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Executive Summary
Birth defects are the leading cause of infant death in the United States. They are also among
the top ten causes of death and hospitalization among children of all ages. Despite the
devastating impact of birth defects, we understand little of their etiology impeding progress
towards treatment and prevention. Moreover, while surgical interventions have improved
survival for many children to beyond their first year, our inability to accurately predict, diagnose
and treat the common sequelae of birth defects leaves the economic, social and public health
burden of birth defects unacceptably high.
An estimated one-third of all pediatric hospital beds are occupied by a child with a genetic
diagnosis, and emerging genomic sequencing technologies provide an unprecedented
opportunity to identify the genetic variants, including those that cause birth defects. It is
essential that we leverage these advances to enhance our understanding of birth defects. Such
an effort will lead to new avenues for treatment and provide benefits to families, including
improved understanding of the cause of a child’s condition and the risks to any future children.
Understanding the genetics of human birth defects presents many challenges, some shared
with other pathologies and some unique. This White Paper outlines the need for a birth defect
genomics initiative, the challenges to overcome, and suggested solutions. Ultimately, we
conclude that understanding birth defects must be a trans-NIH effort and involve the
development of a new type of interdisciplinary team comprised of clinicians, geneticists,
genomicists, epidemiologists, biostatisticians and basic cellular and developmental biologists
working together in all aspects of the enterprise.
Birth defects have a disproportionate impact on the youngest members of society.
Approximately 8 million children are born with serious birth defects each year – roughly 6% of
births worldwide [1]. Importantly, an additional, untold number of birth defects lead to stillbirths
and miscarriages, which can have a devastating effect on parents hoping to start a family [2, 3].
The impact of birth defects for live-born children is profound. In the United States, during the
first year of life, birth defects are the leading cause of pediatric hospitalizations [4], medical
expenditures [5], and death [6]. Further, birth defects rank as a leading cause of death among
children aged 1-4 years (#2 cause of death), 5-14 years (#3) and 15-24 years (#6) [7]. Hence,
for the youngest members of our population, birth defects are a leading healthcare concern.
While advances in surgical outcomes are improving the survival of these children, the impact of
long-term sequelae remains significant. For example, brain abnormalities result in intellectual
disability; structural heart defects are detrimental to exercise tolerance; abnormal limbs
dramatically reduce fine motor function in the workplace; and craniofacial malformations affect
individual identity and can lead to substantial psychosocial issues.

Birth defects are associated with increased rates of childhood cancer.
Although many birth defect-related morbidities are phenotype specific (e.g. children with spina
bifida are at risk for hydrocephalus, while those with congenital heart defects are at risk for
cardiac fibrosis), some morbidities (e.g. neurodevelopmental deficits) are common across a
number of different birth defect phenotypes. Notably, there is a strong association between birth
defects and childhood cancers. Children with chromosomal birth defects appear to be at the
highest risk (10-15 fold) for developing childhood cancer, but even those with non-chromosomal
birth defects seem to have a higher rate of childhood cancer (2-3 fold) than children without birth
defects [8-10]. In addition, many developmental pathways that can cause birth defects also
have clear roles in the development of cancer. Hence, knowledge gained about the causes of
birth defects may also elucidate the etiology of childhood cancers, which are rarer than birth
defects and, therefore, generally more difficult to study. The Gabriella Miller Kids First Pediatric
Research Program is an exciting opportunity to explore this relationship between birth defects
and cancer.

The genetic causes of birth defects are discoverable but currently mostly unknown.
If we are going to make an impact on birth defects, research efforts MUST identify the
underlying causes of these conditions. Efforts to identify environmental factors associated with
birth defects (such as toxin exposure and nutrition) have had some successes (e.g. folic acid)
and warrant further investigation. It is clear, however, that genetic factors play a major role in
birth defect etiology, either as a primary cause or as a modifier to environmental exposures. The
current explosion in DNA sequencing technologies offers an unprecedented opportunity to
discover these genetic factors. Unfortunately, the application of these technologies to birth
defects has lagged significantly behind its application to other disease processes, despite the
extraordinary potential for these approaches to reveal the genetic etiology of birth defects and
thereby impact treatment. Hence, there is a pressing need to engage large-scale efforts to
identify the causes of birth defects and develop prevention and treatment strategies.

Understanding the genetics of human birth defects will directly benefit patients.
Despite their personal and public health impact, the causes of most birth defects are unknown.
Understanding the genetic or epigenetic variants causing birth defects will have a number of
benefits. We can improve the quality of genetic counseling and prognostic information. Because
recurrence risks for many conditions are currently based on empiric estimates (e.g. the risk of
recurrence of spina bifida is approximately 3%), identification of the genetic cause will allow for
a more precise estimation of recurrence risk (e.g. low risk of recurrence for a de novo mutation;
a predictable high risk of recurrence for a recessive condition).
Identification of specific birth defect-related genetic variations would also provide the basis for
functional analyses that may improve potential therapies for these patients. Currently, most
specific birth defects (i.e. spina bifida) are lumped together as single diseases. However,
clinically we know that the outcomes of these phenotypically-similar patients can be dramatically
different. Whether such differences are genetically-mediated remains a critical open question.
By identifying birth defect-related genetic variations, and improving our understanding of the
function of these sequence variations, we may identify subsets of patients who are at high risk
for specific adverse outcomes. Such knowledge would allow us to personalize the clinical
management of patients with birth defects and improve the precision of our care based on gene

function. In the end, without an understanding of birth defect related genetic variations,
improving birth defect therapy is inevitably hampered.

Challenges to Birth Defects Research that Need to be Overcome:
To realize the benefits of genomic approaches to the study of birth defects, there are a number
of challenges to overcome:
1. Individual birth defect phenotypes are rare.
Although birth defects as a group are quite common, this group is comprised of many different
conditions that are etiologically distinct and individually rare. Consequently, enrollment of
cohorts of sufficient size to identify common genetic variants, which generally have small effects
on disease risk, and identify variants of larger effect, which tend to be rare, can be challenging
even for large clinical centers. For this reason, we need to develop a collaborative system to
enroll patients with birth defects; collect, record, and store phenotypic information in a
standardized database; and, collect DNA samples from case-parent trios and unaffected
siblings as well as any available tissue samples.
While there are many existing birth defects-specific cohorts, the majority are small (n<1,000)
and, thus, under-powered for sequence-based studies. Further, many of the existing cohorts
were recruited years ago and/or outside of the US and may not be representative of current
cases (e.g. the relative contribution of genetic risk factors may have shifted after folic acid
fortification in the United States). In addition, many of the existing cohorts are not optimal for
birth defects research (based on case-control designs rather than case-parent trios) and/or lack
detailed phenotype information collected using a uniform nomenclature. Finally, many of these
cohorts were collected under consents that did not include current genome sequence sharing
rules making them ineligible for many NIH sponsored research initiatives. Therefore, the
prospective recruitment of large cohorts with systematically detailed phenotypic information
including prenatal exposure information and optimal study designs (trios/quads) are necessary
for birth defects research to advance. Importantly, with these large cohorts in hand, we can
identify second alleles which when combined with functional studies (see below) can provide
critical evidence for causality.
Timely collection of appropriately sized study cohorts will require a national recruitment network,
with select Clinical Centers coordinating the activities of a larger number of regional patient
enrollment centers that will ascertain study subjects and systematically collect detailed
phenotype descriptions and other relevant data. Patient enrollment will differ from the typical
approach, which is often condition-specific (e.g. cases with heart defects enrolled in the
Pediatric Cardiac Genomics Consortium [11]), in that each center will enroll the full spectrum of
birth defect phenotypes. Hence, the network will build a resource of the complete array of birth
defects, subsets of which could be analyzed by investigators with the necessary interest and
expertise.
Critical components for patient enrollment include: 1) a consent process that allows for sharing
of de-identified clinical and genomic data; 2) dedicated nurse/counselors to recruit patients and
family members, conduct interviews for prenatal exposures and medical/family history and
collect blood samples as well as any available tissue samples including surgical samples; 3)
clinicians with the necessary expertise to evaluate phenotypic features; 4) a standardized

nomenclature for describing each birth defect phenotype; 5) a secure database to house
phenotype data that can be shared across different types of computer platforms; 6) a central
biorepository for sample processing, storage and distribution; and, 7) community engagement
by large and small centers to recruit patients. Further, in anticipation of falling costs, we must
plan for patient and family enrollment to exceed our ability to sequence cases at current rates.
Creating a comprehensive infrastructure that can readily recruit patients and family members is
essential. Fortunately, the NIH already has models for such infrastructure in the Rare Disorders
Consortia, Clinical and Translational Science Award program as well as the Pediatric Cardiac
Genomics Consortium.
2. Genetic analysis of birth defects will require the latest, most cost-effective sequencing
technologies.
The revolution in human genomics offers many exciting opportunities for genetic variant
discovery in patients with birth defects. However, to be effective, sequencing quality must be
high and comparable data must be available for appropriately matched controls. Therefore,
centralized exome/genome sequencing may have substantial advantages both in terms of
throughput and quality. In addition, since DNA from patients is limited, sequence information
needs to be publicly available, to avoid re-sequencing the same patient without justifiable
improvements in sequence quality or coverage. The Centers for Mendelian Genomics offers
models for the necessary genomic resources. Finally, a wealth of data can be generated from
patient samples including epigenetic modifications, transcriptome, and proteomic data that may
be informative in the disease process; strategies to generate and share these data are essential
to elucidate birth defect disease mechanisms.
3. Functional studies in animal models are essential to test variants and discover underlying
etiologies.
Birth defects are fundamentally a problem in embryonic development. Surprisingly, at least in
the case of congenital heart disease, most of the genes with identified variants have no known
role in cardiac development, no known role in embryonic development, and many are
completely novel [11-14]. In addition, very few putative disease-related alleles currently have
been identified in more than one case and the functional impact of many such variants has not
been established. Therefore, functional testing in model systems is needed: 1) to bolster the
evidence that these genes/genetic variations may be disease causing; and 2) to investigate the
embryological mechanisms underlying the disease-association. In particular, low cost, highthroughput, in vivo, animal models of human disease are necessary to screen variants for
functional effects. Additionally, cell culture systems, including iPSCs from patients and control
family members, can prove highly informative. High throughput strategies are necessary to
screen both genic and intergenic sequences for disease phenotypes as well as initiate projects
to discover underlying developmental mechanisms. Screening novel birth defect candidate
genes in animal models is relatively risky and challenging; therefore, funding mechanisms to
foster this work are essential to generate the necessary preliminary data for further functional
studies.
4. We must create a research infrastructure that will immediately benefit patients.
The potential to provide research results to patients and families affected by birth defects is an
especially exciting outcome of genomic studies. As these studies will necessarily be focused on
children, discoveries have the potential to make a significant impact on the lives of these

children and their families. Therefore, for maximal impact, we need to create the infrastructure
to return results to patients, their families, and their physicians, especially in cases where
disease causality can be established. This needs to be built into the consent process. We
recognize that phenotypes in model systems may be insufficient proof to alter treatment or even
to assign disease causality. However, many patients may find this information useful, and it will
provide a critical opportunity for the research community “to give back” to the patients and
families who inspire these studies. For patient and families that crave as much information
about their disease process as possible, frank discussions about the available evidence and
their relative strength for disease causality and management are critical.
5. Birth Defects Research requires building collaborative interdisciplinary teams
For birth defects research to succeed, cementing
collaborative science between clinicians,
genomicists, geneticists, epidemiologists,
biostatisticians/bioinformaticians, and basic
developmental/cell biologists is essential.
Unfortunately, in many institutions these different
groups operate in different “silos” that slow research
progress. By creating a collaborative environment,
birth defects research has considerable potential for
accelerating research especially in the current human
genomics era.
In addition to investigator collaboration, we need
collaboration between different Institutes at the NIH.
Birth defects affect organ systems that span the NIH
mission. Many of the resources proposed here can
only be effectively implemented if each Institute
participates to create the resources needed. In so
doing, the Institutes ensure that these birth defect resources will go on to benefit the mission of
each Institute in the future. Therefore, trans-NIH initiatives are essential for birth defects
research to grow. The Trans-NIH Structural Birth Defects Working Group established in 2014
should be tasked with taking the lead on coordinating funding opportunity announcements that
will foster the efforts proposed here.
Finally, we need to train the next generation of birth defects researchers to become adept with
human phenotypes, big data, and functional experiments. This training must incorporate
connections between patients, genomic analyses, and cellular/developmental biology to foster
the necessary collaborations that will be essential for success in the future. This support must
come at all levels – training in graduate and postdoctoral levels, mentored clinical scientist
awards, as well as transition awards towards independence. Opportunities for institutions to
create training grants that foster a multi-disciplinary training environment are essential as well
as course work that spans disciplines.

What is needed:
1. Trans-NIH collaborative initiatives – birth defects affect the breadth of the NIH Institutes’
missions.
2. Funding opportunity announcements with allocated resources to recruit birth defect patients,
record and store detailed objective, quantitative, and comprehensive phenotype information,
and create a biorepository for DNA and tissues. Recruiting Centers should span the nation
in order to be comprehensive and continue to collect outcome data, which can then be
integrated with genotype information.
3. Funding opportunity announcements creating sequencing centers to generate sequence,
distribute sequence data, provide bioinformatic support, and develop analysis methods that
are more suited towards children (i.e. trio-based methods including analysis of maternal
genetic effects, parent of origin effects, gene-environment interactions).
4. Infrastructure to make sequence information publicly available that is particularly geared
towards children and birth defects research. Infrastructure needs to accommodate “big data”
(genome, epigenome, transcriptome, and proteome data) to enable insights into birth
defects and pediatric cancers.
5. Funding opportunity announcements for functional testing of human variants, either genic or
non-genic (e.g. gene regulatory elements). They should foster collaborative projects where
genetic analysis and functional testing are tightly integrated within a project in order to
maximize research potential. Funding mechanisms must include pilot projects for highthroughput screening of genetic variants for functional effects with further support for
preliminary characterization of novel genes and non-genic variants in order to discover their
developmental mechanisms.
6. Mechanisms to return research results to patients, families, and clinical providers.
7. Training mechanisms with a specific focus on interdisciplinary training. Specifically focus on
breaking down barriers (e.g. developmental biology and genomics training for pediatricians,
human genetic and epidemiology training for PhD developmental biologists, etc.) and foster
multidisciplinary interactions and training (conferences and coursework).
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