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Abstract

Increasing knowledge about the influence of genetic variation on human health and growing 

availability of reliable, cost-effective genetic testing have spurred the implementation of genomic 

medicine in the clinic. As defined by the National Human Genome Research Institute (NHGRI), 

genomic medicine uses an individual’s genetic information in his or her clinical care, and has 

begun to be applied effectively in areas such as cancer genomics, pharmacogenomics, and rare and 

undiagnosed diseases. In 2011 NHGRI published its strategic vision for the future of genomic 

research, including an ambitious research agenda to facilitate and promote the implementation of 

genomic medicine. To realize this agenda, NHGRI is consulting and facilitating collaborations 

with the external research community through a series of “Genomic Medicine Meetings,” under 

the guidance and leadership of the National Advisory Council on Human Genome Research. 

These meetings have identified and begun to address significant obstacles to implementation, such 

as lack of evidence of efficacy, limited availability of genomics expertise and testing, lack of 

standards, and diffficulties in integrating genomic results into electronic medical records.

The six research and dissemination initiatives comprising NHGRI’s genomic research portfolio are 

designed to speed the evaluation and incorporation, where appropriate, of genomic technologies 

and findings into routine clinical care. Actual adoption of successful approaches in clinical care 

will depend upon the willingness, interest, and energy of professional societies, practitioners, 

patients, and payers to promote their responsible use and share their experiences in doing so.
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1. Introduction

Growing understanding of the role of genetic variants in human health and disease, and 

improved technologies for measuring these variants rapidly at large scale, have opened the 

Conflict of interest
The author declared he does not have anything to disclose regarding conflict of interest with respect to this manuscript.

HHS Public Access
Author manuscript
Atherosclerosis. Author manuscript; available in PMC 2017 October 01.

Published in final edited form as:
Atherosclerosis. 2016 October ; 253: 225–236. doi:10.1016/j.atherosclerosis.2016.08.034.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



door to increased use of genomic information in clinical care [1]. While individual, high-

impact genetic variants, such as the cystic fibrosis conductance transmembrane regulator 

(CFTR) ΔF508 variant in cystic fibrosis and the beta hemoglobin (HBB) β6 glutamic acid to 

valine substitution in sickle cell anemia, have long been known to clinical medicine, the 

advent of high-throughput assay techniques has enabled consideration of much larger 

numbers of genes and variants in an individual in a more multi-factorial, truly genomic, 

approach. Although some have argued that the difference between “genetics” and 

“genomics” is merely two letters, and the terms do tend to be used interchangeably, 

“genetics” as often used refers to the study of heredity with a focus on a specific and limited 

number of genes with known function in disease. “Genomics,” in contrast, refers to the 

totality of an individual’s genetic make-up, their “genome,” and has become much more 

prominent clinically as technologies and understanding have advanced. Here the focus will 

largely be on “genomics,” though in any given clinical setting involving a specific disease or 

drug, emphasis will necessarily sharpen to one or a few individual genes or variants within 

them.

“Genomic medicine,” another core concept for consideration here, has been defined as the 

use of an individual patient’s genotypic information in his or her clinical care [2]. While this 

definition encompasses both Mendelian and multigenic complex diseases, emphasis is 

shifting to assaying and using multiple variants simultaneously in clinical care for the 

reasons noted above—an expanding knowledge base and improved measurement techniques 

that permit a more holistic approach to incorporating genomic findings into patient care.

1.1. Vision for the future of genomic research

The application of genomic information in clinical care has been an increasing focus of the 

research programs of the National Human Genome Research Institute (NHGRI) in the past 

several years. In 2011 NHGRI published its strategic vision for the future of genomic 

research [3], proposing an ambitious research agenda to facilitate and promote the 

implementation of genomic medicine. This vision is framed around five research domains, 

three of which (investigating genome structure, genome biology, and the genomic biology of 

disease) reflect fundamental technologic and basic science pursuits that have long been key 

components of the Institute’s core mission. For the first time, however, the 2011 strategic 

vision extended NHGRI’s research agenda to include genomics research to advance the 

science of medicine and improve the effectiveness of healthcare. These new emphasis areas 

differ from the disease-association, discovery-focused research that previously came to mind 

when considering the application of genomics to the study of health and disease. 

Specifically, genomic medicine at NHGRI would now move beyond demonstrating 

genotype-phenotype associations, typical of the Biology of Disease domain, to assess and 

demonstrate improved outcomes for patients and the healthcare system after using genomic 

information to guide clinical care (Table 1). In this way, NHGRI proposed to initiate 

concerted efforts to apply genomics for improving the prevention, diagnosis, and treatment 

of human disease and to evaluate its effectiveness in doing so. Many other genes and 

variants have been recommended for implementation since then, particularly in the 

pharmacogenomics realm [8,9].
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Shortly after the 2011 strategic plan was made public, NHGRI consulted many of the nearly 

30 Institutes and Centers comprising the U.S. National Institutes of Health to identify 

genomic research projects related to disease prevention, diagnosis, or treatment that were 

ready, or nearly ready, for implementation in actual clinical care. Few such projects were 

found, however, with most Institutes and Centers focused on projects falling more in the 

realm of genotype-phenotype association studies. Only a handful of studies involved 

examining the impact of using individual patients’ genomic information in their medical 

care, and almost none focused on demonstrating the utility of genomics for actually 

improving the care of patients. This last domain encompasses much of what is referred to as 

“implementation research”— the study of methods that promote the systematic uptake of 

proven interventions into routine clinical care [5]. One project that did seem ready for 

clinical application was the implementation of a newly-developed targeted sequencing panel 

of 84 pharmacologically important genes in 9000 patients in the multi-site Electronic 

Medical Records and Genomics (eMERGE) network [6,7]. Of interest, the three drug-gene 

pairs that nearly all nine eMERGE sites agreed were ready for clinical implementation 

involved treatments for cardiovascular disease: CYP2C19 variants and clopidogrel treatment 

for prevention of instent restenosis; SLCO1B1 variants and simvastatin therapy; and 

CYP2C9 and VKORC1 variants for warfarin treatment in atrial fibrillation.

1.2. NHGRI genomic medicine working group and genomic medicine meetings

In parallel, NHGRI also consulted and facilitated collaborations with the external research 

community by convening a series of “Genomic Medicine Meetings” (Table 2), under the 

guidance and leadership of the Genomic Medicine Working Group of the National Advisory 

Council on Human Genome Research [10]. Although considerable doubt had been voiced 

during preparation of the 2011 strategic plan as to whether a critical mass of researchers 

actively engaged in genomic medicine implementation even existed in the U.S., the first 

genomic medicine meeting in June 2011 quickly laid these to rest. Representatives of 20 

groups attended this first meeting on short notice and at their own expense, and described a 

host of implementation efforts going on within their centers. Commonalities and 

duplications across these efforts became readily apparent, including similar obstacles 

encountered and solutions developed, often quite independently. A summary of these efforts 

and the major lessons learned by early adopters was published as an “implementation 

roadmap” [2], and plans were made to facilitate collaborations and to address the critical 

need for a consensus process to identify clinically actionable genomic variants.

Additional meetings in December 2011 addressed facilitating collaborations and identifying 

actionable variants, leading to the release of several NHGRI funding solicitations and 

ultimately the funding of two new consortia, the Clinical Genome Resource (ClinGen) [11] 

and the Implementing Genomics in Practice (IGNITE) Network [12]. Later meetings 

focused on issues relevant to laboratories and payers (May 2012), professional societies 

(January 2013), and federal agencies (May 2013). Each of these led to follow-up discussions 

regarding potential collaborative research projects with payers and/or with multiple federal 

healthcare providers. The January 2013 meeting was particularly productive, with the 

professional societies urging NHGRI to establish and co-lead an Inter-Society Coordinating 

Committee on Practitioner Education in Genomics (ISCC) that would facilitate the efforts of 
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professional societies in developing and sharing genomic educational materials and 

standards for physicians and other health practitioners [13,14]. The ISCC has quickly grown 

to include over 35 professional societies and nearly 20 NIH Institutes and other Government 

agencies, and has produced a framework for key genomic medicine competencies for 

physicians [15] and accessible educational products for use across multiple disciplines and 

professional organizations [16], as well as adapting a short course in genomics and 

personalized medicine originally developed for pathology residents to a wide number of 

specialties [17,18].

The sixth genomic medicine meeting in January 2014 explored genomic medicine 

implementation efforts internationally and the potential for collaborations among them, 

similar to the U.S.-focused exploration comprising the first genomic medicine meeting. Also 

similar to that meeting, it identified numerous related but isolated efforts worldwide, but also 

revealed a number of innovative projects feasible within unified and smaller, more nimble 

health systems that are nearly impossible to consider in the U.S. at present [19]. One project 

in particular, a simple pharmacogenetics card given to patients genetically at risk of Stevens-

Johnson Syndrome/Toxic Epidermal Necrolysis (SJS/TEN) in an innovative program to 

reduce risk of this devastating adverse drug reaction in Thailand, so caught the imagination 

of the participants that a global effort to eradicate genetically-mediated SJS/TENS was 

proposed. A subsequent workshop on research and implementation needs in SJS/TEN drew 

international participation and attention to the rich opportunities for prevention afforded by 

recent discoveries of genetic variants that can increase the risk of this dreaded condition by 

over 100-fold [20,21]. Similar to the outcome of the GMIV meeting on physician education, 

participants agreed to form a Global Genomic Medicine Collaborative (G2MC) that 

continues to explore opportunities for sharing best practices and for collaboratively 

addressing obstacles to genomic medicine implementation [22].

Three subsequent meetings through April 2016 have focused on genomic clinical decision 

support, research needs in genomic medicine in the context of NHGRI’s genomic medicine 

research portfolio, and enhanced collaborations between basic scientists and clinical 

genomicists to speed implementation of genomic discoveries in clinical care. All meetings 

except the first have been live-streamed and web-archived on the NHGRI Genomic 

Medicine site [10] along with all the slide presentations and meeting summaries and 

executive summaries. Subsequent meetings addressing key research needs and opportunities 

are anticipated to be held roughly every 9–12 months.

2. Opportunities for genomic medicine implementation related to 

atherosclerosis

One of the earliest direct implementation efforts of genomics in all of medicine arose from a 

relatively uncommon Mendelian condition leading to early onset of severe atherosclerosis, 

early myocardial infarction, and death. Identification of the LDL-receptor and of the 

dysfunctional protein product of the mutated LDL-receptor gene (LDLR) in patients with 

familial hypercholesterolemia (FH) also revealed the pivotal role of repression by 

intracellular cholesterol of 3-hydroxy-3-methylglutaryl coenzyme A (HMG CoA) reductase, 
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the rate-limiting step in cholesterol synthesis [23]. This led to the development of HMG 

CoA reductase inhibitors, or statins, now one of the most widely prescribed medications in 

the world for prevention of coronary atherosclerosis and used predominantly in people with 

completely normal LDL cholesterol metabolism. Later studies of persons with very low 

cholesterol levels identified another key gene in the cholesterol pathway, proprotein 

convertase subtilisin/kexin-type 9 (PCSK9), loss of function mutations in which produce 

lifelong low cholesterol levels, resistance to coronary disease, and seemingly no other ill 

effects [24]. This discovery has led to the development of monoclonal antibodies to inhibit 

the PCSK9 protein, such as evolucumab and alirocumab, that effectively lower LDL-

cholesterol levels in persons who have not reached target levels on conventional therapy with 

diet and statins [25].

These therapies, though dramatic and highly effective, do not actually represent use of an 

individual’s genomic information in their own clinical care, since these drugs can be used 

largely independently of a patient’s LDLR or PCSK9 variant status. Examples of true 

genomic medicine applications in the care of cardiovascular disease are less common than in 

fields such as cancer [26] and undiagnosed diseases [27], and are even less common for 

atherosclerotic cardiovascular disease. Genetically determined fatal arrhythmia syndromes 

such as long QT syndrome, Brugada syndrome, and catecholaminergic polymorphic 

ventricular tachycardia, as well gene mutations altering the function of a variety of cardiac 

ion channel and transporter-associated proteins, are increasingly being sought in clinical 

practice to identify patients with indications for drug treatment, implantation of cardiac 

defibrillators, and/or cascade screening of family members [28–30]. Four ventricular 

arrhythmia-related genes, KCNQ1, KCNH2, SCN5A, and RYR2, are among those 

recommended by the American College of Medical Genetics and Genomics (ACMG) for 

reporting as incidental or secondary potentially actionable findings when inactivating 

variants are found in the course of clinically-indicated genomic sequencing [31]. Although 

these recommendations have been debated [32], they provide a professional guideline from 

an expert body in an emerging area with little other guidance and are increasingly being 

implemented as standard of care.

In addition to genes proven to cause Mendelian arrhythmia syndromes, several genes clearly 

established as causing hypertrophic or dilated cardiomyopathy or arrhythmogenic right 

ventricular cardiomyopathy are also screened for in genetic testing panels developed for 

cardiomyopathy patients [33–35]. Sixteen cardiomyopathy genes (MYBPC3, MYH7, 

TNNT2, TNNI3, TPM1, MYL3, ACTC1, PRKAG2, GLA, MYL2, LMNA, PKP2, DSP, 

DSC2, TMEM43, and DSG2) are also on the ACMG list for reporting to patients, as are five 

genes for arrhythmogenic right ventricular cardiomyopathy (PKP2, DSP, DSC2, TMEM43, 

and DSG2) and seven genes causing familial aneurysm syndromes (FBN1, TGFBR1, 

TGFBR2, SMAD3, ACTA2, MYLK, and MYH11). Increased identification of inactivating 

variants in these genes in patients undergoing testing specifically for these syndromes, and 

in those in whom these variants present as secondary findings, should help to clarify the 

predictive and prognostic implications of such findings, especially to the degree they are 

shared through large databases such as the National Center for Biotechnology’s ClinVar [36] 

as described further below.
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In contrast, relatively few Mendelian syndromes have been described for atherosclerosis, 

although familial hypercholesterolemia is a prominent example not only in atherosclerosis 

but in cardiovascular genetics and in medical genetics in general. This is due not only to its 

paradigmatic role in developing effective treatments for non-Mendelian forms of 

atherosclerotic cardiovascular disease, as described above, but also to its relatively high 

frequency and strong penetrance in the heterozygous state, making cascade screening of 

family members cost-effective and highly productive [37]. These characteristics were 

capitalized upon by the late Roger Williams and others in the “Make Early Diagnosis to 

Prevent Disease” (MEDPED) project [38], an archetype of implementation of genetic 

screening on a population basis. Inactivating mutations in the LDLR gene are included in the 

ACMG recommendations for reporting of secondary findings, as are two other genes, APOB 
and PCSK9, but aside from those three there are few hereditary atherosclerotic syndromes 

that are recommended for investigation in common clinical practice. Rare Mendelian 

syndromes leading to severe atherosclerosis, such as Tangier disease and Hutchinson-Gilford 

progeria, are of course well-described but are sufficiently rare not to rise to the level of 

recognition of most clinical practitioners.

Atherosclerotic coronary disease does provide another paradigm for the use of genomics in 

clinical care, that of a “genetic risk score” for multiple contributing genetic variants leading 

to a common, complex disease. Several such scores have been developed based largely on 

alleles associated with risk of coronary disease or myocardial infarction from genome-wide 

association studies (GWAS), and have shown modest improvements in predicting coronary 

events independent of family history or cardiovascular risk factors in some studies [39,40] 

but not in others [41,42]. Still, such scores have been used to identify individuals at 

intermediate risk, where scores tend to have their greatest impact on reclassification, and to 

compare the effectiveness of risk reduction strategies in patients (and their clinicians) who 

were provided genetic risk information vs. those in whom it was withheld [43,44]. One such 

trial demonstrated greater LDL-cholesterol lowering in patients receiving a combined 

genetic + clinical risk score vs. clinical risk score alone, and this overall difference appeared 

to be driven by increased statin use in participants with high genetic risk scores [45]. This 

may suggest that high genetic risk information is somehow particularly motivating to 

patients or their physicians, though such results need to be replicated before efforts at 

widespread application are undertaken.

Lastly, we should not forget the oldest genomic risk assay in clinical medicine, the family 

history. Again and in particular for coronary atherosclerotic disease, family history is a 

powerful predictor of coronary disease risk, especially (as with many inherited diseases) 

when multiple close relatives are affected and their disease onset is early in life [46,47]. 

Several user-friendly, patient-facing family history tools are available to simplify data 

collection for busy clinicians [48–50], and implementation in clinical settings has been 

successfully achieved [51,52]. Though devoid of the seductive, high-tech nature of other 

genomic technologies, patient-entered family history provides in essence a “bioassay” of the 

effect of a patient’s genetic variants in other patients most likely to carry them—their 

relatives. It is also easy and inexpensive to collect and has demonstrated reliability. It should 

not be overlooked.
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3. Genomic medicine research programs of the NHGRI

3.1. Research gaps circa 2011

Genomic medicine was truly in its infancy at the time NHGRI’s 2011 strategic plan was 

published; indeed, considerable debate during the development of the plan centered around 

whether genomic medicine was ready for clinical implementation at all. This controversy 

lingered despite the handful of genomic applications already in clinical practice in 2011, 

such as use of specific tumor mutations in cancer treatment, HLA testing prior to abacavir 

use [3], and clear evidence of early adopter institutions launching successful implementation 

programs [2,53–56]. Substantial research would still be needed, however, to bring new 

genomic discoveries into clinical care, including studies to demonstrate the generalizability 

of genomic findings across ancestrally diverse populations and clinical settings and to 

generate evidence of the efficacy of using genomic information for clinical care [4]. 

Research on. integrating genomic information into EMRs, maintaining patient privacy, and 

providing computerized decision support for practicing clinicians was needed to facilitate 

genomic medicine implementation in large integrated healthcare systems, which are also 

ideal for acting rapidly on genomic knowledge in “learning healthcare systems” [57].

Applying the rapid advances in “next-generation” DNA sequencing technologies to 

challenging clinical problems such as optimizing management of patients with rare disorders 

[58] and evaluation of patients with undiagnosed conditions [59], raised questions about the 

feasibility of such approaches outside of highly specialized centers [4]. Extensive genomic 

and phenotypic characterization also raised challenging issues relating to data sharing, 

informed consent, and the reporting of incidental genomic findings unrelated to the index 

condition but with potential implications for clinical care. The potential of genome 

sequencing to augment or even replace standard approaches to screening for hereditary 

diseases in newborns raised numerous questions about efficacy, feasibility, and psychosocial 

impact that also needed to be addressed [60]. Meanwhile, most physicians and other 

healthcare professionals were largely unaware of genomic advances that might be relevant to 

their patients and were generally intimidated by the rapidly emerging discipline of genomic 

medicine, with few feeling competent to use genomics in their practices [61].

3.2. NHGRI’s research programs addressing these gaps

In close consultation with the genomic research and clinical communities, and shaped by 

critical input from the National Advisory Council on Human Genome Research and its 

Genomic Medicine Working Group, NHGRI moved quickly to extend existing research 

programs into genomic medicine implementation and to develop others to fill critical gaps. 

These programs can be viewed along a continuum from those highly focused on in-depth 

characterization of and interaction with individual patients and their clinicians to programs 

addressing broader implementation and system-wide research questions (Fig. 1). 

Underpinning them all are critical infrastructure programs for knowledge synthesis and 

integration such as the Clinical Genome Resource (ClinGen [62]), and continued major 

efforts in understanding the structure and function of the genome and its role in health and 

disease [63,64]. NIH funding for these programs is expected to total at least $401 million 

($M) across fiscal years 2007 through 2018, inclusive (Table 3). This has steadily grown 
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from roughly $6 M in fiscal 2007 to roughly $86 M expected in 2016 (ending September 30, 

2016). Amounts for new or renewed programs in 2017 and 2018 have not yet been 

determined but continued commitments for ongoing programs are included in the $401 M 

total.

In-depth characterization of individual patients was best exemplified by the NIH 
Undiagnosed Diseases Program (UDP), a collaborative effort of the NIH Office of Rare 

Disease Research and intramural NHGRI begun in 2008 to establish diagnoses for patients 

who remain undiagnosed after exhaustive medical workups and to discover new disorders 

and insights into disease mechanisms [65]. By 2011, the UDP had established diagnoses in 

nearly a quarter of the patients evaluated and identified several new disorders, but the 

transferability of the program outside the unique setting of the NIH Clinical Center was 

unclear. With support from the NIH Common Fund, NHGRI worked with several other NIH 

Institutes and Centers to expand the UDP into the multi-center Undiagnosed Diseases 
Network (UDN), involving seven clinical sites, a coordinating center, two DNA sequencing 

cores, a metabolomics core, a model organism screening center, a central biorepository, and 

several affiliated gene function studies [66]. The UDN is testing several innovative 

approaches to undiagnosed diseases, including sharing of detailed phenotypic and genotypic 

data on individual patients across clinical sites and basic labs, in a manner compliant with 

the Health Insurance Portability and Accountability Act (HIPAA); a streamlined online 

application process through the UDN Gateway; a central Institutional Review Board (IRB) 

housed at the NIH; a weekly case conference for discussion of patients to be admitted to the 

program; and a comparison of the yield of exome and genome sequencing in undiagnosed 

diseases. Strong international interest in UDN protocols and methods, and in critically 

important sharing of case information to enable identification of similar cases to improve 

diagnoses, led to the establishment of the Undiagnosed Diseases Network International 

(UDNI [67]).

The Newborn Sequencing in Genomic Medicine and Public Health (NSIGHT) program 
was established in 2013 to explore the implications, challenges and opportunities associated 

with the possible use of genomic sequence information in the newborn period. Growing out 

of a 2010 NIH workshop [60] and funded in collaboration with the Eunice Kennedy Shriver 

National Institute of Child Health and Human Development, NSIGHT involves four clinical 

sites across the U.S. Each site addresses three aims: 1) acquisition and analysis of large-scale 

genomic datasets in newborns; 2) clinical research on specific disorders identifiable via 

newborn screening through promising new DNA-based analysis; and 3) research in the 

ethical, legal and social implications (ELSI) of the possible implementation of genomic 

sequencing of newborns. NSIGHT investigators have already demonstrated the high 

diagnostic yield (57%) and impact on management of sequencing sick newborns in neonatal 

intensive care units and enabled dramatic reductions in the turnaround time of such 

information to a mere 26 h [68].

The Clinical Sequencing Exploratory Research (CSER) consortium was established in 

2011 to explore the potential for clinicians to utilize genome sequence data for the care of 

their patients. Like NSIGHT, CSER combines a defined clinical genomic study utilizing 

exome or genome sequencing for diagnosis and management in a wide variety of clinical 
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contexts (such as pre-conception screening, intellectual disability, cancer, and healthy 

adults), with acquisition and analysis of large-scale genomic datasets and investigation of 

related ELSI issues [69]. To date CSER has recruited over 5000 participants and 

demonstrated the feasibility of implementing a clinical workflow that recruits, consents, and 

educates patients and providers and that generates, interprets, and returns relevant genomic 

information. CSER has disseminated widely applicable best practices including models for 

genomics-oriented informed consent tailored to the clinical setting, models to improve the 

consistency of genomic variant interpretation, and approaches to the disclosure of primary 

pediatric and tumor findings and secondary findings. CSER investigators have also been 

heavily involved in the development and refinement of clinical guidelines including co-

leading and contributing gene-annotation resources to key ACMG recommendations on 

secondary findings [31], variant interpretation [70], and clinical laboratory standards [71] 

and initiating studies to assess real-world application of these guidelines. NHGRI recently 

announced plans to build on the success of CSER with the Clinical Sequencing Evidence-

generating Research consortium (CSER2), to generate and analyze evidence of the clinical 

utility of genome sequencing in multiple clinical contexts; investigate critical interactions 

among patients, family members, health practitioners, and clinical laboratories to better 

inform implementation of the clinical genome sequencing process; and explore the 

feasibility of exchanging genomic, clinical, and health utilization data within existing 

healthcare systems to build a shared evidence base for clinical decision-making [72,73]. A 

companion funding opportunity seeks to stimulate investigator-initiated research that 

informs the implementation of genome sequencing in clinical care, including studies of 

whether and how clinical genome sequencing impacts disease diagnosis and treatment, 

studies that address current barriers to the implementation of clinical genome sequencing, 

and studies of approaches to improve the identification and interpretation of genomic 

variants for dissemination in clinical settings [74]. Award and initiation of these programs is 

expected in mid-2017.

The Electronic Medical Records and Genomics (eMERGE) network works more at the 

level of hospital and academic healthcare systems and their role in generating evidence of 

the impact of genomic medicine implementation. Established in 2007 to explore how best to 

use biorepositories linked with EMRs in genomic research projects, eMERGE investigators 

initially demonstrated the research value of such biorepositories particularly in the validity 

of electronic phenotyping [75,76]. A second phase was funded in 2011 to expand into 

genomic medicine implementation studies such as the effects of returning high-risk CFH, 

HFE, and FVL variants on physician and patient behaviors, and of genomic versus clinical 

risk assessments in managing coronary disease as described above [45]. Widely available 

tools for genomic medicine implementation developed by eMERGE include PheKB, a 

phenotype algorithm repository; Natural Language Processing (NLP) tools such as cTakes 

and MedEx; the eMERGE InfoButton pointing physicians to clinical decision support (CDS) 

resources; the pharmacogenetics variant and phenotype data repository (SPHINX); and 

MyResults. org, an online educational resource on genetic testing for patients [77]. In 2012 

eMERGE began a collaboration with the Pharmacogenetics Research Network to perform 

targeted sequencing of 84 pharmacologically important genes in 9000 patients [78]. The 

large scale of this project has been especially illuminating, not only in the processes for 
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consent, clinical workflow, and approval at ten diverse institutions, but also in the number of 

potentially actionable variants found. Over 2% of the first 2022 patients studied, for 

example, carry rare “known or expected pathogenic variants” in two arrhythmia genes, 

SCN5A and KCNH2; yet familial arrhythmia syndromes are known to be much less 

prevalent [79]. Subsequent investigation identified widely differing interpretation of these 

variants by different clinical labs, a problem also identified in CSER and by clinicians active 

in this area, leading to increased efforts to standardize variant interpretation and provide 

needed reference databases for doing so [62,70]. In 2015 a third phase of eMERGE was 

initiated to detect rare variants presumed to affect gene function, assess the penetrance of 

these variants, report actionable variants to patients and clinicians to improve clinical care 

and ultimately health outcomes, and assess the health impact and cost-effectiveness of 

reporting these variants on a broader population scale. This information will be critical in 

moving genome sequencing into wide clinical use, as institutions are increasingly concerned 

about their obligations for following up such results. Without accurate estimates of 

penetrance and pathogenicity to target feedback only to patients truly at high risk, 

institutional responsibilities for curating, counseling, and following up these variants will not 

be sustainable.

The Implementing Genomics in Practice (IGNITE) network brings evidence generation 

and assessment of impact beyond the level of individual institutions, using a “hub and 

spoke” model to transport effective implementation efforts from early adopter institutions to 

diverse sets of partner sites with less specialized genomics expertise and to expand and link 

existing genomic medicine efforts. Initiated in 2013, IGNITE is developing, assessing, and 

disseminating successful genomic medicine practice models that integrate genomic data 

seamlessly into the EMR and deploy clinical decision support tools for point-of-care 

decision making [12]. Similar to NHGRI’s other collaborative networks, individual IGNITE 

sites collaborate in their approaches to testing and evaluating these models, but each 

conducts an individual project that varies in topic and scope, including using APOL1 
variants as genetic markers for disease risk prediction and prevention, implementing patient-

facing tools for using family history data, incorporating pharmacogenomic data into clinical 

care, refining diagnosis of diabetes using sequence-based mutation discovery, and creating 

novel educational approaches [12]. Valuable products to date include the “Supporting 

Practice through Application, Resources, and Knowledge (SPARK)” Toolbox of nearly 50 

tools for clinicians, investigators, educators, and patients to facilitate incorporating genomics 

into patient care [80].

Lastly, the Clinical Genome Resource (ClinGen) arose directly from NHGRI’s first 

genomic medicine symposium to fill an urgent need for a systematic approach to developing 

and disseminating consensus information about genomic variants relevant for clinical care. 

ClinGen is developing a comprehensive knowledge base that captures genetic variants, their 

phenotypic associations, and other pertinent phenotypic information and is openly accessible 

to clinical groups attempting to interpret sequencing data [81]. To date, such efforts have 

mostly been pursued independently by individual groups, with investigators often evaluating 

the same assays, assessing the same evidence, and in most cases coming to the same 

conclusions, all in a highly duplicative fashion within and across sites. ClinGen was 
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established to develop a consensus process for identifying genomic variants that are relevant 

for clinical care and to incorporate this information into a comprehensive, accessible 

electronic resource. Initiated in 2013, it is based on the publicly accessible ClinVar database 

which serves as the primary site for archiving of information about genomic variation and its 

relationship to human health [82]. Given the many conflicting interpretations of the 

pathogenicity of genomic variants, ClinVar uses a rating system to assess the quality and 

consistency of variant assertions submitted by over 500 participating clinical and research 

laboratories. Assertions receiving the highest ratings are those endorsed by published 

practice guidelines, such as the 56 ACMG genes [31], followed by interpretations provided 

by a ClinGen-approved expert panel. ClinVar assertions follow the ACMG recommendations 

for variant interpretation and classify variants as one of five (often collapsed to three) 

classes: pathogenic and likely pathogenic; uncertain significance; and likely benign or 

benign. ClinGen uses the ClinVar variant archive and annotations as well as published 

literature and clinical experience to assess the evidence of association between genes and 

genetic disorders. ClinGen has established several working groups in clinical domains such 

as cardiovascular disease, inborn errors of metabolism, and hereditary cancer syndromes, 

which classify available evidence of gene-disease associations as definitive, strong, 

moderate, limited, or even disputed or refuted. These classifications are based on five key 

evidence types including the number of unrelated probands with clinically associated 

variants, amount of functional data, number of publications describing patients with variants, 

time since first publication, and strength of refuting evidence. A crucial clinical question 

arising when variants are encountered in a specific patient is whether their presence should 

change management (are “actionable”) and thus they should be reported to the patient and 

his/her clinicians. This challenging issue is being addressed by ClinGen’s Actionability 

Working Group, which has developed a semiquantitative assessment that involves disease 

severity and the availability, efficacy, and invasiveness of interventions [83]. ClinGen is 

rapidly becoming a definitive resource for assessment of variant pathogenicity and 

actionability, and is increasingly being looked to by the U.S. Food and Drug Administration 

in its efforts to regulate and advance next-generation sequencing based diagnostics into 

clinical care [84].

The system of open sharing of clinically interpreted genomic data supported by ClinGen and 

ClinVar opens a new era of transparency and dissemination of genomic knowledge 

painstakingly gained patient-by-patient with the potential rapidly to inform and enhance 

clinical care [62]. Our understanding of the role of genetic variation (particularly rare 

variation) in disease depends critically upon sharing data on these variants and their 

associated phenotypes among clinicians, clinical laboratories, professional organizations, 

and existing data bases. Initiatives to enhance sharing of genomic data with or without 

clinical information are growing in number and reach, and include the Beacon and BRCA 

Challenge efforts of the Global Alliance for Genomics and Health (GA4GH) [85], the 

Exome Aggregation Consortium (ExAC) [86], and the Clinical Pharmacogenomic 

Implementation Consortium (CPIC) [87]. ClinVar and ClinGen actively reach out to groups 

worldwide who are collecting and characterizing human variation and encourage open data 

sharing (as consistent with patient/participant consent), use of standard methods and 

ontologies, and comparison of approaches and results [62]. Through these efforts ClinGen 
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works to maximize the efficiency and expertise of its clinical domain working groups, 

reduce or eliminate redundancies in classification efforts, and resolve conflicting 

classifications. All clinical and research laboratories are strongly urged to contribute data on 

sequence variants and their phenotypic manifestations, along with the labs’ determinations 

of pathogenicity, to ClinVar to facilitate correct classification and consistent interpretation of 

these variants in clinical care [36]. The importance of periodic reinterrogation of these 

databases and updating of variant classifications as knowledge accrues [88] cannot be over-

emphasized.

4. Genomic medicine implementation research outside of NHGRI

Many of the multicenter programs described here were modeled upon or informed by 

smaller, single-site projects at early adopter institutions such as those attending NHGRI’s 

first genomic medicine meeting [2]. These include (among many) Children’s Mercy 

Hospital’s neonatal intensive care sequencing project [89], Marshfield Clinic’s Personalized 

Medicine Research Program [90], Northwestern University’s EHR-linked biobank (NUgene) 

and personalized medicine pilot project [91], St. Jude Children’s Research Hospital’s 

PG4KDS program [92], Vanderbilt University’s Pharmacogenomic Resource for Enhanced 

Decisions in Care and Treatment (PREDICT) initiative for preemptive genotyping of 

pharmacogenetic variants and provision of associated clinical decision support [93]. Other 

programs outside the U.S. include the Genomics England effort to sequence 100,000 

genomes for the care of patients with rare diseases and cancer [94], the Estonian Genome 

Center’s effort to link genetic data with national health registries in piloting personalized 

medicine [95], the European Union’s Ubiquitous Pharmacogenomics project to implement 

clinical pharmacogenomics in seven nations [96], Singapore’s Personalized OMIC Lattice 

for Advanced Research and Improving Stratification (POLARIS) project to assess genetic 

risk for stromal corneal dystrophies [97], and Thailand’s innovative Pharmacogenomics and 

Personalized Medicine program and pharmacogenetics card [98]. In addition, the U.S. 

Precision Medicine Initiative will collect genomic and EHR data on one million or more 

Americans to implement personalized medicine in close partnership with study participants 

who will have access to their individual data [99]. While these programs are too varied and 

complex to describe here, they address important aspects of genomic medicine 

implementation at both small and large scale; the free exchange of information and 

experience derived from them will vastly accelerate the evaluation and implementation of 

genomic medicine on a global scale.

5. Summary

The research and dissemination initiatives of the National Human Genome Research 

Institute and other groups described here are designed to speed the evaluation and 

incorporation, where appropriate, of genomic technologies and findings into routine clinical 

care. We believe these approaches to have considerable potential for personalizing medical 

treatments and enhancing the effectiveness of heath care; at present however, aside from 

specific applications in cancer genomics, pharmacogenomics, and undiagnosed diseases, this 

belief remains largely a hypothesis waiting to be tested. Integration with other –omics 

technologies such as epigenomics and transcriptomics and the application of novel 
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bioinformatics and systems medicine approaches may bring further advances. It is indeed 

possible that the use of genomic information may not improve clinical outcomes, and almost 

certainly will not in every instance. Evidence supporting the utility of genomic information 

thus needs to be generated systematically and assessed dispassionately, while at the same 

time avoiding unreasonable expectations for exhaustive evidence or randomized clinical trial 

assessment of every genomic variant that may influence human health and disease. Potential 

misuses of genomic information that can cause unnecessary anxiety, discrimination, 

increased medical costs, or diverted resources also need to be recognized and avoided [100]. 

The research programs outlined above, in conjunction with additional future projects now in 

early design phases, are expected to address many of questions and barriers associated with 

genomic medicine implementation. These efforts will provide a valuable complement to the 

highly successful basic research enterprise that has made such genomic advances 

conceivable. Actual adoption of successful approaches in clinical care will depend upon the 

willingness, interest, and energy of professional societies, practitioners, patients, and payers 

to promote their responsible use and share their experiences in doing so.
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Fig. 1. 
NHGRI genomic medicine implementation programs by depth of patient characterization 

and breadth of implementation.

Manolio Page 21

Atherosclerosis. Author manuscript; available in PMC 2017 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Manolio Page 22

Ta
b

le
 1

D
is

ea
se

-r
el

at
ed

 g
en

om
ic

s 
re

se
ar

ch
 a

cr
os

s 
th

re
e 

N
H

G
R

I 
re

se
ar

ch
 d

om
ai

ns
. A

da
pt

ed
 f

ro
m

 R
ef

. [
4]

.

N
H

G
R

I 
do

m
ai

n
B

io
lo

gy
 o

f 
di

se
as

e
Sc

ie
nc

e 
of

 m
ed

ic
in

e
E

ff
ec

ti
ve

ne
ss

 o
f 

he
al

th
ca

re

C
om

m
on

 r
ub

ri
c

D
is

co
ve

ry
 r

es
ea

rc
h

C
lin

ic
al

 v
al

id
at

io
n

C
lin

ic
al

 im
pl

em
en

ta
tio

n

G
en

er
al

 g
oa

l
D

em
on

st
ra

te
 g

en
ot

yp
e-

ph
en

ot
yp

e 
as

so
ci

at
io

ns
A

ss
es

s 
ou

tc
om

es
 a

ft
er

 u
si

ng
 g

en
om

ic
 in

fo
rm

at
io

n 
to

 d
ir

ec
t 

cl
in

ic
al

 c
ar

e
D

em
on

st
ra

te
 im

pr
ov

ed
 h

ea
lth

ca
re

 w
ith

 th
e 

us
e 

of
 

ge
no

m
ic

 in
fo

rm
at

io
n

Sp
ec

if
ic

 e
xa

m
pl

es
•

Id
en

tif
y 

pe
rs

on
s 

at
 in

cr
ea

se
d 

ri
sk

 o
f 

di
se

as
e 

ba
se

d 
on

 th
ei

r 
ge

no
m

ic
 

va
ri

an
ts

•
Fi

nd
 a

ll 
va

ri
an

ts
 r

el
at

ed
 to

 g
iv

en
 

ph
en

ot
yp

e 
or

 d
is

ea
se

•
C

ha
ra

ct
er

iz
e 

va
ri

at
io

n 
in

 g
en

es
 

kn
ow

n 
to

 b
e 

re
la

te
d 

to
 d

is
ea

se
 o

r 
tr

ea
tm

en
t r

es
po

ns
e

•
C

ha
ra

ct
er

iz
e 

ph
en

ot
yp

ic
 v

ar
ia

tio
n 

an
d 

ef
fe

ct
 m

od
if

ie
rs

 in
 c

ar
ri

er
s 

of
 

sp
ec

if
ic

 v
ar

ia
nt

s

•
C

la
ss

if
y 

pa
tie

nt
s 

in
to

 s
ub

gr
ou

ps
 

w
ith

 d
if

fe
ri

ng
 p

ro
gn

os
is

 o
r 

tr
ea

tm
en

t r
es

po
ns

e 
(m

ol
ec

ul
ar

 
ta

xo
no

m
y)

•
E

va
lu

at
e 

cl
in

ic
ia

n 
an

d 
pa

tie
nt

 
sa

tis
fa

ct
io

n 
w

ith
 c

ar
e 

af
te

r 
re

ce
ip

t 
of

 g
en

om
ic

 in
fo

rm
at

io
n

•
A

ss
es

s 
im

pa
ct

 o
f 

re
po

rt
in

g 
in

ci
de

nt
al

 f
in

di
ng

s 
on

 h
ea

lth
 

be
ha

vi
or

s,
 h

ea
lth

ca
re

 u
til

iz
at

io
n,

 
an

d 
ps

yc
ho

lo
gi

ca
l w

el
l-

be
in

g

•
Id

en
tif

y 
ca

us
es

 o
f 

ra
re

 o
r 

un
di

ag
no

se
d 

di
se

as
es

•
Id

en
tif

y 
so

ur
ce

s 
of

 in
fe

ct
io

us
 

di
se

as
e 

ou
tb

re
ak

s 
an

d 
su

sc
ep

tib
ili

tie
s 

of
 in

fe
ct

io
us

 a
ge

nt
s

•
C

om
pa

re
 g

en
om

e 
se

qu
en

ci
ng

 to
 

en
zy

m
at

ic
 a

nd
 o

th
er

 a
ss

ay
s 

fo
r 

m
od

if
ia

bl
e 

m
et

ab
ol

ic
 d

is
or

de
rs

 in
 

ne
w

bo
rn

s

•
R

ec
la

ss
if

y 
in

te
rm

ed
ia

te
 r

is
k 

pa
tie

nt
s 

in
to

 h
ig

h-
 a

nd
 lo

w
-r

is
k 

ca
te

go
ri

es
 w

he
re

 d
if

fe
re

nt
ia

l 
in

te
rv

en
tio

ns
 a

re
 a

va
ila

bl
e

•
V

al
id

at
e 

dr
ug

 ta
rg

et
s 

an
d 

de
ve

lo
p 

im
pr

ov
ed

 th
er

ap
eu

tic
 a

ge
nt

s

•
E

du
ca

te
 c

lin
ic

ia
ns

 a
nd

 
pa

tie
nt

s 
in

 c
lin

ic
al

 u
se

 o
f 

ge
no

m
ic

 in
fo

rm
at

io
n

•
D

ev
el

op
 c

lin
ic

al
 in

fo
rm

at
ic

s 
sy

st
em

s 
fo

r 
re

po
rt

in
g 

re
su

lts
 

of
 g

en
om

ic
 a

na
ly

se
s 

an
d 

pr
ov

id
in

g 
de

ci
si

on
 s

up
po

rt

•
E

va
lu

at
e 

im
pa

ct
 o

f 
us

in
g 

ge
no

m
ic

 v
ar

ia
nt

 in
fo

rm
at

io
n 

to
 in

di
vi

du
al

iz
e 

tr
ea

tm
en

t

•
In

co
rp

or
at

e 
ge

no
m

ic
 

in
fo

rm
at

io
n 

in
to

 e
le

ct
ro

ni
c 

m
ed

ic
al

 r
ec

or
ds

 th
at

 c
an

 
fo

llo
w

 p
at

ie
nt

s 
ac

ro
ss

 c
ar

e 
sy

st
em

s 
an

d 
th

ro
ug

ho
ut

 
lif

es
pa

n

•
D

ef
in

e 
cl

in
ic

al
ly

 a
ct

io
na

bl
e 

ge
no

m
ic

 v
ar

ia
nt

s 
an

d 
di

ss
em

in
at

e 
th

at
 in

fo
rm

at
io

n 
an

d 
its

 r
el

ev
an

t e
vi

de
nc

e 
ba

se

Atherosclerosis. Author manuscript; available in PMC 2017 October 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Manolio Page 23

Table 2

NHGRI Genomic Medicine Meetings and related workshops. Adapted from Ref. [4].

Meeting Dates Emphasis Products Meeting URL

Genomic medicine symposium [2] June 29, 2011 Academic medical centers Implementation 
roadmap [2], 
clinaction 
workshop

https://www.genome.gov/27547270

Clinaction workshop December 2–3, 2011 Methods for identifying clinically 
actionable variants

RFA 
HG-12-016, 
clinically 
relevant genetic 
variants 
resource; 
clingen 
consortium [9]

http://www.genome.gov/27546546

Genomic medicine II December 5–6, 2011 Pilot demonstration projects RFA 
HG-12-006 and 
–007, genomic 
medicine pilot 
demonstration 
projects; 
IGNITE 
consortium

https://www.genome.gov/27546373

Genomic medicine III May 3–4, 2012 Working with laboratories and payers Payers’ meeting https://www.genome.gov/27548693

Genomic medicine IV January 28–29, 2013 Physician education in genomics Inter-society 
coordinating 
committee for 
practitioner 
education in 
genomics 
(ISCC), white 
pper [11]

https://www.genome.gov/27552294

Genomic medicine V May 28–29, 2013 Working with federal stakeholders Exploratory 
implementation 
project in 
collaboration 
with VA and 
military 
medical 
services, now 
supplanted by 
precision 
medicine 
initiative

https://www.genome.gov/27553865

Inter-society coordinating committee September 19–20, 
2013 and ongoing

Physician competencies and shared 
educational materials across 
professional societies

Entrustable 
professional 
activities [13], 
web-accessible 
educational 
products for use 
across multiple 
disciplines [14]

https://www.genome.gov/27554614

Genomic medicine VI January 8–9, 2014 Developing international collaborations Global genomic 
medicine 
collaborative 
(G2MC), white 
paper [17]

https://www.genome.gov/27555775

Genomic medicine VII October 2–3, 2014 Define research agenda for genomic 
clinical decision support

Collaboration 
with institute of 
medicine 
genomics 
roundtable and 
DIGITizE 
effort [101]; 

https://www.genome.gov/27558904
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Meeting Dates Emphasis Products Meeting URL

white paper 
[102]

Research directions in genetically-
mediated SJS/TEN

March 3–4, 2015 Identify gaps and priorities for future 
research to eliminate genetically 
mediated SJS/TEN

Working group 
to improve case 
definition and 
phenotyping, 
white paper 
[19]

https://www.genome.gov/27560487

Genomic medicine VIII June 8–9, 2015 Review NHGRI’s genomic medicine 
research portfolio

Identified need 
for increased 
interaction with 
basic scientists

https://www.genome.gov/27561558

Genomic medicine IX April 19–20, 2016 Increase interactions between basic 
scientists and clinicians

Approach for 
prioritizing 
clinically 
relevant genes 
for functional 
investigation

https://www.genome.gov/27564185
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