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Next-generation sequencing technologies can now be used to directly measure heritable de novo DNA
sequence mutations in humans. However, these techniques have not been used to examine
environmental factors that induce such mutations and their associated diseases. To address this issue,
a working group on environmentally induced germline mutation analysis (ENIGMA) met in October
2011 to propose the necessary foundational studies, which include sequencing of parent-offspring trios
from highly exposed human populations, and controlled dose-response experiments in animals. These
studies will establish background levels of variability in germline mutation rates and identify
environmental agents that influence these rates and heritable disease. Guidance for the types of
exposures to examine come from rodent studies that have identified agents such as cancer
chemotherapeutic drugs, ionizing radiation, cigarette smoke, and air pollution as germ-cell mutagens.
Research is urgently needed to establish the health consequences of parental exposures on subsequent
generations.
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1. Commentary

Over 12,000 genes are identified in the Online Mendelian
Inheritance in Man database (OMIM: www.ncbi.nlm.nih.gov/
omimy/); sequence variants in these genes are associated with a
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diverse array of genetic phenotypes. De novo mutations occur in
each generation and are increasingly being recognized as
contributing to a range of human disorders associated with a
broad spectrum of these genes, including autism, schizophrenia,
intellectual disability, and epilepsy [1-5]. Recent estimates suggest
that a human genome on average contains approximately 100 loss-
of-function variants, with as many as 20 exhibiting complete loss
of gene function [6]. However, despite major advances in human
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Fig. 1. Recommended approach for deciphering the environmental variables that cause germline mutation and heritable epigenetic changes in humans. Establishment of
baseline genetic variance in parallel with controlled experiments in animals and on highly exposed humans will provide the foundational experiments to estimate power.
Tissue repositories from well-characterized human cohorts will be developed for future studies aimed at investigating the more subtle environmental variables that influence
heritable outcomes. The results of these experiments will be used to develop human health policy and testing guidelines to ensure the protection of human gametes and

future generations.

genomics, the causative variables that influence mutational load
have remained an enigma. Although animal models have demon-
strated that exposure to mutagens in drugs, food, and the
environment can cause germ-cell mutations, no agent has been
shown definitively to produce heritable mutations in humans despite
the similarity in gametogenic processes in humans and rodents.
For example, of the 47 agents tested to date for germ cell mutagenesis,
33 chemicals, ionizing radiation, and 3 complex mixtures (urban air,
and main- and side-stream cigarette smoke) cause germ-cell
mutations in rodents [7-13]. It is likely that some of these agents
induce germ-cell mutations in sufficiently exposed humans [14].

Identifying environmentally induced human germline muta-
tions has been stymied by a lack of technologies that can efficiently
and economically provide a high-resolution map of a large number
of individual genomes [15-17]. Thus, the ENIGMA working group
met recently! to assess the current state of knowledge in
environmental mutagenesis and the potential role of environmen-
tal agents in causing germline mutations and sporadic disease. The
goal was to address how genomic technologies might be deployed
to identify variables that impact germline mutation rates and
heritable epigenetic changes in humans. The group developed a
vision for future research that focuses on studies designed to
identify environmental factors that may influence de novo
mutation rates and sporadic disease traits in individuals and
populations.

! The Working Committee to Develop a Protocol for Detecting Environmentally
Induced Genomic Damage in the Human Germline; Hilton Montréal Bonaventure,
Montréal, Québec, Canada; 14 October 2011.

2. Opportunities and challenges

Two recent studies of human families directly characterized
and quantified de novo DNA mutations derived from both male and
female gametes [18,19]. Sequence and structural differences were
identified by comparing whole genome sequences or copy number
variants between offspring and their parents. These findings show
that direct estimates of de novo mutation rates are comparable to
indirect estimates from population studies [20,21] and suggest an
average mutation rate of 1 x 1078 per nucleotide per gamete per
generation for single nucleotide variants, and 3 x 10~2 per genome
per generation for copy number variants greater than 500 bp [5].
Variation in the numbers of copies of a particular region of DNA has
generated great excitement not only because of its appreciable rate
of occurrence, but also because of its likely impact on human
health [22]. In addition to sequencing parents and their offspring,
emerging technologies may soon permit quantification of DNA
mutation frequencies directly in sperm [23], which will open up
new avenues of research in this field. The power of such pedigree
and sperm analyses seems clear, presenting tremendous new
opportunities for research on the factors influencing mutation
rates, such as age, sex, and social and environmental factors. In
particular, the study of environmental factors contributing to
variation in mutation frequency is a key opportunity. Human
cohorts exposed to xenobiotic agents were identified as priority
study subjects because extensive animal data, and some human
data, support the contention that these exposures should induce
heritable DNA changes. Examples include individuals receiving
radio- or chemotherapy before conceiving children [12,24],
inhabitants of radioactively contaminated areas (e.g., near
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Table 1

Description of the current challenges associated with applying next-generation sequencing to human families, and how inbred animals can resolve some of these issues.

Humans

Inbred mice

High inter-individual variability will require large sample
size to find an exposure effect
Heterogeneous environmental exposures.

Decreased inter-animal variability will yield increased statistical power

Controlled dose-response experiments can be used to derive an estimate

of the environmental levels required for an effect to be observed

Confounding lifestyle variables

Limited tissue availability

High error rates for sequencing technologies that are difficult
to decipher from existing heterozygosities

Controlled diet and environment
Can sample stable non-proliferating tissues (e.g., brain); lower probability of somatic mutations
Errors may be more readily identified in inbred animals; homozygotes

Chernobyl) [25], cigarette smokers [8,26,27], sickle cell anemia
patients treated with hydroxyurea [28], and populations exposed
to elevated levels of air pollution [11,29].

A critical first step to advance human germ-cell biology will be
to precisely establish the baseline of human germline genetic and
epigenetic variability. The range of variation in mutation frequency
among gametes and individuals is quite large [18] and represents
the background against which any induced mutations must be
assessed. Consequently, it is difficult to estimate the needed power
of studies over a range of anticipated effect sizes.

An additional challenge is minimizing the error rates associated
with next-generation sequencing that can lead to an excess of false
positives [17]. However, adequate genomic coverage and sample
size, in combination with statistical modeling and the increasing
ease with which mutations can be validated greatly diminish the
number of false positives [19]. In addition, new technologies are
emerging that may overcome this limitation by substantially
reducing sequencing error rates [30]. Thus, technological advances
make quantifying rates and spectra of inherited mutations in the
offspring of exposed individuals an achievable goal.

3. Vision and recommendations

The technologies necessary to discover the complex variables
that influence germline genome stability are largely available [17].
Given this premise, the ENIGMA working group recommends a
tiered plan comprised of a combination of foundational studies to
accurately characterize background variability, and definitive
studies designed to determine the environmental impacts on
germline mutation and epigenetic variation (Fig. 1). Foundational
experiments must directly determine background genomic vari-
ability to identify differences between offspring and their parents
in humans, and use controlled animal experiments to estimate
anticipated effects sizes. These foundational studies are necessary
to determine the required sample sizes and statistical approaches
for pilot and definitive studies in humans. Pilot experiments should
investigate highly exposed human cohorts to fully characterize
dose responses. Animal models, which allow better control of
genetic and environmental variables compared with humans,
should be employed to strengthen causal inference in human
health effects research (Table 1). Definitive studies of suspect
germline mutagens must first establish biological sample reposi-
tories from human families across a broad range of potential
mutagenic exposures. These studies should be prospective with
well-documented epidemiological data collection, including stan-
dard epidemiological metrics, family medical history, exposure
history, and samples for analyses of relevant exposure biomarkers.
Definitive studies should also aim to include epigenomics, creating
an integrated understanding of the epigenetic, genetic, and
environmental factors explaining heritable human disease.

The time is right to test the hypothesis that environmental
exposures induce de novo heritable mutations in humans. This
information is critical to determining the validity of extrapolations
from animal models, which have already identified a number of

germ-cell mutagens. These studies will determine if environmen-
tal agents that are well known to impact health in exposed
individuals also cause germline mutations that affect both
individual and population health in unexposed, future generations.
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