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Abstract Molecular tumor profiling is now a routine part of
patient care, revealing targetable genomic alterations and mo-
lecularly distinct tumor subtypes with therapeutic and prognos-
tic implications. The widespread adoption of next-generation
sequencing technologies has greatly facilitated clinical imple-
mentation of genomic data and opened the door for high-
throughput multigene-targeted sequencing. Herein, we discuss
the variability of cancer genetic profiling currently offered by
clinical laboratories, the challenges of applying rapidly evolv-
ing medical knowledge to individual patients, and the need for
more standardized population-based molecular profiling.
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Since the sequencing of the first reference human genome by
the Human Genome Project [4, 5, 21], our ability to make
connections between genomics and biology has grown expo-
nentially. The field of medical oncology has seen a dramatic
change in cancer therapy from the use of relatively nonselec-
tive cytotoxic agents to rationally designed therapies targeting

specific molecular alterations (e.g., tyrosine kinase inhibitors in
lung cancers with activating mutations in the epidermal growth
factor receptor (EGFR) genes). Table 1 contains a partial list of
current Food and Drug Administration (FDA) approved
targeted cancer therapies for solid and hematologic malignan-
cies with their molecular targets and corresponding companion
diagnostics, if applicable. Some of these agents are classified
as new molecular entities, which contain active moieties that
have not been previously approved by the FDA, while the
majority fall under new indications for existing drugs.

Notably, agents that target highly specific molecular abnor-
malities (e.g., the breakpoint cluster region (BCR)-Abelson
murine leukemia viral oncogene homolog (ABL) gene fusion)
by definition restrict the patient population that can benefit
from a specific approach. In contrast, successfully modulating
less specific targets (either surface receptors or targets com-
mon to many biologic processes) will likely affect a large
number of patients suffering from cancer and other disorders.
Checkpoint inhibitors, for example, target the programmed
cell death pathway (i.e., PD-1/PD-L1). By blocking this path-
way, these drugs help reactivate the body’s own immune sys-
tem to fight cancer cells. In a landmark decision, the FDA
recently accelerated the approval of pembrolizumab for the
treatment of adult and pediatric patients with microsatellite
instability-high or mismatch repair deficient solid tumors that
have progressed after prior treatment and who have no satis-
factory alternative treatment options [10]. As the first tissue/
site-agnostic genetically matched indication of its kind,
pembrolizumab’s approval by the FDA signifies the remark-
able progress that has been made with the use of immunother-
apy and the specific events that enable malignant disease.

Although biomarker discovery is thriving, incorporation of
multi-analyte molecular assays into clinical practice continues
to lag behind. Some of the challenges to clinical adoption
include assay variability, inadequate reporting, and practical

The original version of this article was revised: Entries were incorrectly
aligned in Table 2.
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obstacles such as the following: lack of resources, personnel,
or expertise in smaller clinical laboratories [11]. In addition,
knowledge of the specific tumor markers that have the greatest
value in care evolve over time, leading to inconsistencies in
analysis and interpretation.

Significant efforts have been made to standardize the de-
velopment and reporting of diagnostic, prognostic, and pre-
dictive tumormarkers [23] since the FDA started requiring co-
development of targeted therapies with companion diagnostic
tests. Regulatory oversight of assay development, however, is
relatively limited, especially regarding the steps required to
incorporate tumor markers into clinical care and to expand
testing for therapeutic drug classes rather than a single agent.
An important exception to the requirement for co-
development of companion diagnostics is for promising ther-
apeutics intended to treat tumors for which no satisfactory
alternative treatment exists and the benefits outweigh the risks
of using a non-FDA approved diagnostic test. Most compan-
ion diagnostics are relatively simple, analyzing 1 to 2 genetic
biomarkers or are based on multivariate index assays that de-
rive a score, probability, or classification (e.g., Oncotype DX).
As a result, most medium to large clinical labs design their
own laboratory developed tests (LDTs) to more rapidly trans-
late new scientific knowledge into medical practice. These
tests detect genetic variations relevant to approved targeted
therapies, as well as emerging biomarkers actively under in-
vestigation in clinical trials or other research studies.

Not surprisingly, there is considerable variation between
laboratories in the type of LDTs that they offer. Both academic
institutions and commercial reference laboratories have devel-
oped customized gene panels for targeted sequencing. These
panels, however, are not static and are continually updated as
new knowledge become available (Tables 2 and 3). Some
panels are organ or system-specific, whereas others are pan-
cancer tests. The largest pan-cancer panels typically involve
200 to 400 genes. Many academic institutions validate ready-
made vendor kit solutions, such as the Ion Torrent
AmpliSeq™ Cancer Hotspot Panel (Thermo Fisher
Scientific, Waltham, MA), Oncomine™ Comprehensive
Assay (Thermo Fisher Scientific), or Illumina TruSeq™ and
TruSight™ sequencing panels (Illumina, San Diego, CA),
while others use custom-designed panels with genes of their
choosing. The overlap between genes covered by each panel
is variable, which reflects the general lack of standardization
of molecular testing and difficulty of defining a clinically rel-
evant cancer gene set.

Although some tumors depend almost exclusively on the
oncogenic activity of a protein mutation in its early stages of
development, most malignant conditions accumulate multiple
genetic alterations within subclonal populations that ultimate-
ly dictate tumor growth. This genetic heterogeneity of tumors
along with minimal tissue requirements for testing and finan-
cial and time constraints makes it challenging to perform

accurate and comprehensive genomic testing on tumor sam-
ples. In addition, rapid advances in testing technology and
understanding of tumor biology can quickly render a testing
method or target obsolete.

Unfortunately, there is little consensus on how physicians
should use multiplex gene testing for personalized cancer care
beyond the genes in the National Comprehensive Cancer
Network Clinical Practice Guidelines in Oncology (NCCN
Guidelines) [7, 11, 27]. For example, testing for EGFR,
KRAS, ALK, and ROS1 are the only genes clearly described
in the Principles of Pathologic Review in the latest version
(6.2017) of the NCCN Guidelines for non-small cell lung
cancer [9]. Although targeted agents for emerging biomarkers,
including HER2 mutations, BRAF V600E mutation, RET re-
arrangements, and MET amplification or exon 14 skip-
ping mutation, are acknowledged, they have not been
incorporated into the decision trees. Instead, the NCCN
Bstrongly advises broader molecular profiling^ and en-
courages enrollment of any patient with cancer in a
clinical trial. The scope and type of molecular profiling,
however, is not explained in detail [8, 9].

Nevertheless, great interest remains from all stakeholders
in cancer care, including patients, to translate the latest re-
search findings into clinical care. The desire for early adoption
before assessment of clinical utility is performed, has led
many to question the true value of molecular testing beyond
what is deemed actionable at the time testing is performed,
especially if multiplex testing includes both clinically useful
markers and markers with undetermined clinical utility or sig-
nificance. However, variants identified throughmultiplex test-
ing are being used to direct patients to appropriate trials and
researchers of molecular events that may influence a particular
patient’s response to treatment.

Althoughmultiplex testing is frequently used in practice, as
the number of genes implicated in cancer genetics, prognosis,
and treatment increase, some are considering shifting to whole
exome sequencing (WES).WES has the obvious advantage of
probing a larger portion of the protein-coding genome, includ-
ing all cancer-related genes present in the smaller targeted
gene panels. This technique is becoming increasingly facile
and cost-effective, and some groups have even demonstrated
its feasibility in the clinical environment. What does this mean
for the next generation of clinical oncology molecular tests? Is
bigger always better? Instead of continually expanding
targeted gene panels, should labs switch to whole exome
(22,000 protein-coding genes) or whole genome (including
non-coding regions) sequencing?

In the research setting, WES has led to the identification of
novel gene fusions, cryptic splice sites, and genes not previ-
ously implicated in the tumor being tested. The large volume
of data generated and the computational and analytical chal-
lenges associated with the interpretation of results have limit-
ed its widespread clinical implementation. Whole genome
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sequencing (WGS), which could theoretically allow better
detection of non-coding and structural changes, is even further
away from clinical application. WES/WGS also generates an
excess of information of questionable clinical utility,
highlighting our inability to interpret the functional and clin-
ical impact of any variant that has not been well studied in the
literature. Demonstrating the significance of each and every
variant, however, may not be practical or even feasible. Many
variants are exceedingly rare, so to find enough patients to run
a clinical trial to determine whether they are significant is next
to impossible given the inconsistent application of tumor pro-
filing by clinicians, variability of assays performed, and bar-
riers to consenting patients for public data sharing.

Although the clinical utility of large scale sequencing in
patients may be low today, such information could be ex-
tremely important in the future for researchers who want to
interrogate these real-world data repositories to get prognostic
information. Real-world data can not only provide informa-
tion on how a drug compares to the standard of care actually
used in clinical practice versus the comparator testing in a
clinical trial, but provide a clearer picture of realistic endpoints
that clinicians can readily understand. For example, time to
next treatment or change in therapy and the reason for that
change, such as progression or drug toxicity, is likely to be
noted in medical records and a more relevant endpoint than
progression-free survival outcomes. Standardizing existing
clinical datasets and integrating them with real-world data
streams can speed the development of new drugs or expand
labeled indications while also reducing costs of development.
If leveraged correctly, information gathered from electronic
health records and patient registries can allow for data to be
collected on more patients and in unselected patient popula-
tions. Although randomized controlled trials are still necessary
to discern small treatment effects from other factors, studies
using real-world evidence can be used for therapies that dem-
onstrate large treatment effects in relatively heterogeneous
patient populations.

Efforts to standardize variant interpretation and unify inde-
pendently curated (and sometimes conflicting) variant data-
bases with health and disease-related outcomes data is ongo-
ing [6, 14, 16, 22, 23, 29, 33]. Databases of genetic variants
have the potential to speed evidence development for multi-
plex testing, since they are typically generated by multiple
sources. Additionally, aggregated data can also provide a
stronger evidence base for multiplex testing in the real-world
than any single clinical trial can produce. As understanding of
cancer pathogenesis progresses, the classification of each var-
iant relative to the reference genome and population-based
databases will hopefully become more refined.

Cancer, however, is multifactorial and multigenic, involv-
ing not only random genomic alterations and environmental
modifiers, but epigenetic and pleiotropic phenomena as well.
Intra- and intertumoral genetic heterogeneity complicates theT
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task of identifying alterations that drive tumor progression
from those that do not, and regional differences within a tumor
that are further exaggerated by different selective pressures
(e.g., variable access to oxygen, differences in tumor micro-
environment, inconsistent exposure to targeted and non-
targeted cancer therapies). These factors also need to be
interpreted within the context of normal human genomic var-
iation [13, 19, 20, 24, 30], which is an inherent part of somatic
interpretation.

Since there are still many Bdark^ regions of the ge-
nome yet to be characterized or understood [2, 25], a
reasonable approach for clinical laboratories looking to
improve precision medicine efforts may be the adoption
of larger pan-cancer tests with whole-gene sequencing.
Memorial Sloan Kettering Cancer Center (MSKCC) and
the Dana-Farber Institute/Brigham and Women’s
Hospital (DFI/BWH) have created robust research infra-
structures around initiatives that prioritize sequencing of
all cancer patients with large custom-designed panels
(approximately 300 to 500 genes) at their respective
institutions [18, 34]. These initiatives have allowed ev-
ery clinical patient, regardless of age, stage, or tumor
type, to contribute to our understanding of cancer, par-
ticularly in genes not commonly sequenced as part of
current standard of care guidelines. The size of these
panels has not only facilitated novel discovery, but more
importantly, provided a broad enough landscape to si-
multaneously assess tumor mutational burden, copy
number variation, and tumor subclones. Along with
public data sharing of outcomes data, more efforts like
these would greatly accelerate cancer research and ther-
apeutic development. Independence Blue Cross of
Philadelphia, a private insurance provider, has also em-
braced the unique paradigm of comprehensive tumor
profiling in the clinical setting for the purposes of dis-
covery by offering coverage of NantHealth’s GPC
Cancer™ test (Table 4) [3]. This test includes not only
whole exome and transcriptome sequencing, but also
comparative germline testing and quantitative proteo-
mics by mass spectrometry. Complex multiomic data
generation not only contributes to our collective under-
standing of tumor biology, but also provides rationale
for combination therapies that target complex biologic
processes.

Recent clinical sequencing reports from various groups [1,
26] point to the value of incorporating RNA sequencing
(RNA-seq) with DNA sequencing to evaluate the expression
of mutant alleles, to detect both known and novel gene fu-
sions, and to confirm splice variants. RNA-seq may be espe-
cially valuable in pediatric tumors, which tend to have fewer
recurrent point mutations compared with adult tumors. One
case series of young patients showed that RNA-seq alone
accounted for approximately 20% of actionable findings

which would have been missed with WES [26]. Integrated
RNA and DNA sequencing strategies may also aid in the
identification of patient-specific immunogenic neoantigens
expressed in the tumors which are becoming increasingly rel-
evant for personalized cancer vaccine development [15].

Newer testing methods, such as liquid biopsies for solid
tumors, have the advantage of being non-invasive and do
not suffer from the same type of sample bias associated with
tissue biopsies. This technology is still in its infancy and is
limited to the detection of metastatic disease burden based on
known molecular status of the primary tumor [17].
Nevertheless, liquid biopsy testing is slowly becoming avail-
able for patients who are not candidates for tissue biopsy and
are at a high risk for resistance mutations to targeted therapy
(Table 5). It is likely that this technology will not replace
tissue-based testing, but 1 day may be used for minimal resid-
ual disease monitoring in a subset of patients with canonical
tumor alterations.

The future of precision oncology lies in the detailed molec-
ular characterization of a large number of patients, across eth-
nic, socioeconomic, and geographic subgroups, and prospec-
tive linking of multiplex testing results with individual clinical
data [31]. Such concerted efforts, supported by government
and private payers, will revolutionize genetic discovery, fur-
thering our knowledge for all cancers and improving the care
of patients with molecularly defined cancer in the generations
to come.

Although it remains to be seen how clinical interpretation,
annotation, and integration of such complex molecular data
will evolve [28], broad application of standardized tumor pro-
filing, irrespective of whether molecular testing is required to
guide standard-of-care therapy, is needed to lay the ground-
work for more systematic real-world studies.
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