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“A small but growing number of fetal alcohol spectrum disorder researchers have similarly 
ŚǇƉŽƚŚĞƐŝǌĞĚ�ƚŚĂƚ�ĂůĐŽŚŽů�ŵĂǇ�ĞǆĞƌƚ�ŝƚƐ�ĞīĞĐƚƐ�ŽŶ�ĨĞƚĂů�ĚĞǀĞůŽƉŵĞŶƚ�ƚŚƌŽƵŐŚ�ĞƉŝŐĞŶĞƟĐ�

mechanisms.”
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Neurodevelopmental epigenetic etiologies: insights 
from studies on mouse models of fetal alcohol 
spectrum disorders

time points [4,11–13]. These changes result in a 
long-lasting epigenetic footprint that can lead to 
changes in gene expression and behaviors char-
acteristic of FASD. The results of our research 
and that of other groups suggest that prenatal 
alcohol exposure during any stage of pregnancy 
can result in the development of FASD [14]. 

Our group has been interested in the molec-
ular basis of FASD for some time. We began 
by creating a mouse model of the behavioral 
abnormalities associated with FASD [4,11]. We 
then began to explore the molecular mecha-
nisms underlying associated endophenotypes 
[3,12]. We have used four treatment protocols to 
examine the effects of binge drinking (intra-
peritoneal injection) during the first, second or 
third trimester of pregnancy, as well as moder-
ate voluntary alcohol consumption throughout 
pregnancy. We found that all four exposure 
paradigms produced long-lasting (up to 70 days 
of age) changes in miRNA and gene expres-
sion [3]. Interestingly, changes in some miR-
NAs matched specific dysregulated target genes 
that are involved in a number of neurodevel-
opmental processes and adult brain functions. 
Interestingly, none of the identified transcripts 
were seen in all four paradigms that represented 
alcohol exposure at different stages of neurode-
velopment. The exception was H/MBII-52, a 
snoRNA with a role in the etiology of numerous 
neurological disorders. We also examined DNA 
methylation in the voluntary alcohol consump-
tion paradigm and found long-lasting changes 
in >6500 gene promoters. The affected genes 
are involved in neurodevelopment and adult 
brain processes. The methylation changes also 
included a number of CTCF binding sites that 
are known to bind to differentially methyl-
ated regions of imprinted genes, among others 
[15]. These changes are relatively stable during 

The development of an organism from a single 
cell (ontogeny) is an intricate and enigmatic 
process. It is initiated by maternal and paternal 
nuclear contributions that are complementary 
but not identical. The phenotypic outcome of 
the child is not only dependent on traditional 
genetic inheritance, but also on the prenatal 
environment, including the various exogenous 
and endogenous signals. Environmental factors 
affect various pre- and post-natal developmen-
tal processes via epigenetic regulation of gene 
expression. As such, many genetically complex 
disorders are studied at the epigenetic level. 
This approach has led to a much deeper under-
standing of a host of diseases and disorders from 
cancer to schizophrenia. A small but growing 
number of fetal alcohol spectrum disorder 
(FASD) researchers have similarly hypoth-
esized that alcohol may exert its effects on fetal 
development through epigenetic mechanisms. 

Individuals aff licted with FASD exhibit 
impairments in cognition, learning, execu-
tive function, judgment, attention and social 
adaptation [1,2]. The extent to which an indi-
vidual exhibits such impairments depends on 
their genetic background, as well as the timing 
and dose of alcohol exposure [3,4]. FASD affects 
2–5% of pregnancies in North America, and has 
an annual cost in the tens of billions of dollars, 
making it a key public health concern [5,6]. 

Using various animal models and treatment 
regimes, a variety of the effects of alcohol on the 
brain epigenome have been studied, including 
genome-wide hypomethylation [7], and gene- 
specific hyper- and hypo-methylation [8–10], 
some of which are coincident with changes in 
gene expression and persist into adulthood. 
Furthermore, epigenetic and gene expression 
changes are associated with FASD-related 
endophenotypes at multiple developmental 
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development and must undergo reprogram-
ming in germ cells. The results offer a number 
of novel insights.

FASD may develop as a long-lasting and novel 
gene expression footprint with implications in 
alcohol-related cellular functions. Our results 
argue for a continuum of changes from gene 
expression to cellular physiology, neurodevelop-
ment and FASD-related behaviors. Although 
this genotype–phenotype correlation may par-
tially explain the effect of alcohol, it does not 
address the mechanism associated with altered, 
stable and long-lasting expression of selected 
genes following alcohol exposure during neu-
rodevelopment. We argue that these changes 
are accommodated by epigenetic mechanisms 
that include DNA methylation, miRNA and 
histone modifications.

“͙ŶĞƵƌŽĚĞǀĞůŽƉŵĞŶƚĂů�ĞƉŝŐĞŶĞƟĐ�
ĂůƚĞƌĂƟŽŶƐ�ĨŽůůŽǁŝŶŐ�ƉƌĞŶĂƚĂů�ĂůĐŽŚŽů�

ĞǆƉŽƐƵƌĞ�ĂƌĞ�ĂŶ�ŝŶƚĞŐƌĂů�ƉĂƌƚ�ŽĨ�ƚŚĞ�ĞƟŽůŽŐǇ�
of fetal alcohol spectrum and related 

disorders. ”

Much of our understanding of FASD has 
come from experiments that take a reductionist 
approach to disease etiology. Reductionism is a 
philosophy that the understanding of a complex 
system can be achieved in full by understand-
ing its simpler component parts. Systems bio-
logy, on the other hand, relies on examining the 
entirety of cellular processes and interactions 
in concert [16]. While a reductionist approach 
can quite successfully identify genetic com-
ponents and interactions, it offers no method 
of understanding large-scale emergent system 
properties; “the pluralism of causes and effects 
in biological networks is better addressed by 
observing, through quantitative measures, 
multi ple components simultaneously and by 
rigorous data integration with mathe matical 
models” [17]. A systems biology approach has 
been applied to many complex diseases [18]; 
however, to date, no study has yet taken a large-
scale systems approach to examining fetal alco-
hol exposure. This is chiefly due to a lack of 
the necessary comprehensive data. To this end, 
we have begun to take steps toward a systems 
biology approach to FASD in our most recent 
experiments [13]. 

Most epigenetic studies of FASD have 
focused on one or several genetic loci [9,19–22]. 
We have extended such studies to assess 
genome-wide DNA methylation and miRNA 

in a mouse model [13]. We believe that the inte-
gration of multiple data sets at multiple levels 
will be a key step in moving FASD research 
forward. By examining data from multiple gene 
expression microarrays from multiple alcohol 
exposure models, we have gained a higher level 
understanding of alcohol’s effect on the brain 
transcriptome. Our results have highlighted 
the importance of studying genes as inter- and 
intra-related modular components respond-
ing to the environment [23]. While single-gene 
analysis has provided a solid foundation for 
preliminary research into complex traits, it can 
exclude important, but subtle, effects on cel-
lular pathways. Indeed, many cellular processes 
affect sets of genes acting in concert. A 1.2-fold 
increase in many genes of a pathway can have a 
potentially greater physiological impact than a 
20-fold increase in a single gene. Using a path-
way analysis based on the principles of indepen-
dent component analysis [24] our observations of 
single genes showing low-fold changes and bor-
derline statistical significance have much greater 
statistical significance and bio logical impact 
when grouped together according to modular 
functions that show a significant enrichment.

“͙ĞƉŝŐĞŶĞƟĐ�ĂŶĚ�ŐĞŶĞ�ĞǆƉƌĞƐƐŝŽŶ�ĐŚĂŶŐĞƐ�
are associated with fetal alcohol spectrum 
ĚŝƐŽƌĚĞƌͲƌĞůĂƚĞĚ�ĞŶĚŽƉŚĞŶŽƚǇƉĞƐ�Ăƚ�ŵƵůƟƉůĞ�

ĚĞǀĞůŽƉŵĞŶƚĂů�ƟŵĞ�ƉŽŝŶƚƐ͘”

Nevertheless, the scale-free topology of cel-
lular networks allows for some key individual 
genes to have crucial properties [25]. The distri-
bution of nodes (i.e., genes) in cellular networks 
is highly nonuniform with most of the nodes 
having only a few links to other nodes. How-
ever, there are a few nodes with a very large 
number of links called hubs. The importance 
of the relationship between a system and sin-
gle gene is highlighted in these cases. While 
a network can tolerate many disruptions to its 
lesser-connected nodes, a similar disruption to a 
single node can be catastrophic to the networks 
it connects. This principle is highlighted in our 
results by the disruption in PTEN signaling. 
We observed changes in key hubs of this path-
way, such as the increased methylation in AKT 
and increased expression of PTEN. Interest-
ingly, these two genes act in opposing fashions 
and alterations can have profound effects on 
both neurodevelopment and neuroplasticity 
[26]. Given these facts we hypothesize that the 
changes observed in these hubs play a critical 
role in the observed molecular footprint of 
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altered methylation across half of the members 
of this signaling pathway. 

These findings also unite two mechanisms 
behind fetal alcohol exposure, epigenetics and 
reactive oxygen species. Reactive oxygen spe-
cies signaling has a significant role in the func-
tions of neurodevelopment and plasticity; it 
interacts with the hubs of PTEN signaling by 
using reversible oxidation to alter protein func-
tion [27]. These findings reveal an intimate rela-
tionship between two molecular mechanisms 
of FASD. In our opinion, this approach is a 
significant contribution to our understanding 
of FASD. It allows for a more complete annota-
tion of the pool of endophenotypes associated 
with FASD, provides valuable biomarkers given 
the dynamic and theoretically reversible nature 
of the epigenome, and finally it begins to put 
together the puzzle pieces of how exactly the 
epigenome serves as the bridge between nature 
and nurture for shaping complex traits, such as 
brain function [28]. 

Moving forward, several conclusions and 
principles can be drawn from our research to 
date. First, our data argue that neurodevelop-
mental epigenetic alterations following prena-
tal alcohol exposure are an integral part of the 
etiology of fetal alcohol spectrum and related 
disorders. Our results offer a novel paradigm in 
appraising the role of environmental factors in 
complex diseases in general and neurodevelop-
mental diseases in particular. Furthermore, they 

support an approach that incorporates interac-
tions at every level, particularly the epigenome. 
The true significance of epigenetics comes 
from its expansion of the genetic code from a 
combination of just four base pairs to a much 
more complex code that can consist of combi-
nations of hundreds of molecular marks that 
are in unique combinations both spatially and 
temporally. Similarly, the resulting observations 
on the extent of genetic and epigenetic varia-
tions affecting a relatively large number of genes 
argue for a genome-wide approach that relies on 
systems biology. It takes into account pathways 
that are ultimately affected both spatially and 
temporally. We feel that it better reflects the 
complexity of most biological systems. Finally, 
given the dynamic nature of epigenetic marks, 
there remains a great potential for therapeu-
tic reversals of the long-lasting changes that 
contribute to diseases of epigenetic etiology, 
including FASD.
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