interpretation, and application of genomic data have emerged as critical com-
ponents in the care of cancer patients. This process involves several steps and improves the quality
of care by enabling clinical management to be tailored to individual cancer patients (Figure 5).
Enormous innovations in molecular oncology have propelled precision medicine forward while
also engendering new challenges, including the need to use specimens commonly available in the
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clinical setting; determining how to process, store, and manage large amounts of sequencing data;
determining how to interpret and prioritize molecular findings; and coordinating health profes-
sionals from multiple disciplines. Precision oncology remains a dynamic field as both molecular
technology and its applications continue to evolve rapidly.
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