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Abstract

The development of resources for clinical interpretation of cancer-associated genetic alterations
has significantly lagged behind the technical developments enabling their detection in a time-and
cost-efficient manner. The lack of scientific and informatics decision support for oncologists can
lead to no action being taken or suboptimal therapeutic choices being made, which could affect the
clinical outcome of a patient as well as convoluting research findings from clinical trials. In this
article, we describe the precision oncology decision support (PODS) platform developed within
The Sheikh Khalifa Bin Zayed Al Nahyan Institute for Personalized Cancer Therapy (IPCT) at
MD Anderson Cancer Center; the platform aims to bridge the gap between molecular alteration
detection and identification of appropriate treatments.
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Introduction

Precision oncology, or personalized cancer medicine, is based on the observation that
cancers, even within the same disease site, are driven by a multitude of different molecular
aberrations. Under this paradigm, physicians seek to define these alterations and tailor
therapy to target the functional consequences of the aberrations specifically. Clinical trials
currently exploring whether targeted therapy is more advantageous than standard-of-care
across tumor types include the SHIVA clinical trial at the Institut Curie [1], the IMPACT 2
clinical trial at MD Anderson Cancer Center and NCI-MPACT (Molecular Profiling-Based
Assignment of Cancer Therapy for Patients with Advanced Solid Tumors). However,
precision oncology has already been applied and proven beneficial in several specific tumor
types. For example, it is standard of care to treat HER2+ metastatic breast cancers with an
FDA-approved HER2-targeting agent [2], because HERZ2 amplification and overexpression
are proven to be predictive of response [3,4]. However, there is not an FDA-approved
therapy indicated for the vast majority of molecular alterations. Alternatively, physicians
might choose to treat the patient in an experimental setting, but several questions must be
addressed beforehand. (i) Is the specific alteration actionable? (ii) If actionable, what are the
genotype-matched therapeutic options targeting the aberration or the pathway activated by
the aberration? (iii) What is the level of evidence for each drug in the context of the patient’s
tumor type? (iv) Are the agents available and where are they from? There are tremendous
challenges associated with each of these questions as a result of physician time constraints
and limitations in genomic knowledge that are not realistic for a practicing oncologist to
overcome without ongoing support from geneticists, molecular biologists, computational
scientists, computer programmers and bioinformaticians [5]. Thus, decision-support
platforms, such as the precision oncology decision support (PODS) team within the Sheikh
Khalifa Bin Zayed Al Nahyan Institute for Personalized Cancer Therapy (IPCT) at the MD
Anderson Cancer Center, and others [6], are being developed to support this approach. In
this paper, we present the PODS approach for discerning which genomic alterations are
actionable, in which tumor types, for which drugs and how this information is
communicated to oncologists. There are several different types of biomarkers applicable for
decision support. However, next-generation sequencing (NGS) is most widely used because
it is timely and cost-efficient [7,8]. Thus, the PODS team has first focused efforts on
decision-support related to NGS.

Determining whether a specific alteration is actionable

Once a physician receives a molecular testing report from a Clinical Laboratory
Improvement Amendments (CLIA)-certified laboratory, he or she must decide if a detected
alteration is actionable (i.e. could actions based on the aberration benefit the patient). If
DNA is sequenced from a matched normal sample, a mutation can be confidently
determined as somatic or germline. Identified germline alterations should be reviewed as
there are different considerations for determining the actionability of these alterations and
return of these results with the support of genetic counseling. In this paper, we focus our
discussion on the actionability of somatic mutations. Alterations can be considered
actionable because they are diagnostic, prognostic or predictive of drug response; however,
the primary objective of the PODS team is to determine whether alterations are actionable
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with regard to therapeutic drug response. The PODS team reviewed over 524 genes routinely
tested in clinical samples to determine whether there is a clinically available drug that
directly or indirectly targets alterations in the gene; and whether there is (as a basic
minimum) preclinical evidence showing that genomic alterations in the gene are drivers of
tumorigenesis and confer sensitivity to targeted agents. Genes that meet both of these criteria
and/or are used as selection criteria for clinical trial enrolment qualify as actionable — a full
list is available from Meric-Bernstam et a/. [9]. Our list is comparable with the recently
published TARGET actionable gene list [10] for those genes deemed therapeutically
actionable. However, we supplemented our list with genes where alterations are being
selected for in clinical trials and have not focused on genes actionable for diagnostic or
prognostic purposes only. In the PODS actionable list, we provide the types of alterations
that are actionable for each gene. For example, fibroblast growth factor receptor (FGFR)1is
actionable for activating mutations, gene amplification and activating gene fusions [11,12].
However, there is only evidence to support actionability of MLL gene fusions [13-15], not
mutations or copy number changes, at this time.

Once the gene and alteration type are determined to be actionable, the variant (i.e. specific
mutation or fusion event) itself must be considered. To facilitate clinical decision making,
we provide a granular classification of variant actionability that takes into consideration
what is known in the published literature, our in-house functional genomics platform, as
well as information about the localization of the mutation within the gene, which might be
suggestive of actionability. Thus, we have created the following classifications for variant
actionability: ‘yes —literature based’, ‘yes — functional genomics’, ‘yes — inferred’,
‘potentially’, ‘unknown’ and ‘no’ (Box 1). The actionable variant calls are directly related to
the functional significance of the variant (Figure 1). A variant is functionally significant if it
results in a change in the activity, expression or stability of the expressed protein. The PODS
team systematically categorizes the functional significance of each variant as ‘activating’,
‘inferred activating’, ‘inactivating’, ‘inferred ‘inactivating’, ‘likely benign’ or ‘unknown’,
based on manually curated information (Box 2). A variant is classified as actionable if the
functional effect is activating or inferred activating in an oncogene or inactivating or inferred
inactivating in a tumor suppressor. Variants with published evidence that they probably do
not alter function (i.e. likely benign) are considered not actionable. The IPCT also has an
experimental arm, which tests for an alteration’s effect on the growth and/or viability of
BaF3 and MCF10A cells. However, there are no data currently available regarding the
functional significance of a specific aberration within the published literature or IPCT
functional genomics platform. Nevertheless, knowledge of the variant location within the
gene and relationship to known functional aberrations can provide some insight. We utilize
this information to separate those mutations of unknown functional significance into two
categories of actionability: ‘potentially’ or ‘unknown’. Currently, functional predictions
based on computational tools are not used to define actionability owing to limitations in
accuracy and agreement across currently available platforms [16]. We are iteratively
building, validating and improving algorithms in house, however, these are not sufficiently
robust for patient management [17].
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Box 1

Categories of actionable variant

YES: literature based

There are peer-reviewed published data that shows the alteration is activating
and occurs in an oncogene or is inactivating and occurs in a tumor
SUPPIessor.

YES: inferred

The functional significance is inferred to be activating in an oncogene or
inferred to be inactivating in a tumor suppressor. Additionally, gene
amplification that has not been proven in the published literature to result in
increased protein expression and signaling in tumors is categorized as
inferred activating.

YES: functional genomics

The genetic alteration shows a growth or viability advantage when compared
with cells expressing the wild-type counterpart of the gene, as assessed in a
functional genomics platform utilizing cells such as BaF3 or MCF10A.

Potentially

The alteration is of unknown functional significance but is potentially
actionable because it: (i) is located within a functional domain; (ii) occurs in
a hot-spot area of known oncogenic function; or (iii) other alterations of the
same codon are oncogenic.

Unknown

The functional significance is unknown and the alteration is not located
within a functional domain or in near proximity to other functional
alterations.

No

(i) The gene is not defined as actionable; (ii) the functional significance is
determined to be ‘likely benign’; (iii) peer-reviewed published literature
shows the alteration does not have an effect on the function or tumorigenic
properties of the protein; or (iv) there is peer-reviewed published literature
showing that the alteration has an inactivating effect on an oncogene.

Box 2

Categories of functional significance

Activating

There is peer-reviewed published evidence or evidence from a functional genomics
platform that the genetic alteration increases the activity, expression or stability of
the encoded protein. If the gene is an oncogene, evidence that the mutation results
in increased tumorigenic properties (enhanced proliferation, survival, etc.) is also
sufficient.

Inferred activating

The alteration results in the loss or mistranslation of an inhibitory domain, and
there is peer-reviewed published evidence that loss of the domain increases the
activity of the protein and/or results in increased tumorigenic properties.
Additionally, gene amplification that has not been proven in the published literature
to result in increased protein expression and signaling in tumors is categorized as
inferred activating.

Inactivating

There is peer-reviewed published evidence or evidence from a functional genomics
platform that the mutation decreases the activity, expression or stability of the
encoded protein. If the gene is a tumor suppressor, evidence that the mutation
results in increased oncogenic activity is also sufficient.

Inferred inactivating

The alteration results in loss or mistranslation of functionally significant domains,
and there is peer-reviewed published evidence that loss of these domain(s) results
in loss of the expression or activity of the encoded protein and/or increased
tumorigenic properties.

Likely benign

An alteration is characterized as likely benign if: (i) it is reported as a germline
polymorphism in population studies, and there are no available data indicating this
variant may be tumor-promoting; or (ii) there is peer-reviewed published evidence
that the alteration has no effect on the function of the protein or any tumorigenic
properties. Because not all aspects of protein function can possibly be determined,
the functional significance is ‘likely benign’.

Unknown

There is no peer-reviewed published evidence or no evidence from a functional
genomics platform that the mutation affects the activity or stability of the encoded
protein or has a direct role in promoting tumorigenesis.
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Providing clinicians with information regarding variant actionability is extremely useful for
clinical trial patient selection. For example, the interpretation of results derived from a trial
designed to test the hypothesis that FGFR inhibitors are effective for tumors expressing
alterations in FGFR genes will be complicated by the inclusion of patients with mutations
known or predicted to not result in activation of the FGFR pathway. Although there are
public databases that provide variant-level information about published drug associations,
such as My Cancer Genome (http://www.mycancergenome.org/) or Targeted Cancer Care
(https://targetedcancercare.massgeneral.org/), information about the functional effect of an
alteration is often lacking and is limited to more-frequently detected alterations. In the
absence of decision support, clinicians would be left to filter through millions of abstracts
available on PubMed or publicly available literature accessible through internet browsers,
via keyword searches that are often inefficient at procuring a complete set of literature of
high relevance for their review. Thus, the PODS platform provides support to the physician
by extracting, curating and communicating information about a variant’s actionability back
to the physician.

Determining clinically available therapeutic options

If a variant is deemed actionable or potentially actionable, genotype-matched therapies for
consideration are presented to the treating oncologist. To accomplish this, drugs are
annotated for their direct targets and relevant genes. Direct targets are proteins directly
bound and inhibited by the drug (IC5p<1 uM), and the genes encoding them are annotated as
relevant for the drug. Additionally, indirect targets are considered if there is published
evidence that mutations in the gene sensitize cells to downstream targeting drugs. For
example, there is evidence that mutations in the phosphatase and tensin homolog (P7TEN)
gene sensitize cells to mammalian target of rapamycin (mTOR) inhibitors [18,19]. Thus,
mTOR is an indirect target of PTEN mutations, and PTEN is annotated as a relevant gene
for all mTOR inhibitors. Information is retrieved by searching the published literature, as
well as drug—gene interaction databases, such as the Druggable Genome Interaction
Database (http://dgidb.genome.wustl.edu/) and other publicly available sources, such as NCI
Drug Dictionary (http://www.cancer.gov/drugdictionary). As with other literature searches,
these are extensively manually curated prior to use by PODS.

Determining the level of evidence for use

Once potential therapeutic options are identified, the level of evidence for use in an
alteration-and tumor-type-specific context is considered. There is an extremely limited
number of genotypes associated with an FDA-approved indication for treatment [20]. If
there is no FDA-approved drug indicated for the patient’s tumor type and specific alteration,
then the physician could choose to: (i) use an FDA-approved drug off-label (targeting the
same alteration approved in another tumor type or to target a different variant thought to
have the same functional effect; (ii) use an FDA-approved drug within the context of a
clinical trial designed to test the use and efficacy of the drug in different tumor types or on
other variants of the same gene; or (iii) use experimental therapies through clinical trials.
Off-label use is generally discouraged except in scenarios where there are strong clinical
data showing that the alteration sensitizes cells of diverse tumor types to the drug [20]. We
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have advocated that all off-label use and responses should be captured in a registry to
increase the utility of the process. Ultimately, creation of larger international data-sharing
initiatives could facilitate sharing of clinical outcome information for drugs used in
experimental settings in an international database. To facilitate decision making, the PODS
team developed a three-tiered scale that considers the level of evidence for use of a drug in
the context of a biomarker and tumor type, as described by Meric-Bernstam et a/. [9]. Level
1A associations are for drugs with an FDA-approved indication to treat tumors with a
specific alteration within specific tumor types. The lower levels of evidence are based on
experimental (clinical or preclinical) data. The PODS level of evidence scheme is
complimentary to other proposed schemes [10,16,21-23]. It takes into account whether the
utility of the biomarker was assessed prospectively or retrospectively, as a primary or
secondary objective, and separates clinical data in adequately powered studies from case
studies and preclinical data. However, our scheme is primarily focused on the predictive
value of the alteration to the therapy or effectiveness of a drug within a biomarker-selected
cohort, as opposed to prognostic or diagnostic use of biomarkers, and it provides fine
granularity of the evidence for links between specific aberrations and experimental
therapies. The level of evidence is important for review when considering multiple drugs for
a particular alteration and when considering which from multiple alterations to target.
Additionally, our scheme considers genotypes that confer resistance to a therapy. For
example, KRAS mutations confer resistance to anti-epidermal growth factor receptor
(EGFR) therapies in colon cancer [24,25], thus colon cancer patients harboring activating
KRAS mutations should not be treated with these therapies outside of clinical trials
assessing ways to bypass the effects of KRAS. Thus, it is crucial to consider the therapeutic
implications of alterations in the context of one another.

Often there is no evidence at the level of a specific variant. For example, a single-patient
case study shows a non-small-cell carcinoma (NSCLC) with a HERZ A775_GT776insYVMA
mutation responds to afatinib therapy (level 3A evidence) [26]; however, there are no studies
showing sensitivity of NSCLC tumors harboring another activating #ER2 mutation, D769H
[27], specifically to afatinib. Thus, to capture these differences in specificity of evidence, the
PODS annotation scheme captures four tiers of evidence: gene, functional class (activating
or inactivating), alteration type (mutations, copy number changes and gene fusions) and
variant.

Another aspect that clinicians could consider when deciding whether to act on a variant is its
frequency among mutations detected in cancer. Informatics tools developed by PODS
automatically extract frequency information for all variants reported in cBIO (http://
www.chioportal.org/), Catalogue of Somatic Mutations in Cancer (COSMIC; http://
cancer.sanger.ac.uk/cosmic/) or MD Anderson sequencing platforms. A more frequently
reported alteration might be considered more likely to be a driver of tumorigenesis [28].
Additionally, the frequency of alleles within the tumor sample sequenced (allelic frequency)
could also be used to determine the likelihood that an alteration is a driver event and for
prioritizing which of multiple alterations to pursue [29,30]. If a particular drug can target
multiple alterations detected in a patient’s tumor this strengthens the logic for the use of that
therapeutic agent.
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Determining the availability of genotype-matched therapies

If there is no FDA-approved drug indicated for the patient’s alteration and tumor type then a
physician could consider an experimental therapy within a clinical trial setting. It can be
difficult and time consuming to identify all of the genotype-matched clinical trials
appropriate for a patient. This is partly because there is no structured format for recording
genotypes that are being selected for or that are relevant within registered clinical trial
documents. Thus, the PODS team systematically curates clinical trials for their relevance to
specific genotypes. We categorize clinical trials in two broad categories: genotype-selected
and genotype-relevant. Genotype-selected trials require detection of a particular biomarker
for patient enrolment. Genotype-relevant trials use drugs that are annotated by PODS as
relevant for alterations in specific genes. Because the vast majority of clinical trials are not
genotype-selected trials, this process dramatically increases the number of trials for
consideration compared with a keyword search for a gene within clinical trial registries.
Additionally, we are currently in the process of creating an interactive clinical trial portal
where dynamic logistical data, such as trial status, number of open slots, currently accepted
tumor types and granular eligibility criteria (performance status, brain/CNS metastasis
allowance, etc.) are captured, in addition to manually curated, genotype-relevant
information. The portal is queryable by clinicians for the purpose of identifying open
clinical trials that best match a patient’s molecular and clinical profile.

Communicating information between decision support and clinicians

The PODS team is developing several methods for communicating curated information to
clinicians. Our clinical trial portal is one means by which physicians can proactively search
for trials that are a genotype match for their patients. Additionally, we provide proactive
email alerts of genotype-matched clinical trials available at MD Anderson Cancer Center to
physicians that receive molecular testing for their patients through IPCT. These methods
facilitate identification of clinical trials once it is determined that an alteration is actionable.
To supply clinicians with a convenient means of requesting annotations of alterations for the
purpose of determining actionability, we have created a web-based form where requests are
entered in a standardized manner. Annotations are provided that include the functional
significance, actionable gene and actionable variant calls previously described in addition to
a detailed descriptive annotation of the information, with references, that was used to make
those decisions. More detailed reports, including curated drug information and level of
evidence, are being designed.

After annotations are provided, a clinical decision follow-up questionnaire is sent to the
requester, enabling the PODS team to capture which alterations were indeed acted on by the
physician and the therapy chosen. This is powerful information for retrospective studies
analyzing the functional effect of an alteration and patient response to a particular therapy.
Additionally, the PODS team routinely submits any alteration requested by a clinician for
annotation and deemed “unknown’ for functional significance to the functional genomics
platform. When results are available, the information is communicated to the requesting
clinician. Lastly, we have created an open-access Website: Personalized Cancer Therapy
(https://pct.mdanderson.org/), which currently provides information regarding over 24
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actionable genes. Each gene page discusses genetic alterations deemed functionally or
therapeutically significant, relevant drugs, level of evidence associated with each drug in
genotype and tumor type-context, and genotype-matched clinical trials available at MD
Anderson and elsewhere. Importantly the data underlying the portal are extensively curated
by domain experts as well as by clinicians actively involved in the management of
appropriate clinical trials. This is an expanding website, with new gene pages added on a
continuous basis and information routinely updated.

Concluding remarks

The PODS platform provides clinical decision support for precision oncologists within MD
Anderson by providing them with easily accessible means to obtain scientifically curated
information about the functional effects of genetic alterations, genotype-matched
therapeutics and genotype-matched clinical trials that are relevant for their patients.
Personalized Cancer Therapy (https://pct.mdanderson.org/) makes aspects of the process
available to all physicians and indeed is being used to drive clinical trial designs elsewhere.
We believe the future implementation of an electronic health record system with structured
fields for detected molecular alterations as well as enforcement of clinical trial registries
with the same structured information is necessary to enable a routine delivery of precision
oncology. Delivering on the promise of precision oncology will require a strong, user
friendly and rapidly adapting decision support process. Precision oncology is truly a team
approach that must incorporate expert information from clinicians, computational scientists,
bioinformaticians, computer programmers and biological scientists [5,9,16,31,32]. The
PODS platform brings these experts together to improve patient care and enhance research
efforts.
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Highlights

. Precision oncology matches tumor molecular alterations with appropriate
therapies

. Decision support platforms are crucial for optimal and scalable
implementation

. Actionability of specific variants, as well as specific genes, should be assessed

. Level of evidence should be considered for each alteration and therapy
considered

. Clinical outcome registries for drugs used in experimental settings are
suggested
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Is the gene
actionable?

Alteration type

Inactivating in tumor suppressor
(literature, inferred,
functional genomics)

Functional
significance?,

Activating in oncogene
(literature, inferred,
@ < functional genomics)
i Unknown
G B
benign
In a functional
L]

domain or hot
spot area?

Yes —>

Figure 1.
Flowchart for deciphering whether the genetic variant is actionable. This flowchart

represents the questions asked (diamonds) and possible information determined
(parallelograms) to reach an answer (circles) regarding whether a genetic alteration or
variant is actionable.
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