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THE MISSION of the Center for Applied
Genomics (CAG) is to develop new and better
ways to diagnose and treat children affected by
rare and complex medical disorders,1 including,
but not limited to, ADHD, asthma, autism,
diabetes, epilepsy, obesity, schizophrenia,
pediatric cancer, and a wide range of rare diseases.
Ultimately, the Center’s goal is to generate new
diagnostic tests and to guide physicians to the most
appropriate therapies.
To help accomplish this mission, CAG is
engaged in over 100 active collaborations with
aligned research teams across the globe. Among
CAG’s most productive partnerships is its ongoing
work with the electronic medical records and
genomics (eMERGE) Network,2 spanning more
than 100 projects in the past decade. In this article,
we review the history of collaboration between
CAG and eMERGE and highlight a range of novel
strategies aimed at delivering genomics‑based
individualized healthcare.

membership of the funded consortium includes ten
clinical centers,2 a genotyping center (Broad), and
a coordinating center (Vanderbilt). This overview
presents a brief history of the consortium and its
outputs through the years; the challenges faced and
overcome; and an analysis of what we expect in the
coming years.

“Collectively, disruptions of genes
in this network (as determined by
the presence of CNVs), account for
~12% of total ADHD cases when
corrected for control occurrence.
These results suggest that disrupted
mGluR signaling/activity is involved
in ADHD in a subset of patients
that can be identified based on
genetic profiling.”

eMERGE Phases 2007–2026
The eMERGE Network was established in 2006
and has since funded a consortium of U.S.
medical research institutions. The stated goal of
the Network is to develop, disseminate, and apply
approaches to research that combine biorepositories
with electronic medical record (EMR) systems
for genomic discovery and genomic medicine
implementation research. This goal necessitates
shared expertise in genomics, statistics, ethics,
informatics, and clinical medicine, all of which are
integrated in a comprehensive infrastructure across
multiple sites. The Network has grown steadily over
the years, evolving in tandem with developments in
healthcare technologies (e.g., genomics, phenomics,
and healthcare research and practice). The current

Phase 1 (P1: 2007-2011):
eMERGE Phase 1 was established in September
2007. Supported by the National Human Genome
Research Institute (NHGRI), the network built a
strong foundation for the more expansive iteration
that exists today. The initial years of eMERGE
were critical to establishing the workgroup
structure and approaches to data-sharing,
which remain a cornerstone of the eMERGE
enterprise. In particular, eMERGE invested
significant resources in creating a robust platform
for developing shareable phenotype algorithms
compatible with EMRs. These algorithms were
critical to driving genome-wide association studies

(GWAS) for a range of diseases.3-6 Perhaps more
importantly, they established a proof-of-principle
that (often disparate) large medical centers could
share rules, approaches, and, ultimately, casecontrol datasets to drive large-scale genomic
studies. eMERGE continues to be a world-leader
in innovating approaches to electronic algorithm
development. We recount next the legacy programs
developed during Phase 1.

P1 Legacy
Phenotyping:

Collectively, eMERGE has established a strong
track-record in creating validated phenotyping
algorithms in support of high-throughput
genomics research, and sharing experiences and
know-how in genomics discovery, methodology,
and clinical decision support. Respective
projects and resources have become increasingly
mature through four phases of research and
development. eMERGE published – and continues
to maintain – a searchable catalog of EMR-based
phenotyping algorithms called the Phenotype
KnowledgeBase (PheKB), which is available to
investigators worldwide.7 It continues to develop
and publish best practices for sharing genomic
data and EMR-based phenotypes while protecting
participants’ privacy.8-13
Ethical, legal, and social implications (ELSI):

eMERGE published model consent language for
EMR-linked biorepositories, intended to harmonize
the consent process for the collection and storage of
human biospecimens and data for future research,
particularly those collections that have an EMR
component. eMERGE continues to research ELSI
in the light of EMR-based genomics programs,
implementation, and data-sharing.
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Case Study: TPMT
Principle under study

with conventional doses of thiopurine. These can
be fatal if unrecognized, particularly in homozygous
Thiopurine S-methyltransferase (TPMT) is an
individuals.24 Appropriately, the US Food and Drug
enzyme that drives metabolism of purine analog
Administration (FDA) recommends TPMT testing
drugs – namely azathioprine, 6-mercaptopurine and
prior to starting treatment with thiopurine drugs, and
thioguanine – which are used as chemotherapeutic
TPMT genotype-guided dosing recommendations are
and immunosuppressant agents for treating lymphoid
currently in use.20,25
malignancies, leukemias, inflammatory bowel disease,
and other immune conditions.19,20 TPMT maps to
chromosome 6p22.3 and has least 34 alleles, mostly
CAG26 examined whether genome-array data
associated with reduced activity in vitro.20 Alleles
captured
on commercial platforms could be imputed
*2 (rs1800462), *3A (rs1800460 and rs1142345),
to
identify
common defective TPMT alleles, which
*3B (rs1800460), and *3C (rs1142345) account for
in turn could be used to identify individuals with
95% of all non-wild type alleles, and all four involve
high-risk genotypes. Results were intended to assess
missense mutations (a mistake in DNA resulting in
whether commercial arrays can be leveraged to prea wrong amino acid in a protein). Frequencies of
emptively capture high-risk individuals, whose data
these alleles vary across populations19 – *3A is most
can be entered into the EMR in order to mitigate risk
commonly found in European cohorts (4.5%),21
of thiopurine-associated adverse events. The research
*3C is more prevalent in Africans or Asians, with
team imputed TPMT variants in 87,979 samples from
5.4–7.6% (reviewed in22). Across populations,
approximately 0.3% of individuals carry two defective the biobank at CAG using the 1000 Genomes Project
as reference. In a sample of 630 subjects, Sanger
alleles (associated with negligible activity), about
sequencing (N = 59) and direct genotyping (N = 583)
10% are heterozygous (intermediate activity), and
89% have normal activity.21,23 Individuals who do not (12 samples overlapping in the two groups) were
used to confirm concordance between the imputed
have normal activity are at higher risk of developing
myelosuppression within weeks of starting treatment and observed genotypes, as well as the sensitivity,

Proof-of-principle

The Journal of Precision Medicine

10

Phase 2 (P2: 2011–2015):
eMERGE Phase 2 expanded from 5 to 9 sites
and was opened to pediatric institutions for the
first time. The Network continued to innovate
in electronic phenotyping, data-sharing, and
genomics discovery.14-17 Importantly, the
Network undertook a large supplemental project
early in Phase 2, which represented a major
change in approach from discovery-based
science toward implementation, specifically
in returning reports based on individuals’
genomic risk. Collectively, the Network’s
clinical centers adopted the Pharmacogenomics
Global Research (PGRN) Network
14.

15.

16.

17.

18.

pharmacogenomics (PGx) panel and
sequenced 84 PGx candidate genes in over
9,000 participants. A PGx-based risk report
was created for all participants (N>9,000), and
reports were returned to participants’ EMRs,
with clinical decision support and relevant
outcomes capture downstream of this return.
To fulfill this commitment, relevant workgroups
pivoted to capture enhanced workflows for EMR
integration and outcomes measurement and to
anticipate and observe the ethical, legal, and social
implications of returning reports. A number of
relevant legacy programs are eviewed briefly in
P2 Legacy, below.
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specificity and positive and negative predictive
values of the imputation. The SNPs that represent
TPMT alleles *3A, *3B, and *3C ((rs1800460 and
rs1142345) were imputed. Overall, 98.88% of
individuals (623/630) were correctly imputed into
carrying no risk alleles (553/553), heterozygous
(45/46) and homozygous (25/31). The standout result
here is that no individual was incorrectly identified
as a normal metabolizer, which aligns with- normal
dosing. Based on this finding, we can conclude that
imputation of TPMT alleles from existing genomic
data can be used as a first step in the screening
of individuals at risk of developing serious adverse
events secondary to thiopurine drugs. We can further
conclude that, for appropriately-consented individuals
and using appropriately-handled samples (e.g., CLIAcompliant), genomic data can be generated at low
cost and used to identify pharmacogenetic actionable
variants such as those relevant to TPMT. Moreover,
such data can be integrated to the existing EMR, and
remain “inactive” unless a provider recommends a
PGx-relevant treatment. “Activation” of a relevant
drug order would then helping trigger clinical decision
support and, for example, recommend additional
testing or more careful monitoring etc.

P2 Legacy
Pediatrics in eMERGE

As discussed previously,1 translational research
approaches in adults and children are often
disconnected. Because children constitute a
“special” population, they are often excluded from
clinical research and trials. While the intention
of such exclusions is to promote safety and
protect vulnerable individuals, an unwelcome
side-effect is the comparative under-investment
in pediatric clinical trials.18 Symptomatic of this
issue was the previous ineligibility of pediatric
sites under eMERGE Phase 1. Phase 2, with the
admission of two pediatric sites – CHOP and a
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joint membership from Cincinnati Children’s
Hospital Medical Center (CCHMC) and Boston
Children’s Hospital (BCH) – represented both a
symbolic and practical marker in redressing this
imbalance. This change empowered the Network
to pursue not only phenotypes more common
to children (e.g., ADHD, asthma), but also to
assess the etiological/age spectrum of diseases
more traditionally focused on adult populations
(e.g., clostridioides difficile (C-Diff) and venous
thromboembolism (VTE)), illustrated in Table 1.
Pharmacogenomics (PGx) and
Clinical Decision Support (CDS)
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The eMERGE PGx project genotyped drugnaive patients/participants, with relevant data
returned to participants’ EMRs as part of a nascent
preemptive strategy. In a real-world demonstration
of the potential of pro-active individualized
medicine study, those participants who were
subsequently prescribed one of 11 medications
were consequently able to benefit from custom
clinical-decision support genomic data, including
information that could alter dosing or medication
choice. A 2014 study from the CAG team
provides an interesting example of the immediate
readiness and applicability of the potential power
of a preemptive approach to current clinical care
(see Case Study: TPMT)
Pharmacogenomics and mitigating severe
adverse events due to risk variants

Genome-wide data is increasingly accessible
to healthcare providers, and methods
that demonstrate accurate imputation of
genotypes not directly probed by given arrays
can further enhance healthcare decisions.27
This individualized approach can be used
as a model for the PGx in clinical practice,28
and represents a potentially powerful too in
mitigating adverse events. This is all the more
pertinent given that severe adverse events (SAEs)
following medication remain a major cause of
morbidity and mortality in children. Increasingly
genetic variants are being included in FDA
labels as mediators of both efficacy and toxicity.
Nevertheless, testing can still be expensive,
time-consuming, and often requires an a-priori
understanding of relevant genomic factors.
An important lesson from CAG’s TPMT study
is that the widespread application of commercial

27.

28.

Marchini J, Howie B. Genotype imputation for genome-wide
association studies. Nat Rev Genet. 2010;11(7):499-511. doi:
10.1038/nrg2796. PubMed PMID: 20517342.
Gottesman O, Kuivaniemi H, Tromp G, Faucett WA, Li R,
Manolio TA, et al. The Electronic Medical Records and
Genomics (eMERGE) Network: past, present, and future.
Genet Med. 2013. Epub 2013/06/08. doi: gim201372 [pii]
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Table 1: eMERGE Phase 2 Phenotypes involving Pediatric Sites
CAG
Controls

CAG
Cases

Total
Controls

Total
Cases

ADHD**

11,438

1,013

15,107

1,264

Asthma**

9,740

4,498

20,134

8,178

Atopic Dermatitis

8,072

1,695

16,643

2,078

GERD**

15,216

1,573

20,102

4,343

Autism

4,610

155

7694

155

Childhood Obesity

101

99

223

527

C. Diff

165

178

10,437

1,909

Extreme Obesity

42

2

1,293

7,239

VTE

469

140

22,984

17,960

49,853

9,269

106,647

40,489

All Algorithms involving Pediatrics
Note: Table only includes algorithms with pediatric data.

Cells are not mutually exclusive (e.g., the same person may be a control for ADHD and asthma).
**CAG-led algorithms.

panels makes it possible to prophylactically identify
risk variants accurately, representing, at the very
least, cost‑effective supplement to existing PGx
approaches to healthcare.
Gene Discovery related to Attention
Deficit/Hyperactivity Disorder (ADHD)

CAG developed an ADHD electronic algorithm
that was implemented and validated by Boston
Children’s and Cincinnati Children’s hospitals.
The positive predictive values, (PPV) 89% and
95% for cases and controls, respectively, and
inclusion/exclusion modifications following
external validation have been re-incorporated into
the algorithm, increasing PPVs to 95%/96% for
cases/controls in the CAG repository.
In a large-scale, genome-wide study comparing
copy number variants (CNVs) in ADHD cases
vs. controls, CAG investigators identified rare,
recurring CNVs impacting specific GRM genes
(i.e., GRM1, GRM5, GRM7, and GRM8) encoding
for metabotropic glutamate receptors (mGluRs) in
ADHD patients at significantly higher frequencies
compared to healthy controls.29 The large effect
sizes (with odds ratio (OR) of >15) suggest that
these mutations are likely highly penetrant for their
effects on ADHD. Single cases with GRM2 and
GRM6 deletions were also observed that were not
found in controls.

10.1038/gim.2013.72 [doi]. PubMed PMID: 23743551.
29.

Elia J, Glessner JT, Wang K, Takahashi N, Shtir CJ, Hadley D,
et al. Genome-wide copy number variation study associates
metabotropic glutamate receptor gene networks with attention
deficit hyperactivity disorder. Nat Genet. 2012;44(1):78-84. Epub
2011/12/06. doi: ng.1013 [pii] 10.1038/ng.1013 [doi]. PubMed
PMID: 22138692.

When genes in the signaling pathway of GRM
genes (i.e., a GRM/mGluR-network) were assessed,
significant enrichment of CNVs was found to reside
within this network in ADHD cases compared to
controls. Collectively, disruptions of genes in this
network (as determined by the presence of CNVs),
account for ~12% of total ADHD cases when
corrected for control occurrence. These results
suggest that disrupted mGluR signaling/activity
is involved in ADHD in a subset of patients that
can be identified based on genetic profiling.
Positive findings were further evaluated/replicated
in multiple independent cohorts, totaling 3,500
ADHD cases and ~13,000 controls of European
ancestry, with respective case-control cohorts
genotyped on matched platforms. CNVs impacting
seven out of eight metabotropic glutamate receptor
(mGluR) genes were significantly enriched across
all independent cohorts (P ≤ 2.1 x 10-9).
Expanding the Bedside to Bench Potential

Leveraging the asthma phenotype algorithm
developed in Phase 2, CAG researchers applied
the rule set to all EMRs in the CAG biobank.
Previous genome-wide associate studies (GWAS) of
circulating vitamin D levels had identified a highly
significant (p < 1x10-49) association with variants
with the group-specific component (Gc, vitamin
D binding) protein;30 these results were used in a

30.

Ahn J, Yu K, Stolzenberg-Solomon R, Simon KC, McCullough ML,
Gallicchio L, et al. Genome-wide association study of circulating
vitamin D levels. Hum Mol Genet. 2010;19(13):2739-45.
Epub 2010/04/27. doi: 10.1093/hmg/ddq155. PubMed PMID:
20418485; PubMed Central PMCID: 2883344.
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Mendelian randomization (MR) experiment to
determine the true effect of vitamin D levels on
asthma predisposition and severity.
Data from the Genotype-Tissue Expression
Project (GTEx) consortium indicated that GC is
expressed exclusively in liver. Using the GWAS
data and liver expression quantitative trait loci
(eQTL) data(31), the research group identified
GC variants that were significantly associated
with GC expression and circulating vitamin D
levels to derive a polygenic risk score (PRS) for
each individual in the database. The PRSs were
subsequently regressed against asthma status and
severity scores to determine the causal effect of
circulating vitamin D levels on asthma. Critically,
any number of variations in input data, such as
gene expression, gene regulation, differential
expression in a tissue between disease and control,
could be used to determine observed functional
effect on a phenotype.

Phase 3 (P3: 2015–2020):
eMERGE Phase 3 amplified the theme of returning
genomics-informed results to consortium
participants with more direct application to clinical
care. Nine clinical sites collectively recruited
25,000 individuals who were assessed for rare
variants, which were integrated into participants’
EMRs and supplemented with a range of
community resources.
This large-scale project represents an important
real-world application of genomics-informed
individualized medicine, which includes
design, reporting, and outcomes research with
coordination and harmonization across sites
with different populations, health systems, and
expertise. Technical requirements for this project
include standardization of DNA capture, data
harmonization and management, interpretation
of results, and consensus on reporting metrics and
methodology (review at32).
All eMERGE Phase 3 sites collectively
developed a gene panel – eMERGEseq
(https://emerge-network.org/the-emergeseqplatform/) – consisting of 109 genes and 1,551
single-nucleotide variant (SNV) sites, with

31.

Innocenti F, Cooper GM, Stanaway IB, Gamazon ER, Smith JD,
Mirkov S, et al. Identification, replication, and functional finemapping of expression quantitative trait loci in primary human
liver tissue. PLoS Genet. 2011;7(5):e1002078. Epub 2011/06/04.
doi: 10.1371/journal.pgen.1002078. PubMed PMID: 21637794;
PubMed Central PMCID: 3102751.

32.

Harmonizing Clinical Sequencing and Interpretation for
the eMERGE III Network. Am J Hum Genet. 2019;105(3):
588-605. Epub 20190822. doi: 10.1016/j.ajhg.2019.07.018.
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priorities delineated by potential actionability of
findings and local research interests.32 The final
total of 109 genes reflects the 56 original genes
listed as actionable by original American College of
Medical Genetics and Genomics (ACMG)33 plus 6
nominated by each site. Relevant single-nucleotide
variants (SNVs) included were: (1) ancestryinformative markers and QC/fingerprinting
loci (n = 425), (2) HLA-informative (n = 272),
(3) pathogenic return-of-results (RoR) SNVs in
genes not included on the 109 gene panel (n = 14),
(4) pathogenic or likely pathogenic SNVs in genes
included for research only (not RoR) (n = 55),
(5) SNVs related to site-specific discovery efforts (n
= 718), and (6) pharmacogenomic variants
(n = 125).

“A particularly strong
component of CAG’s approach is
its highly-developed system and
process for delivering electronic CDS
to clinicians. This allows CAG to
customize content in creative ways
that make it instructive to clinicians
who may not be experts in
interpreting genomic information.”

Variant classification was based on ACMG/
Association of Medical Pathology criteria34 with
modifications established by an expert panel.
-ACMG-56 genes required extensive clinical
curation using the ClinGen framework for genedisease validity assessment,35 as well as assessment
by the Clinical Annotation workgroup. The PGx
workgroup selected variants to be included in the
clinical reports provided to participants guided
by Clinical Pharmacogenomics Implementation
Consortium (CPIC) guidelines.36 Twenty PGx
variants across seven genes were included.
A total of 8,437,788 variants were detected in the
25,015 participants analyzed with the eMERGEseq
panel. Extensive exclusion and filtration processed

gim.2013.73. PubMed PMID: 23788249; PubMed Central PMCID:
PMC3727274.
34.

35.

yielded 9,653 unique variants requiring further
assessment. After expert review, these were further
categorized as benign (1%), likely benign (8%),
variant of uncertain significance (VUS, 69%),
likely pathogenic (LP) (7%), pathogenic (P) (12%),
or penetrance risk alleles (0.5%). A further 205
unique copy number variants were detected, of
which 30% were deemed reportable. These data led
to a total of 1,497 participants that have an LP/P
variant that would require a positive report to be
issued. Furthermore, 23,232 participants – or 93%
of the cohort – had results indicative of at least one
non-standard drug dosing in one of the 7 genes
tested. These seven genes collectively encompass
only 11 drug types, and again, the effort of finding
these genes is justified by the massive potential for
large-scale PGx testing to facilitate individualized
guidelines for individuals across the healthcare
spectrum.

P3 Legacy
Template for Genomic Medicine:

The implementation of clinical sequencing into
Phase 3 provides a template for the large-scale
clinical translation of genomic data in healthcare
promised by the human genome project
(see, e.g.,37‑39). Further, the consortium’s focus
on integrating results with EMRs provides an
important model for clinical data management,
while implementation across sites with diverse
populations and EMR systems resolves many
questions on the “deliver-ability” of genomics
results to highly heterogenous healthcare systems.
Relevant outcomes continue to be tracked at
respective sites and span the gamut of healthcare
utilization including additional test order, new
medications, and new procedures.
Clinical Decision Support (CDS):

A particularly strong component of CAG’s
approach is its highly-developed system and
process for delivering electronic CDS to clinicians.
This allows CAG to customize content in creative
ways that make it instructive to clinicians who
may not be experts in interpreting genomic
information. The process also serves as a decision

36.

Relling MV, Klein TE. CPIC: Clinical Pharmacogenetics
Implementation Consortium of the Pharmacogenomics Research
Network. Clin Pharmacol Ther. 2011;89(3):464-7. Epub 20110126.
doi: 10.1038/clpt.2010.279. PubMed PMID: 21270786; PubMed
Central PMCID: PMC3098762.

37.

van Ommen GJ, Bakker E, den Dunnen JT. The human genome
project and the future of diagnostics, treatment, and prevention.
Lancet. 1999;354 Suppl 1:Si5-10. doi: 10.1016/s01406736(99)90241-6. PubMed PMID: 10437848.

Strande NT, Riggs ER, Buchanan AH, Ceyhan-Birsoy O, DiStefano
38.
M, Dwight SS, et al. Evaluating the Clinical Validity of Gene-Disease
Associations: An Evidence-Based Framework Developed by the
Clinical Genome Resource. Am J Hum Genet. 2017;100(6):89539.
906. Epub 20170525. doi: 10.1016/j.ajhg.2017.04.015. PubMed
PMID: 28552198; PubMed Central PMCID: PMC5473734.

Chakravarti A. To a future of genetic medicine. Nature.
2001;409(6822):822-3. doi: 10.1038/35057281. PubMed PMID:
11236997.

Richards S, Aziz N, Bale S, Bick D, Das S, Gastier-Foster J, et al.
Standards and guidelines for the interpretation of sequence
variants: a joint consensus recommendation of the American
College of Medical Genetics and Genomics and the Association
for Molecular Pathology. Genet Med. 2015;17(5):405-24. Epub
20150305. doi: 10.1038/gim.2015.30. PubMed PMID: 25741868;
PubMed Central PMCID: PMC4544753.

Mardis ER. A decade’s perspective on DNA sequencing technology.
Nature. 2011;470(7333):198-203. doi: 10.1038/nature09796.
PubMed PMID: 21307932.

thejournalofprecisionmedicine.com

positions 16 [arginine to glycine (Arg16Gly);
rs1042713] and 27 [glutamic acid to glutamine
(Glu27Gln); rs1042714] that are relatively common
(minor allele frequencies ~40–50%) and have
been well characterized in asthma PGx. The study
controlled for adherence to National Heart, Lung
and Blood Institute (NHLBI) guidelines using deep
mining of EMRs to assess previous treatments.
While no significant effect for rs1042713
(Arg16Gly) was identified, the study showed that
participants homozygous for Gln27 had increased
exacerbations while taking inhaled corticosteroids.
This demonstrated for the first time that the Glu27
variant in ADRB2 is associated with increased
frequencies of asthma exacerbations.

“The technical and governance
infrastructure developed in this
work will be reusable for other
genomic variants that impact
medication dosing and provide a
set of components for integrating
actionable variants elsewhere in
clinical workflows as well.”

PGx Innovation:

Building on the groundbreaking work from
Phase 2, Sood et al.42 led a prospective study to
identify patients carrying important variants
pharmacogenomically relevant to asthma
intervention. Asthma is the leading chronic disease
in children. Several studies have identified genetic
biomarkers associated with susceptibility and
severity in both adult and pediatric cases.
As part of Phase 3, CAG evaluated health
outcomes in 400 African American and European
American pediatric cases, all of whom were regular
users of inhaled corticosteroids. Patients were
stratified by genotype using two single nucleotide
polymorphisms (SNPs) in the beta-2 adrenergic
receptor (ADRB2) gene – rs1042713 and rs1042714
– previously associated with asthma outcome.
These correspond to nonsynonymous SNPs at
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Importantly, this study follows
previous eMERGE-funded efforts at CAG
(e.g., TPMT‑thiopurines, Case Study Inset)
to illustrate how EMRs linked to genotypes
can systematically be used to delineate health
outcomes. By showing associations between
genotype and response to inhaled corticosteroid
treatment as reflected in frequency of asthma
exacerbations for asthma, this study presents
a model whereby systematic data-mining of
biobanked samples coupled to EMRs can be used
to identify genotype‑health outcome associations

and inform treatment. This example illustrates
how data-mining of de-identified EMR data
from unbiased large-scale recruitment and
biobanking can successfully inform PGx effects and
clinical decisions.
Geocoding

Although environmental exposures from fetal
life through adulthood have persistent effects on
both overall health and socioeconomic status,43,44
a key knowledge gap has been the interaction
of life exposures in terms of long-term health
outcomes. For example, respiratory diseases such
as upper respiratory tract infections, otitis media,
tuberculosis, pneumonia, bronchiectasis, and
allergies have all been linked to specific exposures
in the environment,45-55 all of which is available
in existing eMERGE datasets as discrete EMRderived outcomes.
As opposed to bottom-up approaches to
deep‑phenotyping, ‘big-data’ bioinformatics
offers a complimentary, top-down mechanism
for probing the environmental variables through
geocoding. Geocoding simply refers to the process
of identifying a geographic location from an
address. A wide range of data can then be derived
from those geolocations, such as directions or
proximity associations. Examples include street
distances to major roadways, toxic release inventory
(TRI) sites, waste operation facilities, and nearby
air emission plants, as well as, neighborhood
traffic volume and road density, proximity to
food deserts, clinics, recreational facilities, and
healthcare facilities. Most commonly, studies
map the locations to census tracts to derive
demographic and socioeconomic variables from
the census, community and crime surveys, and true
environmental variables, such as air quality.
Using supplementary Phase 3 funding, CAG led
a consortium-wide effort to perform geocoding
across all samples in the eMERGE consortium.
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support conduit for clinical staff to communicate
materials and guidance to patients and families.
CAG carefully designs the process to account for
the clinical and communication requirements of
physicians and parents.
The system is capable of delivering summarized,
highly-visible results to highlight clinically
actionable variants, as well as one-click access to
full clinical lab report that provides all variant
findings. This system (architecture, interface,
etc.) provides several options for messaging
clinicians and clinical staff (messaging, paging etc.).
Importantly, it provides effective decision support
to clinicians that accounts not only for content but
also context and manner in which information is
presented,40,41 particularly for CDS at the point of
care. The technical and governance infrastructure
developed in this work will be reusable for
other genomic variants that impact medication
dosing and provide a set of components for
integrating actionable variants elsewhere in clinical
workflows as well.
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Figure 1: CAG’s eMERGE Phase 4 program
CAG is the largest biorepository in the United States in which the majority of samples are from racial or ethnic minorities, primarily African Americans (AAs). The repository
(n>500,000) includes more than 100,000 CHOP participants with linked electronic medical record and genome-wide genotype data, of whom >50,000 are AA. CAG’s
scientific output includes >300 peer-reviewed publications on genomic risk factors in AAs. Moreover, 43% of its contribution to the current eMERGE program includes data
from AA subjects (n=5,640), while 90% of eMERGE whole genome sequence data (814 of 900) are from AAs.

This allowed the Network to derive environmental
exposures as a potential way to power geneenvironment (GxE) interaction analyses across
sites. To use the asthma phenotype as example,
the Network was able to derive air quality
measures from the geocoding data to enable both
genome‑wide conditional analysis on air quality
as well as a gene environment interaction analysis
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to identify novel asthma susceptibility variants.
These data are publicly available along with all
eMERGE genotypes (Phases 1-3, N> 100,000) in
dbGaP (accession number: phs001584.v2. p2).
Importantly, the geocoding proximity
approach offers a highly cost-effective and
scalable means of addressing critical data-points
often absent from traditional EMR–derived
(DDT) and dichlorodiphenyldichloroethylene (DDE) and
neurodevelopment among young Mexican American children.
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of which affect development and particularly
neurologic development.56-63
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P4 Legacy and Plans
Phenotypes:

We (Dr Hakonarson and his CAG investigator
team) have worked extensively on PRSs for almost
a decade. During that time, we have published
numerous papers on PRS across multiple
phenotypes.64-72 PRSs for a range of phenotypes
may be applicable to patient care and have the
potential to outperform clinical predictors for
several diseases, including but not limited to breast
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cancer, type 1 diabetes, and prostate cancer.73-75
Many such predictors are most directly relevant to
individuals of European ancestry,76-84 who constitute
a large proportion of research participants in the
United States.
However, PRSs are only as valid as the GWASs
on which they are based, and currently ~79% of
GWASs are based on individuals of European
ancestry – reflecting well-documented biases
in research recruitment and infrastructure.
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(PRSs) for ten common diseases (listed in Figure 1,
upper left corner (colorectal cancer evaluated only
for monogenic risk)). Critically, the program will
target minority and underserved populations; these
groups have benefited comparatively less from
genomics research to date. At CAG, the team’s
focus is on individuals of African ancestry, who
will constitute >75% of participants. This work
will build on a research program with a focus on
diversity that has been foundational to its research
agenda (illustrated in Figure 1).
Collectively, the Network aims to implement PRSs
for 25,000 individuals – 2,500 at each of 10 sites.
These PRSs will help patients and providers learn
about their risk of developing specific diseases
and generate recommendations to improve health
outcomes. In order to deliver genomics-guided
healthcare using PRS, the validity of the scores and
phenotypes will be thoroughly assessed. The current
inequalities in genomics systems, which are biased
toward individuals of European ancestry, will
be directly augmented. Limitations in genomics
education and understanding among health care
providers, as well as the related EMR systems that
are not optimized for modern genomic sciences,
will be carefully evaluated and supported through
the eMERGE 4 initiatives. Special attention will be
applied to tracking consent and long-term outcomes
of pediatric cohorts, particularly ones of enhanced
diversity where emphasis needs to be placed on
equalizing healthcare opportunities.
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conditioning by allergy.90 CAG also highlighted
a variant in the ADRB2 that predicted increased
exacerbations for patients taking inhaled
corticosteroids,42 and a Mendelian randomization
analysis demonstrating low vitamin D is unlikely
causative for pediatric asthma.99

“While no significant effect
for rs1042713 (Arg16Gly) was
identified, the study showed that
participants homozygous for Gln27
had increased exacerbations while
taking inhaled corticosteroids.
This demonstrated for the first
time that the Glu27 variant
in ADRB2 is associated with
increased frequencies of asthma
exacerbations.”

Asthma

Asthma is the most common chronic disease
in children and young adults with prevalence
as high as 10% in the general population.
Through eMERGE, CAG developed an asthma
algorithm (including severity), implemented by all
sites, with total accrual of 8,178 cases and 20,134
controls and positive predictive values >94%.
This analysis powered a GWAS that identified
4 novel loci, including the TGES gene in AAs
only, which encodes TIE2, a protein that has been
shown to be involved in remodeling the airway
wall in asthma and remained significant after
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CAG has published more than 60 papers on
genomic correlates of asthma, including the
first common genetic association in children
at DENND1B.97 Intriguingly, the same variant
is associated with an increased risk of asthma
in AA children but a decreased risk in children
of European ancestry, again showing the
limitations of a “one size fits all” approach in
complex disease.

Risk Management:

PRS could help guide asthma therapy, particularly
in young children where the diagnosis is less
certain, and the benefit of long-term preventive
therapy vs intermittent therapy is less clear.
In adults, PRS could help guide the level of
therapy needed to prevent the development of
an irreversible chronic obstructive lung disease
(COPD). Chronic inhaled steroids therapy in
children is effective in preventing exacerbations
but can increase risk of long-term side effects from
growth retardation.100 Conversely, if therapy is
inadequate, these children are at risk of developing
chronic airway remodeling setting them up for
greater risk of chronic lung disease later in life,
particularly if they become smokers. There is
a growing body of evidence showing that AA
ancestry predisposes to more severe asthma,
supporting CAG’s recruitment approach.101
PRS Validation:

Polygenic risk scores for asthma were among the
first developed;102 in children, these scores can
predict those who are likely to remit versus those
requiring lifelong treatment. Furthermore, PRS
has the potential to predict long-term, real work
implications (e.g., school and work absenteeism,
hospital admissions).102 A small-scale GWAS based
study previously showed significant polygenic
prediction of lung function103 and improved
prediction of other phenotypes.104,105 For example,
wheezing is common in infants; a validated
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This bias is clearly problematic and further
magnified by European‑centric content of
genotyping arrays and reference panels.85-87
In the US, where ancestry and health disparities
already overlap markedly, and where real and
perceived health disparities are higher than
other high- and middle‑income countries,88,89
it is especially important that PRS-linked
phenotypes be validated in under-represented
cohorts. With over 50% of its recruited samples
from minority populations, CAG has the largest
minority-based biorepository in the United States
Hence, CAG is uniquely equipped to address
this issue, as reflected in multiple publications
by its team on the genetic landscape in African
Americans (AAs, see, e.g.,90-98). This point is
exemplified in eMERGE phenotypes driven by
CAG, including asthma and diabetes.

PRS has the potential to differentiate wheezing
from an asthma prognosis, yielding important
opportunities for an earlier, targeted intervention.
The proposed risk management protocol will
monitor critical variables to determine the most
effective use of long-term asthma management
with controller medications to minimize the use
of rescue therapy for chronic asthma with primary
focus on AA children.
Diabetes:
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CHOP’s Diabetes Center is a world-leading
center for care and research and CAG has long
been a leader in diabetes genetics, having led
landmark studies of atypical, monogenic, type-1
(T1D) and type-2 (T2D) sub-types, including the
largest T1D meta-analysis study reported.106-113
CAG was the first group to identify T1DM‑risk
variants in CLEC16A and to describe the
mechanism of this risk.110
Risk Management:

PRS could help guide diabetes diagnosis and
therapy and differentiate between diabetes
subtypes, including T1D, T2D and maturity onset
diabetes of the young (MODY). While T1D is
typically associated with autoantibodies, a subset
of T1D patients have no autoantibodies and a
large number of children develop diabetes-related
autoantibodies without ever developing diabetes.
PRS is anticipated to have an impact in classifying
children without autoantibodies and with
treatment selection (insulin injection vs insulin
stimulating drugs).
T2D is a rapidly growing problem in teenagers,
particularly those of AA descent.114 Identifying
those subjects at highest risk will allow for earlier
interventions and reduce the risk of diabetes
complications, such as metabolic syndrome, leg
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ulcers and chronic kidney disease – all of which
are extremely costly to the healthcare system and
devastating to the patients and their families.
This problem is amplified in adults, also targeted for
PRS-mediated intervention.

“Importantly, the geocoding
proximity approach offers a highly
cost-effective and scalable means of
addressing critical data-points often
absent from traditional EMR–derived
data, including environmental toxins
such as heavy metals, organics and
air pollution, all of which affect
development and particularly
neurologic development.”

CAG’s proposed risk management protocols will
consider a host of patient data sets, including family
history, physical examination observations, and
critical laboratory results to determine the most
effective therapeutic approaches for managing T1D.
The therapeutic regimen could range from insulin
treatment (dose of insulin per kg and ratio of short
to long-acting insulin) to diet interventions, and,
for T2D with respect to diet interventions, mono
vs combination therapy in the management of T2D
with primary focus on AA subjects. Individuals
with PRSs in between T1D and T2D can be tested
for MODY and other atypical forms of diabetes.
Tackling the Need for Diversity:

The overwhelming majority of PRS studies to
date focus on individuals of European ancestry.
Similarly, commercial genotyping arrays are

known to have a major ascertainment bias towards
European ancestry. For PRS, this problem is
exacerbated by linkage disequilibrium-based
pruning/corrections, because they rely on
reference haplotype panels that lack population
diversity – and PRS derived from Europeanancestry GWAS data are biased in unpredictable
directions, depending on the demographics.115
Importantly, individuals of African ancestry have
significantly higher risk allele frequencies, which
is higher for ancestral versus derived (i.e., more
recent) risk alleles.116 CAG is arguably among the
most experienced in the world in addressing these
inequities having genotyped >50,000 AAs to date
and customized a range of informatics tools to
address disparities.
EMR Integration:

We plan to leverage the eMERGE 4 platform as a
model of prophylactic genomic medicine at CHOP,
including the markedly increased integration of
multidisciplinary CDS. Barriers to implementing
CDS extend beyond technology to other issues
resulting from organizational, environmental,
process, and patient factors.117,118 Adding to the
challenge is the need to educate physicians and
other organizational decision-makers about the
complex sociotechnical factors that arise from
genomic test results.119
CDS design and development:

CDS requirements from cognitive task analysis
will guide development of interactive scenario
based CDS mock-ups for lead phenotypes.
In addition, health screening and intervention
workflows are often markedly different in pediatric
settings, further complicating CDS design.120
A well-designed CDS development and validation
plan is critical to addressing these barriers and
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Conclusions
As the eMERGE enterprise has matured, relevant
projects have become increasingly expansive and
ambitious in scope and output, which is in line
with the goal of forging new ground in genomic
medicine research. In eMERGE 2, PGx reports were
issued on more than 9,000 patient participants,
where clinical decision support initiatives facilitated
individualized dosing. The eMERGEseq panel
developed in eMERGE 3 was applied to more than
25,000 individuals and identified 202 individuals
with positive diagnostic findings and 1,294
with additional/secondary findings of medical
significance deemed to be returnable. In a similar
vein, eMERGE 4 will recruit 25,000 individuals,
all of whom will receive a genomics-informed risk
report. The latest phase in particular constitutes a
model of genomic medicine that is generalizable
and scalable to a large proportion of the US
population, and other countries with genomics
capacity and access to electronic medical records.
Any research that directly impacts healthcare
systems will always demand careful attention to
ethics, cost, and outcomes; as such, eMERGE
and related programs require similarly exacting
standards for revisiting and revising our
understanding of genomic variation. The eMERGE
Network is focused directly on this endpoint
and is delivering a promise made through the
human genome project – the large-scale provision
of individualized medicine. The product of this
collective effort is development of a comprehensive
suite of resources and know-how that support
the use of genomic information in clinical care.
This is particularly important in light of the
eMERGE’s emphasis on diversity populations,
which is helping unfold the genetic architecture in
under-represented individuals, thereby validating
important genetic/genomic findings form an
ancestry standpoint. J PM
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creating a CDS model that can be implemented
across phenotypes and eMERGE CSs.
Based on previous work,119 we anticipate that
CDS targeted at the primary care pediatrician
may include actionable steps in the EMR such
as modification of the problem list, reviewing
provider education, provision of patient-family
education, referrals to specialists, and/or ordering a
preventive medication.

