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Abstract

Developmental geneticists continue to make substantial jumps in our understanding of the genetic
pathways that regulate development. This understanding stems predominantly from analyses of
genetically tractable model organisms developing in lab environments. This environment is vastly
different from that in which human development occurs. As such, most causes of developmental
defects in humans are thought to involve multifactorial gene-gene and gene-environment
interactions. In this review, we discuss how gene-environment interactions with environmental
teratogens may predispose embryos to structural malformations. We elaborate on the growing
number of gene-ethanol interactions that might underlie susceptibility to Fetal Alcohol Spectrum
Disorders.
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Introduction

Nature versus nurture, or the relative contributions of genetics versus the environment to
traits, has long been an area of great debate. Given that all organisms evolved within an
environment that can be variable, it comes as no surprise that “versus” is a fairly contrived
term in many instances. A classic example of this is the disease progression of
Phenylketonuria, which requires both the mutation of PHENYLALANINE
HYDROXYLASE (PAH) and the presence of dietary phenylalanine. The maintenance of
mutant alleles of 2AH in human populations is also likely due to gene-environment
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interactions. In some populations, such as Irish, where the mutant PAH allele is at a
relatively high frequency, maternal heterozygosity associates with a reduced risk for
miscarriagel. This is thought to be due to higher levels of phenylalanine in the blood of
heterozygotes protecting against the mycotoxin, Ochratoxin A, which competes with
phenylalanine for PAH and is toxic to embryos?. Such gene-environment interactions
abound in psychological and biological systems, yet we still understand relatively little
about these interactions.

This lack of understanding can confound many of the studies examining therapeutic
approaches to diseases and disorders. An example is the reduction of neural tube defects by
folic acid supplementation. Studies showing that folic acid supplementation reduces neural
tube defects prompted the US medical community to mandate folic acid fortification of
grains2. However, subsequent work in mice showed that the protective benefits of folic acid
is dependent on genetic background and that, in varying genetic contexts, folic acid
supplementation can be detrimental3->. Collectively, these findings with PAH and folic acid
demonstrate that neither a genotype nor an environmental factor can readily be a priori
declared deleterious or beneficial. Instead, development is highly context dependent and
requires not only an understanding of genetic variation but also of the environmental context
in which the genotype is functioning.

Understanding the mechanism and breadth of gene-environment interactions requires careful
analysis of both the genetics of development and the preponderance of environmental
influences. Recent work published in the journal Nature has shown that extrinsic, or
environmental, factors have a greater influence on cancer risk than intrinsic factors8. Thus,
genetic risk is only one part of a complicated equation determining total cancer risk. Cancer
can be thought of as a disease of development as many of the pathways necessary for proper
development have been implicated in many types of cancer. Ultimately, this work shows that
the interplay of both genetics and the environment is critical in understanding the etiology of
cancer and, by extension, development.

Teratogens are environmental factors that can disrupt normal development, causing birth
defects. While the timing (Figure 1) and dosage of teratogen exposure are critical variables
that determine phenotypic outcomes, genetic predisposition is also an important variable that
is, in most instances, poorly understood. In this review, we focus our discussion on gene-
environment interactions with teratogenic agents that disrupt early development. We first
discuss a set of environmental agents that have been associated with gene-environment
interactions and elaborate on progress made on understanding gene-environment interactions
with the most common teratogen, ethanol.

Environmental influences: the dark side of progress

Due to human activity, the environment has changed drastically in the last 50 years.
Currently, there are more than 80,000 synthetic chemicals, and of these, close to 3,000 are
produced in amounts at or exceeding 1 million kg per year’. These 3,000 chemicals are
readily found in the environment and are in measureable quantities in the blood of
individuals’. In addition, there are 631 different pharmaceutical agents found at measurable
concentrations in the water worldwide and this number is likely an underestimate due to a
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lack of testing®. Adding to these large numbers, there may be many more unknown
metabolites of these chemicals with unknown effects. Alarmingly, very few of these
chemicals have been examined in a developmental context’- 8. These industrial and
pharmaceutical chemicals add to an already complex environment (Figure 2), which
includes disease, maternal factors (e.g. diet), natural factors (e.g. oxygen levels) and drugs
(e.g. alcohol). These facts demonstrate an ever-increasing likelihood for gene-environment
interactions but also have important implications, particularly in human studies that rely on
self-reported exposures, given that many exposures may be unknown to an individual.

There is growing evidence that chemicals originally considered safe can cause
developmental defects. Thalidomide is arguably the clearest example of this. Thalidomide
was originally developed in the early 1950's in Germany as a sedative and was actually
prescribed to pregnant women as a treatment for morning sickness in over 46 countries®.
This resulted in severe birth defects, principally phocomelia, consisting primarily of
dramatically shortened limbs, though various other birth defects can and do present®. Due to
the complex chemistry and actions of the drug, determining a mechanism of action has been
difficult. Multiple mechanisms have been proposed, including oxidative stress and anti-
angiogenic actions, though the direct thalidomide targets and how they mediate teratogenesis
are still not known9. Nitric Oxide (NO) is a promising as a target of thalidomide activity
and exogenous NO has been shown to rescue thalidomide-induced limb and eye deformities
via reducing oxidative stress and increasing angiogenesis in both chicken and zebrafishl.
While no specific loci are known, a genetic susceptibility to thalidomide-induced birth
defects is possible as not all exposed embryos developed birth defects12. Understanding this
potential genetic susceptibility is critical because there is a resurgence of thalidomide use as
an anti-cancer therapy?3.

Recent work has shown that common pharmaceuticals may also increase the risk for
developmental disorders and that there is genetic susceptibility to these effects. Schill and
colleagues!* demonstrated that ibuprofen inhibits migration and colonization of the bowel
by enteric neural crest cells in zebrafish, chicken and mouse. Mice lacking a single copy of
Rethave increased sensitivity to ibuprofen. In humans, mutation of RET is a risk factor for
Hirschsprung Disease, in which the bowel is not adequately colonized by enteric neural crest
cells1®. Overall, this work suggests that, in sensitive genetic backgrounds, ibuprofen could
increase the risk for Hirschsprung Disease. It should be of concern that this type of research
is lacking for most of the 3,000 pharmaceutical agents currently produced.

Similar concerns exist in the large numbers of other naturally occurring and synthetic
chemicals. Chemicals such as lead, methylmercury, toluene and ethanol can all cause
teratogenesis. Lead, used by humans for thousands of years, has spread widely throughout
the environment and human exposure can result in severe neurotoxicity. Recent events in
Flint, Michigan demonstrate the impact that environmental lead still has on our society
today. Prenatally, lead is able to pass the placental barrier and result in reduced cognitive
development and decreased 1Q scores'. Postnatally, young children are especially sensitive
where exposure can lead to cognitive impairments, decreased 1Q scores and behavioral
problems, and at later ages may cause a host of diseases including Alzeimer's and
Parkinson'sl’ 18, The differential progressive nature of lead-induced neurological damage
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across individuals suggests that permanent changes in the CNS may be mediated by genetic
background. APOE epsilon 4 (e4) associates with poorer prognosis following neural
traumal®, implicating it in neural repair and potentially lead-induced CNS defects. A study
from 2002 has shown that APOEe4 may result in an increased sensitivity to lead toxicity20.
However, this study looked at adult exposures rather than /in7 utero exposure and did not
hypothesize a potential mechanism for this gene-environmental interaction.

The APOEe4-environment interaction is also observed in mercury toxicity. Methylmercury
is formed in fresh water environments from both natural and human-made sources of
inorganic mercury. Methylmercury enters the aquatic food chain where it accumulates in
fishes. There is a long history of the toxic effects of methylmercury dating back to 186521
However, it wasn't until the 1950's that methylmercury was identified as a teratogen, leading
primarily to neurodevelopmental alterations, but also affecting overall growth and limb
development?2 23, Recent work has identified gene-mercury interactions with APOE e4
resulting in increased risk for neurodevelopmental deficits and maladaptive behavioral
outcomes?4 25, Additionally, work has shown that polymorphisms in other genes (ABC
transporters and glutathione processing enzymes) involved in the processing and elimination
of methylmercury may lead to accumulation of methylmercury /in utero resulting in reduced
birth weight26: 27. Thus, the genetic capacity of an embryo (or potentially the mother) to
clear an environmental contaminant may be critical in the risk of teratogenesis.

In addition to environmental contaminants, “life style” can negatively impact development.
While United States smoking rates are declining, as of 2014, 16.8% of adults still smoke
cigarettes (http://www.cdc.gov/tobacco/data_statistics/fact_sheets/adult_data/cig_smoking/).
Smoking is a known risk factor for birth defects, such as orofacial clefting?8. Gene-smoking
interactions associated with risk for orofacial clefting have been identified predominantly by
candidate approaches in humans. In a large study for gene-smoking interactions underlying
orofacial clefting, null and hypomorphic alleles for the detoxifying enzymes GS771 and
NATZ, respectively, were found to associate with orofacial clefting?9. Several studies using
candidate gene approaches have also identified genetic variants mediating risk to smoking-
induced orofacial clefting. These include genes associated with nicotine dependence
(DDC)*0, DNA repair (RAD51)3! and orofacial clefting (MSXZ and TGFB3)32. It is of
interest that other, similar, studies failed to associate either MSXZ or TGFB3and smoking in
the risk for orofacial clefting33: 34, Many possible reasons for such discrepancies exist and
experiments in animal models where potential confounds can be controlled would be of
great assistance. Such animal models for the effects of smoking on development are being
generated3® and should greatly increase our understanding of genetic risk to smoking-
induced birth defects as such models have done for our understanding of gene-ethanol
interactions.

Ethanol: the emperor of all teratogens

Humans have been consuming ethanol for millennia and alcohol consumption is socially
acceptable in most cultures. While the first evidence that ethanol exposure could damage
developing embryos was published more than a century ago38, it was not clinically
appreciated that prenatal alcohol exposure could cause human birth defects until 1968%7. In
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1973, the term Fetal Alcohol Syndrome (FAS) was coined in reference to a set of severe
birth defects in individuals with prenatal alcohol exposure3®. An FAS diagnosis requires the
presence of characteristic facial defects, such as a smooth philtrum, thin upper lip and short
palpebral fissures or eye openings (Figure 3). Additionally, reduced growth and CNS deficits
are present in FAS38. While FAS requires the presence of this set of characteristic
phenotypes, it is clear that much variability exists in the phenotypic outcomes of ethanol
exposure.

It is now well appreciated that ethanol can cause a wide range of structural, neural and
neurological impairments. A more complete discussion of these ethanol-induced defects can
be found elsewhere3?, but briefly prenatal alcohol exposure is a risk factor for orofacial
clefting as well as cardiac and eye defects??. Additionally, numerous structural defects of the
brain are found in ethanol-exposed children, including reduced size of the cerebellum and
structural changes to the corpus callosum3 41, Subsequently, ethanol-exposed individuals
may have learning and memory impairments*2. These individuals frequently lack the
appropriate initiative to form and maintain friendships, leading to a lack of social
relationships®3 44, These deficits in social skills can result in employment problems, trouble
with the law, inappropriate sexual behaviour, suicide and depression®®: 46, This full range of
ethanol-induced phenotypes, with FAS at the severe end, is collectively referred to as Fetal
Alcohol Spectrum Disorders (FASD)3.

Despite our understanding of FASD, significant numbers of individuals are exposed to at
least some alcohol prenatally. In the US the numbers vary between studies, ranging as low as
12% to as high as 25%*7: 48. However these numbers may be underestimates as more than
50% of women of childbearing age consume ethanol and nearly half of pregnancies are
unplanned?’. Estimates of the prevalence of FASD are as high as 1 in 100 live births in the
US“9. More recent estimates give US prevalence rates of 2-5%°0. Recent studies in Italy and
South Africa have shown even higher rates of FASD, 3.6% and 7.2%, respectively®0. These
rates may well be underestimates because pediatricians frequently fail to recognize FASD®L,
Collectively research shows that FASD is strikingly common and has no single set of
phenotypes that define it. Instead, FASD is a highly complex disorder suggesting its genesis
is multifactorial.

The variability of FASD and the comorbidity of other negative environments such as poor
nutrition, tobacco or drug use can confound human studies of FASD®2: 33, Thus, animal
models have been crucial in developing our understanding of the pathogenesis of FASD.
Indeed, it was work in animal models that definitively showed ethanol was a clear
teratogen®*. Work across animal models has shown that ethanol was capable of disrupting
development of organ systems commonly disrupted in FASD, including the brain, face, heart
and eyes36: 55-58 \While development can be disrupted by ethanol at any developmental time
point, some of the most severe phenotypes are generated when exposure occurs during
gastrulation, when the progenitors of the CNS and the face are being generated. Therefore,
disrupting embryonic development during these developmental time windows can lead to a
wide range of ethanol-induced phenotypes, including growth retardation, facial
dysmorphologies and CNS abnormalities®®. There is also interest in animal studies of the
behavioral outcomes of FASD and these studies have been extensively reviewed
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elsewhere®. For the purpose of this review, we will focus primarily on the genesis of
ethanol-induced structural defects.

Gene-ethanol interactions: A tale of two inputs

Timing, dosage, pattern, and duration of ethanol exposure all impact the phenotypes in
FASD 6061 Fyrthermore, multiple studies demonstrate that genetic predisposition also
plays a role in FASD. Human twin studies show there is 100% concordance for FAS in
monozygotic twins while only 64% concordance in dizygotic twins62. In every animal
model system studied, zebrafish, chicken, mice and rat, different inbred strains show
different sensitivity to ethanol-induced defects®3. Thus, across species there is substantial
evidence that the risk for ethanol-induced developmental defects is genetically modulated.

Some of the insight into the genetic risk for FASD comes from phenotypes in individuals
with FASD. While FASD has an extremely wide spectrum of phenotypes, some of these
mirror holoprosencephaly, which is also highly phenotypically variable. Prenatal ethanol
exposure is a risk factor for holoprosencephaly®4. Mouse studies have shown that ethanol
exposure during days 7 and 8 of pregnancy results in a range of holoprosencephaly-like
phenotypes®®. The genetics behind holoprosencephaly are complex, but most genes known
to be involved in the genesis of holoprosencephaly function in the Sonic Hedgehog (Shh)
pathway5®. Collectively, these findings initially suggested that mutations in the Shh pathway
could enhance the teratogenicity of ethanol.

Work in multiple animal model systems has demonstrated that mutations disrupting Shh
signaling predispose to ethanol teratogenesis. Work from Hong and Krauss®® demonstrated
that the Shh co-receptor Cdon interacted with ethanol resulting in an increased incident of
holoprosencephaly-like phenotypes in mutant mice. Recent work has shown that
heterozygosity for either Sh/or G/i2enhanced the facial and neural defects caused by
ethanol®”. Additionally, work in zebrafish, using morpholinos, revealed that ethanol interacts
with shha leading to disrupted GABAergic and glutamatergic neural development®8.
Morpholinos against agrin, which mediates Shh signaling, also interact with ethanol
resulting in defects to ocular development®. Thus, a substantial body of evidence exists
suggesting that genetic attenuation of the Shh pathway is a risk factor for FASD.

Several possibilities may explain these interactions of members of the Shh pathway with
ethanol. First, ethanol has been shown to disrupt lipid modification of Shh that is required
for proper signaling’®. Second, it is possible that a source of Shh is undergoing apoptosis
following ethanol treatment’2. Third is that ethanol disrupts Retinoic acid levels. Retinoic
acid is critical in inducing Shh expression in the notochord and neural plate. The timing of
ethanol exposure needed to phenocopy holoprosencephaly is just prior to the induction of
Shhexpression. It has been proposed that ethanol is a competitive inhibitor of retinoic acid
synthesis’2 73, although this model remains contentious’. Numerous studies have examined
if retinoic acid supplementation can rescue ethanol-induced defects. Most relevant to
whether retinoic acid is involved in interactions between ethanol and the Shh pathway is the
finding that retinoic acid supplementation can rescue mid-hindbrain defects in ethanol-
treated, s/7ha morpholino-injected embryos’®. The same study found that retinoic acid did
not rescue ocular defects under these same conditions. An inability of retinoic acid to rescue
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ethanol-induced eye defects was independently demonstrated by Kashyap and colleagues’®.
These findings, among others detailed more extensively elsewhere’’suggest that the
involvement of retinoic acid in interactions between ethanol and the Shh pathway is likely to
be context dependent. Given that Shh and retinoic acid only explain a portion of the
phenotypic spectrum in FASD many other gene-ethanol interactions must exist.

As with the teratogens discussed above, genes mediating clearance of ethanol are likely
candidates to modulate FASD risk. Early work in human populations focused on allelic
differences in ethanol metabolizing enzymes. Across animal species, degradation of ethanol
is a multi-step process. Ethanol is metabolized initially to acetaldehyde, primarily through
the action of ALCOHOL DEHYDROGENASE (ADH), formed as a complex of ADH1A,
ADH1B and ADH1C. Acetaldehyde is highly reactive and also potentially teratogenic. It is
converted to acetate via ALDEHYDE DEHYDROGENASE (ALDH). In several human
studies, alleles of ADHI1B that are predicted to metabolize ethanol more quickly are
underrepresented in children with FASD”8-82, Similarly, a slow metabolizing variant of
ADHIC associates with orofacial clefting in ethanol-exposed children 83,

While ethanol metabolism may be protective against FASD, it also generates by-products
that can be deleterious to cells, making clearance of such by-products another potential level
of gene-ethanol interactions. Ethanol processing leads to reactive oxygen species production,
disrupting the balance between prooxidants and antioxidants leading to increased oxidative
damage, including DNA damage®* €5, Disrupting endogenous antioxidant production can
lead to sensitivity to ethanol, which can be mitigated by supplementation with the
antioxdiant vitamin E 84. These approaches have been partially successful but may be
dependent on a range of factors including timing, dosage, cellular and tissue context and
genetic background® 88 In mice, maternal loss of Superoxide dismutase, responsible for
clearing reactive oxygen species, predisposes to ethanol teratogenesis8”-89. Work in mouse
has shown that combined loss of A/dh2and the Fanconi Anemia DNA repair enzyme,
Fancad?, results in ethanol-induced exencephaly and eye defects®. Thus, both reactive
oxygen clearance and DNA damage repair are promising pathways to mediate susceptibility
to FASD.

Similar concerns are observed in reactive nitrogen species, in particular nitric oxide.
Changes in nitric oxide have been shown to play a role in ethanol teratogenesis with nitric
oxide production being protective at low ethanol concentrations and toxic at higher ethanol
concentrations8 9193 However, attenuation of nitric oxide levels, in Nitric oxide synthase 1
mutants, predisposes embryos to ethanol-induced neural defects?1-93, These studies used a
third trimester model of exposure, demonstrating that deleterious gene-ethanol interactions
are not limited to early development. Collectively, these studies demonstrate that genes
involved in clearing ethanol and reversing potential deleterious consequences of ethanol and
its metabolism are likely involved in the genetic risk for FASD.

Other studies have taken broader approaches and demonstrated that the genetic susceptibility
to ethanol is likely more complex than what would be predicted based on overt phenotypes
or ethanol metabolism. The ease of performing genetic screens in zebrafish makes it an
appealing model organism to understand genetic risk for FASD. In an initial screen of five
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craniofacial mutants housed in our lab using doses of ethanol that did not disrupt
development in wild-type embryos, we found that pdgfra interacted with ethanol and this
interaction was highly synergistic®4. Loss of Pdgfra results in orofacial clefting in zebrafish,
mice and human®-98, Ethanol-treated pdgfra mutant zebrafish lose the entire palate94. In
addition, haploinsufficiency was observed in the majority of pdgfra heterozygous embryos.
Pdgfra acts through the PI3BK/mTOR pathway to regulate cell survival, proliferation and
growth9: 100 \We found that this pathway mediates the pdgfra-ethanol interaction and
elevating PI3K and mTOR signaling could partially rescue the ethanol-treated mutants®4. In
humans, we identified single nucleotide polymorphisms (SNPs) in PDGFRA and PDGFRB
that associate with in changes in outer canthal width and midfacial depth, respectively, in
ethanol-exposed individuals®. In a follow up screen of 20 mutants available from the
Zebrafish International Resource Center (ZIRC), we found that mars, hinfp, plk1, foxil and
vang/2 all genetically interacted with ethanol'91, The nature of these genetic interactions is
of ongoing interest. These results demonstrate the strength of genetic screens to identify risk
factors and we are currently performing a forward genetic screen to identify and characterize
new ethanol-sensitive loci.

With the advent, and ever decreasing cost, of deep sequencing, whole genome association
studies in humans are becoming more and more feasible. Aside from metabolic enzymes
(discussed above), previous candidate based approaches of identifying risk factors in
humans have had mixed results. Using a set of genes implicated in human orofacial clefting,
one study found an association between the Bmp target, MSXZ, and ethanol34. However,
two other studies failed to find a similar association32: 33, Recently, a genome-wide
association study found two loci, MLLT3and SMCZ2, which associated with ethanol-
exposure and orofacial cleftingl02. Future studies will be essential to understand these
interactions as neither gene has been implicated in ethanol teratogenesis previously. Overall,
this work along with the genetic screens described above demonstrates that gene-ethanol
interactions are not readily predicted. The phenotypes from gene-ethanol interactions can be
synergistic in nature, requiring a methodical approach to their identification.

Identifying genetic risk factors to one teratogen may help us understand other teratogens.
Toluene is an aromatic hydrocarbon used extensively as a solvent in the production of many
industrial products, including paint, varnish, lacquer and glue. It is also used as a
recreational drug via ‘sniffing or huffing,” which can lead to neurotoxic events103, The
teratogenic effects of toluene (methylbenzene) exposure result in microcephaly, craniofacial
abnormalities and neurological impairments93, strikingly similar to prenatal ethanol
exposure. “Fetal solvents syndrome” was proposed to describe these features%4. However
this description is controversial because in some cases clinicians could not rule out
concomitant exposure to other teratogensi3: 105 The phenotypic similarity between ethanol
and toluene suggests that they may share similar mechanisms of teratogenesis03: 106, |n
addition, the degradation of toluene uses several of the same enzymatic steps as ethanol195,
Genetic risk for toluene-induced birth defects is unknown, but it will be of great interest to
determine if our understanding of gene-ethanol interactions can inform the study of gene-
toluene interactions.
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Mechanisms of Gene-environment interactions

The interplay between genetic background and the environment plays a key role in a
multitude of diseases and disorders. Even among “simple” Mendelian diseases there is
substantial phenotypic variability that could be due to gene-gene, gene-environment or even
more complicated multifactorial interactions. These more complicated interactions that
include environmental inputs probably abound in more complex disorders. A significant
problem remains though in identifying and then characterizing gene-environment
interactions that underlie disease as well as healthy development. A key observation across
all of the teratogens discussed here is that clearance of a teratogen is critical for healthy
development and those genotypes that are slower in this clearance are more susceptible to
harm. For most teratogens, we know little more than this regarding genetic risk.

With ethanol as a model, we see that genetic risk for teratogenesis is vastly more
complicated than simply clearing the substance from our system. A teratogenic insult must
set off a cascade of deleterious events, be that cellular damage or altered signaling.
Sometimes, we can predict gene-environment interactions based on mechanisms used to
repair such damage (such as DNA damage repair) or based on similar phenotypes of genetic
mutants and teratogen-exposed embryos (such as holoprosencephaly-like phenotypes).
However, sometimes these interactions appear truly synergistic. For instance, it is only in
embryos with both attenuated Pdgf signaling, via mutation of pagfra, and exposure to
ethanol that exhibit a substantial elevation in the death of facial progenitor cells. It is likely
that casting a broad net to capture all possible gene-environment interactions will serve us
best in understanding this complex problem.

Once identified, understanding the nature of gene-environment interactions may represent a
substantial hurdle. We point readers to a recent manuscript detailing how some individual
gene-environment interaction researchers conceptualize these interactions and the challenges
thereinl07. Even with gene-gene interactions, there are several possible causes of a different
phenotype occurring in a double mutant versus either single mutant. Gene-environment
interactions are no exception and if we consider teratogens there are several possibilities.

The first is a direct, physical, interaction with a gene product. This is almost assuredly the
case with gene-environment interactions between loci encoding the enzymatic machinery
needed to clear a teratogen. Physical interactions between environmental contaminants and
other gene products are difficult to detect, although some examples exist. One example with
ethanol is the L1 cell adhesion molecule (LLCAM). LICAM is a membrane bound
immunoglobulin-like protein that has multiple functions during neural development1%8, The
extracellular domain of LLCAM has an ethanol-binding pocket that when bound reduces
L1CAM function leading to neurodevelopmental defects1%9. While it is unknown if LLCAM
itself is an ethanol-sensitive locus, ERK-dependent phosphorylation of LICAM alters the
ethanol-binding pocket and modulates ethanol sensitivity in a genetic background-dependent
manner!10, Thus, the physical interaction between ethanol and a protein may also be
genetically modulated by activity of signaling pathways.

The direct disruption of a signaling pathway is a second mechanism by which teratogens
may interact with genetic risk factors. In this case, ethanol attenuates, or potentially elevates,
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a signaling pathway upon which the gene product impinges. This is likely to be the case for
the pagfra-ethanol interaction discussed above. It is unlikely that ethanol is interacting
directly with the Pdgfra protein because PI13K signaling immediately downstream of the
receptor, determined by phosphor-AKT levels, is actually elevated in the presence of
ethanol. It is only downstream of mTOR, phospho-Eif4b, where the pathway is attenuated®?.
In this scenario, it is the combined genetic and environmental insults that result in a failure
of the embryo to regulate development.

A third likely mechanism is epigenetics. Teratogens such as ethanol have been shown to
alter the levels of small noncoding RNAs, microRNAs (miRNAs). Because each individual
miRNA is capable of modulating the levels of translation of many different genes, these
small RNAs may well be an important target for ethanol teratogenesis'!1. Ethanol also
effects DNA methylation as well as histone methylation and acetylationl12. These types of
modifications can give rise to transgenerational epigenetic inheritance, which can be carried
through both the male and female germlinel12,

There is a growing body of work in model organisms demonstrating transgenerational
inheritance following teratogen exposure. Recent work suggests that prenatal lead exposure
can lead to heritable epigenetic modifications in genes regulating immune response (e.g.
APOAS) and neural development and function (e.g. NDRG4 and NINJ2) 113, However, how
these epigenetic modifications contribute to lead-induced development disorders is currently
not known. In zebrafish, failure of the embryo (or mother) to properly clear methylmercury
can lead to a build up to methylmercury in the developing embryo 114, This accumulation of
methylmercury can alter DNA methylation patterns. If these modifications occur in the germ
line cells of the embryo, then subsequent generations may exhibit developmental
impairments in the absence of the environmental insult!15. This work showed that F2 and F3
embryos from parents exposed embryonically to methylmercury had persistent learning
impairments even without a methylmercury exposure. Similar transgenerational effects have
been observed for other environmental toxins including, dioxin, bisphenol A, 17a-
ethinylestradiol and polyaromatic hydrocarbons16-119. Qverall, this suggests that embryonic
exposure to teratogens can not only disrupt development in an exposed embryo but could
lead to developmental defects in subsequent, naive generations.

Conclusion

Gene-environment interactions are likely to underlie much of the variability and
susceptibility to birth defects. No single mechanism fully explains the breadth of phenotypes
in these interactions. Rather multiple interactions, all tissue and context dependent, are likely
to produce the observed phenotypic spectrum.

The complexity of just what is a gene-environment interaction and how these impact human
development are major hurdles that must be overcome. Is anything that is not a gene the
environment? For instance, it seems straightforward that a bottle of beer or a shot of whiskey
is environmental, but what about blood alcohol concentration (BAC)? BAC is a critical
variable for ethanol teratogenicity, but it is, in itself, governed by gene-environment
interactions: ethanol metabolizing enzymes and the amount and rate of ethanol consumed
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(which itself has a genetic component modulated by environmental conditions). Thus, even
in a “simple” model of gene-environment interactions, it becomes clear that our resulting
phenotype is driven by interwoven, layered, and potentially interdependent gene-
environment interactions (Fig. 4).
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Figure 1.

Timing of teratogen exposure can dictate disrupted organ systems. The timing of
development of several organ systems discussed in this review is listed. The long
development of the central nervous system (CNS) makes it particularly susceptible to

teratogenic insult.
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Figure2.
Environmental influences on development. A developing embryo or fetus (center) can be

exposed to numerous environmental factors. These factors can interact with the genetic
susceptibility of the developing embryo or fetus to alter the outcome of development.
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Figure 3.
Facial features characteristic of Fetal Alcohol Syndrome.
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Figure 4.
Complexity of gene-environment interactions. Multiple gene-environment interactions are

involved in even the simplest model of ethanol teratogenesis. Prenatal alcohol exposure is
required for the development of FASD, but is, itself, regulating by gene- environment
interactions that mediate both consumption patterns and ethanol metabolism. Prenatal
development, then, can be thought of as a set of complex, hierarchical and often interrelated
gene-environment interactions.
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