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Genomic Medicine 1

Opportunities, resources, and techniques for implementing 
genomics in clinical care
Teri A Manolio, Robb Rowley, Marc S Williams, Dan Roden, Geoffrey S Ginsburg, Carol Bult, Rex L Chisholm, Patricia A Deverka, Howard L McLeod, 
George A Mensah, Mary V Relling, Laura Lyman Rodriguez, Cecelia Tamburro, Eric D Green

Advances in technologies for assessing genomic variation and an increasing understanding of the effects of genomic 
variants on health and disease are driving the transition of genomics from the research laboratory into clinical care. 
Genomic medicine, or the use of an individual’s genomic information as part of their clinical care, is increasingly 
gaining acceptance in routine practice, including in assessing disease risk in individuals and their families, diagnosing 
rare and undiagnosed diseases, and improving drug safety and efficacy. We describe the major types and measurement 
tools of genomic variation that are currently of clinical importance, review approaches to interpreting genomic 
sequence variants, identify publicly available tools and resources for genomic test interpretation, and discuss several 
key barriers in using genomic information in routine clinical practice.

Introduction
Increased understanding of the role of genomic variants in 
human health and disease, coupled with improved 
technologies for measuring and interpreting these variants, 
is enabling the integration of genomics into clinical care. A 
broad range of research and imple mentation efforts are 
underway, including discovery research to assess genotype–
phenotype associations, clinical validation to assess out
comes after using genomic information to direct therapy 
or mitigate disease risk, and clinical implementation to 
develop processes for performing genomic testing and 
using the results in clinical care (panel 1). Clinical 
validation and implementation in particular are con
sidered by the US National Human Genome Research 
Institute (NHGRI) to constitute geno mic medicine, 
which is defined by NHGRI as using genomic information 
about an individual as part of their clinical care.1 A 
widening array of genomic medicine applications is 
gaining acceptance in routine care, including in asses
sing disease risk,2,3 diagnosing rare and undiagnosed 
diseases,4,5 and improving drug safety and efficacy.6,7

Challenges in genomic medicine implementation have 
been widely discussed (panel 2).1,8–10 Efforts in the USA 
and other countries are addressing some of these 
challenges,11–15 such as the UK’s 100 000 Genomes Project14 
that is bringing whole genome sequencing directly into 
clinical care. As genomic medicine technologies and 
methods become increasingly accessible, clinicians will 
need to understand these new tools and adapt them to 
suit specific practice settings.

This is the first in a Series of five papers designed 
to introduce practicing clinicians to the opportunities 
and challenges of genomic medicine implementation. 
In this first paper, we provide an overview of the major 
technologies used in genomic medicine, discuss 
approaches to interpreting genomic sequence variants, 
identify publicly available tools and resources for 
genomic test interpretation, and address several key 

barriers to using genomic information in routine 
practice. The four subsequent papers in the Series will 
focus on improving drug safety and effi cacy,16 diagnosing 
rare and undiagnosed diseases,17 assessing disease risk,18 
and assessing outcomes of implementation.19 The use 
of tumour genomic sequence variants for targeted 
chemotherapy and informing eligibility for clinical 
trials,20 and genome sequencing for the identification 
and sensitivity testing of infectious agents,21 has been 
in clinical practice for several years and will not be 
addressed in this Series.

Key technologies in genomic medicine
Family health history
Although molecular techniques for assaying human 
genomic variation have become increasingly sophisticated 
and available since the launch of the Human Genome 
Project in 1990, the value of a careful family health 
history has been recognised since the time of 
Hippocrates.22 Family health history is one of the 
simplest, cheapest, and most predictive types of genomic 
information to collect, yet it is rarely available in medical 
records aside from a cursory mention, such as “father 
died age 61, stroke”. It is rarely represented as struc
tured data that can be easily retrieved computationally. 
However, a family history of early coronary disease or 
cancer, especially among multiple relatives, often confers 
an increased risk that is many times greater than that 
conferred by the majority of known genomic variants.23,24 
Several userfriendly, patientfacing family history tools 
are available25,26 and have been shown to be powerful 
identifiers of increased risk for a variety of serious 
diseases.3,24 Although a patiententered family history 
does not conform to the hightech nature of other 
genomic technologies, it serves as a basic assay of 
the effect of a patient’s genomic variants in the other 
people who are most likely to carry them—ie, their 
biological relatives. It also captures the effects of shared 
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environmental exposures, is relatively easy and inex
pensive to collect, and has demonstrated reliability.27 
The use of family health histories is discussed further in 
the fourth paper in this Series.18

Clinically important genomic variation
Genomic technologies are used to identify variants in 
genomic sequences. The types of variants that could be 
clinically important can be divided two main categories. 
The first category of variants involves changes to the 
coding regions of genes (known as exons), which can 
render a gene’s protein product(s) inactive (known as 
loss of function) or aberrantly active (known as gain of 
function). A change of one base pair in the sequence is 
referred to as a single nucleotide polymorphism (SNP), 

and it can lead to lossoffunction variants, such as 
missense or nonsense variants that inactivate or impair 
the function of the gene’s protein product (panel 3). For 
instance, the adeninetothymine transversion in the 
codon for amino acid 6 of the haemoglobin subunit beta 
gene results in the production of sickle haemoglobin. 
Although the vast majority of DNA variants are SNPs, 
variants can also be insertions or deletions of one or 
two base pairs, resulting in a socalled frameshift that 
alters the way the sequence is read during transcription 
and can prematurely terminate the protein product. 
Alternatively, a singlebase change at a splice site can 
impair correct assembly of the messenger RNA to code 
that protein. Larger deletions, which can be thousands or 
even millions of base pairs in length, can also be clinically 
important if they remove a chromosomal region needed 
for normal function. For instance, the chromosome 
22q11.2 deletion produces distinctive phenotypes, such 
as DiGeorge and velocardiofacial syndromes.29 Larger 
insertions can introduce an extra copy of a gene whose 
protein product (often an enzyme) can increase drug 
metabolism, yielding subtherapeutic drug levels or toxic 
drug effects, as with duplications of the gene CYP2D6 
that is involved in the metabolism of many commonly 
used medications.30

The second type of genomic variation involves changes 
in the noncoding sequences that make up 98% of the 
human genome. Key functional elements in noncoding 
DNA include promoters, enhancers, transcription factor 
binding sites, and noncoding RNAs, all of which can 
influence the amount of gene product made. Although 
they are not direct changes to the DNA sequence, 
epigenetic changes to nucleotides or their associated 
proteins (eg, methylation of cytosine residues or varia
tion in the histone proteins that package DNA into 
chromosomes) can affect the accessibility of DNA 
segments for transcription, resulting in reduced or 
eliminated transcription. The relevance of noncoding 
variants to clinical care is only beginning to be under 
stood and will not be addressed in detail in this Series.

SNP array genotyping
Commonly used SNP arrays rely on haplotypes, or 
segments of DNA that have been inherited from a 
common ancestor without recombination, for which 
the sequences have been defined through haplotype 
mapping efforts.31 Identifying a single SNP in a haplotype 
region often allows the surrounding sequence to be 
inferred with high accuracy. These socalled tag SNPs are 
found throughout the human genome in both coding and 
noncoding regions and have been combined into large
scale arrays (SNP arrays) that test for the presence of 
hundreds of thousands, or even millions, of genomic 
variants. In addition to directly evaluating SNPs, the 
availability of reference sequence databases has enabled 
accurate imputation of common sequence variation, or 
variants that are present in about 1–5% of a population. 

Panel 2: Challenges to implementation of genomic medicine1

• Lack of familiarity and understanding by patients and clinicians
• Poor access to genomic medicine expertise and testing
• High cost and lack of reimbursement for genetic or genomic tests and services
• Accessibility and relevance of genetic or genomic testing and interpretation to 

under-represented and non-European populations
• Potentially overwhelming and rapidly evolving nature of genomic information
• Need for extensive informatics and infrastructure to integrate genomic results into 

electronic medical records and provide clinical decision support
• Little evidence of the effectiveness of using genomic information in clinical care
• Non-acceptance of genomic medicine by institutions and clinicians
• Potential burden of following up genotyped patients when the clinical significance of 

genomic variants changes or becomes clear
• Potential responsibility for outreach to at-risk family members
• Community perceptions and concerns regarding consent, patient privacy and 

confidentiality, and discrimination
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Panel 1: Types of genomic medicine research

Discovery research
• Assess genotype–phenotype associations
• Identify people who are at increased risk of disease on the basis of their genomic variants
• Find all variants related to a given phenotype or disease
• Characterise variation and function of genes known to be related to a disease or 

treatment response

Clinical validation
• Assess outcomes after use of genomics to direct therapy
• Assess effects of genomic information on health outcomes and care utilisation for 

patients, families, providers, and health-care systems (clinical utility)
• Identify causes of rare or undiagnosed diseases
• Validate drug targets and develop improved therapeutic agents

Clinical implementation
• Develop processes for doing genomic testing and using results in clinical care
• Develop clinical informatics systems for reporting genomic results and decision support
• Educate clinicians and patients in clinical use of genomic results
• Define and disseminate information on clinically actionable genomic variants and 

relevant evidence base
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Imputation is a mathematical technique that calculates the 
probability of a specific base at an unmeasured genomic 
location on the basis of previously estimated relationships 
with neighbouring measured variants. Imputation is 
most accurate when the sequences surrounding these 
known variants are well characterised. Of note, sequence 
information in populations of nonEuropean ancestry is 
less complete than in European populations.32

First introduced for research use in 2005, genomewide 
SNP arrays have been used in thousands of genomewide 
association studies. These studies have identified tag 
SNPs associated with numerous diseases and traits and 
have led to many critical discoveries about the role of 
genomic variation in health and disease.33 Genomewide 
SNP arrays are now in clinical use and are largely replacing 
karyotyping for detection of aneuploidies and large 
chromosomal aberrations. They have been combined into 
panels for assessing variants in genes involved in drug 
response (socalled pharmacogenes, which are the subject 
of the second paper in this Series16) and risk for common 
diseases. SNP arrays have also been the basis for directto
consumer tests for predicting disease risk or assessing 
ancestry that are becoming increasingly available and 
popular. SNP arrays are the cheapest method for 
characterising common (and with imputation, rarer) 
variants in an individual’s genome, particularly if that 
person is of European ancestry. Efforts are underway to 
improve the representation of variants from populations 
of nonEuropean ancestry on SNP arrays.32

Genome sequencing
Although they have many strengths, SNPs have several 
weaknesses that might limit their value in individual 
patients, particularly when the genomic variation under
lying a patient’s condition is rare. SNP arrays assess only 
known (ie, previously identified) SNPs, which are typically 
those that are present in a large proportion of a population, 
rather than those variants that are rare or even unique to 
an individual. SNP arrays also rely on accurate reference 
databases for imputing the surrounding variants that are 
not directly assayed by the array. Therefore, they are less 
precise for examining some genomic regions, such as 
those with highly repetitive DNA, that are technically 
difficult to assay. Arrays are also typically inadequate for 
assessing most types of structural variation, unless the 
structural variant is frequently associated with a common 
tag SNP. As noted previously, arrays are heavily biased 
towards populations of European ancestry.

Genome sequencing addresses many of the disadvan
tages of SNP arrays. Theoretically, genome sequencing 
produces a basebybase readout of every nucleotide 
in the genome. In practice, some chromosomal regions 
are technically difficult to sequence reliably, particu
larly highly repetitive regions and areas of high guanine 
and cytosine content, although technologies continue 
to improve.34 Sequencing methods are continuously 
evolving and a review of them is outside the scope of this 

paper; however, authoritative reviews are available.35,36 
Understanding sequencing technologies is not critical to 
understanding their clinical applications, although the 
person or organisation ordering a genome sequence does 
need to understand the strengths and weaknesses of a 
given method to ensure it is appropriate to the setting. 
This understanding is best ascertained by consulting a 
molecular pathologist proficient in genomic analysis or 
through discussion with the laboratory that is going to 
perform the test.

Four main types of DNA sequencing are used clinically, 
focusing on single genes or targeted gene panels, or 
extending to the entire exome (the proteincoding regions 
comprising 2% of the human genome) or genome, with 
increasing proportions of the genome sequenced in each 
(table 1).39 Single gene assays and targeted gene panels are 
mostly used when one gene or a small group of genes is 
strongly implicated by a patient’s clinical characteristics, 
whereas exome and genome sequencing are used when 
clinical characteristics do not clearly indicate one gene or 
group of genes, or when other methods have failed to 
identify a causative variant, or both. In comparison with 
exome sequencing, genome sequencing provides more 
even coverage across the genome. Therefore, it avoids 
the problems of differential amplification of difficultto
sequence genomic segments and preferential capture of 
reference alleles (rather than alternative alleles) that 
affect targeted methods.34,38 Other advantages of genome 
sequencing over exome sequencing include better 
resolution of structural variants, such as insertions and 
deletions, and faster generation of sequence data,5 
although genome sequencing methods produce sub stan
tially more data that require interpretation. The biggest 
disadvantage of genome sequencing is the high cost. 
Interpretation of both exome and genome sequencing is 
facilitated by trio analysis, in which sequencing is done for 
the index patient and both of his or her parents. Trio 

Panel 3: Types of clinically important genomic variation

Single nucleotide variants (one base replaced by another)
• Synonymous: no change in the encoded amino acid
• Missense: change in the encoded amino acid
• Nonsense: premature termination of the peptide chain
• Splice site: variant occurring at the boundary of an exon and an intron (splice site), 

which can disrupt RNA splicing and result in the loss of exons or inclusion of introns 
and an altered protein-coding sequence28

Structural variants
• Deletion: one or more bases deleted from the sequence
• Insertion: one or more bases added to the sequence
• Duplication: segment of DNA copied abnormally one or more times
• Frameshift: addition or deletion of one or two bases (or any number that is not a 

multiple of three) that shifts the reading frame of three bases per amino acid, 
producing an altered or truncated protein

• Expansion: short DNA sequences repeated many times
• Inversion: a chromosomal segment reversed end to end
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analysis allows rapid identification of de novo variants 
that arise during gametogenesis and embryogenesis in 
the child.40 A complementary highthroughput sequencing 
method, RNAseq, quantifies RNA transcripts to assess 
gene expression. It is showing promise in detecting non
coding variants in cancer and neuromuscular diseases,41–43 
but it is not widely available in clinical settings at present. 

The choice of sequencing method is often driven by 
costs and reimbursement policies, although prices quoted 
for singlegene and genepanel sequencing can often 
approach or exceed more comprehensive methods (exome 
and genome sequencing), for which costs are continually 
decreasing. In addition, the choice of method could be 
influenced by the informatics capabilities of the sequencing 
laboratory, because exome and genome sequence analyses 
are computationally intensive, with substantial informatics 
and data storage costs. A simultaneous strength and 
weakness of the two comprehensive methods is the 
massive amount of genomic variant information they 

produce, because each genome has 4–5 million variants, 
tens or hundreds of thousands of which are rare (a 
population frequency of <0·5%). Sorting through and 
interpreting variants that have rarely or never been 
identified before, and for which the clinical relevance is 
unknown, is a huge informatics challenge. Furthermore, 
the process requires continuous updating and reinterpre
tation as the under standing of sequence variants increases. 
Sharing of data on variants and their phenotypic asso
ciations among clinicians and researchers is crucial to 
improving inter pretation of variants, because the more 
times a variant is reported and the better defined its 
associated phenotypes are, the more reliable the 
classification will be. In particular, data from ancestrally 
diverse popu lations needs to be shared, because if a variant 
is rare in one ancestry but common in another, it is 
unlikely to cause an uncommon disease.44 Laboratories, 
clinicians, and patients are strongly encouraged to deposit 
sequencing information into largescale, deidentified, 
publicly available data resources (such as those described 
later) to improve the quality of genome interpretation.

Interpretation of genomic variants
Assessing pathogenicity of variants
As noted previously, sequencing part or all of an 
individual’s genome can produce several million variants 
in comparison with the reference sequence; thousands of 
these variants will have little or no available information 
in current databases.45,46 Determining which of these 
variants could cause a particular phenotype, or could put 
the person at risk for a serious illness or an adverse drug 
response, is a complicated process. First, the quality and 
validity of the generated sequence data and the identified 
variants must be carefully checked.47 Typically, the next 
step is to filter out variants that are unlikely to cause 
disease, usually because they occur at a frequency much 
higher than the population frequency of the disease or 
phenotype under consideration.47 Further interpreta
tion usually follows a series of professional guidelines, 
such as those published in 2015 by the American College 
of Medical Genetics and Genomics (ACMG) and the 
Association for Molecular Pathology,48 which divides 
variants into those that are clearly diseasecausing (patho
genic), clearly nondiseasecausing (benign), or for which 
the relationship to disease is unknown (variants of 
unknown significance [VUS]). If the pathogenicity of a 
variant is not known but can be inferred because it is 
believed to have the same effect on gene function as a 
variant that has previously been classified, it is classified 
as likely pathogenic (LP) or likely benign (LB; table 2).

This fivetiered classification scheme has been derived 
with use of data from a wide variety of sources 
(eg, population data, functional data, in silico functional 
predictors, and segregation data) that have been com
bined using a series of scoring rules to assign points in a 
complex but systematic way.48 Of note, the ACMG 
guidelines are not intended for the interpretation of 

Example

Single gene

Minimal locus heterogeneity (only one or a small number of genes is 
known to cause the condition)

CFTR for cystic fibrosis

Distinctive clinical findings that clearly indicate a specific gene PAH for phenylketonuria

Gene panel

Locus heterogeneity (multiple genes are known to cause the same 
condition or similar conditions)

Muscular dystrophy panel

Disorders with overlapping phenotypes Cardiomyopathy panel

Disorders that share one manifestation but can have very different 
presentations

Epilepsy panel

Disorders associated with genes from a common pathway or structure RASopathy panel

Exome

Extreme heterogeneity and de novo mutations common Autism, intellectual disability

Two or more unrelated phenotypes in one patient Oculocutaneous albinism and 
neutropenia

No distinctive phenotypic features present Kabuki syndrome

Phenotype indistinct and underlying cause is not clear Congenital diarrhoea, 
Zellweger syndrome

Genome*

Non-coding variation is suspected as a cause Hypertrophic cardiomyopathy37

Structural variation is suspected as a cause DiGeorge syndrome29

Exome sequencing has already been performed and was non-diagnostic Undiagnosed Diseases Network38

Rapid generation of sequencing data needed for patients who are critically ill Neonates in intensive care5

*Indications for exome also apply to genome, with the addition of those listed below.

Table 1: Indications for single gene, gene panel, exome, and genome sequencing39

Definition

Pathogenic >99% certainty of being disease-causing

Likely pathogenic >90% certainty of being disease-causing

Unknown significance 10–90% certainty of being disease-causing

Likely benign >90% certainty of not being disease-causing

Benign >99% certainty of not being disease-causing

Table 2: Classifications of pathogenicity for genomic variants48
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variants that are found only in specific tissues or in 
tumours (often called somatic variants, as opposed to 
germline or inherited variants that are found in every cell 
of the body). The ACMG guidelines also do not apply 
to pharmacogenomic variants, which are interpreted with 
use of clinical prescribing guidelines by the Clinical 
Pharmacogenetics Implementation Consortium.49

The large class of VUS is problematic because their 
clinical relevance is truly unknown, even when they 
occur in a known diseasecausing gene, such as BRCA1 
(causing hereditary breast and ovarian cancer) or COL3A1 
(causing vascular EhlersDanlos syndrome). Because 
each individual carries millions of variants, many variants 
will occur within such diseasecausing genes by chance, 
especially if those genes are large. When variants are 
detected in a patient with a phenotype that is presumably 
related to that diseasecausing gene, VUS can sometimes 
be misinterpreted as causing the phenotype when in fact 
they are totally coincidential and unrelated. This can then 
lead clinicians to believe that drastic interventions such as 
mastectomy or implantable defibrillators are indicated 
when there is no evidence to support their efficacy. 
However, an awareness of such variants can be important 
if information becomes available later that shifts them 
into the pathogenic or LP classification, a situation that is 
arising more often as knowledge about genomic variation 
increases.50,51 Shifts can also occur between more definitive 
classifications, such as benign or LB to pathogenic or LP 
and vice versa, which can have important implications for 
clinical management. Such changes have been infrequent 
to date,50 but they could become more common as data 
accumulate. A consensus is yet to be found on the 
appropriate frequency and intensity with which data 
should be reinterpreted, or which types of evidence are 
the most informative. Nevertheless, reclassification on 
the basis of new biological knowledge or changing clinical 
circumstances is crucial, and presents a challenge to 
clinicians and patients who are trying to act on the basis 
of genomic variant information.51,52

Most US laboratories now report gene variants that 
are classified as pathogenic or LP, and which occur in a 
gene likely to be responsible for a patient’s clinical 
characteristics, as primary findings (ie, findings related to 
the indication for testing). However, because researchers 
are often looking at large segments of the genome, they 
also identify pathogenic or LP variants in other genes that 
are unrelated to the indication for sequencing (secondary 
findings), but which could be strongly predictive of risk for 
other diseases. ACMG has identified 59 such genes, for 
which pathogenic or LP variants are believed to be strongly 
associated with potentially lifethreatening conditions, 
such as cancer, cardiac arrhythmias, and cardiomyopathy, 
and for which changes in treatment or the frequency 
of surveillance are recognised to be beneficial.53 Many 
laboratories feel compelled to report these secondary 
findings as recom mended by ACMG guidelines, yet they 
recognise that not all such variants cause disease in every 

patient, a characteristic referred to as variable penetrance. 
ACMG and other expert bodies specifically recommend 
against returning VUS (as opposed to pathogenic and LP 
variants) as secondary findings, because of the problems 
with misinterpretation detailed previously.53

Practical uses of variant information 
Most laboratories, clinicians, and patients agree that 
secondary findings should be reported back to patients 
who consent to receive this information and to their 
clinicians, if effective clinical action can be taken. However, 
the definition of effective clinical action is subjective, and 
relies on both context and clinical judgment. For example, 
a reasonable clinical action could differ considerably for a 
person who is trying to conceive, an elderly person with a 
terminal disease, and a healthy young child. Actionability 
and reporting of genomic variation are topics of intense 
interest and debate in children in particular;54,55 several 
secondary findings could be relevant to the management 
of children, including genes related to familial hyper
cholesterolaemia, cardiomyopathy, early onset cancers, and 
cardiac arrhythmias. Personal choices vary considerably, 
with some individuals wanting to receive all variant infor
mation available, with any possible personal implications 
(eg, in informing lifestyle choices), and others preferring 
not to receive any information at all.56 Standards for 
actionability have been published by the NHGRIfunded 
Clinical Genome Resource (ClinGen),57 which assigns 
variants a grade on the basis of its characteristics (ie, the 
severity of the condition associated with the variant, the 
likelihood that disease will develop in variant carriers, 
the effectiveness of available interventions, and the nature 
[or invasiveness] of the available interventions), and the 
strength of available evidence for these characteristics. 
Although personal choices will still vary, this grading 
provides a framework for discussing what results patients 
are willing to receive and how those wishes might change 
over a patient’s lifetime.

Return of genomic research results
The process of returning genomic results to patients 
and clinicians (especially those derived from research 
studies) has been the subject of almost as much research 
as the actionability of the variants. Considerable debate 
continues on what information should be returned, to 
whom and by whom it should be returned, and how and 
when this should happen.58,59 These issues can be 
particularly difficult to resolve when children or infants are 
involved.60,61 Ethical concerns, such as the duty to warn 
firstdegree relatives of people carrying pathogenic or 
LP variants for serious and preventable illnesses (who 
will have approximately a 50% chance of also carrying 
those variants), must be balanced against the right of a 
patient or research participant to privacy and confi
dentiality. Increasingly, the consensus among researchers, 
clinicians, and patients is that patients have the right to 
receive genomic information with clear implications for 

For the Clinical 
Pharmacogenetics 
Implementation Consortium 
see https://cpicpgx.org

For ClinGen see https://www.
clinicalgenome.org

https://cpicpgx.org
https://cpicpgx.org
https://www.clinicalgenome.org
https://cpicpgx.org
https://www.clinicalgenome.org
https://www.clinicalgenome.org
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their health, and the right to refuse that information; such 
results should be derived from clinically validated and 
certified processes; and counselling on the potential 
implications of these findings should be provided both 
before patients agree to undergo testing and after they 
receive the results.62,63 Once a pathogenic or LP variant is 
identified in an individual, family members can be 
screened for it; if family members are considering being 
tested, they should also receive genetic counselling. 
Many concerns have been raised about the potential 
harmful effects of receiving genetic results,63 which often 
stem from early negative experiences with severe 
and irreversible monogenic conditions. However, com
municating genetic risk for disease has largely not been 
shown to affect riskreducing behaviours or to result in 
depression or anxiety.64,65 Research in the potential health 
benefits is currently ongoing. The return of genomic 
results will remain an active area of research as the quantity 
and quality of genomic information continues to evolve.

Genomic resources
Many different groups of people are affected by advances 
in genomic technologies, from patients and their families 
to clinicians, geneticists, laboratory scientists, and 
genomics researchers. A broad range of resources are 
available to these groups for clinical reference, education, 
and data sharing (table 3, appendix). The number and 
usefulness of such resources are steadily increasing.

Firstline clinical information is crucial for recently 
diagnosed patients and their families. For example, the 
Genetics Home Reference of the US National Library of 
Medicine (NLM) provides basic information on health 
conditions with a genetic basis. For clinicians who are not 
genetics specialists, the medical effects of genomic 
variants can be found in NLM’s MedGen. Clinicians can 
search for available genomic or genetic tests and testing 
laboratories in the NLM Genetic Testing Registry. 
Pharmacogenomic information on variants related to 
drug selection and dosing is available through the Clinical 
Pharmacogenetics Implementation Consortium website. 
Advanced clinicians and genetics specialists, including 
genetic counsellors, are likely to search the Online 
Mendelian Inheritance in Man database for detailed 
information on gene–disease relationships, whereas 
laboratories and clinicians might refer to NLM’s ClinVar, 
which is a public archive of reported variants, associated 
clinical characteristics, and pathogenicity interpretations. 
Consensus interpretations of the clinical actionability of 
variants build upon information in ClinVar and are 
available in ClinGen. Genomics researchers use highly 
complex and integrated annotation and aggregation 
resources, such as GeneCards, for information on gene 
structure and function for all annotated and predicted 
human genes. More specialised resources are available for 
the subset of genes related to drug response (eg, 
PharmGKB) and cancer (eg, The Cancer Genome Atlas). 
The BRCA Exchange resource for interpretation of BRCA 

variants66 provides a novel approach to aggregating data 
for realtime variant classification. A simplified interface 
is also available through a mobile app, which can be 
used to search the database and request notifications of 
updates on specific variants. A summary of all genomic 
databases is beyond the scope of this paper; however, 
a comprehensive list with descriptions and links is 
available from the Human Genome Variation Society.67

Educational resources are important for patients and 
nongeneticist clinicians. Available resources include the 
NHGRI Talking Glossary of Genetic Terms, Your Genome, 
Genetic Alliance, the Genetics/Genomics Competency 
Center, and GeneReviews. Data sharing has also been 
essential for determining the functionality of variants and 
identifying the clinical character istics associated with 
diseasecausing variants. Several datasharing resources 
are available, including GenomeConnect and MyGene2. 
These sites allow patients to deposit their own genomic 
data and clinical characteristics in an open, public 
database in the hope that their information is useful to 
other patients, clinicians, and researchers. Clinicians 
(typically geneticists) who encounter an undiagnosed 
patient with a novel genomic variant often need only one 
additional case with a pathogenic or LP variant in the 
same gene and similar clinical characteristics to identify 
the causative gene; they can seek such patients with use of 
tools such as the Matchmaker Exchange. These tools can 
be especially useful for managing genomic information in 
patients with undiagnosed diseases, which is the subject 
of the third paper in this Series.17

Laboratories contribute data to growing community 
resources, such as NLM’s ClinVar. They can also use 
compiled resources, such as the Genome Aggregation 
Database, to determine whether a variant has previously 
been detected and, if so, at what frequency across 
ancestries. According to ACMG guidelines, variants will 
be classified as benign if they are too common in a 
population to cause a rare disease.48 Researchers can also 
consult specific data resources, such as the GeneTissue 
Expression database that describes gene expression and 
its genetic regulation in more than 50 human tissue types, 
or the Monarch Initiative and the Alliance of Genome 
Resources that relate human phenotypes and diseases to 
those in a variety of model organisms for further study.

Genomic medicine studies
Several major genomic medicine implementation efforts 
are ongoing in the USA and elsewhere, as reviewed 
by Stark and colleagues.68 The Geisinger MyCode 
Community Health Initiative and the Genomics England 
100 000 Genomes Project have each sequenced over 
100 000 genomes and the results are being used in clinical 
care. In 2018, the Genomics England project was expanded 
to 5 000 000 genomes. Similar projects in other medical 
systems and other countries are likely to be initiated soon.

Building on its 2011 strategic plan,69 NHGRI has 
expanded existing research programmes into genomic 

For the MyCode Community 
Health Initiative see 
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Project see https://www.
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medicine implementation and developed others to 
address key gaps in the research (table 4). These pro
grammes range from those that are highly focused 
on indepth characterisation of and interaction with 
individual patients and their clinicians, such as the 
Undiagnosed Diseases Network and the Newborn 
Sequencing in Genomic Medicine and Public Health 
Consortium, to those that address broader implemen
tation and systemwide research questions, such as 
the Electronic Medical Records and Genomics (eMERGE) 
Network and the Implementation of Genomics in Practice 
(IGNITE) Network. These research programmes are 
underpinned by resources and systems for knowledge 
synthesis and integration, such as ClinGen, as well as by 
investigatorinitiated grants and training programmes. 
Total funding for genomic medicine research program
mes from NHGRI and collaborating US National 

Institutes of Health departments is expected be at least 
US$775 million from 2007 to 2022, inclusive.

A major emphasis of NHGRI studies is to develop tools 
and best practices for genomic medicine implementation 
and to make them widely available for the research and 
clinical communities. The Clinical Sequencing Evidence
Generating Research Consortium provides a broad range 
of online patient education materials and protocol 
resources. The eMERGE investi gators have developed 
useful tools, such as the Phenotype Knowledge Base of 
validated electronic phenotyping algorithms and the 
Clinical Decision Support Knowledge Base of practical, 
implemented clinical decision support rules. The SPARK 
Toolbox of the IGNITE Network provides resources 
for specific interventions (such as APOL1 testing70 for 
risk of kidney disease or family history collection3), 
including educational materials, laboratory procedures, 

Patients and family members Clinicians Geneticists and genetic 
counsellors

Diagnostic laboratory 
scientists

Genomics researchers

Clinical reference 
resources

Genetics Home Reference MedGen, Genetic Testing Registry, 
Clinical Pharmacogenetics 
Implementation Consortium

Online Mendelian Inheritance 
in Man

Clinical Genome 
Resource, ClinVar

GeneCards, PharmGKB, 
The Cancer Genome Atlas

Educational 
resources

NHGRI Talking Glossary of Genetic 
Terms, Your Genome, Genetic Alliance

Genetics/Genomics Competency 
Center, GeneReviews

NA NA NA

Data resources GenomeConnect, MyGene2 NA Matchmaker Exchange Genome Aggregation 
Database

Gene-Tissue Expression Project, 
Monarch Initiative, Alliance of 
Genome Resources

NHGRI=National Human Genome Research Institute. NA=not applicable.

Table 3: Examples of resources for reference, education, and data sharing by user group

NIH funding (fiscal years) Objectives

Undiagnosed Diseases 
Network1

$237 million (2013–22) Build on the NIH Undiagnosed Diseases Program to improve diagnosis and care for patients with undiagnosed diseases; facilitate research 
into the causes of undiagnosed diseases; create an integrated and collaborative research community to identify improved options for 
optimal patient management; assess the development of a sustainable national resource after NIH support ends in fiscal year 2022

Newborn Sequencing in 
Genomic Medicine and 
Public Health2

$26 million (2013–18) Explore implications, opportunities, and challenges of using genomic sequence information in the newborn period; acquire, analyse, 
and make available genomic datasets relevant to the newborn period; advance understanding of disorders identifiable via sequence-based 
newborn screening; investigate the ethical, legal, and social implications of implementation of genomic sequencing of newborn babies

Clinical Sequencing 
Evidence-Generating 
Research3

$166 million (2012–20) Define, generate, and analyse evidence on the clinical utility of genome sequencing; research key interactions among patients, family 
members, health practitioners, and clinical laboratories that affect the implementation of clinical genome sequencing; identify and address 
real-world barriers to integrating genomic, clinical, and health-care utilisation data within a health-care system

Electronic Medical Records 
and Genomics Network4

$141 million (2007–19) Identify rare variants with a presumed major effect on the function of 100 clinically relevant genes; assess the phenotypic implications of 
variants by use of well validated electronic medical record data or patient recontact; with appropriate consent and education, report 
actionable variants to patients and clinicians; assess the impact on patients, clinicians, and institutions of patient outcomes and cost of care

IGNITE $35 million (2013–18) Expand and link existing genomic medicine efforts; develop new collaborative projects and methods in diverse settings and 
populations; contribute to the evidence base for outcomes of incorporating genomic information into clinical care; define and share 
processes of genomic medicine implementation, dissemination, and sustainability

IGNITE Pragmatic Clinical 
Trials

$41 million (2018–22) Do pragmatic clinical trials to measure the clinical utility and cost-effectiveness of genomic medicine interventions; assess approaches 
for the real-world application of genomic medicine in diverse clinical settings; identify types of interventions requiring randomised 
trials and effective methods for conducting them

Clinical Genome Resource5 $73 million (2013–20) Create a comprehensive, openly accessible knowledge base of clinically annotated genes and variants; develop a consensus process for 
assessing clinical implications of genetic variants; disseminate this information to appropriate clinical organisations to aid in 
developing practice guidelines; build on and unify existing efforts to interpret clinical implications of sequence variants

Investigator-initiated 
research

$42 million (2015–22) Perform clinical sequencing research; identify genomic determinants of HIV/AIDS drug response and comorbidities; examine genomic 
associations of serious adverse drug reactions and develop preventive strategies

Training and education $16 million (2016–21) Establish institutional training grants; support fellowships; organise conferences

Funding amounts are in US$. Amounts for fiscal year 2019 and later are estimates. NIH=US National Institutes of Health. IGNITE=Implementing Genomics in Practice.

Table 4: US National Human Genome Research Institute genomic medicine research programmes and associated NIH funding
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implementation guides, and clinical work flows. Assess
ing out comes of genomic medicine interventions is 
crucial for determining their value and best practices for 
their use; outcome assessment is explored in detail in 
the fifth paper in this Series.19

Other considerations
Like in many other areas of clinical care, several medical 
fields and a large number of allied personnel must work 
together for genomic medicine to be implemented 
effectively. Informaticians are critical to the integration of 
genomic information into the electronic health record, as 
well as to the implementation of effective electronic 
phenotyping algorithms and clinical decision support.71 
Pharmacists are essential to the effective application of all 
medical therapeutics, and they are particularly valuable in 
interpreting pharmacogenetic variants and their impact 
on drug response.72 Genetic counselling is a discipline 
that has evolved in the past 50 years to specifically address 
the needs of patients who are affected by genomic 
medicine. The role of the genetic counsellor is to interpret 
genetic test results, to guide and support patients who are 
seeking information about how inherited conditions 
could affect them, and to explain the risks and benefits of 
specific genetic tests.73,74 Previously, genetic counsellors 
worked almost exclusively in partnership with medical 
geneticists, but as the use of genomic information has 
extended to common, complex diseases, the need for 
genetic counsellors and for more streamlined models of 
providing information to patients has grown considerably. 
Genetic counsellors are also playing an increasing role in 
variant interpretation and working with laboratories and 
health insurers to optimise utilisation of genetic tests.75

Multidisciplinary approaches are essential to address 
some of the key challenges in the use of genomic 
information in clinical care, such as maintaining 
confidentiality and minimising the potential for genetic 
discrimination.76 Informed consent and adequate genetic 
counselling on the potential benefits and risks is 
crucial for all genetic testing and return of results. 
The risks include discovering an unmodifiable risk of 
severe disability or early mortality, unsuspected familial 
relationships, considerable risks to potential offspring that 
could affect reproductive decision making, or finding no 
genetic explanation for a patient’s con dition. The rapid 
evolution in understanding genomic variation and the 
dynamic nature of variant interpreta tion will continue to 
provide challenges for clinicians, laboratories, and patients 
in appropriately applying this information to clinical 
care. An easily overlooked aspect of genomic medicine is 
the longterm management of patients with important 
genomic findings, such as a pathogenic or LP variant in 
an actionable gene. Primary care physicians are often 
responsible for the management of these patients, which 
can be complex and require considerable amounts of time. 
The broader adoption of genomics into clinical care will 
only increase this challenge. Training of the entire medical 

team will be required, including nurses, pharmacists, 
and administrative staff. Because finding genomic variants 
in one patient could have profound implications for 
their family members, effective approaches are needed to 
communicate such findings to families and facilitate 
testing of atrisk relatives (known as cascade testing).77 
Health insurers will need to understand and pay for these 
timeintensive services for genomic medicine to be 
adopted and implemented effectively. Public health policy 
makers will need to consider the appropriate role 
for genetic testing beyond its current use in newborn 
screening, which is actually largely done using enzymatic 
rather than genetic tests. Populationwide screening has 
been suggested by the US Centers for Disease Control and 
Prevention for certain modi fiable risks (hereditary breast 
and ovarian cancer, Lynch syndrome, and familial 
hypercholester olaemia78) but has yet to be widely adopted. 
Testing for these conditions remains focused on patients at 
risk, who are usually identified through strong family 
histories, but indications might broaden as knowledge 
in this field increases.79 Other challenges in genomic 
medicine implementation include navigating hurdles 
to reimbursement from health insurers, convincing 
clinicians to act on genomic information, and main taining 
patient privacy while sharing data in effective ways to 
improve variant inter pretation.1 Expanded efforts are 
also needed in evidence generation, data sharing and 
infrastructure support, improving the regulatory environ
ment, and engaging patients and the public.80

Conclusions
Genomic technologies and understanding of genomic 
variants are continuing to move from the research setting 
to clinical care in incremental steps that should be viewed 
as more of an evolution than a revolution. As potential 
clinical applications of genomic research arise, imple
mentation research is needed to identify the best strategies 
to promote rapid adoption, scaleup and sustained 
integration of these applications into routine clinical 
care, with the aim of improving patient outcomes.81 
Dissemination research is also needed to understand how 
best to share and sustain knowledge and promote 
the use of effective interventions. NHGRI collaborates 
with the National Institutes of Health Dissemination and 
Implementation Program to fund innovative research in 
relation to genomic medicine. As medical systems and 
healthcare systems increasingly adopt genomic medicine 
approaches, data from clinical experiences will become 
available and could be used to assess the realworld 
benefits and shortcomings of these approaches. 

Numerous resources and materials are available to assist 
clinicians and patients in adopting genomic medicine 
approaches. However, accessing and filtering through the 
large volume of information can be over whelming. At 
present, the best option for clinicians might be to contact a 
local geneticist or genetic counsellor, or a nearby genomics 
laboratory or molecular pathologist. In the USA, for 
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instance, these professionals could be located through the 
ACMG, the US National Society of Genetic Counselors, 
the College of American Pathology, or the Association 
for Molecular Pathology. Telemedicine approaches might 
also meet the growing needs of genomic medicine.82 
Patients are increasingly able to access resources online, 
and patient support and advocacy groups such as the 
Genetic Alliance have been effective in directing patients 
towards appropriate clinical care. Additional training and 
certification could be offered by medical institutions to 
develop consulting genomic medicine subspecialists in 
various medical disciplines, such as pharmacogeneticists, 
genomic cardiologists with expertise in cardiac arrhyth
mias and cardiomyopathies, and oncologists with expertise 
in cancer genomics. Even for the nonspecialist prac
titioner, however, the adoption and usefulness of genomic 
information will continue to grow. Concomitantly, 
clinicians will need to increase their understanding of 
genomic medicine, which is the intention of this Series.
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