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Abstract: Cancer pharmacogenomics is an evolving landscape and has the potential to signifi-
cantly impact cancer care and precision medicine. Harnessing and understanding the genetic code
of both the patient (germline) and the tumor (somatic) provides the opportunity for personalized
dose and therapy selection for cancer patients. While germline DNA is useful in understanding
the pharmacokinetic and pharmacodynamic disposition of a drug, somatic DNA is particularly
useful in identifying drug targets and predicting drug response. Molecular profiling of somatic
DNA has resulted in the current breadth of targeted therapies available, expanding the arma-
mentarium to battle cancer. This review provides an update on cancer pharmacogenomics and
genomics-based medicine, challenges in applying pharmacogenomics to the clinical setting, and
patient perspectives on the use of pharmacogenomics to personalize cancer therapy.
Keywords: oncology, personalized, pharmacogenetics, germline, somatic, DNA, biomarker

Introduction

The 21st century has been a major milestone in the advancement of cancer therapies.
With the unveiling of the first human genome in 2003 to the discovery of thousands of
cancer biomarkers through efforts such as The Cancer Genome Atlas, these practice-
changing initiatives have resulted in the development of dozens of next-generation
targeted therapies, which have improved survival for cancer patients.' The importance
of genomics-based medicine was further highlighted by President Obama in January
2015 through the Precision Medicine Initiative, launched to advance pharmacogenom-
ics, identify new targets for treatment and disease prevention, and to lay the scientific
foundation for precision medicine for many diseases, including cancer.?

The transition from development of standard cytotoxic chemotherapies to highly
targeted agents and immunotherapies has resulted in the current breadth of treatment
options available.® Further, increased numbers of targeted therapies are receiving
accelerated drug approval alongside companion diagnostic assays, which are critical
in identifying predictive biomarkers that allow for a personalized approach to therapy
selection.* A highly focused attack on targetable driver mutations has not only resulted
in superior response rates and overall survival (OS) compared to traditional, nontargeted
chemotherapy but has also allowed for more rapid time to drug approval, ensuring timely
access of life-prolonging drugs to cancer patients in dire need of more options. More
recently, there has been a transition in cancer treatment to increased utility of immuno-
therapies and various combinations of cytotoxic chemotherapies/targeted agents with
immunotherapies.® This ever expanding armamentarium of cancer therapies means

submit your manuscript
Dove

http:

Pharmacogenomics and Personalized Medicine 2016:9 65-77 65
© 2016 Patel. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php and

YA incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work you
hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For permission
for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
mailto:Jai.Patel@carolinashealthcare.org
www.dovepress.com
www.dovepress.com
www.dovepress.com
http://dx.doi.org/10.2147/PGPM.S62918

Patel

Dove

greater reliance on biomarkers to help clinicians decide which
therapies a particular patient may benefit from.

Pharmacogenetics — the study of how genes influences
drug response — provides the opportunity to stratify patients
into those likely to respond or not respond to therapy, or
those likely to experience or not experience toxicity.® The
term “pharmacogenomics” is commonly used in the literature
to define the broader field of genomics and genome-wide
associations with drug response. Genomics cancer research
provides the ability to analyze both the patient’s (germline)
and the tumor’s (somatic) DNA. While germline DNA is
readily obtained via a blood sample or buccal swab, somatic
DNA is primarily obtained via tumor biopsy and is therefore
amore invasive collection procedure and is subject to sample
selection. Clinically relevant (inherited) germline variations
in the host may be valuable in determining the pharmacoki-
netic disposition of drugs and drug response (in addition to
identification of disease-susceptibility genetic variants), while
somatic mutations found within the tumor are acquired and are
particularly useful in assessing the pharmacodynamic effects
of a drug and ultimately tumor response.*

Novel next-generation sequencing methods with lower
costs and reduced turnaround time have provided the ability
to screen for hundreds to thousands of mutations within ger-
mline and somatic DNA. These multiplex methods are likely
to replace single-gene testing, given the excessive costs with
performing multiple single-gene tests and the clinical utility of
having access to larger panels up front to guide decision-making
downstream.” As a result, our expanding knowledge of cancer
genomics has resulted in a transition from characterizing tumors
solely by anatomical location and histology to consideration of
molecular profiles. This is evident by several tumor-agnostic,
biomarker-driven clinical trials, such as NCI-MATCH,
American Society of Clinical Oncology’s TAPUR, Southwest
Oncology Group’s LUNG-MAP, and many others.?

This review aims to summarize updates in cancer phar-
macogenomics and genomics-based medicine, including the
use of both germline and somatic DNA to personalize cancer
therapy, challenges in applying clinical pharmacogenomics
to standard practice, and patient perspectives on the use of
pharmacogenomics to guide cancer therapy.

Biomarkers for determining toxicity
and treatment response

In 1998, the National Institutes of Health Biomarkers Defini-
tions Working Group defined a biomarker as “a characteristic
that is objectively measured and evaluated as an indicator
of normal biological processes, pathogenic processes, or

pharmacologic responses to a therapeutic intervention”.’
A pharmacogenetic or pharmacogenomic biomarker is
defined as any “genetic or genomic marker that is associated
with drug response”.?

Biomarkers can be categorized into two broad types:
prognostic and predictive. A prognostic biomarker is a
marker, or measurable trait, that provides information on the
likely course of cancer, including aggressiveness of disease,
regardless of treatment. Widely recognized examples include
gene expression arrays such as the 70-gene profile Mam-
maPrint™!° or 21-gene profile Oncotype Dx!! for estrogen/
progesterone receptor-positive, lymph node-negative breast
cancer and microsatellite instability (MSI) in colorectal
cancer patients.'>!*> MammaPrint™ (Agendia, Inc., Irvine,
CA, USA) and Oncotype Dx assist in determining the risk
of breast cancer recurrence in women with early stage breast
cancer and provide guidance as to which high-risk patients
may require additional chemotherapy.!" While MSI and
mutations within DNA repair genes can result in increased
risk of developing colorectal cancer (eg, Lynch Syndrome) ,
MSI-high (MSI-H) colorectal tumors also indicate a favorable
prognosis compared to microsatellite stable/low-frequency
MSI (MSS/MSI-L) tumors, independently of chemotherapy,
in local and advanced colorectal cancer.'>!* More recently,
data suggests that MSI-H colorectal cancers harbor a large
mutational load, which may be predictive of response to
immunotherapy agents both within and beyond colorectal
cancer, suggesting MSI status can also serve as a predictive
biomarker to drugs such as nivolumab and pembrolizumab.'*
Biomarkers such as BRAF mutations are considered a poor
prognostic biomarker conferring aggressive disease in col-
orectal cancer, while also considered a positive predictive
biomarker in other diseases, such as melanoma, conferring
increased response to BRAF inhibitors.'*!

A predictive biomarker is a marker, or measurable trait,
that can be used to identify patients most likely to benefit from
treatment and/or those predisposed to toxicity.? Examples of
clinically relevant germline and somatic predictive biomark-
ers for drug response/toxicity are discussed in the next section
of the paper and are the primary focus of this review. Notably,
some biomarkers may be characterized as both prognostic and
predictive within the same tumor type, such as overexpres-
sion of HER?2 in breast cancer, which without chemotherapy
is considered a poor prognostic biomarker resulting in an
aggressive phenotype; however, with the development of
therapies targeting HER2 (eg, trastuzumab), this biomarker
is also considered a positive predictive biomarker for therapy
response. Table 1 provides a summary of cancer therapies
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with pharmacogenomic information in the Food and Drug
Administration (FDA)-approved drug label, and Figure 1
provides an illustration of clinically relevant somatic muta-
tions and drug targets in cancer.

Examples of germline and somatic
predictive biomarkers
ALK and EGFR in NSCLC

The abnormal fusion gene, EML4-ALK, resulting in con-
stitutive activation of anaplastic lymphoma kinase (4LK),
occurs in ~5% of all non-small-cell lung cancer (NSCLC)
cases. The translocation activates various growth stimulatory
signaling pathways, including RAS-MEK-ERK, janus kinase
3 (JAK3)-STAT3, and PI3K-AKT pathways.!”

Initial Phase I trials demonstrated an overall response
rate (ORR) of 60.8% in patients with ALK-positive NSCLC
and treated with the targeted tyrosine kinase inhibitor (TKI),
crizotinib, which competitively inhibits ALK.'” In contrast,
the ORR in similar patients historically treated with standard
chemotherapy was 15%—20%, resulting in accelerated FDA
approval in 2011 alongside a companion diagnostic test to
detect ALK positivity (Vysis ALK Break Apart fluorescence
in-situ hybridization [FISH] Probe Kit). The confirmatory
randomized Phase III trial comparing crizotinib versus
docetaxel/pemetrexed in ALK-positive NSCLC clearly
demonstrated improved ORR (65% vs 20%; P<<0.05) and

median progression-free survival (PFS) (7.7 vs 3.0 months;
P<0.05) in patients randomized to receive crizotinib.'®

Similar to most highly targeted therapies, the benefit of
crizotinib is short-lived due to acquired resistance. Common
mechanisms of resistance include EGFR, ROS1, KIT, MET,
or secondary resistant ALK translocations not previously
identified in the pretreatment tumor.” Ceritinib, a highly
potent second-generation ALK inhibitor, received acceler-
ated FDA approval in 2014 for the treatment of ALK-positive
metastatic NSCLC in patients progressing on or intolerant
to crizotinib. A Phase I study identified ORRs of 58% and
56% in crizotinib naive and resistant cases, respectively,
suggesting strong activity in crizotinib-resistant tumors.* In
December 2015, another ALK inhibitor, alectinib, received
accelerated FDA approval in patients with ALK-positive
metastatic NSCLC who have progressed on or are intolerant
to crizotinib, based on an ORR of 48% in patients progress-
ing on crizotinib. Importantly, an ORR of 61% was identified
in patients with brain metastases, lasting an average of 9.1
months.?!

As evident by the approvals of crizotinib, ceritinib,
and alectinib, the historically prolonged drug development
paradigm is shifting to more rapid accelerated approval of
exceedingly effective targeted therapies, even prior to the
completion of confirmatory Phase III randomized trials. For
example, only 4 years lapsed from the time of discovering

Table | Summary of oncology pharmacogenomic biomarkers in FDA drug labeling

Disease Biomarker Therapy Frequency
Breast HER2 Trastuzumab, lapatinib, pertuzumab, ado-trastuzumab emtansine 20%
ESRI Exemestane, letrozole, anastrozole, fulvestrant, tamoxifen, 60%
Colorectal KRAS Cetuximab, panitumumab 35%—40%
EGFR Cetuximab, panitumumab 35%—45%
DPYD 5-Fluorouracil, capecitabine <5%
UGTIAI Irinotecan 30%
Lung ALK Crizotinib, ceritinib 5%—7%
EGFR Erlotinib, gefitinib, afatinib, osimertinib 15%—20%
Melanoma BRAF Vemurafenib, dabrafenib, trametinib 50%—60%
Acute promyelocytic leukemia PML-RARo Arsenic trioxide, tretinion >95%
Chronic myeloid leukemia BCR-ABL Imatinib, dasatinib, nilotinib, bosutinib, ponatinib, omacetaxine >95%
mepesuccinate
UGTIAI Nilotinib 30%
Cutaneous T-cell lymphoma CD-25/IL2RA Denileukin diftitox 75%
Chronic lymphocytic leukemia (CLL) del(17p) Ibrutinib 3%—8% at
diagnosis;
up to 30% in
refractory CLL
CD20/MS4AI Obinutuzumab, rituximab 25%
Acute lymphocytic leukemia TPMT 6-Mercaptopurine, thioguanine <5%
Non-Hodgkin’s lymphoma CD20/MS4Al Rituximab, tositumomab >90%

Note: Data from http://www.fda.gov/drugs/scienceresearch/researchareas/pharmacogenetics/ucm083378.htm.*’
Abbreviations: DPYD, dihydropyrimidine dehydrogenase; UGTIAI, uridinediphosphate glucuronosyl transferase 1Al; ALK, anaplastic lymphoma kinase; CD, cluster of

differentiation; del(17p), deletion |7p; TPMT, thiopurine-S-methyltransferase; FDA, Food and Drug Administration.
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Figure | Summary of somatic cancer biomarkers and targeted therapies.

Notes: This figure depicts examples of key signaling pathways and downstream effects of mutations within somatic biomarkers, and their respective targeted therapies.
Abbreviations: ALK, anaplastic lymphoma kinase; JAK, Janus kinase; mTOR, mammalian target of rapamycin; p13K, phosphoinositide 3-kinase; TDM-I, ado-trastuzumab

emtansine; VEGFR, vascular endothelial growth factor receptor.

ALK as amajor oncogenic driver in NSCLC to the approval of
the first targeted therapy (2007 to 2011),% versus 13 years that
lapsed from the time of discovering HER?2 as an oncogenic
driver in breast cancer to the approval of trastuzumab (1985
to 1998), the first HER2-targeted agent.”

Activating mutations in the EGFR gene also occurs in
~20% of NSCLC cases and results in constitutive signaling
via the PI3K-AKT and MAPK pathways.?* Deletions in exon
19 and a missense mutation at exon 21 (arginine to leucine
substitution [L858R]) account for >90% of all EGFR mutations
and are considered a positive predictive biomarker for small-
molecule TKIs targeting the FGFR domain (erlotinib, gefitinib,
afatinib).? In a biomarker clinical trial, Zhou et al randomized
patients with EGFR-mutated NSCLC and evaluated first-line
erlotinib versus standard platinum-based chemotherapy.?
Median PFS in erlotinib-treated patients was significantly
greater than that noted in chemotherapy-treated patients
(13.1 vs 4.6 months, hazard ratio [HR] 0.16, 95% confidence
interval [CI] 0.10-0.26; P<<0.0001). The ORR was 83% and
36% for erlotinib and chemotherapy-treated patients, respec-
tively, unequivocally demonstrating the superiority of EGFR
inhibitors versus standard chemotherapy in this population.?

A companion diagnostic test for erlotinib (cobas EGFR
Mutation Test) was FDA-approved in 2013 along with
expanded approval for first-line use in patients with EGFR-
mutated metastatic NSCLC. Afatinib, a second-generation
EGFR inhibitor, received FDA approval in 2013 for the
first-line treatment of patients with EGFR-mutated NSCLC.

Afatinib’s irreversible binding mechanism of action results in
superior activity in resistant tumors that have progressed on
erlotinib or gefitinib.?” Median PFS was significantly longer
(11.1 months) in patients with EGFR-mutated NSCLC who
received afatinib versus standard chemotherapy (cisplatin
and pemetrexed) (6.9 months).?

The two primary mechanisms of resistance include MET
amplification, which activates the MAPK signal transduction
pathway, and a secondary point mutation in EGFR (7790M)
that blocks the capacity for erlotinib to bind to and inhibit
EGFR.” The T790M mutation, occurring in approximately
two-thirds of resistant cases, results in stronger affinity for
ATP, reducing the ability of erlotinib, an ATP-competitive
reversible EGFR inhibitor, to bind to the EGFR tyrosine
kinase domain.*® Osimertinib (Tagrisso), a novel inhibitor of
the EGFR (7790M) mutation, has resulted in ORRs >60%
in patients who have progressed on prior EGFR inhibitor
therapy and who express the resistant mutation.>' As a result,
osimertinib received accelerated FDA approval in 2015, while
another 7790M inhibitor, rociletinib, is also currently being
evaluated by the FDA for approval.

BRAF in melanoma

Approximately 50% of cutaneous metastatic melanoma cases
carry mutations in BRAF, 90% of which results in glutamic
acid substituted for valine at codon 600, termed V600E.
Activating BRAF mutations result in constitutive activation
and downstream signaling of the MAPK pathway, promoting
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cell proliferation and tumor growth. Vemurafenib, a potent
inhibitor of BRAF V600E, received accelerated FDA approval
in 2011 alongside a companion diagnostic test, cobas 4800
BRAF V600 Mutation Test.? In the pivotal Phase I1I trial, 675
treatment-naive patients with metastatic melanoma express-
ing the BRAF mutation were randomly assigned to receive
dacarbazine or vemurafenib. The investigators identified
a 63% reduced risk of death (HR 0.37; P<<0.001) and a 74%
reduced risk of disease progression in the vemurafenib arm
compared to dacarbazine (HR 0.26; P<<0.001)."

As noted with pervious targeted therapies, resistance
eventually ensues in most patients with a mean time to diag-
nosis of first lesion at ~3 months and a median PFS of 6-8
months. The most commonly described resistance mecha-
nisms include RAS and MEK mutations resulting in para-
doxical activation of the MAPK pathway. Combining a BRAF
inhibitor with a MEK inhibitor has been a logical approach
to combat BRAF inhibitor resistance.’? In a Phase III trial,
investigators randomly assigned 704 patients with BRAF
V600E-positive metastatic melanoma to receive either a
combination of dabrafenib (BRAF inhibitor) and trametinib
(MEK inhibitor) or vemurafenib as first-line therapy. Results
demonstrated an OS rate at 12 months of 72% in the combina-
tion group and 65% in the vemurafenib group (HR 0.69, 95%
CI 0.53-0.89; P=0.005). The median PFS was 11.4 and 7.3
months in the combination and vemurafenib group, respec-
tively (HR 0.56, 95% CI 0.46-0.69; P<<0.001).>3 Although
dabrafenib and trametinib received approval as monotherapy
in 2013, more recently (2015), these drugs received FDA
approval to be used in combination to treat patients with
BRAF-positive unresectable or metastatic melanoma.

DPYD and 5-FU

5-Fluorouracil (5-FU), an antimetabolite chemotherapeutic
agent, has been the mainstay therapy of several gastrointes-
tinal-related cancers, including colon, rectal, and gastric.
Dihydropyrimidine dehydrogenase (DPD) is the rate-limiting
enzyme responsible for the metabolism of ~80%—85% of
5-FU to the inactive 5,6-dihydrofluorouracil.’ To date, over
30 genetic variants in DPYD, the gene coding for DPD, may
result in deficient DPD enzyme activity. The most common
variant is a splice site mutation (/V14+1G>A [also referred
to as DPYD*2A]) and is estimated to confer deficient DPD
enzyme activity in 2%—3% of patients, ultimately increasing
the risk of 5-FU-induced toxicity.***

In one of the largest genotyping studies conducted in
5-FU-treated colorectal cancer patients (n=2,594), inves-
tigators observed that the incidence of grade 3 or greater

S5FU-related toxicities in DPYD*2A4, 15608, and D949V
carriers were 22/25 (88.0%), 2/4 (50.0%), and 22/27
(81.5%), respectively. In a multivariate model, DPYD*24
(odds ratio [OR] 15.21; P<<0.001) and D949V (OR 9.10;
P<0.001) were significantly associated with grade 3 or
greater toxicities.* In a large systematic review of DPYD
and 5-FU toxicity (n=7,365 patients from eight studies),
investigators used individual patient data to study the asso-
ciation of DPYD*24, ¢.2846A>T, ¢.1679T>G, c.1236G>A/
HapB3, and c. 1601 G>A with 5-FU-related toxicities. DPYD
¢.1679T>G (adjusted relative risk [RR] 4.40; P<<0.0001)
and c. 1236G>A/HapB3 (adjusted RR 1.59; P<<0.0001) were
significantly associated with 5-FU-related toxicity, includ-
ing gastrointestinal and hematological toxicity. DPYD*2A4
and ¢.28464>T were also associated with severe toxicity
(adjusted RR 2.85; P<<0.0001 and 3.02; P<<0.0001, respec-
tively).?” In a prospective study, 2,038 patients treated with
5-FU were genotyped for DPYD*24, of whom 22 carried at
least one variant allele and were treated with approximately
half the normal dose. The risk of grade =3 toxicity was
reduced from 73% in historical controls (DPYD*24 carriers
receiving standard full dose 5-FU) to 28% by genotype-
guided dosing, while drug-induced death was reduced from
10% to 0%, respectively. Further, genotype-guided dosing
demonstrated a similar incidence of grade =3 toxicity
compared with wild-type patients receiving the standard
dose (23%) and similar systemic drug exposure, suggesting
adequate treatment at reduced doses. Although marginal,
average treatment cost per patient was lower for screening
(US$3,767) than for non-screening (US$3,828).3¢
Estimating DPD deficiency by quantifying DPD enzyme
activity in peripheral blood mononuclear cells may be chal-
lenging, as standardized thresholds for deficient activity are
not readily available or validated and different laboratories use
different cutoffs. Further, there are cost and resource implica-
tions given the minor allele frequency is <1.0%, resulting in a
high number of patients needed to screen to prove a beneficial
impact on reducing toxicity. The FDA label includes a warning
for increased risk of toxicity in patients with deficient DPD
activity; however, the definition of what constitutes “deficient”
is not defined, nor does the FDA mandate genetic testing for
DPYD prior to administration of 5-FU. The Clinical Pharma-
cogenetics Implementation Consortium (CPIC) guidelines
provide dosing recommendations of fluoropyrimidines by
DPYD genotype/phenotype (https://www.pharmgkb.org/

guideline/PA166109594): patients who are homozygous

variant or who have complete DPD deficiency (~0.2% of
patients) should receive an alternative drug, while patients
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who are heterozygous variant or who have intermediate
enzyme activity (~3%-5% of the population) should initiate
5-FU with at least a 50% dose reduction followed by titration
based on toxicity or pharmacokinetic levels.*

UGTIAI and irinotecan

Irinotecan, a topoisomerase I inhibitor, has activity in many
cancers, including gastrointestinal and lung carcinomas.
Irinotecan is a prodrug and requires bioactivation via car-
boxylesterase enzymes to the active metabolite, SN-38, which
is then glucuronidated and inactivated to SN-38G via uridine
diphosphate glucuronosyl transferase 1A1 (UGT1A1).4
Polymorphic UGT1A]I variants lead to a reduction in gene
expression and enzyme activity, resulting in supratherapeu-
tic SN-38 levels and an increased risk of severe toxicity,
primarily neutropenia.*' The UGT1A41%28 allele is the most
common and found in ~39% of Caucasians, 43% of Africans,
and 16% of Asians.*!*?

A meta-analysis demonstrated a significant increase in
toxicity for homozygous variant patients (UGT1A41%*28/*28)
at medium (150-250 mg/m?) and high doses (>250 mg/m?)
(OR 3.2 and 27.8, respectively).** Importantly, the standard
irinotecan dose currently administered to metastatic colorectal
cancer patients receiving FOLFIRI (5-FU, leucovorin, irino-
tecan) is 180 mg/m? every 2 weeks, without genotyping. The
FDA label states that the UGT1A1*28/*28 genotype is a risk
factor for severe neutropenia and recommends consideration
of an initial dose reduction; however, no specific dosing
guidelines are provided. CPIC guidelines currently do not
provide dosing recommendations based on UGT1A41 genotype
for irinotecan, while the Dutch Pharmacogenetics Working
Group™ suggests an initial dose reduction by 30% in *28/*28
patients if the starting recommended dose is >250 mg/m?
(https://www.pharmgkb.org/guideline/PA166104951).

More recently, there has been a shift from focusing on
the increased risk of toxicity in UGTI1A1*28/*28 patients to
the potential under-dosing of *//*1 and *1/*28 patients who

are receiving standard irinotecan doses. In fact, a genotype-
driven dose escalation study identified irinotecan maximum
tolerated doses (MTD) to be 370 and 310 mg/m? for *1/*]
and *1/*28 patients, respectively, suggesting higher doses
than the standard 180 mg/m? are tolerable in wild-type and
heterozygous patients.* A similar genotype-driven Phase
I study demonstrated that the MTD in *1/*1, *1/*28, and
*28/%28 patients was 390, 340, and 150 mg/m?, respec-
tively.*® Interestingly, both studies suggests a dose—response
relationship, where the ORR in patients treated at higher
doses was significantly greater than in patients treated at

lower doses (65%—67% vs 24%—25%, respectively).*4
Further, the second study demonstrated a significant differ-
ence in median time to disease progression (16 vs 7 months,
respectively; P=0.003).%® Given these Phase I studies were
not powered to detect differences in response or survival,
investigators are currently conducting a Phase I1 clinical trial
to investigate whether higher irinotecan doses stratified by
genotype results in prolonged PFS and OS (ClinicalTrials.
gov: NCT02138617).

BCR-ABL and CML

Drug development of highly potent targeted therapies in
hematologic malignancies was made promising by milestone
discoveries that identified the Philadelphia chromosome,
formed by a translocation between chromosomes 9 and 22
fusing the breakpoint cluster region (BCR) with the c-4BL
oncogene, ultimately responsible for the development of
chronic myeloid leukemia (CML).* The BCR-ABL transloca-
tion occurs in > 95% of CML cases and results in constitutive
activation of signal transduction pathways associated with
cell proliferation and tumor growth.* Imatinib was the first
TKI discovered in a high-throughput screening assay for
agents that inhibit the translocation and approved in 2001 to
treat BCR-ABL-positive CML.

The large randomized Phase III trial, IRIS, included
5 years of follow-up in over 550 patients with BCR-ABL-
positive CML treated with either imatinib at 400 mg/day or
interferon alfa plus Ara-C.* Patients randomized to receive
imatinib had significantly improved rates of complete
hematologic response (97% vs 56%, P<<0.001), major and
complete cytogenetic responses (85% and 74% vs 22% and
8%, respectively, P < 0.001), and discontinuation of assigned
therapy due to intolerance (3% vs 31%), compared to patients
who received interferon alfa plus Ara-C.%

Due to emerging resistance with initial imatinib therapy,
subsequent TKIs with somewhat different mechanisms of
action were developed over the past several years, includ-
ing dasatinib, nilotinib, bosutinib, and ponatinib. Slight
differences in mechanism allow for second- and third-
generation TKIs to be used after progression on prior TKI
therapy. Imatinib, nilotinib, and ponatinib all bind to the
inactive conformation of the c-ABL kinase, preventing the
conformational switch to the active form, while dasatinib
inhibits both the active and inactive conformations. Nilo-
tinib has a higher affinity for c-ABL kinase than imatinib,
resulting in greater selectivity and potency.*® Approximately,
10%—15% of CML patients will present with resistance to
imatinib and ~20%-25% will develop resistance over time
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(eg, 1-5 years).”! The 73151 point mutation occurring in
the c-ABL oncogene resulting in steric hindrance repre-
sents the highest magnitude of resistance as current TKIs
require threonine at position 315 in order to bind to their
targets.>® Ponatinib features a carbon—carbon triple bond,
which limits steric hindrance, ultimately overcoming initial
resistance.>

TPMT and 6-mercaptopurine

6-Mercaptopurine (6-MP) is one of the mainstay treatments
for acute lymphocytic leukemia (ALL). It inhibits the for-
mation and synthesis of purine ribonucleotides through the
incorporation of thioguanine nucleotide analogs, resulting in
cell death. Thiopurine-S-methyltransferase (TPMT) catalyzes
the S-methylation and inactivation of thiopurine analogs.
Approximately 5%—10% of the population carries at least
one variant 7PMT allele conferring reduced TPMT enzyme
activity, while ~0.5% are homozygous resulting in no TPMT
enzyme activity.> TPMT*2 and *3 alleles account for over
90% of altered TPMT activity. The risk of myelosuppression,
the dose-limiting toxicity of 6-MP, is significantly greater in
patients who have increased thioguanine nucleotides second-
ary to defective TPMT activity.

One of the pivotal trials investigating TPMT genotype
and phenotype with 6-MP tolerability enrolled 180 children
with ALL treated with a 6-MP-based regimen. The investi-
gators identified an inverse relationship between thiogua-
nine nucleotide concentration and TPMT enzyme activity.
Importantly, the percentage of wild-type, heterozygous, and
homozygous-deficient patients who were able to tolerate
the full 6-MP dose throughout therapy was 84%, 65%, and
7%, respectively (P<<0.001),%° suggesting that TPMT is
a critical marker of tolerating and completing 6-MP treat-
ment. Interestingly, a larger study of 814 children with ALL
identified that patients carrying one variant TPMT allele
had significantly fewer rates of positive minimal residual
disease (9%) versus patients who were homozygous wild-
type (23%) (P=0.02), suggesting TPMT genotype influences
drug exposure and resulting drug response, in addition to
tolerability.*® In a genotype-guided dosing study, investiga-
tors identified the OR of severe myelosuppression in 7PMT
heterozygous children with ALL and receiving standard
6-MP dosages (ie, no dose adjustment for genotype) was
four times that of wild-type children receiving standard
6-MP doses, whereas the OR for TPMT heterozygous chil-
dren receiving a preemptive 30%—70% dose reduction was
1.30, similar to that seen in wild-type children receiving
standard 6-MP doses.”’

CPIC guidelines suggest an initial 90% dose reduction in
homozygous variant patients and a 30%—70% dose reduction
in heterozygous patients. Based on the FDA label for 6-MP,
genetic testing prior to treatment is recommended, but not
required, and no dose adjustments are provided in the drug
label.’® Importantly, inter-patient tolerability of 6-MP is not
completely explained by TPMT genotype alone, as a con-
siderable number of patients with normal TPMT genotype
still experience severe dose-limiting myelosuppression,
compromising adequate treatment with 6-MP. Yang et al at
St Jude Children’s Research Hospital identified a novel SNP
in the gene NUDT15, which was significantly (and indepen-
dently) associated with 6-MP tolerability (rs116855232;
P=8.8x107).%° In vitro, NUDTI15 was demonstrated to act
as a protectant by eliminating oxidized purine nucleoside
triphosphates to prevent incorporation into DNA. Impor-
tantly, the NUDT15 polymorphism was relatively common
in East Asians (9.8%) and Hispanics (3.9%), but infrequent
(0.2%) in Europeans, emphasizing the critical role ethnic
diversity plays in pharmacogenomics.

Challenges in applying clinical
pharmacogenomics
Frequency of mutations and cost-

effectiveness
Utilizing genomic data to stratify patients according to
targetable lesions can permit the use of smaller numbers
of patients needed to treat (NNT) in a given clinical trial
and increase statistical power for establishing effectiveness.
Unfortunately, there is often the need to screen large num-
bers of patients to identify those with the genetic marker
of interest. While some mutations occur at a relatively
high frequency (ie, BCR-ABL in >95% of CML cases,*
C-KIT in 85% of gastrointestinal stromal tumors,® BRAF
in 50% of metastatic melanomas'?), others occur at very
low frequencies (ie, ALK in ~5% of NSCLCs, DPYD in 1%
of the general population). The higher the NNT, the more
difficult it is to prove cost-effectiveness of testing. In fact,
a cost-effectiveness analysis demonstrated that ALK testing
in stage IV nonsquamos NSCLC with subsequent crizotinib
treatment for ALK-positive NSCLC was not cost-effective
secondary to high drug costs and low biomarker frequency;®'
however, given significantly enhanced response with targeted
therapy in ALK-positive NSCLC, testing remains routine
and standard of care.

Single gene testing is likely to be substituted by multiplex
genomic characterization using next-generation sequencing
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technology, particularly as the cost of these technologies
continue to decline.®? Obtaining a large genomic panel up
front, in the same manner a physician orders a blood or chem-
istry panel, will allow for decisions to be made downstream,
eliminating the barrier of turnaround time. Additionally,
the more results available from a single run the more cost-
effective the process will be. For example, testing a NSCLC
patient for EGFR, ALK, and ROS as single, individual assays
may cost just as much, if not more, than running a targeted
whole exome panel of hundreds to thousands of genes, which
may inevitably provide additional information about other
treatment options.

Quantification of the economic impact of genomic-driven
medicine as well as cost-effectiveness analyses of pharma-
cogenomic profiling is becoming more important. Despite
the potential clinical utility of next-generation sequencing-
based diagnostic tests, laboratories and providers continue to
struggle to get reimbursed for such tests.® The reimbursement
landscape is difficult to navigate and places test developers
in a tough situation as they must demonstrate clinical utility
and cost-effectiveness to receive coverage, but demonstrat-
ing such utility requires running the test in the first place. As
such, many test developers are offering the test at significantly
reduced prices in hopes that this will generate enough data to
convince payers to provide coverage for such tests down the
road. Managing big data and tracking clinical outcomes for
patients undergoing sequencing will be key to demonstrate
clinical utility and cost-effectiveness.

Identifying an actionable target
Distinguishing between functional “driver mutations”
and random, nonfunctional “passenger mutations” yields
a challenge in selecting targeted therapies for intervention.®
Sequencing of matched primary and metastatic tumors has
characterized patterns of “Darwinian-like” evolution, with
acquisition of driver mutations that promote tumor progres-
sion.® Since each pathway contains multiple genes, there
are various combinations of driver mutations that can dis-
rupt a pathway important for the dissemination of cancer.®’
Common adult epithelial cancers (eg, breast, colorectal,
prostate) often undergo five to seven rate-limiting events, ¢
and experimental studies have shown engineered changes in
the function of at least five genes is required for transforma-
tion into malignant cancerous cells.”® Factors that may help
distinguish between driver and passenger mutations include
whether the mutation is silent or non-silent, the location
or frequency of the mutation, and the depth of sequencing
required to detect the mutation.

Intra-tumoral heterogeneity provides an additional
challenge to tumor sequencing and therapy selection as
cancers are rarely homogenous and contain large areas with
a variable ratio of normal and cancerous cells.”’ Gerlinger
et al demonstrated that, among all somatic mutations found on
multiregion sequencing in renal cell carcinomas and associ-
ated metastatic sites, 63%—69% were heterogenous and not
detectable in every region. The investigators concluded that
a single tumor biopsy specimen identifies only a minority
of genetic aberrations present within an entire tumor, ulti-
mately resulting in sampling bias;* however, it is difficult
to ascertain whether or not these results are generalizable to
other tumor types. Methods to overcome this barrier include
deeper sequencing (of up to 1,000-fold), measuring the
effect of treatment at the biopsy site (ie, pretreatment and
on-treatment biopsy to assess target inhibition), determine
the disease prognosis at multiple biopsy sites or new lesions,
determine the biopsy sites that most likely account for disease
prognosis, profiling of circulating tumor cells (CTCs), or
re-biopsy the primary tumor at disease progression or at the
metastatic site.”> CTCs and associated circulating free DNA
(cfDNA) provide a unique opportunity to identify driver
mutations from noninvasive blood specimens. Tumors shed
CTCs and cfDNA into the bloodstream and it is thought that
these cells contribute to tumor metastases. cfDNA is typically
easier to isolate and more abundant that CTCs themselves,
and they tend to represent all tumors in the body and all
cells in the tumor, helping to alleviate the issue of tumor
heterogeneity.”

Finally, the treatment paradigm for a patient may be driven
by the context in which the mutation is found (eg, “x” number
of genes/pathways involved) rather than the mutational status
of one single gene. For example, multi-pathway inhibition
is likely necessary in a variety of tumors prone to resistance
or feedback upregulation (ie, BRAF plus MEK inhibitor in
metastatic melanoma’™ or dual HER2 inhibition in breast
cancer).’*

Big data and integration into health care

systems

A globally linked database that integrates genomic data
and clinical outcomes will be essential as genomics-based
medicine continues its assimilation into health care systems.”
Challenges to integrating genomics-based medicine into
health care systems include tumor and biologic heterogeneity,
limited access to novel targeted therapies, limited eligibility
criteria for enrollment of heterogenous populations in clinical
trials, and the paucity of evidence-based medicine to guide
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clinical decisions, that is, lack of large randomized controlled
clinical trials. Leveraging health information technology,
translational medicine, patient-centered outcomes, and com-
parative effectiveness research with real-time high-quality
data will allow matching of individual patient characteristics
and genomic data to provide the evidence needed.

Rapid-learning health care, part of American Society of
Clinical Oncology’s CancerLinQ initiative, is a term used to
describe the process of discovery through extension of patient
care. CancerLinQ is considered a “quality measurement and
reporting system through which oncologists can harness
the depth and power of their patients’ clinical records and
big data to improve the care they deliver”.” Data acquired
through patient care and clinical research are integrated into
a databank, while the health care system “learns” by continu-
ously collecting and analyzing data in a strategic manner,
ultimately generating novel hypotheses for investigation
and allowing clinicians and researchers to access real-time
clinical decision support tools. This method ensures that the
intrinsic health care system drives the process of discovery
based on real-time clinical practice.”

A secure electronic medical record (EMR) that is respon-
sive to the needs of clinicians paralleled with rapid-learning
health care using population-based clinical data will assist in
narrowing the gap between research and clinical practice. A
survey of health care professionals using ten different EMR
systems demonstrated that only 4% of respondents reported
that their systems offered any decision support regarding
genetic test results.”” The Electronic Medical Records and
Genomics (¢eMERGE) Network was created to develop, dis-
seminate, and apply research that combines DNA biobanks
with EMRs for large-scale, high-throughput genetic research.
A major goal of this network is to identify how EMRs can
serve as a resource for large complex genomic analysis of
disease and therapeutic outcomes across the general patient
population base. The network also focuses on social and ethi-
cal issues, including privacy and confidentiality, as a major
concern by patients is the unauthorized use and access to
their genetic information.”

Patient-focused perspectives

The integration of pharmacogenomic testing into routine
clinical practice will depend not only on clinician acceptance
but also on patient adoption and understanding of the
risks and benefits. Ethical concerns, including violation of
confidentiality, stigmatization, and social pressure to accept
pharmacogenomic testing, are among the many challenges
that patients face in the adoption of pharmacogenomic

testing. Importantly, these concerns may differ based on the
genomic test itself, that is, whether the test involves disease
susceptibility variants, drug metabolism/pharmacokinetic
variants, tumor targets, etc.

A survey study of 328 patients and 378 general prac-
titioners was conducted to determine attitudes toward
pharmacogenomic testing. Investigators identified that
most patients (96%) and physicians (52%) “appreciated
the availability of tests”; however, ~30% of the patients
“worried about potential unfavorable test results” (35%)
and “violation of privacy” (36%). Female patients were
more likely to have a “fearful attitude” (OR 2.85, 95% CI
1.58-5.12), while younger patients were more likely to be
“hopeful about the usefulness of pharmacogenomic test-
ing” (OR 2.12, 95% CI 1.01-4.46). General practitioners
concerns were primarily related to the potential for patients
to be pressured into testing (72%) or the impact of pri-
vate health insurance agencies obtaining this information
(61%).7 Another study sought to explore perceptions of
pharmacogenomic testing among individuals with differing
parental status or educational exposure to pharmacogenom-
ics and to investigate parents’ views between testing for
themselves and testing for their children. The investigators
identified that adequate explanation of pharmacogenomics
before testing appeared to be the most critical issue to the
respondents. Respondents with more knowledge about
pharmacogenomics were more comfortable with testing,
and when testing was for their child, parents valued their
own understanding more than their child’s assent, suggest-
ing education plays a critical role in patient acceptance.*
Blanchette et al conducted a survey study to describe
patients’ knowledge, attitudes, and expectations toward
genomic testing in cancer. The investigators identified that
76% of patients were at least interested in learning more
about pharmacogenomic testing, and 64% reported they
believed testing would significantly improve their cancer
care. Further, the median score on a 12-item questionnaire
to assess knowledge of cancer pharmacogenomics was 8
out of 12, which was significantly associated with education
level (P<<0.0001). At the time of the survey, approximately
half of all patients reported having “sufficient knowledge
to make an informed decision to pursue testing”, whereas
34% of patients indicated a need for more formal genetic
counseling and guidance.®!

Despite the FDA and other consortia’s efforts toward
providing information for health professionals and patients
about the impact of genetic variation on drug response, there
is substantial debate about the clinical utility and safety of
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pharmacogenomic testing, due in part to the lack of evidence.
Studies have reported that the general public is relatively sup-
portive of pharmacogenomic testing, and both physician and
patient demand may outweigh concerns regarding the lack of
robust evidence.®? Importantly, patients with advanced cancer
seem to be motivated to participate in pharmacogenomic test-
ing for cancer therapy; however, this will require further educa-
tion to understand the clinical utility of testing, differences in
germline versus somatic variants, and laws providing protec-
tion of patients’ rights (eg, Genetic Information Nondiscrimi-
nation Act). Further, surveys of clinicians have demonstrated
that the large majority believe pharmacogenomics is impor-
tant to medication management; however, few have utilized
pharmacogenomics, primarily due to lack of knowledge and
lack of robust clinical evidence.®* Addressing these concerns
will be critical to advance the field of pharmacogenomics and
genomics-based medicine in the future.

Conclusion and future directions
Over 140 FDA-approved drugs require pharmacogenomic
information on the drug label, resulting in approximately
one-quarter of all outpatients who receive at least one
drug which is (are) vulnerable to drug/gene interactions.
Anticancer drugs are one of many classes of medications
greatly impacted by pharmacogenomics given their distinct
mechanisms of action, narrow therapeutic indices, and
potential to analyze two sets of DNA (germline and somatic).
Cancer biomarkers can be used as a diagnostic tool for the
early detection of cancers, as a prognostic tool to estimate
the course and aggressiveness of the disease, and as a pre-
dictive tool to estimate an individual’s response to therapy,
including drug efficacy and toxicity. Understanding the
intricate molecular profile of tumors will help to discover
novel driver mutations, provide a larger breadth of targeted
therapy options, and allow for better patient stratification in
biomarker-driven clinical trials.

Cancer sequencing efforts may capture germline informa-
tion from matched normal tissue or blood samples, which may
be informative for drug/dose selection or disease susceptibil-
ity, and somatic mutations, which primarily drive selection
of targeted cancer therapies.” These efforts will generate
tremendous amounts of data, and clinicians must be prepared
to interpret and utilize this information to optimize cancer
therapeutics. A major focus on bioinformatics to readily
retrieve actionable information and evidence-based guide-
lines to translate results into prescribing decisions will be
key in the advancement of molecular profiling and selection
of targeted therapies.

A concerted effort must be made by cancer centers to
adopt and implement genomics-based cancer medicine as
the current standard practice.® As cost of genomic sequenc-
ing decreases to less than US$1,000 and turnaround time
decreases to less than 2 weeks, an increasing number of
patients will have their tumors sequenced, allowing for
more personalized assignment of targeted therapies for each
patient. Cancer centers are beginning to see a shift from
singleplex testing to multiplex genomic sequencing. Argu-
ably, the threshold required to necessitate single-gene tests
differs greatly compared to the threshold when whole genome
or exome information is readily available from a large
genomic panel. Experts may debate it is unethical to ignore
this retrievable information given the increasing number of
phenotypes that exist to predict drug response. Generation
of recommendations to translate results into actionable pre-
scribing decisions, however, is often controlled by the level
of evidence required to warrant implementation.”

For a genetic test to be adopted into clinical practice, it
must provide reliable, predictive, and actionable information
that would have otherwise been unknown.®* Before clinical
implementation is warranted, robust evidence from random-
ized controlled clinical trials are often needed; however, reli-
ance on prospective randomized trials as the sole method to
justify implementation is unrealistic, and the delay associated
with developing, conducting, and interpreting results could
potentially deprive patients of life-saving or life-extending
therapies.®

The future of genomic cancer medicine should focus
on specimen acquisition of both germline and tumor DNA
from early and later phase clinical trials with prospectively
collected efficacy and toxicity data. This information will
be vital in the discovery and validation of pharmacoge-
nomic associations. Subsequently, genes that have passed
replication and validation should be assessed for clinical
implementation through proof-of-concept and -efficacy,
biomarker-driven clinical trials, which may reduce the
required sample size, resources, and time needed to
justify clinical uptake. A shift toward large retrospective
case-control validation and replication studies and Phase
IT biomarker-driven clinical trials may allow for a more
efficient and rapid method of translation from bench to
bedside. As our knowledge of cancer at the molecular level
continues to expand, clinicians must understand the thera-
peutic implications of these pathways and the challenges
involved with clinical implementation of pharmacogenom-
ics, including the availability of tests and interpretation of
results in clinical practice.
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