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Abstract: Next-generation sequencing is a novel method of DNA
sequencing that has become a cornerstone of precision oncol-
ogy. This sequencing method detects differences in specific DNA
sequences between a sample and a reference genome or matched
normal DNA. In addition to single-nucleotide variants, other inser-
tions, deletions, copy number changes, and fusions may be drivers
of cancer growth, and thus represent therapeutic opportunities.
As a result, genomic characterization has been increasingly used
to guide treatment decisions, especially in patients with advanced
disease. This review discusses the basic technologies involved in
next-generation sequencing, the applications of this method, and

limitations in the clinical realm.

Introduction

Genomic sequencing has become increasingly available over the past
few decades. In 1976, a bacterial genome was sequenced for the first
time via a method known as Sanger sequencing. Since then, a faster
DNA sequencing method known as next-generation sequencing
(NGS) has emerged.' The clinical application of NGS detects differ-
ences in a patient’s genome from a reference or normal genome. It
identifies sections of DNA that represent changes (variants), includ-
ing insertions or deletions in a specific DNA sequence or array of
sequences.' These areas of identifiable change have become areas of
potential study, clinical diagnostic tools, and therapeutic targets.
The genome and transcriptome of tumors or individual cells can
be profiled using the sequencing technologies detailed below, allowing
for the study of specific oncogenic pathways. The process has contin-
ued to evolve; a recent advance is the simultaneous evaluation of DNA
and RNA from the same cell. A multiomics approach will allow the
real-time generation of mechanistic models to pin genomic variation
against protein expression, which in turn should allow a more com-
prehensive understanding of cellular behavior in various tumor types.
In modern oncology, sequencing for tumor-specific genomic
alterations via panel testing has become more widespread. Many oncol-
ogists have begun to use commercial tests, such as FoundationOne
CDx (Foundation Medicine). Some institutions have implemented
commercial platforms such as the Oncomine Comprehensive Assay
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(ThermoFisher) and a small subset of institutions have
developed their own platforms, such as the Memorial
Sloan Kettering-Integrated Mutation Profiling of Action-
able Cancer Targets (MSK-IMPACT) assay.

This review will discuss the basic technologies in the
application of NGS and assess the importance of various
genetic alterations and their applicability in the clini-
cal realm. It will further discuss current limitations and
future directions as sequencing technology evolves.

How Next-Generation Sequencing Works

The sequencing process uses various platforms. Below is
a discussion of the most commonly used methods across
different platforms available today: DNA sequencing,
RNA sequencing, single-cell RNA and DNA sequencing,
and liquid biopsy.

DNA Sequencing
DNA sequencing includes sequencing by synthesis, pyro-
sequencing, and sequencing by ligation.

Sequencing by Synthesis. Sequencing by synthesis involves
the incorporation of reversibly fluorescent and terminated
nucleotides in DNA sequencing. Here, each nucleotide is
reversibly attached to a single fluorescent molecule with
unique emission wavelengths. Eventually the nucleotide is
reversibly terminated, ensuring a single nucleotide per cycle
event. First, small genomic sections are flagged by man-
made target sequences.” These sequences bind the patient’s
DNA at fixed points on a glass slide to prevent mobility.
From here, single bases with a fluorescent tag are added to
DNA mix. These bases find the target sequence and initiate
a complementary strand to the patient DNA, creating long
sequences of double-stranded DNA.? A fluoroscopy micro-
scope captures light off each individual fluorescent tag,
mapping the genome base by base.? At the end of sections
called terminator groups, sections are cleaved and washed
away. This process is repeated over multiple cycles until the
sequencing reaction is complete. The advantage here lies in
the incorporation of a single nucleotide at a time, and the
ability to clear sequences separately before evaluation of the
subsequent sequence.

Pyrosequencing. In pyrosequencing, the sequencing
reaction is begun with target sequences—ijust like in
sequencing by synthesis. Afterward, individual nucleotides
areadded thatare bound to pyrophosphate.? As nucleotides
are added one at a time, their incorporation into the
DNA template results in the release of pyrophosphate,
resulting in the generation of light. The emission of
this light is detected by a camera, which records the
appropriate sequence of the cluster. Any unincorporated

bases are degraded by an enzyme called apyrase before any
subsequent nucleotides are added.® This cycle continues
until the sequencing reaction is complete.

Sequencing by Ligation. Sequencing by ligation varies
from the other 2 methods because it does not utilize a
DNA polymerase to incorporate nucleotides. Rather, short
sections of nucleotides called oligonucleotides are bound
to one another. These oligonucleotides are made of 8
bases, 2 of which are used as starter probes. The remaining
bases are attached to the subsequent probes.’ The end of
each of these probes is attached to 1 of 4 fluorescent dyes.
The reaction begins by binding the primer to the adapter
sequence. Subsequent primer probes attach to the adapter
sequence and are ligated to the primer sequence through
an enzyme called DNA ligase. Those oligonucleotides
that are not used are removed. The signal of fluorescent
dye on the last 3 nucleotides is detected and recorded.
Then the fluorescent signal is cleaved and the next cycle
commences. After several cycles of ligation, the DNA
strand is denatured. Finally, the process begins anew with
another primer that is off by one base from the prior
primer, and the steps are repeated.

The output of each of these sequencing platforms
results in several reads from each of the long strands
created. Each machine provides these raw data at the end
of a sequencing run. These data are then further analyzed
to draw meaningful conclusions.

RNA Sequencing

The introduction of high-throughput NGS technology has
also revolutionized transcriptome medicine. Here, RNA
is extracted from the biological material of choice, such
as cells or tissue. Second, subsets of clinically active RNA
molecules are isolated using a variety of protocols. These
include poly-A selection to siphon polyadenylated tran-
scripts, and ribo-depletion to remove ribosomal RNAs.
Following one of these protocols, RNA is converted into
complementary DNA via reverse transcription. Finally,
these chains are amplified by polymerase chain reaction
with fluorescent complements. The data are then ready for
sequencing in a similar fashion to DNA through addition
of individual nucleotides and read out with use of fluo-
roscopy as above.? RNA sequencing has the advantage of
being able to provide information on RNA expression, as
well as to detect fusions and alternative splicing. Although
RNA sequencing can also theoretically detect mutations,
DNA is often preferred for mutation detection.

Single-Cell RNA and DNA Sequencing

Sequencing of one molecular subtype—either RNA or
DNA—from a single cell can give us cell-specific insight.
The first key step is to generate a single-cell suspension
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Table 1. Comparison of Sequencing Platforms

No. of
Genes Analysis Type (Tumor,
Platform (Manufacturer) | Assessed | Tissue Required Mutations Tumor vs Normal)
FoundationOne CDx 324 10 slides and >20% | * DNA sequencing: copy number Tumor
(Foundation Medicine) tumor alterations, gene fusions, MSI, TMB
Caris CDx (Caris Life 592 10 slides and >20% | * DNA sequencing: copy number Tumor
Sciences) tumor alterations, MSI, TMB
* RNA sequencing: gene fusions,
mRNA variants
TempusXT (Tempus) 596 10 slides * DNA sequencing: copy number Tumor vs normal
alterations, gene fusions, MSI, TMB
Oncomine Comprehensive | 161 1 H&E, 20 * DNA sequencing: copy number Tumor or tumor vs
Assay (ThermoFisher) unstained slides and | alterations, gene fusions normal
>20% tumor
PCDx (Paradigm) 500 1 H&E, 1 ITHC and | * DNA sequencing: copy number Tumor
2 unstained slides alterations, gene fusions, MSI, TMB
with >15% tumor
GPS Cancer (NantOmics) | 20000 10% unstained and | * RNA sequencing: copy number Tumor vs normal
genes + >25% tumor alterations, gene fusions, MSI, TMB
RNA
CancerPlex (Kew) >400 1 H&E and 10 * DNA sequencing: copy number Tumor
unstained slides alterations, gene fusions, MSI, TMB
Guardant360 (Guardant) | 76 NA * DNA sequencing: copy number Plasma
alterations, 6 gene fusions
FoundationOne Liquid 70 NA * DNA sequencing: copy number Plasma
(Foundation Medicine) alterations, specific gene fusions for
lung malignancies, MSI

H&E, hematoxylin & eosin; IHC, immunohistochemistry; MSI, microsatellite instability; NA, not applicable; TMB, tumor mutation burden.

for analysis. This can be done via manual isolation using
micromanipulation equipment to obtain a single cell or
via a subset of cells to undergo one division, giving rise
to monoclonal daughter cells. Then, using fluorescence-
activated cell sorting, phenotypically distinct cells or even
nuclei can be sorted apart from their cytoplasm to obtain
either DNA or RNA.> New microfluidic technology also
has been used to isolate messenger RNA (mRNA) from
nuclei into individual capture sites and initiate amplifica-
tion. New microfluidic approaches allow single cells or
nuclei to be encapsulated within individual droplets prior
to sequencing, called Drop-seq.’ Following this, either
RNA or DNA can be sequenced individually. Newer
experimental approaches have been devised by which
both RNA and DNA can be sequenced from the same
cell simultaneously. These include gDNA and mRNA
sequencing (DR-Seq) and genome and transcriptome
sequencing (G&T-Seq). In DR-Seq, mRNA is tran-
scribed to complementary DNA and amplified along
with the nucleic DNA in the same vessel.’ In G&T-Seq,
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the mRNA is separated via magnetic beading, and then
transcribed and amplified separate from nucleic DNA.
Single-cell sequencing has unique advantages, including
assessment of tumor heterogeneity and assessment of
separate cell types, such as immune cells.

Liquid Biopsy

Interest is growing in obtaining DNA in a minimally
invasive fashion from blood samples, either from plasma
(also known as cell-free DNA) or from circulating tumor
cells. This testing has been coined a “liquid biopsy.” It
was initially undertaken using allele-specific polymerase
chain reaction and flow cytometry.? Now, NGS panels
are increasingly being used, often with a focus on known
mutations.?

Characteristics of Commercial Platforms

The characteristics of some of the more commonly uti-

lized platforms are displayed in Table 1. These platforms
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Table 2. Determinants of Actionability of a Genomic
Alteration

Somatic or Germline Alteration

* Impacts the function of a cancer-related gene (activating
oncogenes and inactivating tumor suppressor genes) and
can be targeted directly or indirectly with approved or
investigational therapies

* Meets specific eligibility criteria for enrollment into
genotype-selected trials

* Has demonstrated the ability to establish diagnosis or
influence prognosis

Germline Alteration

* Predicts drug metabolism and/or adverse effects

* Predicts future risk of cancer or other diseases (usually
considered more “actionable” if prevention or screening
with early treatment is feasible)

Adapted from Meric-Bernstam F et al. / Natl Cancer Inst.
2015;107(7): djv098.'

vary in number of genes assessed and types of mutations
detected, as well as the amount and type of tissue utilized
for analysis. Most platforms, including FoundationOne
CDx (Foundation Medicine) and Caris CDx (Caris Life
Sciences), analyze only the tumor tissue and include
copy number variants, gene fusions, microsatellite genes,
and tumor mutation burden as part of their analysis.
Other platforms, such as TempusXT (Tempus), have
developed tumor-vs-normal sequencing assays in which
both tumor and nontumor genetics are compared for
differences. Yet other platforms, such as Guardant360
(Guardant), have implemented liquid biopsy by analyz-
ing the genetics of tumor cells in circulating plasma. As
the genetics of individual solid tumors becomes better
understood, the clinical utility of individual platforms
may be found to differ between tumor types. At this
time, however, these platforms cover most actionable
alterations, and are designed to meet clinical needs in a
tumor-agnostic fashion.

Clinical Applications: When to Order NGS

NGS has become very useful in clinical practice to detect
actionable genomic alterations for both diagnostic and
therapeutic purposes. As a general rule, NGS testing (like
most medical testing) should be ordered when results may
impact clinical management. For most disease types, the
utility has predominantly been studied in patients with
advanced disease—metastatic, locally advanced, or locally
recurrent. For some mutations, such as EGFR mutations
in lung cancer, ALK and ROS fusions in lung cancer,

and BRAF V600 mutations in melanoma, a link exists to
agents approved by the US Food and Drug Administra-
tion (FDA). In patients without biomarkers linked to
an agent with an FDA indication, interest is growing in
identifying genomic alterations that may represent inves-
tigational targets that could be leveraged for enrollment
into genomically matched trials. Further, 7RK fusions
and microsatellite instability have both been approved
as histology-agnostic biomarkers for FDA approval of
larotrectinib (Vitrakvi, Loxo) and pembrolizumab (Key-
truda, Merck), respectively.®” These markers are detected
in some but not all NGS platforms, emphasizing the need
to know the differences between platforms and to keep in
mind what is likely to be detected in different tumor types
when initiating NGS testing.

Clinical Application: Interpreting Results

Determining Actionability

In the context of the management of a cancer patient,
actionability refers to clinical utility—the answer to the
question, Does this alteration impact my clinical manage-
ment? Actionability could impact therapy selection by offer-
ing insights regarding therapeutic sensitivity or resistance,
or by affecting diagnosis or prognosis (Table 2). In the
context of precision oncology, the focus is predominantly
on selection of therapy—either standard of care or inves-
tigational. Genomic biomarkers as a predictor of response/
resistance will be the focus of the discussion below.

Functional Impact of Genomic Alterations
Single-Nucleotide Variants. Alterations in DNA
sequence may affect the activity, localization, or expres-
sion of a gene, potentially affecting its function. Not all
genomic alterations have the same functional impact. In
general, alterations that increase the activity or expression
of oncogenes and decrease the activity of tumor suppres-
sion genes are actionable. Thus, determining whether an
alteration is expected to affect the function of a gene is
crucial. This is especially important for missense muta-
tions, as we increasingly have started using sequencing
platforms that not only sequence the recurrent “hot spots”
but also sequence the entire gene (or at least the coding
sequence). This leads to an increase in recognition of vari-
ants of unknown significance.

Missense alterations in DNA sequence can be syn-
onymous (meaning that a different nucleotide sequence
leads to no change in amino acid sequence) or nonsyn-
onymous (meaning that a different nucleotide sequence
leads to a change in amino acid sequence). Functionally
activating mutations in oncogenes are often recurrent
(such as AKT1 E17K or PIK3CA H1047R). If the litera-

ture does not support an effect on clinical outcomes, or
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preclinical data do not establish that an alteration affects
function, then single-nucleotide variants (SNVs) are clas-
sified as variants of unknown significance. Determining
whether the SNV is a recurrent alteration, in a critical
domain, or at a site where other actionable alterations
have been observed may also give some insight into the
implications of an SNV and help increase the potential
of actionability.®

Inactivating mutations in tumor suppressor genes
can be more variable. Nonsense mutations leading to early
truncation of a protein encoded by a tumor suppressor
gene are likely to be inactivating, especially if truncation
precedes or impacts functionally important domains.

Single nucleotide variants are also emerging as a
common mechanism of resistance to small-molecule
inhibitors. Mutations in EGFR and ESRI have been well
described as mechanisms of resistance to EGFR inhibi-
tors and endocrine therapy, respectively.”'® More recently,
acquired mutations in HER2 and FGFR were described
in response to small-molecule inhibitors to human epi-
dermal growth factor receptor 2 (HER2) and fibroblast

growth factor receptor.''?

Copy Number Variants. Larger deletions or amplifica-
tions in the genome are known as copy number variants
or changes. Amplification of ERBB2 gene encoding for
HER2 is an example of a well-established oncogene,
predominantly dysregulated through amplification and
targeted through a variety of approved and investigational
therapeutics.'?

Copy number variants, however, can be more dif-
ficult to interpret given that large regions containing
multiple genes can be amplified or deleted. The biologi-
cal effect of the copy number gain or loss can be assessed
preclinically with overexpression or small interfering
RNA/short hairpin RNA showing knockdown of spe-
cific genes that impact function.' The clinical relevance
of copy number changes is still being studied in many
genes, however, with an emphasis on identifying thresh-
olds for delineating clinically relevant amplifications. It
is important to note that amplification on NGS often
represents higher copy number alterations (often with
6 or 7 copies as reporting thresholds). Therefore, lack of
amplification on NGS does not exclude the possibility
of lower-level copy gain. The limitations in NGS report-
ing are also relevant when interpreting the presence or
absence of deletions. Deletions in tumor suppressor
genes such as PTEN are also likely to be important in
cancer biology and therapeutic sensitivity. However, it is
important to note that many NGS platforms have dif-
ficulty in reporting deletions, at least in part because of
challenges in detection of deletions in tumors with low
cellularity.

Gene Fusions. Gene fusions are a common cancer feature
and result from the fusion of 2 or more genes, leading
to translation of multiple proteins that have actionable
changes in a cell.

Fusions increase the activity of genes known to be
involved in tumor promotion. In oncology, this usu-
ally involves the fusion of a proto-oncogene, such as an
activating kinase leading to increased protein function.
Fusions have been found mostly in hematologic malig-
nancies, as well as in bone and soft tissue sarcomas."” They
have been less frequently found in epithelial carcinomas.
However, some rare tumors have been associated with cer-
tain fusions. For example, FGFR fusion has been found in
cholangiocarcinoma,'® and 7RK fusion has been found
in a rare breast cancer subtype known as secretory breast

cancer. '

Managing Multiple Actionable Alterations. If more
than one copy number alteration is found and both (or
more) are actionable, the target with strongest evidence
for actionability (therapeutic sensitization) should be pur-
sued. In addition, the mutation with the highest allelic
frequency—which is expressed as a percent frequency—is
usually the one pursued.'

The Interplay Between the Genome and the
Transcriptome

The use of NGS for transcriptomics still is in its infancy.
Eventually, the ability to survey both the genome and
the transcriptome of individual cells in parallel will offer
both clinical and experimental opportunities. First, it will
directly link a germline or modified genotype of a cell to
its phenotype, giving us insight into functional status.
The causal effect of phenotypic expression will be directly
linked to specific populations of cells without the poten-
tial confounding of vast numbers of cellular subpopula-
tions. Further, longitudinal sequencing can be used to
reconstruct a cellular lineage, which in oncology can help
us predict how DNA will change over time to provide
RNA sequences that occur during disease progression.

Incorporation of transcriptomics into precision med-
icine and integrated analysis with DNA-based NGS will
likely refine precision oncology by confirming expression
of actionable targets detected by genomics, and expand-
ing actionability by identifying fusions and alterations of
actionable genes at the transcriptional level.

Detection of Somatic vs Germline Mutations
Although pathogenic germline mutations (like those

found in hereditary cancer syndromes, such as germline
BRCA mutations) are present in all cells of the body,
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mutations that occur only in the tumor are referred to as
somatic. Optimally, to determine if a mutation is somatic
or germline, patients would have NGS of blood or saliva
from tumor and normal tissue. However, panels that
combine tumor-only sequencing with a bioinformatics
approach are being used to determine which alterations are
somatic. For the clinical oncologist, it is critical to know
what approach is used for reporting the NGS panel being
reviewed, because a patient may have germline alterations
that are not reported in the tumor-only sequencing. Some
alterations on tumor-only panels that have been linked
to hereditary cancers, such as mutations in BRCAI and
BRCA2, may need to be investigated further with genetic
counseling or testing.

Limitations

Limitations in NGS can occur with rare mutations, solid
tumor biopsy, and liquid biopsy.

Rare Mutations

Even with the advances of NGS, inherent sequencing
errors exist that cannot be avoided. New NGS approaches
have improved sensitivity compared with Sanger sequenc-
ing, with many new NGS platforms reporting mutations
found at 1% to 5% mutant allele frequency.”” The sen-
sitivity of testing is also impacted by tumor cellularity.
Increasing the sensitivity of these technologies and imple-
menting newer, noninvasive specimen collection tech-
niques will give further insights into tumor heterogeneity
and mechanisms of intrinsic and acquired resistance.

Solid Tumor Biopsy

Fresh frozen solid tumor tissue provides adequate quality
samples for sequencing of the cancer genome. However,
tissue samples are routinely formalin-fixed and paraffin-
embedded for pathological examination and storage.”
This can lead to significant degradation and changes
to DNA and RNA. Formalin has been shown to add
hydroxymethyl groups to nucleic acid bases and force
cross-linking within proteins.'” This can lead to alterations
and errors in the output of the DNA being sequenced.
However, with evolving technology, most DNA-based
NGS platforms can be efficiently used on formalin-fixed
paraflin-embedded samples.

Liquid Biopsy

Heterogeneity among tumors in the same individual
(intertumor heterogeneity) as well as within a single
tumor (intratumor heterogeneity) has been acknowledged
as another challenge in precision medicine. Not only can
metastatic tumors differ from the primary tumor, but
biopsies from different sites can differ from each other. A
strength of liquid biopsy is that it reflects the vast pool of

alterations in a patient, assuming that the sample confers
all available DNA.?

Liquid biopsies also have several limitations, however.
The DNA sample is small and may be prone to missing
small amounts of mutant DNA, such as in alterations of
lower mutant allele frequency (subclonal), patients with
limited disease burden, and tumor lineages that release
only small amounts of DNA into circulation.? Further,
certain alteration types, such as copy number changes,
may be more difficult to identify.

As noted by several studies, liquid biopsy assays can
vary in their identification of mutations. These differences
may be attributable to under- or over-representation of
certain mutations within a random liquid sample or to
variations among the assays.

When comparing liquid biopsy with NGS sequenc-
ing from formalin-fixed paraffin-embedded samples, the
detection rates of genomic alterations are often higher for
tissue biopsies, with a small subset of cancers reporting
comparable rates of detection. Some studies in NSCLC
(detecting EGFR) and pancreatic cancers (detecting
mutations such as KRAS, TP53, APC, and SMAD4) have
reported sensitivity rates of 80% to 90% when comparing
both forms of testing.'”?* More recent prospective stud-
ies using matched tissue sampling reported a 46% rate
of insufficient DNA sampling with liquid biopsy but a
concordance rate of 79% for therapeutically targetable
EGFR mutations in NSCLC,* and new orthogonal assays
continue to improve mutation detection rates.”? Further,
liquid biopsies have the advantages of being noninva-
sive—thus facilitating serial sampling and providing
insight into tumor heterogeneity.

Epigenetics

Although precision oncology has predominantly focused
on genomics, gene expression can be modulated through
a variety of mechanisms. Epigenetic modification of DNA
is also involved in cancer causation. DNA methylation is
the hallmark of epigenetic modification, and NGS can be
applied to help detect how genes correlate to this meth-
ylation.?* Tt is expected that this methylation status will
provide information on future diagnosis and prognosis,
and will predict therapeutic response. An example of DNA
methylation profiling in action has been shown in NSCLC,
where it found that hypermethylated regions are strongly
associated with genes encoding transcriptional regulators.”

Clinical Counseling: Discussing Goals and
Limitations

It is important for the oncologist to discuss the goals of
NGS testing before initiating the test. Currently, 3 poten-
tial patient scenarios exist that can involve NGS use. The
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first scenario is diagnostic, given that more tumors are
now being defined and categorized by genetic mutations.
The second application is for personalized medicine, in
which the clinician can offer therapeutic options based on
the presence or absence of a mutation. The third scenario
is for patients who have an acquired resistance and are no
longer responding to current standard therapy, in which
case the clinician can offer experimental therapies based
on availability.

A lack of empirical evidence exists regarding patient
and clinician understanding of test results for either diag-
nostic or therapeutic purposes. Kaufman initially posed
likely scenarios for patient delivery of NGS results, whereas
Facio was among the first to survey adults regarding their
expectations.>” Further study is needed as to the best way
to disclose NGS results to clinicians and providers. An
important challenge is in the interpretation of NGS results,
and thus decision support tools are critical in translating
NGS testing into appropriate clinical action.”%

It is important to set realistic expectations as well.
Many patients who undergo testing do not have action-
able alterations, and patients with actionable alterations
may not be eligible for available therapies or ongoing
trials—or if they are, the therapy may be ineffective or
may not provide durable disease control. Finally, NGS has
technical limitations in sequencing as well as in variant
calling. The clinician should engage in an open dialogue
with the patient on current limitations of using NGS.

It is also important for the oncologist to address the
possibility of discovery of pathogenic germline alterations
upon NGS testing.*?! The current guidelines from the
American College of Medical Genetics and Genomics
recommend that before sequencing, clinicians should
inform patients of actionable variants amenable to per-
sonalized therapy.?

Clinicians using NGS are expected to discuss not
only somatic findings but also findings that may have
hereditary implications. Tumor testing on tumor-only
platforms will not be able to determine whether an altera-
tion is somatic or germline, so germline counseling should
be considered. Notably, identification of mutations in
BRCAI or BRCA2 on tumor-only testing should trigger
germline BRCA1/2 testing even in the absence of a family
history. Tumor testing is not optimized for germline test-
ing, however, and is not a substitute for formal genetic
counseling and testing when appropriate.

Personalized Medicine: Resources and
Investigational Trials

The rapid progression of molecular profiling has made
it difficult for oncologists to formulate real-time clinical
decisions based on expansive evidence. To date, various

parallel efforts have been created to generate knowledge
bases to assist in interpretation of genomic testing results.
These include national initiatives such as the Personal-
ized Cancer Therapy website from the MD Anderson
Cancer Center (www.personalizedcancertherapy.org), the
Precision Medicine Knowledgebase from Weill Cornell
Medicine (https://pmkb.weill.cornell.edu), and OncoKB
from Memorial Sloan Kettering Cancer Center (http://
oncokb.org/). All of these were created to provide an
online resource for clinicians and researchers to facilitate
navigation of available data.***** These resources can be
used to identify the therapeutic implications of specific
oncogenic genomic alterations.

Conclusion

NGS has evolved over time and been integrated into clini-
cal medicine, providing speed and accuracy for assessment
of cancers with actionable genomic alterations. Its role in
individualized medicine continues to be explored.

As NGS platforms become more readily available
and affordable, biomarker-selected trials will become a
priority to expedite advances in personalized medicine.
Approaches such as liquid biopsies can be utilized to iden-
tify mechanisms of intrinsic and acquired resistance, and
to design combinatorial therapies or novel therapeutics
that overcome resistance. Over the next decade, tran-
scriptomics and immune profiling are more likely to be
incorporated into personalized profiling to better refine
therapeutic options.
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