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Editor's Summary

 
 
 

trials, as highlighted by the fact that none was available for these two patients.
methods will be needed for tumors of lower purity. And perhaps most important, we need a broader array of clinical 
and small RNA variants will allow more informative characterization. Sequencing at higher depth or enrichment
~$3600, well within the cost of routine clinical tests. But aspects need improvement: Additional testing for epigenetic 

The good news resulting from these studies was that the patients' tumors were analyzed with in 24 days for

suitable for this patient.
melanoma, the Sequencing Tumor Board suggested that combined treatment with PI3K and MEK inhibitors would be
a structural rearrangement in CDKN2C and HRas. Although the HRAS mutation has not been described before in 
trials, although none were available at the time. Similar analysis of another patient with metastatic melanoma revealed
Sequencing Tumor Board concluded that the NRAS and CDK8 aberrations could potentially be matched to clinical 
TP53, aurora kinase A, a myosin heavy chain and the FAS death receptor, plus amplification of CDK8. Of these, the
treated. Characterization of his metastatic tumor showed mutations in the oncogene NRAS, the tumor suppressor 

The authors then turned to an actual patient, a 46 year old with colorectal cancer, who had been unsuccessfully

receptor signaling pathways.
concluded that this pattern of mutations could in theory be treated by combined block of the PI3K and androgen
fusion. Also, the androgen receptor gene was amplified and two tumor suppressors were inactivated. The Board 

specific gene fusion of TMPRSS2 and ERG and another, previously undescribed, gene−common prostate cancer
xenografts established from patients with metastatic prostate cancer. They found that one of these carried the 

To verify that their sequencing strategy would work before testing it on actual patients, they assessed two

enough time to be useful clinically.
sequencing of transcribed RNA, the authors were able to find informative mutations within 3 to 4 weeks, a short
experts to determine the appropriate treatment. With a combination of whole genome and exome sequencing plus 
approach by extensively characterizing cancers in several patients and then convening a Sequencing Tumor Board of
particular tumor. This sounds appealing, but is it even possible? Roychowdhury and his colleagues tested this 

In an optimistic vision of personalized medicine, each cancer patient is treated with drugs tailored for their

First Steps to Personalized Cancer Treatment

 http://stm.sciencemag.org/content/3/111/111ra121.full.html
can be found at: 

 and other services, including high-resolution figures,A complete electronic version of this article

http://stm.sciencemag.org/content/suppl/2011/11/28/3.111.111ra121.DC1.html 
can be found in the online version of this article at: Supplementary Material 

 http://www.sciencemag.org/about/permissions.dtl
 in whole or in part can be found at: article

permission to reproduce this of this article or about obtaining reprintsInformation about obtaining 

 is a registered trademark of AAAS. Science Translational Medicinerights reserved. The title 
NW, Washington, DC 20005. Copyright 2011 by the American Association for the Advancement of Science; all
last week in December, by the American Association for the Advancement of Science, 1200 New York Avenue 

 (print ISSN 1946-6234; online ISSN 1946-6242) is published weekly, except theScience Translational Medicine

 o
n
 M

a
rc

h
 1

3
, 
2
0
1
2

s
tm

.s
c
ie

n
c
e
m

a
g
.o

rg
D

o
w

n
lo

a
d
e
d
 f
ro

m
 

http://stm.sciencemag.org/content/3/111/111ra121.full.html
http://www.sciencemag.org/about/permissions.dtl
http://stm.sciencemag.org/


CANCER

Personalized Oncology Through Integrative
High-Throughput Sequencing: A Pilot Study

Sameek Roychowdhury,1,2* Matthew K. Iyer,1,3* Dan R. Robinson,1,4* Robert J. Lonigro,1,3

Yi-Mi Wu,1,4 Xuhong Cao,1,4,5 Shanker Kalyana-Sundaram,1,4,6 Lee Sam,1,3 O. Alejandro Balbin,1,3

Michael J. Quist,1,4 Terrence Barrette,1,4 Jessica Everett,7 Javed Siddiqui,1,4 Lakshmi P. Kunju,1,4

Nora Navone,8 John C. Araujo,8 Patricia Troncoso,8 Christopher J. Logothetis,8 Jeffrey W. Innis,9

David C. Smith,2,10 Christopher D. Lao,2,10 Scott Y. Kim,11 J. Scott Roberts,11,12

Stephen B. Gruber,2,10 Kenneth J. Pienta,1,2,10,13 Moshe Talpaz,2,10 Arul M. Chinnaiyan1,3,4,5,13†

Individual cancers harbor a set of genetic aberrations that can be informative for identifying rational therapies cur-

rently available or in clinical trials. We implemented a pilot study to explore the practical challenges of applying

high-throughput sequencing in clinical oncology. We enrolled patients with advanced or refractory cancer who

were eligible for clinical trials. For each patient, we performed whole-genome sequencing of the tumor, targeted

whole-exome sequencing of tumor and normal DNA, and transcriptome sequencing (RNA-Seq) of the tumor to

identify potentially informative mutations in a clinically relevant time frame of 3 to 4 weeks. With this approach,

we detected several classes of cancer mutations including structural rearrangements, copy number alterations,

point mutations, and gene expression alterations. A multidisciplinary Sequencing Tumor Board (STB) deliberated

on the clinical interpretation of the sequencing results obtained. We tested our sequencing strategy on human

prostate cancer xenografts. Next, we enrolled two patients into the clinical protocol and were able to review

the results at our STB within 24 days of biopsy. The first patient had metastatic colorectal cancer in which we

identified somatic point mutations in NRAS, TP53, AURKA, FAS, and MYH11, plus amplification and overexpression

of cyclin-dependent kinase 8 (CDK8). The second patient had malignant melanoma, in which we identified a somatic

point mutation in HRAS and a structural rearrangement affecting CDKN2C. The STB identified the CDK8

amplification and Ras mutation as providing a rationale for clinical trials with CDK inhibitors or MEK (mitogen-

activated or extracellular signal–regulated protein kinase kinase) and PI3K (phosphatidylinositol 3-kinase) inhibitors,

respectively. Integrative high-throughput sequencing of patients with advanced cancer generates a comprehensive,

individual mutational landscape to facilitate biomarker-driven clinical trials in oncology.

INTRODUCTION

The management of patients with cancer is well suited to a personal-
ized approach, as reinforced by recent genomic studies that reveal a
disease composed of numerous heterogeneous mutations. Although
hallmark mutations such as inactivation of TP53 or activation of
BRAF occur frequently, they often appear in concert with a host of
uncommon oncogenic events. Further, expanding catalogs of cancer
mutations dispel the notion that cancer mutations are tissue-specific

(1–7). For example, activating BRAF mutations have been described
in more than 50% of cutaneous melanoma and papillary thyroid car-
cinoma, and the mutant proteins are potential targets for BRAF
inhibitors (8, 9). However, BRAF mutations also occur at a lower fre-
quency (5 to 20%) in multiple myeloma, lung cancer, cholangiocar-
cinoma, and testicular cancer (10, 11). Moreover, a low to moderate
fraction of major targetable kinases—including PIK3CA, EGFR (epi-
dermal growth factor receptor), and ERBB2—may be aberrant in
several cancers (12, 13). We therefore hypothesize that the clinical man-
agement of cancer may be suited to a form of personalized medicine
in which the mutational landscape of an individual’s cancer informs
clinical decision-making, particularly the selection of targeted thera-
pies (14–16).

Translating high-throughput sequencing for biomarker-driven
clinical trials for personalized oncology presents unique logistical chal-
lenges, including (i) the identification of patients who could benefit,
(ii) the development of an informed consent process that includes a
way to deal with incidental findings, (iii) the implementation of effi-
cient and integrative computational pipelines for data analysis, (iv) the
selection of the results that should be disclosed to patients, and (v) the
completion of the sequencing analysis in a cost-effective and clinically
relevant time frame (Table 1). We implemented an exploratory study
that we call the Michigan Oncology Sequencing Project (MI-ONCOSEQ)
to address these challenges.
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RESULTS

Description of the clinical study
Our MI-ONCOSEQ study focused on a patient population who were
considering participation in clinical trials and in whom integrative
sequencing could have a potential positive impact. We set a clinically
relevant time frame of 4 weeks from biopsy to availability of validated
results as per the Clinical Laboratory Improvement Amendments
(CLIA) (Fig. 1). Four weeks is a standard washout period that patients
must wait between clinical trials to allow drugs from any previous

therapies to dissipate. For our first four cases, the estimated cost for
reagents was $5400 per patient (table S1), a practical amount for pro-
duction of correlative data in clinical trials. Further, the study insti-
tuted a Sequencing Tumor Board (STB) that incorporated expertise
in clinical oncology, pathology, cancer biology, bioethics, bioinfor-
matics, and clinical genetics (Fig. 1B). The STB is an expanded ver-
sion of a traditional tumor board that focuses on a single tissue of
origin and uses a molecular classification of cancers. For each case,
the referring medical oncologist provided a clinical presentation of
the patient’s history of cancer and previous therapies. Ad hoc faculty
who were expert in diseases and pathways discussed at each meeting
provided disease- or pathway-specific expertise. Bioinformaticians,
genomics experts, cancer biologists, pathologists, and medical oncol-
ogists presented findings and reviewed their potential clinical signif-
icance. Geneticists and bioethicists provided insight regarding issues
such as controversial, incidental, or unexpected findings (table S2).

Integrative sequencing strategy
Cancer arises from diverse genetic alterations including nucleic acid
substitutions, gene fusions and rearrangements, amplifications and
deletions, and other aberrations that perturb gene expression (1). There-
fore, a sequencing strategy should comprehensively identify clinically
significant alterations while remaining cost-effective. Whole-genome
sequencing can identify copy number alterations (CNAs) and structural
rearrangements at relatively shallow depth (17), but accurate point mu-
tation identification requires significantly more coverage and remains
costly (2). To fill this niche, we used targeted whole-exome sequencing
to capture most human protein-coding exons, including clinically in-
formative genes in cancer such as BRAF, EGFR, JAK2, PIK3CA, and
ALK (18). Because tumors are often admixtures with normal tissue or
contain multiple tumor clones, the high sequencing depth afforded by
exome sequencing was advantageous for the detection of variants. Fi-
nally, transcriptome sequencing (RNA-Seq) captured the functional or
“expressed” genome of a tumor sample and enabled detection of dys-
regulated genes and the functional products of genomic alterations
(19). We included (i) shallow (5× to 15×) paired-end whole-genome se-
quencing of the tumor, (ii) targeted exome sequencing of the tumor and
matched germline samples (blood or buccal smear), and (iii) paired-
end transcriptome sequencing of the tumor (Fig. 1D).

Test sequencing
To test our integrative sequencing strategy, we evaluated tumor xeno-
grafts from two living patients (patients 1 and 2) with metastatic prostate
cancer that had been grown in mice (table S4). After sequencing and
bioinformatics analysis, we convened a mock STB meeting to interpret
the results. Table 2 summarizes key findings for each patient and high-
lights clinically relevant pathways and matching therapies available.

Patient 1 is a 67-year-old man with castrate-resistant metastatic pros-
tate cancer who had predominantly nodal disease. Before xenograft
establishment, the patient’s previous therapies included leuprolide
plus bicalutamide, diethylstilbestrol, a NY-ESO-1 vaccine trial, and
a 5-azacytidine plus valproic acid trial. Human cells in the xenograft
accounted for greater than 90% of total cells (fig. S6). Integrative se-
quencing uncovered 146 point mutations, 54 CNAs, 52 structural
rearrangements, and 8 gene fusions (tables S5, S6, and S12 to S14).
Genomic events were chosen for presentation at the mock STB on the
basis of predetermined criteria (table S3) for a potential role in cancer
(Fig. 1A). These included amplification of the androgen receptor (AR),

Table 1. Challenges for translating high-throughput sequencing into
clinical oncology.

Challenges Approach

Which patients could benefit? Focus evaluation on patients with
advanced refractory cancer
who are considering clinical trials.

Focus evaluation on patients
with rare, poorly defined disease
with no standard therapy.

How will informed consent
for integrative sequencing
be obtained? How will incidental
findings be dealt with?

Consent through a flexible default
consent form, developed in
conjunction with bioethicists and
genetic counselors, which includes
up-front genetic counseling,
discussion of risks for incidental
findings, and preservation of
patient autonomy to accept or
decline learning about incidental
findings.

What type of sequencing should
be performed?

Assess comprehensively and
cost-effectively tumor structural
rearrangements, copy number
alterations, point mutations,
insertions, deletions, and gene
expression.

How will the computational
analysis be completed
for each patient?

Rapidly assess data and provide
orthogonal support for calling
mutations with multiple
bioinformatics pipelines.

Focus analyses on genes that could
have known clinical significance
including genes used in best
clinical practices, identified as
tumor suppressors or oncogenes
through the Sanger Cancer
Census, and all potentially
druggable kinases.

How will sequencing be completed
within a clinically relevant
time frame?

Complete integrative sequencing
within 4 weeks to match the
typical time frame that patients
must wait between oncology
clinical trials.

How will results be interpreted? Assemble multidisciplinary team for
a Sequencing Tumor Board with
expertise in clinical oncology,
clinical genetics, genomics,
bioinformatics, clinical pathology,
social and behavioral sciences,
and bioethics.
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homozygous deletion of the PTEN (phosphatase and tensin homolog)
tumor suppressor, and an inactivating point mutation of the TP53 tu-
mor suppressor (fig. S1, B to E). RNA-Seq provided orthogonal support
for some of the DNA-based findings by detecting low PTEN expression

in this patient relative to an existing prostate RNA-Seq cohort (fig. S2B).
In addition, the patient’s tumor harbored the canonical prostate cancer–
specific rearrangement of TMPRSS2 (transmembrane protease, serine 2)
and ERG (ETS transcription factor) (20) (fig. S1, F and G), and a novel

gene fusion between copine IV (CPNE4, a
calcium-dependent membrane-binding
protein) and NEK11 (NIMA-related kinase
11) (fig. S1H). The fusion product pre-
served the full NEK11 open reading frame
and resulted in marked up-regulation of
NEK11 expression (fig. S1I). These find-
ings were only evaluated in the xenograft
specimen.

The mock STB evaluated the sequenc-
ing results in preparation for the clinical
study. A predetermined list of potentially
informative genes was used to filter the
results for discussion in STB (table S3). The
STB noted that recent preclinical studies
support a rationale for treatment with
poly(adenosine diphosphate–ribose) poly-
merase (PARP) inhibitors inERG-rearranged
prostate cancer (21). Further, amplifica-
tion of AR implies intact androgen signal-
ing in the tumor, and loss of PTENsupports
a possible role of the PI3K (phosphatidy-
linositol 3-kinase) pathway (12). Recent
data suggest that combined blockade of
these two pathways may provide addi-
tional benefit over single-agent therapy
(22). The STB determined that the gene
fusion involvingNEK11 has unknown clin-
ical significance and requires further bi-
ological validation, but could potentially
lead to a therapeutic approach.

Patient 2 is a 60-year-old man with
metastatic prostate cancer not yet treated
with hormonal therapies. Our major find-
ings for his cancer included homozygous
loss of PTEN and the TMPRSS2-ERG
gene fusion (Table 2). Details, including
mock STB deliberations, are presented
in the Supplementary Results (fig. S3 and
tables S5, S7, S12, S13, and S15).

Clinical sequencing study
We enrolled two patients in the MI-
ONCOSEQ pilot study (Fig. 1A, table S4).
Patient 3 is a 46-year-old man diagnosed
with colorectal cancer (CRC) in March
2009, who presented with metastatic dis-
ease in the liver, bladder perforation, and
innumerable polyps upon flexible sig-
moidoscopy. His tumor’s KRAS geno-
type was wild type at time of diagnosis.
After failing or progressing on standard
therapies (Table 2), he opted to participate
in a phase 1 trial with an Aurora kinase B
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Fig. 1. Exploratory integrative sequencing of tumors for personalized oncology. (A) The MI-ONCOSEQ
study recruits cancer patients and provides up-front genetic counseling. Patients are tracked through
a biospecimen and clinical database. (B) A multidisciplinary STB was instituted including expertise in clin-
ical oncology, genomics, bioinformatics, pathology, bioethics, and genetics. (C) Clinically relevant time
frame from tumor biopsy to available results. (D) Integration of whole-genome sequencing (blue), whole-
exome capture sequencing for 1 to 2% of the genome (red), and transcriptome or mRNA sequencing
(green). Each sequencing strategy can be integrated (bottom) for analysis of tumor aberrations including
structural rearrangements, CNAs, point mutations, and gene expression.
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inhibitor, TAK-901 (NCT00935844). After two cycles of treatment,
there was stable disease in the liver with slight progression in the
lungs. After two more cycles, there was clear evidence of progression,
and he was taken off the study. He enrolled in the MI-ONCOSEQ
protocol and had four core liver biopsies taken through interventional
radiology, each confirmed by a pathologist to consist of 60 to 70%
tumor (Fig. 2, A and B). We completed integrative sequencing and
analysis for presentation at the STB within 24 days of biopsy.

The tumor analyses identified 160 nonsynonymous somatic point
mutations, 49 CNAs, 20 rearrangements, and 2 gene fusions (fig. S4 and
tables S5, S8, S10, S12, S13, and S16). Variants were grouped for es-
tablished clinical significance or literature-supported relevance in can-
cer for presentation at the STB. These included a canonical activating
mutation in NRAS (Q61L), homozygous inactivation of TP53 (via point
mutation and copy number loss), dual copy number gain and point
mutation in Aurora kinase A (AURKA), point mutations in smooth
muscle myosin heavy chain (MYH11) and FAS death receptor, ampli-
fication of CDK8 (cyclin-dependent kinase 8), and copy number gains
of EGFR (Fig. 2C). A global landscape of copy number alternations was
generated from whole-genome and exome sequencing (Fig. 2D). The in-
tegrative sequencing approach afforded opportunities for cross-validation
of results through orthogonal analyses. In this patient, integrative copy
number analysis (Fig. 2, D and E) revealed a large region of chromo-
some 13 containing CDK8 that was prominently amplified, on the basis
of whole-genome and exome data. CDK8 was also overexpressed in the

RNA-Seq outlier analysis (Fig. 2F). Although originally nominated by
exome sequencing, the NRAS-activating mutation was also identified
by whole-genome and transcriptome data (Fig. 2G). Finally, RNA-Seq
revealed an intrachromosomal gene fusion between acetylserotonin
O-methyltransferase–like antisense RNA 1 (ASMTL-AS1) and protein
phosphatase regulatory subunit 2 (PPP2R3B) on chromosome X that
abrogated the open reading frame of PPP2R3B (Fig. 2H). No somatic
mutations were observed in the prevalent CRC oncogenes KRAS, BRAF,
or PIK3CA. No significant germline aberrations were observed for the
polyposis-related genes APC or MUTYH (23).

The STB convened to deliberate on findings from patient 3. Most
of the findings were deemed biologically interesting but not clinically
significant. For example, the tumor had a point mutation in MYH11,
which is rearranged in acute myeloid leukemia (24) and has been im-
plicated in intestinal cancer (25). Furthermore, the board noted the
mutation and amplification of AURKA as a possible mechanism for
this patient’s tumor progression while on an Aurora kinase inhibitor,
although direct evidence was not available to support this hypothesis
(assessment of pretreatment tumor specimen or in vitro assays). Pa-
tient 3’s tumor also had a point mutation in the intracellular domain
of the FAS death receptor. Although it is known that FAS intracellular
mutations can protect against apoptosis, the functional effect of this
mutation (activating, inactivating, or passenger) is unknown. Finally,
the gene fusion involving PPP2R3B (a subunit of the protein that reg-
ulates the tumor suppressor protein phosphatase PP2A) generated

Table 2. Summary of integrative sequencing results for each patient. Key
actionable or informative mutations nominated for the four individual tumors
described in this study. Patients 1 and 2 were carried out as pilot samples,
whereas patients 3 and 4 were enrolled on the MI-ONCOSEQ clinical protocol.
PTEN, phosphatase and tensin homolog; PI3K, phosphatidylinositol 3-kinase;
AR, androgen receptor; TMPRSS2-ERG fusion, involving TMPRSS2 (trans-

membrane protease, serine 2) and ERG (ETS transcription factor); CPNE4-
NEK11 fusion, involving copine IV and NIMA kinase family member; PARP,
poly(adenosine diphosphate–ribose) polymerase; PLK1, polo-like kinase 1;
CDK8, cyclin-dependent kinase 8; BRAF, v-raf murine sarcoma viral onco-
gene homolog B1; MEK, mitogen-activated or extracellular signal–regulated
protein kinase kinase; CDKN2C, cyclin-dependent kinase inhibitor C.

No Diagnosis
Age

(years)
Previous therapies Sequence results

Potential pathways for
therapeutic intervention

Examples of approved or
investigational agents

1 Metastatic
castrate-resistant
prostate cancer

67 Leuprolide + bicalutamide PTEN deletion PI3K inhibitors BEZ235, GDC-0941, XL147

Diethylstilbestrol AR amplification Androgen signaling Abiraterone, MDV3100

NY-ESO vaccine study TMPRSS2-ERG
rearrangement

PARP inhibitors Olaparib, BSI-201, ABT-888

Azacytidine + valproic
acid study

CPNE4-NEK11
rearrangement

(NIMA kinases?) ??

TP53 mutation

2 Metastatic
prostate cancer

61 Hormone naïve
(newly diagnosed)

PTEN deletion PI3K inhibitors BEZ235, GDC-0941, XL147

TMPRSS2-ERG
rearrangement

PARP inhibitors
(UMich trial)

Olaparib, BSI-201, ABT-888

PLK1 outlier
expression

Polo kinase inhibitors BI2536, GSK461364A, ON-01910

TP53 mutation

3 Metastatic
colorectal cancer

46 FOLFOX + cetuximab NRAS mutation BRAF and MEK inhibitors PLX4032, GSK2118436, AZD6244

Irinotecan + cetuximab
phase 1: TAK-901

CDK8 amplification PI3K inhibitors BEZ235, GDC-0941, XL147

CDK inhibitors Flavopiridol, PD0332991

4 Metastatic
melanoma

48 Multiple surgical
resections

HRAS mutation BRAF and MEK inhibitors PLX4032, GSK2118436, AZD6244

CDKN2C
rearrangement

PI3K inhibitors BEZ235, GDC-0941, XL147

CDK inhibitors Flavopiridol, PD0332991
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interest from the STB because a closely related regulatory subunit,
PPP2R1B, has been implicated in colon and lung tumors (26). Also,
the NRAS and CDK8 aberrations were highlighted by the STB as

potentially informative genes that could in the future be matched to
clinical trials with MEK (mitogen-activated or extracellular signal–
regulated protein kinase kinase), PI3K, or CDK inhibitors. Current

clinical testing often disregards NRAS be-
cause of its low frequency (2%) in CRC,
but activating mutations in NRAS are bi-
ologically similar to KRAS (35 to 40% of
CRC), which predict resistance to antibody
therapies against EGFR (27). For example,
trials may accrue CRC patients with KRAS
or BRAF mutations for Raf inhibitors, but
fail to include patients with NRAS mu-
tations (NCT01086267). In addition, the
STB noted that amplification of CDK8
has been implicated in 15 to 20% of CRC
as a positive regulator of catenin signaling
(28) and is a viable target for CDK inhib-
itors in clinical trials.

Patient 4 is a 48-year-old woman di-
agnosed with metastatic melanoma who
underwent wide local excision for ulcer-
ated spitzoid-type melanoma on her right
heel. One of two sentinel lymph nodes
was positive, leading to a right inguinal
femoral lymph node dissection. She elected
observation but subsequently developed
diffuse skin recurrences on her right leg
and was enrolled in the MI-ONCOSEQ
study. She had four skin punch biopsies,
and three of these had tumor content
greater than 75 to 80% (Fig. 3, A and B).
We completed integrative sequencing
and analysis for presentation to the STB
within 24 days of biopsy.

Tumor analyses identified 36 nonsyn-
onymous point mutations, 269 CNAs, 24
rearrangements, and 4 gene fusions (ta-
bles S5, S9, S11, S12, S13, and S17). Of these,
the following were nominated for presen-
tation to the STB (Fig. 3C): an activating
mutation of HRAS (Q61L), a point muta-
tion in the ETS transcription factor family
member ELK1 (R74C), and a complex re-
arrangement abolishing the open reading
frame of cyclin-dependent kinase inhibi-
tor 2C (CDKN2C or p18INK4C) (Fig. 3,
E to G). Mutations were not observed in
the prevalent melanoma oncogenes BRAF,
CKIT, or NRAS (11) (Fig. 3C). Copy num-
ber analysis from tumor exome and whole-
genome sequencing data did not reveal
major amplification for genes of interest
(Fig. 3D). No germline aberrations were
observedcorresponding to theHumanGene
Mutation Database (29).

The STBdeliberatedonpatient 4’s find-
ings. Inactivating deletions in CDKN2C,
an inhibitor of CDK4, have been reported
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Fig. 2. Integrative sequencing of patient 3
(metastatic CRC) enrolled in the MI-ONCOSEQ
protocol. Patient 3 is a 46-year-old man with
metastatic CRC and the first patient enrolled.
(A) Computed tomography scan of the abdo-

men demonstrates liver metastases and biopsy site. (B) Representative histology from liver biopsy
demonstrates poorly differentiated adenocarcinoma and estimated tumor content of 60 to 70%.
(C) Summary of genetic aberrations identified includes an activating point mutation of NRAS, an in-
activating point mutation of TP53, and amplification of CDK8. Wild-type (WT) genes included KRAS
and BRAF. (D) Integrated copy number analysis based on exome and whole-genome data. (E)
Amplification in region of chromosome 13q including CDK8 is displayed as estimated copy number
on the basis of integrative analysis of whole-genome (green) and exome (orange) data. (F) CDK8 is
highly expressed on the basis of RNA-Seq compared with benign or other cancer samples. (G) Schema
shows integrative analysis used to identify activating NRAS mutation with number of variant reads on
the right. (H) Schema of probable inactivating rearrangement involving PPP2R3B based on integrative
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in glioblastoma multiforme and have prognostic significance in up to
30% of multiple myeloma (30). ELK1 was of interest because ETS tran-
scription factors are downstream targets of a relevant signaling pathway
in melanoma [Ras-MAPK (mitogen-activated protein kinase)], and a

recent study demonstrated amplification of another ETS transcrip-
tion factor oncogene (ETV1) in melanoma (31). Although biologically
intriguing, the clinical relevance of ELK1 is not known. Finally, the STB
nominated HRAS as a potential target for clinical trials. The HRAS ac-

tivating mutation was surprising, because
HRASmutations have not been described
in malignant melanoma, whereas NRAS
mutations are common (15%) (32). Consti-
tutive Ras signaling leads to downstream
activation of MAPK/MEK and PI3K/
mTOR (mammalian target of rapamycin)
cascades and provides the biological ra-
tionale for ongoing clinical trialswith inhib-
itors ofMEK,PI3K, andmTORfor patients
with Ras-activated cancers (32–35). It was
also noted that this patient’s tumor har-
boredwild-type BRAF andmutantHRAS.
Findings that inhibitors of mutant BRAF
can paradoxically activate MAPK signal-
ing suggest that this genotype combina-
tion could predict outcomes for BRAF or
MEK inhibitors in a clinical trial (36). This
patient could potentially qualify for an
upcoming trial of combined treatment with
PI3KandMEKinhibitors for specified solid
tumor malignancies with KRAS, NRAS,
and BRAF mutations (NCT01363232).

DISCUSSION

In the MI-ONCOSEQ study, we aimed
to translate high-throughput sequencing
into a viable analysis tool for biomarker-
or mutation-driven clinical trials and, in
doing so, addressed important logistical
challenges (Table 1). First, the study
enrolled patients eligible for early clinical
trials and completed sequencing efficient-
ly to potentially allow stratification to
trial on the basis of the sequencing re-
sults. Second, the study addressed ethical
implications of genome sequencing through
an informed consent process with concur-
rent input from bioethicists. Third, the
study established an STB to deliberate
on the clinical value of sequencing results,
including those that are unexpected.

Despite these efforts, we anticipate the
need for improvements and modifications
to the process and procedures used here.
Because the pilot study was implemented
in a research setting, we did not offer test-
ing as a routine or billable service. Any re-
sults that affect clinical decision-making
must be validated using a CLIA-certified
test. As a next step, we anticipate that the
molecular genetics and pathology com-
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Fig. 3. Integrative sequencing of patient 4
(melanoma) enrolled in the MI-ONCOSEQ
protocol. Patient 4 is a 48-year-old woman
with metastatic melanoma. (A) Multiple
skinmetastases and sites of biopsy. (B) Rep-
resentative histology from skin biopsy dem-
onstrates dermal proliferation of ovoid to

spindle cells with frequent prominent nucleoli. (C) Summary of mutations reveals an activating HRAS
mutation and an ETS transcription factor (ELK1) mutation. Wild-type genes included BRAF, CKIT, MEK,
and NRAS. (D) Copy number landscape across chromosomes derived from whole-genome and exome
sequencing. (E) Circos plot derived from whole-genome sequencing depicts structural variations includ-
ing deletions (green) and interchromosomal (orange) and intrachromosomal (blue) rearrangements. (F)
RNA-Seq data support a possible rearrangement involving CDKN2C, WIPI1, and FSHR, and is predicted to
inactivate CDKN2C. (G) Integrative analysis identifies the activating HRAS mutation.
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munities will move high-throughput sequencing toward CLIA certifi-
cation, which will ultimately reduce costs and improve turnaround time
of results. Additionally, declining sequencing costs will make our ap-
proach even more practical. The per-patient price tag decreased from
$5400 six months ago to $3600 at present. This cost is comparable to
routine clinical tests such as OncotypeDx and is financially practical for
every patient who is considering clinical trials.

MI-ONCOSEQ has used a combination of DNA and RNA se-
quencing to reveal a broad view (11) of an individual’s genetic aberra-
tions. Moving forward, we anticipate that incorporation of global
epigenetic and small RNA analyses, as well as evolving bioinformatics
algorithms, will provide complementary information and enable
cross-validation (37). Alternative strategies that assess a limited panel
of genes or genetic aberrations (38–40) optimize sensitivity to detect
aberrations in clinically informative genes, but are of limited use for
basic science research. This trade-off between breadth and sensitivity
will be an important consideration in heterogeneous samples with
multiple subclones as well as biopsies with low tumor purity. For pa-
tients 3 and 4, samples were of acceptable purity and clinically inform-
ative variants were captured at substantial depth (fig. S7), but this does
not rule out missed mutations. Therefore, it will be important to de-
velop approaches to assess samples with low tumor purity. Aside from
increasing sequencing depth to compensate for low tumor content,
one could enrich for tumor-relevant DNA through microdissection,
cell-based enrichment, or ploidy-based sorting.

Although others have demonstrated the potential benefits of high-
throughput assays for individual patients with cancer (41), the next
logical step is facilitating clinical trials in oncology with biomarker-
informed therapies. Clinical investigators are increasingly recognizing
the importance of patient selection by mutation assessment when
using targeted therapeutic agents (42, 43). The proven effect of this
approach in the recent BRAF and ALK phase 1 trials demonstrates
the need for molecular stratification (44, 45). Here, integrative sequenc-
ing identified informative oncogenes that would have been missed by
standard single-gene clinical assays or approaches with a limited panel
of genes. Both patients 3 and 4 had potentially informative aberra-
tions, but these patients did not fit into available trials. Patient 3’s
CDK8 amplification and NRAS activating mutation provided a good
rationale for use of investigational agents such as CDK inhibitors and
combined MEK/PI3K inhibition (46, 47). A phase 1 trial is pending
for doxorubicin plus seliciclib (a CDK inhibitor with activity for CDK8)
in patients with breast cancer. However, because of the study’s limited
eligibility for breast cancer, the patient was not eligible (NCT01333423).
Similarly, we identified a phase 1 study for a MEK inhibitor in patients
with CRC who have BRAF or KRAS, but not NRAS, activating muta-
tions (NCT00959127). This lack of suitable trials for our two patients
may be an early warning that we need to restructure the eligibility
criteria for trials of molecularly targeted therapies. We envision an ar-
ray of available mutation and pathway-based trials for targeted thera-
pies, with eligibility based on molecular assessment.

In addition to identifying aberrations in informative genes, integra-
tive sequencing permits discovery research, such as the NEK11 gene
fusion (patient 1) and the AURKA alterations (patient 3). Although
difficult to interpret at present, these events could plausibly represent
rare or “private” drivers or resistance mechanisms. In this context, the
sequencing results can serve as a source of correlative data for trials
with molecularly targeted therapies. If patients are treated with match-
ing targeted therapies and develop secondary resistance, repeat tumor

biopsy and assessment could reveal mechanisms of resistance, for ex-
ample, the emergence of a resistant subclone. These data can inform
the rational combination of targeted therapies to maximize efficacy
and response (47) and minimize resistance. This suggests a future
need for the systematic inclusion of tumor biopsies for patients on
trials.

Although state-of-the-art technology in genomic sequencing has
markedly accelerated biomedical research, translation to the clinical
setting has numerous barriers that limit potential benefits. Therefore,
we must strive to develop evidence-based, ethically sound guidelines
for implementing genomic sequencing in clinical medicine. This mul-
tidisciplinary endeavor provides an early road map for translating
high-throughput sequencing into biomarker-driven clinical trials in
oncology.

MATERIALS AND METHODS

Study design
Research was performed under Institutional Review Board (IRB)–
approved studies. Experiments were performed on tumor xenografts
from patients 1 and 2 with metastatic prostate cancer at M. D. Anderson
Cancer Center. Patients 3 (metastatic CRC) and 4 (metastatic melano-
ma) were enrolled and consented through our University of Michigan
IRB-approved protocol for integrative tumor sequencing (Supplemen-
tary Methods).

Briefly, medically fit patients 18 years or older with advanced or
refractory cancer were eligible for the study (Fig. 1). Informed consent
detailed the risks of integrative sequencing and included up-front ge-
netic counseling (Supplementary Methods). In collaboration with ex-
perts in bioethics and genetic testing (S.Y.K. and J.S.R.), we developed
a flexible-default consent process that facilitates both patient autono-
my and flexibility. A biopsy was arranged for a safely accessible tumor
site. A board-certified pathologist (L.P.K.) evaluated histologic sec-
tions for minimum tumor content of 60%. Nucleic acid preparation
and high-throughput sequencing were performed with standard pro-
tocols. Aberrations were identified by a set of bioinformatics pipelines
(Supplementary Methods).

STB activity
We carried out a mock STB by evaluating prostate cancer xenograft
results to prepare for the clinical study. The STB expands upon tra-
ditional tumor boards that focus on a single tissue of origin and
uses a molecular classification of cancers based on somatic mu-
tations. For each case, the referring medical oncologist provided a
clinical presentation of the patient’s history of cancer and previous
therapies. Disease-specific expertise is incorporated through ad hoc
faculty for diseases and pathways discussed at each meeting. Bio-
informaticians, genomics experts, cancer biologists, pathologists, and
medical oncologists present findings and review their potential clinical
significance. Geneticists and bioethicists have been incorporated to
provide insight regarding issues such as controversial, incidental, or
even unexpected findings.

The STB classifies results into categories including “Direct impact
on care of current cancer,” “Conditions other than cancer of interest,”
or “Significance unknown.” For example, genomically significant am-
plifications may not be considered clinically significant if there are no
existing data for that region (significance unknown). Disclosure of
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results depends on category assignments and the patient’s consent
preference. Select mutations could be CLIA-validated and disclosed
to patients through oncologists, board-certified clinical geneticists,
and counselors as appropriate. Currently, if a finding has potential
to affect clinical decision-making, the findings are referred for specific
CLIA-certified laboratory validation. After accumulating further data
and experience, we anticipate that the high-throughput sequencing
and analyses will move into CLIA-certified labs. Thus, the STB pro-
vides a mechanism to review and interpret the results.

Approach for stratification of aberrant genes
We have curated a gene list to prioritize specific genes for review by
the STB (table S3). The list includes genes from the Sanger Institute’s
Cancer Gene Census (May 2011), which is a catalog of genes (current-
ly 427) for which mutations have been causally implicated in cancer.
This is complemented by the Catalog of Somatic Mutations in Cancer
(COSMIC) (4), which curates mutation data and associated informa-
tion extracted from primary literature. This database provides infor-
mation about published sequence variants and also estimation of
mutational frequencies. We have supplemented this list with addition-
al informative genes on the basis of best clinical practices and genes
targeted in clinical oncology trials (48). There are more than 40 locally
available early clinical trials through University of Michigan andWayne
State University’s Cancer Centers. Last, because nearly half of targeted
therapies are aimed at protein kinases, we have also included a compre-
hensive list of the human kinome (49). The list is updated monthly,
and analyses are run iteratively so that new clinically relevant findings
can return to STB for discussion if needed.

Sample preparation, sequencing, and validation
Nucleic acids were prepared from tumor and germline tissues with
standard commercially available kits (Supplementary Methods). RNA
integrity was confirmed by an Agilent Bioanalyzer. For solid tumors, a
board-certified pathologist (L.P.K.) evaluated histologic sections for tu-
mor content. We generated whole-genome and transcriptome libraries
for tumors according to Illumina protocols. Exome capture was per-
formed for tumor and germline DNA with SureSelect Human Exon Tar-
get Enrichment kit (version 2, Agilent) (patients 1 and 2) or NimbleGen
Sequence Capture kits (Roche) (patients 3 and 4). Each library was se-
quenced on one lane of an Illumina HiSeq 2000. Somatic point muta-
tions and indels nominated as clinically informative by the STB were
amplified and sequenced for validation (Supplementary Methods). For
the exploratory study, next-generation sequencing was not completed
in a CLIA-certified lab, and therefore, any findings that could be used
for clinical decision-making would require separate CLIA-certified
validation. Our CLIA lab (J.W.I., director) currently has capacity for
95 amplicons per day or 1900 per month. We are accumulating data
to facilitate the CLIA certification of next-generation sequencing for a
defined set of genetic aberrations.

Bioinformatics analyses overview
We identified somatic mutations, CNAs, structural variations, gene
fusions, and highly overexpressed genes through a set of bioinforma-
tics pipelines (fig. S5 and Supplementary Methods). Briefly, for whole-
genome data analysis, we used the BreakDancer method to call struc-
tural variants, the DNAcopy circular binary segmentation algorithm
to call CNAs, ChimeraScan (50) to discover gene fusion, and Cancer
Outlier Profile Analysis (COPA) approach (20) to nominate overex-

pressed genes. Finally, point mutations were called using the Genome
Analysis Toolkit (GATK) and in-house algorithms.

SUPPLEMENTARY MATERIAL
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