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Foreword

Publication of this second edition of Genomic and Personalized
Medicine occurs roughly nine and a half years (or ~3500 days!)
after the official completion of the Human Genome Project in
April 2003. That monumental international and historic pro-
ject catapulted forward the fields of genetics and genomics at
a pace that only the most optimistic scientific leaders realis-
tically envisioned at that time. Indeed, it is truly stunning to
consider what has been accomplished in the past nine-plus
years, especially with respect to accomplishments relevant to
genomic and personalized medicine. These advances can be
grouped into four major areas.

First, armed with the high-quality reference human
genome sequence produced by the Human Genome Project,
numerous genomic studies have focused on understanding the
rich complexities encoded by the roughly three billion letters
that constitute the human genomic blueprint (i.e., interpreting
the human genome sequence). Our view of this landscape has
changed markedly in the past nine-plus years, including a much
greater recognition of the critical roles that non-coding DNA and
epigenomics (in conjunction with our ~20,000 protein-coding
genes) play in the intricate choreography of genome function.

Second, some key large-scale initiatives (e.g., the
International HapMap Project and the 1000 Genomes Project)
have generated deep catalogs of human genome variation.
The growing knowledge of the architectural features of this
variation — both with respect to the physical nature (e.g.,
single-nucleotide, copy-number, and structural polymor-
phisms) and its frequency across different human popula-
tions — is providing a much more sophisticated view of human
genomic diversity. The latter has important implications for
studying the genomic basis of disease, human evolution, and
human population history and ancestry.

Third, the greater knowledge of human genomic varia-
tion coupled with advances in genome analysis (in particular
genotyping) technologies has yielded more powerful strategic
approaches for elucidating the genomic basis of disease. This
has greatly accelerated the identification of mutations respon-
sible for both rare and common diseases. For the former, we
now know the genomic basis for well over 3000 disorders
caused by defects in a single gene; for the latter, impres-
sive advances in the use of genome-wide association stud-
ies (GWAS) have greatly facilitated the difficult search for the
many variants conferring risk for complex multigenic disorders.

The fourth area of advancement is (almost) without ques-
tion the one that has also had the greatest impact on the
field of genomics — the development of new technologies

for sequencing DNA. These spectacular advances can be
nicely illustrated with just a few facts and figures, as follows.
The first human genome sequence generated by the Human
Genome Project took ~6-8 years to complete and cost roughly
S1 billion. When the Human Genome Project ended in April
2003, it was estimated that, theoretically, to generate another
human genome sequence using the then-available DNA-
sequencing technologies would take ~3—-4 months and cost
~$10-50 million. At the time of publishing this second edition
of Genomic and Personalized Medicine, sequencing a human
genome can be completed in a couple of days for <$5000.
That ~200,000-fold reduction in cost (not to mention the pro-
foundly more-rapid generation time) has truly been “game
changing” for virtually every aspect of genomics research.
More importantly, with a cost analogous to that of a high-
end radiological study or clinical laboratory test, sequencing
human genomes will increasingly become clinically relevant
and will inevitably have a profound impact on the topics cov-
ered in virtually every chapter of this book.

Even with these incredible advances, much work remains
to be done en route to implementing genomic and personal-
ized medicine. For starters, data analysis is now the domi-
nant bottleneck in genomics — long gone are the days when
data generation was limiting! Meanwhile, establishing the
precise genomic architecture underlying human diseases
(especially complex genetic diseases) is turning out to be far
more complicated than previously appreciated. Similarly, actu-
ally infusing genomics into the complex world of healthcare
delivery — the actual implementation of genomic and person-
alized medicine — is associated with myriad nuances and com-
plexities that will take many years to appreciate fully and to
address adequately; among the many issues to tackle is the
need to increase the genomic literacy of healthcare providers
(something being aided by this second edition). Finally, the
many societal issues associated with genomic advances seem
to grow in importance as medical uses of personal genomic
information are envisioned and developed.

Despite these challenges, one cannot gaze at the future
horizon without a sense of optimism that genomics will usher
in improved approaches for practicing medicine. Early high-
lights point towards new genomically guided strategies for
selecting specific, more appropriate medications for each
patient, new insights about the molecular taxonomy of differ-
ent cancers that will lead to more robust diagnoses and more
precise treatments, and new insights about genetic variants
that confer increased risk to patients for disorders that are
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increasingly preventable. Just as the invention of the micro-
scope and the CT scanner fundamentally changed the practice
of medicine, so, too, will the infusion of genomic information
about individual patients.

The ~100 chapters in this second edition of Genomic and
Personalized Medicine elegantly showcase the depth and
breadth of this rapidly growing area of biomedicine. Once
again, Ginsburg and Willard have recruited an impressive
cast of geneticists and genomicists to contribute chapters
spanning a wide spectrum of topics — from fundamentals in
genomics research to key clinical areas that represent some
of the “lowest hanging fruit” in terms of opportunities to have

genomics change medical practice. Together, these chapters
provide unequivocal evidence about the current state of
genomic and personalized medicine — that the opportunities
are breathtaking, that the challenges are immense, and that
the potential to improve health is nearly unlimited.

Eric D. Green, M.D., Ph.D.

Director, National Human Genome Research Institute
National Institutes of Health

Bethesda, Maryland



Preface

With the completion of the Human Genome Project and the
rapid development of our ability to understand and query the
genome and its variation, we must now anticipate and outline
the early stages of what promises to be nothing less than a
transformation of medicine over the coming decades. Even in
just the past two years, we have already witnessed dramatic
diagnoses and lifesaving treatments owing to the advances in
whole-genome and exome sequencing and their applications
to clinical diagnostic dilemmas. Undoubtedly we will see more
widespread use of these and other technologies to advance
medicine and improve health, at both the personal and popu-
lation levels. These and other examples highlighted in this sec-
ond edition are the first signs of a fundamental shift in how we
behold human physiology and pathology, how we define the
taxonomy of disease at the molecular level, how we view the
concept of what is “normal,” and how we consider individuals
and their prospects for lifelong health. All of this requires that
we design healthcare delivery systems that are adaptable to
the demands of population-wide epidemics and, at the same
time, provide opportunities for personalized care that utilizes
genome-based information to consider individual susceptibil-
ity to disease and therapeutic options.

As is evident throughout these volumes, we have now
entered the era of “big data.” Genome-based data, infor-
mation, knowledge, and eventually wisdom will make pos-
sible the kind of healthcare that has been dreamed of since
the advent of disease-based medicine early in the 20th cen-
tury. A system of healthcare that harnesses the full breadth
of genome-based information, along with electronic medical
records that capture imaging and clinical data, paired with
geospatial databases capturing environmental information,
will empower healthcare providers — and patients — to make
medical care as individualized as possible. This newfound
information and knowledge will also allow each of us as con-
sumers of healthcare to take more control of our futures and
to develop a more strategic and a prospective approach to
health. We stand at the dawn of a profound change in science
and medicine’s predictive nature and in our understanding of
the biological underpinnings of health and disease. Even in
this early light, we can see the outlines of a coming ability to:

e Predict individual susceptibility to disease, based on
genetic, genomic and other factors

e Provide more useful tools and individualized programs
for disease prevention, based on knowledge of one’s
susceptibility

o Detect the onset of disease earlier and before it is clini-
cally evident, based on newly discovered biological mark-
ers that arise from changes at the molecular level

e Preempt disease progression, as a result of early detection

e Target medicines and their dose more precisely to achieve
better safety and efficacy for each patient.

This revolution in genomic and personalized medicine was
anticipated over three decades ago by Nobel laureate Paul
Berg, who then stated so presciently:

Just as our present knowledge and practice of medicine
relies on a sophisticated knowledge of human anatomy,
physiology, and biochemistry, so will dealing with dis-
ease in the future demand a detailed understanding of
the molecular anatomy, physiology, and biochemistry of
the human genome. ... We shall need a more detailed
knowledge of how human genes are organized and how
they function and are regulated. We shall also have to
have physicians who are as conversant with the molecu-
lar anatomy and physiology of chromosomes and genes
as the cardiac surgeon is with the structure and work-
ings of the heart.

That time has come. This book is intended to lay out the
foundations of this new science, to outline the early oppor-
tunities for the practice of medicine to incorporate genome-
based analysis into healthcare, and to anticipate the many
conditions to which genomic and personalized medicine will
apply in the years ahead. The chapters in these volumes are
designed to be read either sequentially — introducing the sci-
entific underpinnings of this paradigm shift, exploring aspects
of translational medicine and genomics that will be critical for
bringing about the full integration of genomics into medical
care, and presenting practical aspects of the first applications
of genomic and personalized medicine in the context of spe-
cific medical conditions — or one-at-a-time for those interested
in particular disorders or approaches.

These volumes also describe a field with many challenges
for society at large, in addition to those associated with health-
care systems rife with inefficiencies and heterogeneous in their
ability to deliver the basics of healthcare, and the diversity of
the populations they serve. There are “grand challenges” for
the visionary science and the clinical care highlighted in these
pages. Such challenges include the potential for these innova-
tions to exaggerate existing health disparities, information
technology systems that have been described as a “tower of
Babel,” an unprepared healthcare work force, and economic

xi
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incentives that are inadequately aligned for the various stake-
holders to fully embrace genomic and personalized medicine.
Nonetheless, we are optimistic that the appropriate delivery
models and economic incentives will be developed in a trust-
worthy framework that will be embraced by societies around
the globe.

The paradigm shift of personalized medicine will depend
on contributions from a broad stakeholder community: sci-
entists, clinicians, patients, policy-makers, payers, and regu-
lators, as well as leaders in industry and in government. This
book is intended to help each of these key constituencies gain
a common understanding of a complex and evolving field,
such that they can participate effectively in the breadth of
issues and challenges, and debate the opportunities that lie
ahead. Furthermore, we believe that a collective and global
approach to genomic and personalized medicine — one of the
most complex scientific and clinical undertakings in the history
of healthcare — is undoubtedly what is required. Our interna-
tional collective of contributors to this work reflects the early

adopters and members of a global community of key opinion
leaders who will make this happen.

Our intended audience is broad, ranging from medical stu-
dents (and even the intrepid undergraduate eager to explore
this new era of personalized and prospective medicine) to resi-
dents and fellows to practitioners in any of the healthcare pro-
fessions — physicians in any of the medical specialties, surgeons,
nurses, genetic (and genomic) counselors, and laboratory direc-
tors — and, finally, to members of the genomic and personalized
medicine research communities, both public and private, who
will, we trust, help write future editions of this text.

In times of transformation, we are all students. We hope
that this book will help usher in this new era of genomic and
personalized medicine and will provide a useful and thorough
introduction to the science and practice of this new approach
to human health.

Geoffrey S. Ginsburg, M.D., Ph.D.
Huntington F. Willard, Ph.D.
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CADTH Canadian Agency for Drugs and CETP Cholesterol esterase transfer protein
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DDT
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Xviii ®m Abbreviations

CNV
CoOmMP
COPD
COSMIC

COX-2
CPIC

CPOE
CPS
CPT
CPVT

CaR

CR

CRC
CRH
CRP
CsS

CSA
Csc
csc
csp

cT
CTC
CTD
CTGF
Cup
CvD
CvD
CVs
CXCL10
CXCL10
CXCL11
CXCL2
CXCL3
CXCR3
CYP
CYP2C9

CYP11B2
DA

DAD
DARC
dbGaP

DBP
dbSNP
dbVar

DC
DCM
DDA

Copy number variation/variant
Cartilage oligomeric matrix protein
Chronic obstructive pulmonary disease
Catalogue of Somatic Mutations in
Cancer

Cyclooxygenase 2

Clinical Pharmacogenetics
Implementation Consortium
Computerized provider order entry
Circumsporozoite protein

Current Procedural Terminology
Catecholaminergic polymorphic
ventricular tachycardia
Chloroquine resistance (in malaria
parasite)

Complete remission

Colorectal cancer
Corticotropin-releasing hormone
C-reactive protein

Chondroitin sulfate

Chondroitin sulfate A

Cancer stem cell

Cardiac stem cell

Circumsporozoite protein (of
Plasmodium)

Computed tomography

Circulating tumor cells
Comparative Toxicogenomics Database
Connective tissue growth factor
Carcinoma of unknown primary
Cardiovascular disease
Cerebrovascular disease

Chorionic villus sampling

C-X-C motif chemokine 10
Chemokine (C-X-C motif) ligand 10
Chemokine (C-X-C motif) ligand 11
Chemokine (C-X-C motif) ligand 2
Chemokine (C-X-C motif) ligand 3
Chemokine (C-X-C motif) receptor 3
Cytochrome p450

Cytochrome P450, family 2, subfamily C,
polypeptide 9

Cytochrome P450, polypeptide 2
Dopamine

Delayed afterdepolarization

Duffy antigen/chemokine receptor
NCBI database of Genotypes and
Phenotypes

Diastolic blood pressure

NCBI database of SNPs

NCBI database of genomic structural
variation

Dendritic cell

Dilated cardiomyopathy
Data-dependent acquisition

DDT
DDX5
DEAD

DEAL
DENV
DENV-2
DF

DFS

DGC
dGEMRIC

DGV
DHDDS
DHF
DHF
DHS
DIA
DLB
DLBCL
DLL3
DMARD
DMD
DME
DMRV
DNA
DNMT
DPLD
DPP10
DRM
DS

DS
dsRNA
DTC
DTIC
DU
DVT
DZ
EAD
EAE

EB

EBI
EBV
EC
ECG
ECM
EF
EGAPP

EGD
EGD
EGDT
EGF
EGFR

Dichlorodiphenyltrichloroethane
DEAD-box polypeptide 5

Box polypeptide DEAD (Asp-Glu-Ala-
Asp) box polypeptide

DNA-encoded antibody libraries
Dengue virus

Dengue virus serotype 2

Dengue fever

Disease-free survival
Dystrophin-glycoprotein complex
Delayed gadolinium-enhanced magnetic
resonance imaging of cartilage
Database of Genomic Variants
Dehydrodolichol diphosphate synthase
Dengue hemorrhagic fever

Diastolic heart failure

DNasel hypersensitive site
Data-independent acquisition
Dementia with Lewy bodies

Diffuse large B-cell lymphoma
Delta-like 3 (Drosophila)
Disease-modifying anti-rheumatic drug
Duchenne muscular dystrophy
Drug-metabolizing enzyme

Distal myopathy with rimmed vacuoles
Deoxyribonucleic acid

DNA methyltransferase

Diffuse parenchymal lung disease
Dipeptidyl-peptidase 10 (non-functional)
Desmin-related myopathy

Dermatan sulfate

Dravet syndrome
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EGFRVIII

EHEC
EHR
EIA

EL
ELISA
ELSI
EMB
EMEA
EMR
EMT
ENCODE
eNOS
EOC
EOFAD
EPA
eQTL
ER

ER
ERA
ERCC1

ERK
ERNA
ERP
ESC
esiRNA
eSNP
ESR
EST
ET
ETRB
ETS
EWS

FA
FAP
Fas
FAT3
FCMD

FCRGR1A
FCS

FD
FD
FDA
FDB
FDR
FET
FFPE
FFPM
FGF

Epidermal growth factor receptor
variant Il|

Enterohemorrhagic Escherichia coli
Electronic health record

Enzyme immunoassay

Endothelial lipase

Enzyme-linked immunosorbent assay
Ethical, legal, and social issues
Endomyocardial biopsy

European Medicines Evaluation Agency
Electronic medical record
Epithelial-to-mesenchymal transition
Encyclopedia of DNA Elements
Endothelial nitric oxide synthase
Epithelial ovarian cancer

Early-onset familial Alzheimer’s disease
Environmental Protection Agency (USA)
Expressed quantitative trait locus
Endoplasmic reticulum

Estrogen receptor

Endothelin receptor antagonist
Excision repair cross-complementing
rodent repair deficiency,
complementation group 1

Extracellular signal-regulated kinase
Equilibrium radionucleotide angiography
Effective refractory period

Embryonic stem cell
Endoribonuclease-prepared siRNA
Expression SNP

Erythrocyte sedimentation rate
Expressed sequence tag (sequencing)
Endothelin-1

Endothelis receptor B

E-twenty-six (transcription factors)
Ewing sarcoma breakpoint 1 region
protein

Fanconi anemia

Familial adenomatous polyposis

TNF receptor superfamily, member 6
FAT tumor suppressor homolog 3
Fukuyama-type congenital muscular
dystrophy

Fc fragment of IgG, high affinity receptor
Familial hyperchylomicronemia
syndrome

Familial dysbetalipoproteinemia
Functional dyspepsia

Food and Drug Administration (USA)
Familial defective apolipoprotein B-100
False positive discovery rate
Field-effect transistor

Formalin-fixed paraffin-embedded
Forward-phase protein microarray
Fibroblast-derived growth factor

FGF21
FH
FHH
FHITr
FIC
Fll
FIP
FISH
FKRP
FKTN
fMLP

fMRI
FNIH

FPLD
FRS

FTC

FTC

Fuc

FVL
G6PD
GABRAG6

GAG
GAIN

Gal
GalNAc
GAO
GAP
GAP
GAPPKB

GAPPNet

Gb
gB
GBP1

GBV
GCA
GCB
GCB DLBCL

GCSF
GDNF

GEO
GEP
GFI-1

GFPT1

Abbreviations ® Xix

Fibroblast growth factor 21

Familial hypercholesterolemia

Family health history

Family Healthware™ Impact Trial
Familial intrahepatic cholestasis
Factor Il

Familial interstitial pneumonia
Fluorescence in situ hybridization
Fukutin-related protein

Fukutin

Formyl-methionine-leucine-
phenylalanine

Functional magnetic resonance
imaging

Foundation for the National Institutes
of Health

Familial partial lipodystrophy
Framingham-based risk score
Familial tumoral calcinosis

Federal Trade Commission (USA)
Fucose

Factor V Leiden
Glucose-6-phosphate dehydrogenase
Gamma-aminobutyric acid (GABA) A
receptor, alpha 6

Glycosaminoglycan

Genetic Association Information
Network

Galactose

N-acetylgalactosamine

Government Accountability Office (USA)
GTP-activating protein
GTPase-activating protein

Genomic Applications in Practice and
Prevention Knowledge Base
Genomic Applications in Practice and
Prevention Network

Gigabase, one billion basepairs of DNA
Glycoprotein B

Guanylate-binding protein 1
(interferon-induced)

Guillain—Barré syndrome

Gastric cancer

Germinal center B cell
Germinal-center diffuse large B-cell
lymphoma

Granulocyte colony-stimulating factor
Glial-cell-line-derived neurotrophic
factor

NCBI Gene Expression Omnibus
Gene expression profiling

Growth factor independent 1
transcription repressor
Glutamine-fructose-6-phosphate
transaminase 1



