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ABSTRACT

Observations from a number of independent laboratories indicate that ethanol
has the capacity to act as a powerful epigenetic disruptor and potentially derail the
process of cellular differentiation. The aim of this dissertation was to determine the
epigenetic effects of alcohol on chromatin structure, the heritability of these effects in
vitro and in vivo, and whether the severity of these alterations is tied to the

differentiation state of the cell.

First, we investigated the epigenetic impact of ethanol exposure in a murine
neural stem cell model using chromatin immunoprecipitation, quantitative
polymerase chain reaction (ChIP-gPCR) and RNA analysis. We found that two
widely-studied histone modifications, trimethylated histone 3 lysine 4 (H3K4me3)
and trimethylated histone 3 lysine 27 (H3K27me3), were disrupted at promoters of a
panel of homeobox genes involved in neural development in the presence of
alcohol, and that these disruptions do not correlate with changes in the expression of

the examined genes.

Second, we determined whether the disruption of chromatin structure caused
by alcohol is heritable through cell division after an acute exposure in vitro. We
monitored changes in H3K27me3, H3K4me3, and acetylation/demethylation of
histone 3 lysine 9 (H3K9ac and H3K9me2, respectively) at the promoters of our
candidate homeobox genes using ChIP-gPCR. We found that alterations in these
marks persist beyond the window of exposure, and do not retain the same levels
compared to controls after a recovery period in which ethanol is withdrawn.
Furthermore, changes in the expression of these genes often occurred after
recovery and again do not correlate with histone modifications present at their
respective promoters. These alterations occur despite no indication of cell stress, but
are associated with increased expression of genes involved in cell proliferation and
neural lineage markers after recovery. A decrease in many oxidative stress pathway

genes was also observed upon exposure that was rectified after recovery.



Importantly, changes in the gene expression of histone methyltransferases and DNA

methyltransferases were observed, with a concurrent change in DNA methylation.

We next chose to determine if the observed alterations in chromatin structure
also appear in vivo using a mouse model of early acute ethanol exposure. Pregnant
dams injected with 2.9 g/kg ethanol at gestational day (GD) 7 were sacrificed at
GD17, and the fetuses scored for ocular and forebrain defects. Levels of H3K27me3
were low at the promoters of many of the candidate genes in affected mice, and high
levels of H3K9me2 specifically identified ethanol-affected mice, suggesting its

potential as a marker for FASD phenotypes.

Finally, we determined whether the epigenetic effects of ethanol are dependent
on the differentiation state of the cell using a murine embryonic stem cell (ESC)
model. Acute ethanol exposure resulted in oscillating changes in levels of histone
modifications for a long as 10 days post-exposure. Despite these changes in
chromatin structure, no lasting changes in expression of our candidate genes or
chromatin modifiers was detected. Acute ethanol exposure also did not impact the
capacity of the ESCs to differentiate along a neural lineage.

While alcohol has the capacity to act as an epigenetic disruptor, its effects
differ depending on the differentiation state of the cell and whether it is encountered
in conditions maintaining stemness or during the execution of the developmental
program. Furthermore, the alcohol-induced alterations in histone marks seem to be
more of a byproduct of teratogenic insult rather than associated with a functional role
in the transcriptional regulation of the cell. This study highlights the complexity of
ethanol’s teratogenic effects and suggest the histone code may not be a direct
regulator of transcriptional control, at least in the context of an environmental
exposure. None-the-less, alcohol-induced alterations in chromatin structure persist
beyond the window of exposure and strongly correlate with the development of FAS
birth defects. This study provides a platform for new hypotheses in fetal alcohol
epigenetics and possibly the establishment of a mechanism of alcohol’s effects on
chromatin structure.
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CHAPTER |
INTRODUCTION*

Epigenetics - Developmental Programming and Fetal Alcohol Spectrum Disorders

Mammalian development consists of a series of carefully orchestrated
changes in gene expression that occur as stem or progenitor cells differentiate to
form the tissues and organs making up the growing fetus. Once established by
lineage-specific transcription factors, the identity of each new cell type is maintained
through unique alterations in the way in which the DNA encoding each gene
becomes packaged within the nucleus (Hemberger et al., 2009). Much like a closed
book cannot be read while an open book can, genes can either be tightly wound up
and silent or in a relaxed, open, active state. As development proceeds, the DNA of
each cell becomes packaged in a way that is unique to that cell type and thus
“programmed” to express a specific cohort of genes, which confer its individual
identity and physiological function (Barrero et al., 2010). Three enzymatic
mechanisms control the assembly and regulation of chromatin structure: DNA
methylation, post-translational histone modification, and ATP-dependent chromatin
remodeling (Barrero et al., 2010). These fundamental processes, which control
gene packaging, are heritable through cell division and referred to as epigenetic as
they impart a level of regulation that is above or “epi” to genetics (Hemberger et al.,
2009).

From studies using a diverse range of model organisms we now acknowledge
that epigenetic modifications to chromatin structure provide a plausible link between
environmental teratogens and lasting alterations in gene expression leading to
disease phenotypes. Work from a number of independent laboratories have

demonstrated exposure to ethanol is associated with genome-wide / gene specific

*Reprinted with permission from “Prenatal alcohol exposure and cellular differentiation: a role for
Polycomb and Trithorax group proteins in FAS phenotypes?” by Veazey et al. 2013. Alcohol
Research: Current Reviews, 35, 77-85, Copyright [2013] by Veazey et al.
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changes in DNA methylation (Garro et al., 1991; Bielawski et al., 2002; Haycock,
2009; Ouko et al., 2009; Liu et al., 2009; Hicks et al., 2010; Zhou et al., 2011,
Downing et al., 2011), alterations in post-translational histone modifications (Kim,
2005; Park, 2005; Pal-Bhadra et al., 2007), and a profound shift in epigenetically
sensitive phenotypes (Kaminen-Ahola et al., 2010). Collectively, each of these
observations indicates ethanol has the capacity to act as a powerful epigenetic

disruptor and alter chromatin structure.

Although the mechanisms by which alcohol impacts chromatin structure are
not completely understood, recent work suggests that some epigenetic changes are
the downstream consequence of altered cellular metabolism. For example,
Choudhury and colleagues recently observed an increase in reactive oxygen
species (ROS) within primary rat hepatocytes treated with alcohol. This increase in
ROS was correlated with an increase in acetylated histone 3 lysine 9 and when
treated with cellular antioxidants, these alcohol-induced chromatin modifications
were abated (Choudhury et al., 2010). Additionally, exposure to alcohol has well
documented effects upon one-carbon metabolism and the bioavailability of the
crucial methyl-donor s-adenosylmethionine. Impaired levels of this key substrate
disrupt the ability of cells to methylate DNA and histones, resulting in compromised
epigenetic programming (Zeisel, 2011). Interestingly, many of the patterning
defects observed in FAS are phenocopied in studies examining deficiencies in one

carbon metabolism (summarized in Zeisel, 2011).

Despite the fact that alcohol exerts several global changes in chromatin
structure, many of the associated developmental defects appear to be rooted in
gene-specific alterations. A recent study by Hashimoto-Torii and colleagues
examining global changes in gene transcription within ethanol-exposed cerebral
cortices reported that only 636 transcripts out of 39,000 candidate mRNAs were
differentially expressed (Hashimoto-Torii et al., 2011). In further support of this
assertion, several laboratories have identified alcohol-induced alterations in the
expression of only a small number of key developmental regulators, including

several HOX gene transcription factors, which play crucial roles in directing organ
2



patterning and morphogenesis (Godin et al., 2011; Mo et al., 2012; Rifas et al.,
1997; Vangipuram and Lyman, 2012). In rodent models, these alterations have
been associated with neural patterning defects and the development of cranial facial
dysmorphogenesis reminiscent of those observed in clinical studies of FAS (Parnell
et al., 2009; Rifas et al., 1997). However, these alcohol-induced alterations in
expression are often limited to a specific tissue type and arise only during select
developmental windows of exposure (Godin et al., 2011; KIM, 2005; Mo et al., 2012;
Parnell et al., 2009). These observations suggest that the molecular machinery
involved in epigenetic programming may also be disrupted by ethanol exposure and
as a consequence, key epigenetic cues regulating development are not properly

established.

Differentiation - Epigenetic Control and Developmental Programming

Of the three classes of epigenetic modifications, post-translational
modification of histone proteins is undoubtedly the most complex. Post-translational,
enzymatic modifications including acetylation, methylation, phosphorylation, and
ubiquitination (to name the best studied subset) work together to produce a
combinatorial “histone code” that serves to regulate cell-lineage-specific patterns of
chromatin structure throughout development (Fisher and Fisher, 2011). Within the
unique transcriptional environment of embryonic stem cells, several developmentally
crucial genes are co-marked with both activating and repressive histone
modifications (Bernstein et al., 2006; Jiang et al., 2011; Lim et al., 2009).
Specifically, histone 3 lysine 4 trimethylation, which is typically associated with gene
activation, co-exists with the repressive trimethyl state of histone 3 lysine 27. These
uniquely marked loci are termed bivalent domains and generally encode
transcription factors directing tissue-specific programs of differentiation (Fisher and
Fisher, 2011). This same unique signature is found, albeit less frequently, in
placental, neuronal and other tissue specific progenitor cell types (Lim et al., 2009;
Rugg-Gunn et al., 2010). While these bivalently marked genes are generally not
expressed, they are thought to be “primed” for either rapid activation or silencing

during differentiation. Once established by lineage-specific transcription factor
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networks, the transcriptional memory of each differentiating cell is maintained
through the resolution of these co-existing epigenetic marks towards either the
active or silent state. Importantly, many of these bivalently marked genes are
disrupted in prenatal models of alcohol exposure and potentially explain the
constellation of effects observed in FAS. Recent work from our laboratory using a
neural stem cell model has revealed both histone 3 lysine 4 and lysine 27
trimethylation are altered by ethanol exposure (Veazey et al., 2013). Understanding
the mechanistic basis of these epigenetic defects is crucial to deciphering the

developmental origins of FAS.

Seminal studies using the fruit fly Drosophila melanogaster in the late 1970s -
early 1980s revealed the existence of two large multi-protein complexes with
diametrically opposite roles in the regulation of gene expression: the Polycomb
group (PcG) and Trithorax group (TrxG) (Lewis, 1978; Poux et al., 2002;
Schuettengruber et al., 2007). These two developmentally crucial enzyme
complexes function at the hub of mammalian development, regulating the intricate
balance between self-renewal and the execution of cellular differentiation. As
differentiation progresses, the regulatory regions of bivalent genes “commit” to one
of these two protein complexes and become exclusively occupied by either the PcG
or TrxG proteins. This commitment occurs in a cell-lineage dependent manor and
resolves the chromatin structure of these bivalent genes towards either an active or
silent chromatin structure. Any defects in this delicate balancing act, particularly
along the differentiation steps progressing towards the neural lineage, result in the
acquisition of developmental defects and cause disease. Despite their fundamental
importance to the processes of epigenetic programming and mammalian
development, to date, the role of PcG and TrxG proteins in the etiology of FASD has

not been examined.



Polycomb Group Proteins

The Polycomb group genes were originally discovered as key regulators of
anterior / posterior axis specification in Drosophila over 30 years ago (Lewis, 1978).
Since then, these gene families have been identified as essential regulators
governing mammalian processes of cellular determination and lineage specific
patterns of differentiation. In mammals, two major PcG chromatin-modifying
complexes, Polycomb Repressive Complexes 1 and 2 (PRC1 and PRC2) have been
characterized. Each complex is composed of proteins with different biochemical
functions, many of which are not well understood. Ring finger protein 1A and 1B
(RING1A and RING1B) are the catalytic engines of PRC1 and function to
ubiquitinate the 119'" lysine residue of histone H2A (Wang et al., 2004). This post-
translational modification pushes local chromatin structure towards a
transcriptionally repressive state and its proper establishment is essential to the
coordinated silencing of genes throughout mammalian development (Boyer et al.,
2006; Wang et al., 2004). Importantly, within embryonic stem cells, this mark
stabilizes the presence of “poised” RNA polymerase Il at bivalent chromatin domains
and is crucial for maintenance of the pluripotent state (Ku et al., 2008).

PRC2 has similar repressive properties to PRC1 and is also an essential
regulator of cellular differentiation. PRC2 facilitates the silencing of developmentally
crucial genes through mono-, di-, and tri-methylation of the 27t lysine residue on
histone H3 and tri-methylation of the 9™ lysine residue on histone H3 (Cao et al.,
2002; Czermin et al., 2002). Together, the repressive methyl marks on H3K27 and
H3K9 promote the generation of facultative heterochromatin and mediate a

transcriptionally silent state.

Adding a further layer of complexity, PRC2 associates with the mammalian
DNA methyltransferase complexes, which aids in their ability to repress PRC2 target
loci (Viré et al., 2006). This physical interaction suggests that the PcG complexes
and the DNA methyltransferases function together to maintain the epigenetic
memory of chromatin states through differentiation. Proper function of this gene

5



family and their interacting proteins is essential for the execution of cell specific

differentiation programs and proper lineage specification (Pasini et al., 2007).

Trithorax Group Proteins

In flies, domains of gene expression within the early embryo are shaped by
gradients of maternally deposited transcription factors that gradually diminish over
time. After these initial transcriptional regulators disappear from the developing
embryo, the memory of the active transcriptional state is propagated through the
action of the Trithorax (TrxG) proteins (Lewis, 1978; Poux et al., 2002). Mammalian
TrxG proteins have been implicated in fundamental epigenetic and cellular
processes including: X-chromosome activation, genomic imprinting, stress response,
apoptosis, tumorigenesis, cell proliferation, and embryonic stem cell renewal.
However, compared to the PRC1 and PRC2 complexes, very little information exists
regarding individual TrxG - associated members or their biochemical functions
(Schuettengruber et al., 2007). TrxG proteins function as conserved, multi-protein
complexes that catalyze the tri-methylation of histone 3 lysine 4 (H3K4me3) (Jiang
et al., 2011). In mammalian cells the TrxG complex is formed from a core group of
structural components that combine with at least one of six interchangeable histone
methyltransferases. Together, these multi-subunit ensembles form the mammalian

SET1/MLL family of complexes.

The main core of this complex is composed of four proteins including: WD40
repeat domain 5 (WDR5), retinoblastoma binding protein 5 (RbBP5), dosage
compensation-related protein 30 (Dpy30), and absent, small, or homeotic-like
(Ash2L). WDR5 recognizes the H3K4 methylated tail, which serves as the preferred
binding substrate for the methyltransferase complex. WDRS5 assists the binding of
the methyltransferase complex to the dimethylated H3K4 tail and is an essential
regulator of global K4 trimethylation (Wysocka et al., 2005). RbB5 is necessary for
proper ES cell differentiation into neural progenitor cells and together with Dpy30 is

essential to regulating global levels of H3K4 trimethylation (Jiang et al., 2011).



This TrxG core interacts with a group of interchangeable H3K4
methyltransferases including the Mixed Lineage Leukemia (MLL) proteins: MLL1,
MLL2, MLL3, MLL4, SET1A, and SET domain containing 1B (SET1B) (Jiang et al.,
2011; Steward et al., 2006). MLL1, initially discovered in human lymphoid and
myeloid acute leukemias, has been implicated in promoting cell-specific patterns of
gene expression by regulating global and gene specific H3K4 methylation during
early embryogenesis (Yu et al., 1995). In contrast to Mll1, knockout of MII2 in
mouse ESCs leads to skewed differentiation, but exhibits no concrete alterations to
H3K4 methylation (Lubitz et al., 2007). Despite their irrefutable involvement in
H3K4 methylation, much remains unknown regarding the remaining catalytic
subunits MLL3, MLL4, and SET1a/b. Deletion of any one of these remaining MLL
members may have minimal effects on global levels of H3K4 methylation, very likely
due to functional redundancy among the MLL family members (Jiang et al., 2011).
Despite progress in clarifying the roles of TrxG proteins, much remains to be
resolved regarding the temporal and tissue specific regulatory events these proteins

promote.

Polycomb & Trithorax in the Etiology of FAS

Fetal alcohol syndrome is broadly characterized by low birth weight,
distinctive craniofacial malformations, microcephaly, and central nervous system
dysfunction (Riley et al., 2011). Postmortem studies of children that succumbed to
fetal alcohol syndrome revealed ectopic, nodular accumulations of poorly
differentiated neuronal and glial cells within the brain; suggesting large-scale
problems with cellular proliferation and differentiation (Swayze et al., 1997).
Similarly, studies using animal models have demonstrated reduced brain size and
abnormal neural migration in mice exposed to ethanol in utero (Godin et al., 2010;
Parnell et al., 2009). Collectively, these observations indicate alcohol impairs the
cellular processes of neuronal differentiation and migration during fetal development.
In support of this conclusion, in vitro studies using human and rodent neurosphere
cultures demonstrate treatment with ethanol increases neurosphere size, skews the

developmental potential of neural progenitor cells, and fundamentally alters the
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neuronal differentiation program (Roitbak et al., 2011; Vangipuram and Lyman,
2012). However, the specific molecular mechanisms by which alcohol disrupts the
cellular processes governing differentiation remain poorly defined. Recent studies
examining the consequences of ethanol exposure during embryonic stem cell
differentiation demonstrate a delay in the ability of exposed cells to silence the
pluripotency factors OCT4, NANOG and SOX2 (Arzumnayan et al., 2009). These
studies are highly suggestive that ethanol interferes with the ability of differentiating
cells to recruit epigenetic modifiers to key developmental loci and execute the

molecular programs governing cellular differentiation.

During early mammalian development, some 2000 genes are bivalently
marked and progressively resolve towards the lineage-specific patterns of chromatin
organization characterizing each unique cell type (Rugg-Gunn et al., 2010). As
development proceeds, many precursor cell types both maintain a subset of
developmentally critical genes in this conformation and push new groups of cellular
factors into a bivalent state. For example, in embryonic stem cells the neural
precursor genes DIx2, Hand1, Msx2, Nestin, Nkx2.1, Nkx2.2, Olig2, Pax6, and Sox1
are all bivalently marked whereas in neural precursor cells only DIx2 and Pax6
maintain this conformation. Interestingly the astrocyte markers myelin basic protein
(MBP) and glial fibrillary acidic protein (GFAP) establish novel bivalent domains in
preparation for progression towards either the neural or astrocyte cell fates
respectively (Golebiewska et al., 2009). Proper function of the TrxG complexes are
absolutely essential to resolving these bivalent loci into the actively transcribed state
required for the induction of neurogenesis (Huang et al., 2007; Jiang et al., 2011;
Lim et al., 2009). Similarly, PcG complexes are necessary to silence the myriad of
developmental regulators specifying other cell types and ensure that lineage specific
patterns of gene expression arise (Pereira et al., 2010). By propagating the
transcriptional memory established by lineage-specific transcription factor networks,
these two complexes cooperatively regulate the balance between stem cell renewal

and lineage differentiation.



Importantly, the expression of many of these bivalently marked PcG / TrxG
regulated factors are disrupted in various models of prenatal alcohol exposure and
have been associated with profound errors in neuronal patterning. For example,
alcohol suppresses the activation of the Hox genes Msx2 and Pax6 leading to
cranio-facial abnormalities and hyper-differentiation of glutamatergic neurons
respectively (KIM, 2005; Mo et al., 2012; Rifas et al., 1997). Similarly, both the
expression and localization of Nkx2.1 and Olig2 are diminished by alcohol,
potentially disrupting the balance between excitation and inhibition in the postnatal
cerebral cortex (Godin et al., 2011). Recent studies by Taléns-Visconti and
colleagues demonstrated that ethanol both affects proliferation of neural progenitor
cells and markedly reduces their potential to differentiate into mature neurons,
astrocytes, and oligodendrocytes (Taléns-Visconti et al., 2011). Given this broad-
spectrum impediment to nearly every neuronal developmental fate, it is possible that
the observed impact of ethanol on overall architecture and size of the brain in FAS
children stems from some aspect of PcG / TrxG regulation of neural precursor
differentiation. Importantly, using an in vitro neurosphere model of differentiation,
Mo and colleagues recently demonstrated that ectopic expression of Pax6 was able
to ameliorate the impacts of ethanol on cell proliferation and neurogenesis (Mo et
al., 2012). These results suggest that within a limited scope, rescue of the
developmental program is possible.

Histone 3 Lysine 9 Acetylation and Methylation

Select residues on histone tails can be monomethylated, dimethylated, or
trimethylated by histone methyltransferases. The level of methylation on certain
residues can often correlate with changes in gene expression. For example, H3K4
mono-, di-, and trimethylation are associated with gene activation (Koch et al.,
2007). However, H3K27 monomethylation is associated with gene activation, while
H3K27 dimethylation and trimethylation are associated with gene repression (Barski
et al., 2007; Rosenfeld et al., 2009). Similar to H3K27 methylation, H3K9
dimethylation and trimethylation correlate with gene repression, and H3K9

monomethylation correlates with gene activation. Adding a further layer of
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complexity, H3K9 trimethylation may be activating if it is present within the gene
body, or it may be silencing if it is present within the gene promoter (Vakoc et al.,
2005). Out of the three residues discussed here, only H3K9 can be acetylated as
well as methylated. Histone acetylation results in gene activation and is mediated by
histone acetyl tranferases (HATs) (Roh, 2005). HP1 (Heterochromatin Protein 1)
contains a chromodomain that allows it to bind to H3K9me, which facilitates histone
deacetylase and methyltransferase activity (Bannister et al., 2001; Lachner et al.,
2001). There are various proteins that methylate and demethylate H3K9. Histone
methyltransferases that deliver methyl groups to H3K9 include Suv39H1, Suv39H2,
G9a, and SetDB1 (Rea et al., 2000; O'Carroll et al., 2000; Strahl et al., 1999). H3K9
can be demethylated by members of the IMJD and LSD1 complexes. Together,
these epigenetic marks are integral to the ability of stem cells to dynamically
regulate the balance between self-renewal and differentiation. Any abnormalities in

this process have the capacity to compromise differentiation and cause disease.

Conclusions

One of the most frustrating aspects in the study of fetal alcohol spectrum
disorders has been trying to explain the wide range of severity and enormous
variation in FASD associated birth defects. During fetal gastrulation, the process of
organogenesis is initiated and different rudimentary organ systems are formed and
grow during unique developmental windows (Zorn and Wells, 2009). Each organ
system cycles between periods of intense growth and steady state maintenance.
Importantly, periods of growth are characterized by carefully orchestrated changes in
DNA methylation and chromatin structure as differentiating cells are programmed
with their epigenetic identity (Zhou et al., 2011). In studies using animal models,
correlation of ethanol exposure at varying developmental time-points with major
periods of tissue growth strongly indicate that different tissues are largely
susceptible to ethanol-induced teratogenesis during specific developmental windows
(Becker et al., 1996). Given the demonstrated ability of alcohol to alter DNA
methylation and chromatin structure, it is likely that as each organ system enters a

period of active epigenetic programming, ethanol exposure induces lasting
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epigenetic lesions that persist throughout organogenesis, while non-developing
systems remain largely refractory. Accounting for differences in the timing and dose
of alcohol received, epigenetic errors resulting from even minor exposures to this
single teratogen could lead to the wide variance in severity and range of birth
defects that characterize FASD (Becker et al., 1996).

Since their discovery, the PcG and TrxG protein complexes have been
identified in numerous disease contexts, ranging from cellular transformation to
structural defects and mental iliness (Huang et al., 2007; Varambally et al., 2002;
Yu et al., 1995). From these studies, we now know that a molecular event or
teratogen that alters PcG/ TrxG programming within even a few neural progenitor
stem cells during fetal growth is likely to disproportionately influence subsequent
brain development, and has the potential to impart severe neurological birth defects
(Boyer et al., 2006; Hirabayashi and Gotoh, 2010). A complete characterization of
the involvement of Polycomb and Trithorax group complexes in the etiology of FASD
will undoubtedly aid in our efforts to understand the role of epigenetic programming
in this complex disorder.

The question of whether histone marks themselves are the true epigenetic
mark is an area of much controversy. Histone marks correlate with differential
regulation of a single sequence of DNA, however it is unclear as to whether they are
heritable through cell division. Two opposing models exist that attempt to explain the
maintenance of histone post-translational modifications through cell division. One
model suggests that some nucleosomes that contain a certain repertoire of marks
are maintained through the replication fork (Hansen et al., 2008; Margueron et al.,
2009). These marks facilitate recruitment of their respective chromatin remodeling
machinery to propagate the mark to newly incorporated nucleosomes. On the other
hand, the second model states that the chromatin remodeling complexes remain
associated with DNA through the replication fork, and re-establish histone marks on
newly incorporated nucleosomes (Petruk et al., 2012). Therefore, the true
‘epigenetic mark’ is the chromatin modifying complex itself. Although there is

opposing evidence supporting each model, it is still unclear whether histone marks
11



are heritable through cell division. It is also unclear if cells can re-establish histone
marks that were disturbed by an obstructive agent after it is removed. This study
attempts to provide insight to the question of the epigenetic basis of the etiology of
FASD as well as shed light on the epigenetic importance of the histone code.
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CHAPTER II
SELECTION OF STABLE REFERENCE GENES FOR QUANTITATIVE RT-PCR
COMPARISONS OF MOUSE EMBRYONIC AND EXTRA-EMBRYONIC STEM
CELLS*®

Introduction

During mammalian pre-implantation development a series of asynchronous
divisions result in the formation of the blastocyst. At this stage of development three
distinct cell types have emerged: the epiblast, trophectoderm and primitive
endoderm, which give rise to the fetus, placenta and extraembryonic endoderm
respectively (Rossant, 1975; Rossant and Tam, 2004; Rossant and Tam, 2009). To
better define the developmental and transcriptional processes unique to each of
these distinct lineages, in vitro cultured progenitor stem cells have been derived
(Martin, 1981; Nagy et al., 1993; Tanaka, 1998; Kunath, 2005). Analysis of ES, TS
and XEN stem cell lines have revealed much about the cellular processes controlling
mammalian development and demonstrated surprising differences in the epigenetic
regulation of gene expression between these three lineages (Kunath, 2005; Cherry
et al., 2000; Mann et al., 2004, Fortier et al., 2008; Golding et al., 2010; Macfarlan et
al., 2011). Identifying the biochemical factors underlying these differences remains
an essential step to understanding the molecular processes driving development

and better defining crucial aspects of mammalian stem cell biology.

Quantitative reverse transcription-polymerase chain reaction (QPCR) has
emerged as a powerful technique to rapidly assess transcriptional differences
between cell types and differing experimental conditions. However, accurate
guantitative analysis is dependent upon proper, empirical selection of a suitable
reference. Using published microarray data, and a novel statistical algorithm,
(geNORM) Vandesompele and colleagues demonstrated that the geometric mean of

“Reprinted with permission from “Selection of stable reference genes for quantitative rt-PCR
comparisons of mouse embryonic and extra-embryonic stem cells” by Veazey and Golding, 2011,
PLOS ONE, 6, e27592, Copyright [2011] by Veazey, Golding.
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three reference genes provided the most accurate and reliable means of normalizing
gPCR expression data (Vandesompele et al., 2002). Subsequently, this
experimental strategy has been validated and additional algorithms written and
utilized to identify the most suitable reference genes for a variety of experimental
conditions (Andersen et al., 2004; Pfaffl et al., 2004; Goossens et al., 2005;
Gilsbach et al., 2006; Willems et al., 2006; Mamo et al., 2007; Gutierrez et al., 2008;
Tatsumi et al., 2008; Boda et al., 2008; Suter and Aagaard-Tillery, 2009; van den
Bergen et al., 2009; Galiveti et al., 2009).

In this study we sought to identify a list of genes most suitable for use as
normalization controls in gPCR-based comparisons between ES, TS and XEN stem
cells or their in vitro differentiated progeny. In order to help identify candidate genes
we set two main criteria that the mRNAs would have to fulfill: 1) the transcripts
needed to be expressed above background and easily detectable, and 2) candidate
MRNASs needed to be stably expressed between each of the three stem cell lineages
under investigation. To this end we surveyed the recent literature and compiled a
short list of fourteen candidate genes, including Actb, B2m, Hsp70, Gapdh, Gusb,
H2afz, Hk2, Hprt, Pgkl, Ppia, Rn7sK, Sdha, Tbp and Ywhaz (Andersen et al., 2004,
Pfaffl et al., 2004; Goossens et al., 2005; Gilsbach et al., 2006; Willems et al., 2006;
Mamo et al., 2007; Gutierrez et al., 2008; Tatsumi et al., 2008; Boda et al., 2008;
Suter and Aagaard-Tillery, 2009; van den Bergen et al., 2009; Galiveti et al., 2009;
Allen et al., 2004; Hwang et al., 2007; Espinoza et al., 2004). These genes belong
to diverse functional classes and should not be co-regulated, thus providing a non-

biased method of normalizing qPCR expression data.

To evaluate the stability of our candidate genes we isolated RNA from three
independent lines of varying genotypes for each of the three stem cell types. This
RNA was quantified and seeded into five independent gPCR reactions measuring
each of the candidate genes. Using the geNORM, NormFinder and BestKeeper
algorithms, we identify the Pgkl, Sdha and Tbp transcripts as the most stably
expressed reference genes between each of these stem cell types. To determine

which of these candidates was most suitable for use during in vitro differentiation
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studies, we cultured ES and TS cells in the absence of crucial growth factors LIF
and FGF4 respectively. Using three independent RNA samples isolated on Day O
and Day 8, we identify Sdha, Tbp and Ywhaz as well as Ywhaz, Pgkl and Hk2 as
the three most stable reference genes through the in vitro differentiation of ES and
TS cells. Our results suggest that normalization of g°PCR data using the geometric
means of the transcripts listed above will yield the most accurate quantification of

gene expression between these three unique stem cell types.

Results

After a survey of the recent literature we curated a short list of fourteen
commonly used reference genes and either designed new primers or pulled existing
ones from references cited in the materials and methods. These genes are listed in
Table 1 and represent several distinct functional classes so as to minimize the
possibility of co-regulation. For each gene, a minimum of two independent primer
sets were tested and of these, the primer set exhibiting the greatest efficiency was
selected. To conduct an accurate survey of candidate gene expression levels
between ES, TS and XEN stem cells we isolated RNA from at least three
independent stem cell lines, representing at least two different genotypes. We
postulate that utilizing lines derived from diverse genotypes will more accurately
identify stable reference genes to be used in future studies contrasting patterns of

gene expression.

Previous studies in our laboratory have utilized stem cell lines derived from
Mus musculus castaneus x mus musculus (C57Black6) F1 embryos. Polymorphisms
between these genetic strains allow the examination of mono-allelic patterns of
epigenetic marks and gene expression within loci regulated by genomic imprinting
(Golding and Mann, 2011). For ES, TS and XEN stem cell analysis we utilized lines
derived from F1 embryos of reciprocal crosses between these strains (C57Black6 x
Castaneous and Cast7 x Black6) (Golding et al., 2010; Golding and Mann, 2011;
Market-Velker et al., 2009). For analysis of ES and TS cells we also utilized the
previously described R1 ES and TS3.5 lines derived from 129 stain mice (Nagy et

al., 1990; Tanaka, 1998). Each of these different lines demonstrated cellular
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Table 1: Descriptions of the fourteen candidate reference genes studied.

SymbolName Accession Brief Description
Small nuclear RNA that binds
elongation factor P-TEFb and
Rn7sk 7SK, small nuclear RNA NR_030687 negatively regulates transcription.
A highly conserved protein found in all
eukaryotic cells involved in various
cellular processes such as cell motility
Actb  Beta-Actin NM_007393 and cytokinesis.
Gene that codes for Beta-2-
microglobulin, a component of the
B2m  beta-2 microglobulin NM_009735 MHC
Enzyme involved in metabolic and
non-metabolic processes such as
glyceraldehyde-3-phosphate glycolysis, transcription activation, and
Gapdh dehydrogenase NM_008084 apoptosis.
Gene that codes for Beta-
glucuronidase, which catalyzes the
Gusb glucuronidase, beta NM_010368 hydrolysis of B-D-glucuronic acid.
H2A histone family, member Member of the H2A histone family that
H2afz Z NM_016750 is required for embryonic development.
Enzyme that phosphorylates hexoses,
including glucose to produce glucose-
Hk2  hexokinase 2 NM_013820 6-phosphate.
Transferase that aids in the generation
hypoxanthine- of new purine nucleotides from
Hprt  phosphoribosyl transferase NM_013556 degraded DNA.
Heat shock protein that aids in protein
Hsp70 heat shock 70kD protein NM_010478 folding and cellular stress response.
A highly conserved transferase
involved in glycolysis that catalyzes
Pgkl phosphoglycerate kinase 1 NM_008828 the formation of ATP.
Gene that codes for peptidylprolyl
isomerase A, a protein that catalyzes
Ppia peptidylprolyl isomerase A NM_008907 the folding of proteins.
Gene that codes for a subunit of
Succinate dehydrogenase succinate dehydrogenase and is
Sdha complex, subunit A BC011301 important in cellular respiration.
Protein that binds to the TATA box
sequence and aids in transcription
Tbp  TATA box binding protein  NM_013684 initiation.

Tyrosine 3-monooxygenase

/tryptophan 5-

monooxygenase activation
Ywhaz protein, zeta polypeptide

NM_011740

Codes for a highly conserved protein
that helps mediate signal transduction.
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morphology consistent with their cell type and expressed unique cohorts of
transcription factors characteristic of their lineage (Kunath, 2005; Strumpf, 2005)
(Figure 1). Cell lines were cultured to 80% confluence, RNA isolated and seeded
into five independent gRT-PCR reactions measuring our fourteen candidate genes.
Results presented below are the combined analysis of all genetic backgrounds

tested.

Of the candidate genes tested Rn7sk demonstrated the most robust
expression averaging expression levels 125 fold higher than the remaining
candidates; which were all readily detectable in each of the cell lines tested. To
measure the relative stability of each of the candidate genes between the ES, TS
and XEN lines, the CT values for the measured transcripts were compiled and run
through the NormFinder, GENorm, and BestKeeper software packages
(Vandesompele et al., 2002; Andersen et al., 2004; Pfaffl et al., 2004). Each of
these algorithms utilize slightly different methods of estimating both the intra- and
the intergroup expression variation, and allow the ranking of candidate genes based
on the calculation of a “stability value”. While there was variation amongst the mid-
range to least stable genes, all three software packages identified Pgkl, Sdha, Thp
and H2afz as the most consistently stable reference genes between ES, TS and
XEN stem cells (Table 2). Similar to previous studies by Mamo et al., we observed
the classic “housekeeping genes” Actb, Hprt and to a lesser extent Gapdh were
comparatively unstable and by our analysis would not be the best choice to

normalize gPCR expression levels (Mamo et al., 2007).

We next chose to make pair-wise comparisons between ES and TS, ES and
XEN as well as TS and XEN to see which candidates emerged as the most
stable in contrasts between any two cell types. A consensus of all three software
packages can be seen in table 3. As with the comparisons between all three lines,
Pgkl, Sdha, Tbp and H2afz remained in the top five most stable genes indicating no
one cell type was biasing our analysis and that these five reference genes represent
the best normalization controls for gPCR-based analysis of gene expression.

Utilizing the geometric mean of Pgkl, Sdha, and Tbp we normalized the CT values
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for each of the fourteen candidates and graphed their relative expression levels as
described previously (Vandesompele et al., 2002; Livak and Schmittgen, 2001;
Schmittgen and Livak, 2008). As can be seen in Figure 2, Rn7sk is expressed at a
drastically higher level than any of the other candidates tested and therefore does
not represent a viable reference gene. Similarly, analysis of Actb, B2m, Gapdh and
Ywhaz all yielded significant differences in measurements of TS cell expression as
compared to both ES and XEN cells eliminating their candidacy. Our results indicate
normalizing quantitative RT-PCR measurements using the geometric mean CT
values obtained for the Pgkl, Sdha and Tbp mRNAs, offers the most reliable
method to assess differing patterns of gene expression between the three founding

stem cell lineages present within the mammalian preimplantation embryo.

We next sought to determine which of the candidate genes remained the
most stable throughout the process of differentiation. Therefore we chose to
differentiate our ES and TS cell lines by removal of the key growth factors LIF and
FGF4 respectively (Tanaka, 1998; Niwa et al., 1998; Williams et al., 1988). To this
end ES cells were cultured in LIF - ES cell medium, allowed to form embryoid bodies
on untreated plastic dishes and then plated on regular tissue culture plastic to
differentiate into fibroblast like cells. Similarly, TS cells were plated on tissue culture
treated plastic at low density in FGF4- medium which promoted the formation of TS
giant-like cells. We chose not to investigate the process of XEN cell differentiation
as reliable protocols for the induction of differentiation have not yet been
established. In contrast to both ES and TS cell lines, when XEN cells are plated on
plastic many cells simply senesce, while the remainder do not uniformly differentiate
into one cell type, thus complicating our analysis. RNA samples were collected from
ES cells on Day 0, Day 4 (embryoid body) and Day 8 and RNA seeded into five
independent gPCR reactions measuring each of the fourteen candidate genes.
Using a similar experimental design as described above, we identify Sdha, Tbp and
Ywhaz as the three most stable transcripts (Table 4). To examine relative changes
in gene expression, we utilized the geometric mean of these three most stable
candidates to normalize CT values and graphed the relative expression of all

fourteen candidate genes though ES cell differentiation (Figure 3a). We then chose
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ES Cells

Figure 1: Characteristic cellular morphology and marker gene expression for ES, TS and XEN Stem
Cells. a-c Light micrographs of representative ES (a) TS (b) and XEN (c) stem cell lines used in
this study. d) Expression of transcription factors characteristic of each of the stem cell lineages
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Table 2: Candidate reference genes ranked in order of their stability. Stability of the
candidate genes between ES, TS and XEN stem cells ranked using the NormFinder,
GENorm and BestKeepr software tools.

NormFinder geNORM BestKeeper
Gene Stability Gene Stability Gene
Rank Name Value Rank Name Value Rank Name
1 Pgkl 0.012 1 Pgkl 0.121 1 Pgkl
2 Sdha 0.047 2 Sdha 0.132 2 Sdha
3 Tbp 0.054 3 Thp 0.138 3 H2afz
4 H2afz 0.057 4 H2afz 0.139 4 Thp
5 Gapdh 0.061 5 Gusb 0.142 5 Gusb
6 Ppia  0.062 6 Gapdh  0.145 6 Ppia
7 Gusb 0.062 7 Ppia 0.145 7 Gapdh
8 Hsp70 0.088 8 Hsp70 0.168 8 Ywhaz
9 Ywhaz 0.088 9 Ywhaz 0.168 9 Hsp70
10 Actb  0.099 10 Actb 0.182 10 Actb
11  B2m 0.107 11 Hprt 0.192 11 Hprt
12 Hk2 0.109 12 B2m 0.192 12 Hk2
13 Hprt 0.109 13 Hk2 0.193 13 B2m
14 Rn7sk 0.128 14 Rn7sk  0.212 14 Rn7sk
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Table 3: Consensus of the stability rankings for pair-wise comparisons between the
stem cell types.

ESvs. TS

Gene

Rank Name
1 Pgkl
2 Sdha
3 Tbhp
4 Gusb
5 H2afz

6 Ppia
7 Gapdh
8 Ywhaz
9 Hsp70
10 Actb
11 Hprt
12 Hk2
13 B2m
14 Rn7sk

TS vs. XEN

ES vs. XEN

Gene

Rank Name
1 Pgkl
2 Gapdh
3 H2afz

4 Thp
5 Sdha
6 Gusb
7 Ppia
8 Hsp70
9 Ywhaz
10 Actb
11 B2m
12 Rn7sk
13 Hk2
14 Hprt

Rank

Gene
Name

PR R PR
PRI, ©ONO U A~WNER

Pgkl
Sdha
H2afz
Thp
Ppia
Gusb
Gapdh
Ywhaz
Hsp70
Actb
B2m
Hprt
Hk2
Rn7sk
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Figure 2: Relative expression of the fourteen candidate genes between all three genetic
backgrounds of ES, TS and XEN stem cells. CT values for each measured transcript were
normalized to the geometric mean of Pgkl, Sdha and Tbp, and then graphed as relative values
using methods described (Vandesompele et al., 2002; Livak and Schmittgen, 2001; Schmittgen
and Livak, 2008). Error bars represent the standard error of the mean.
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to examine the expression of the cell lineage marker fibroblast-specific protein-1
(FSP-1) which is active in fibroblasts but not inepithelium, mesangial cells or
embryonic endoderm (Strutz et al., 1995). In accordance with previous studies this
marker demonstrated increasing expression in differentiating cell cultures, indicating
our three candidate genes provided a valid reference point (Figure 3b) (Lee et al.,
2010; Hernandez et al., 2003). In contrast, transcripts encoding Pgkl, H2afz, Ppia
(Cyclophillin) and Gapdh all demonstrate a significant down-regulation and therefore
are not suitable reference genes for this experimental time course. Similar to results
reported by Willems et al., examining ES cell differentiation induced by both DMSO
and Retinoic acid, we also identify B2m and Hprt as among the most unstable
transcripts (Willems et al., 2006). Using similar methodologies, we identified the
Ywhaz, Pgkl and Hk2 transcripts as the most stable during TS cell differentiation
(Table 5). After applying the geometric mean of these three candidates to normalize
CT values we observed massive changes in transcripts encoding Actb, B2m and
Rn7sk (Figure 4). Previous studies have identified increased actin mobilization as a
key feature of trophectoderm stem cell differentiation, validating our identified
reference genes (Vong et al., 2010). Taken together our data indicate Sdha, Tbp
and Ywhaz and Ywhaz, Pgkl and Hk2 represent the most stable of our fourteen
candidate reference genes for use as gPCR normalization controls during ES and
TS cell differentiation respectively.

Discussion

Analysis of gene expression using gPCR has become the corner stone to
nearly every facet of the biological sciences. However, despite numerous studies
demonstrating the importance of careful selection and validation of appropriate
reference genes, several studies continue to emerge utilizing inappropriate methods
of gPCR normalization (Vandesompele et al., 2002; Andersen et al., 2004; Pfaffl et
al., 2004; Willems et al., 2006; Gutierrez et al., 2008; Tatsumi et al., 2008; Bustin et
al., 2009). A recent survey of the literature identified the single use of either Actb or
Gapdh to normalize expression data in the vast majority of gPCR based studies
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without any form of validation to ensure their experimental stability (Vandesompele
et al., 2002). In this study we sought to identify the most stable and appropriate
reference genes for studies contrasting patterns of gene expression between the
three founding stem cell lineages present within the mammalian preimplantation
embryo. From a list of fourteen commonly utilized reference genes we identify Pgk1,
Sdha and Thp as the most suitable reference genes and further find compelling
evidence to suggest that both Actb and Gapdh are not suitable normalization
controls for these experiments. Of the top three candidates to emerge from our
analysis two are components of pathways controlling cellular respiration. Pgk1 -
phosphoglycerate kinase 1 is the seventh step of glycolysis and Sdha - Succinate
dehydrogenase or succinate-coenzyme Q reductase is an enzyme complex that
binds to the inner mitochondrial membrane and is an essential component of both
the citric acid cycle and electron transport chain (Yoshida and Tani, 1983; Oyedotun
and Lemire, 2003). One potential weakness of our top three candidates is that
although Pgkl and Sdha are components of distinct pathways, they are both
components of cellular respiration leaving the possibility that an experimental
condition that impacts metabolicprocesses would significantly alter these
normalization controls. The third and fourth candidates to emerge from our analysis
were Tbp and H2afz respectively. Tbp is a central component of the RNA
polymerase Il pre-initiation complex and H2afz is an essential component of
chromatin structure which is hypothesized to play a role in chromosome organization
and stability (Kornberg, 2007; Rangasamy et al., 2004; Fan et al., 2004; Greaves et
al., 2007). The third and fourth candidates are truly functionally distinct from both
each-other and from pathways controlling cellular respiration. As such, where
experimental design permits we would recommend normalizing CT values to the
geometric mean of all four of these reference genes to improve experimental rigor.
However, when we incorporated this strategy we did not observe any meaningful
changes in relative gene expression (data not shown).

The first differentiation event during mammalian embryogenesis is the
formation of the epiblast, trophectoderm and primitive endoderm which go on to give

rise to the three founding embryonic lineages. Stem cells derived from each of
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Table 4: Candidate reference genes ranked in order of their stability throughout ES
cell differentiation using the NormFinder, GENorm and BestKeepr software tools.

NormFinder geNORM BestKeeper
Gene  Stability Gene Stability Gene
Rank Name Value Rank Name Value Rank Name
1 Sdha 0.033 1 Sdha 0.005 1 Sdha
2 Thp 0.033 2 Thp 0.005 2 Thp
3 Ywhaz  0.038 3 Ywhaz 0.015 3 Ywhaz
4 H2afz 0.039 4 Gusb 0.017 4 Gusb
5 Gusb 0.039 5 Actb 0.017 5 H2afz
6 Actb 0.04 6 H2afz 0.017 6 Hsp70
7 Hsp70 0.04 7 Hsp70 0.018 7 Actb
8 Gapdh  0.045 8 Gapdh 0.024 8 Gapdh
9 Ppia 0.047 9 Ppia 0.026 9 Ppia
10 Hk2 0.05 10 Hk2 0.027 10 Hk2
11 Pgkl 0.051 11 Pgkl 0.028 11 Hprt
12 Hprt 0.054 12 Hprt 0.033 12 Pgkl
13 Rn7sk 0.057 13 Rn7sk 0.034 13 Rn7sk
14 B2m 0.058 14 B2m 0.036 14 B2m
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Figure 3: 3a. Relative expression of the fourteen candidate genes throughout differentiation of all
three genetic backgrounds of ES cells examined. CT values for each transcript were measure on
Day 0, Day 4 (embryoid body) and Day 8 and were then normalized to the geometric mean of Sdha
Tbhp and Ywhaz. Relative values were determined using methods described previously [13,34,35]
and graphed. Error bars represent the standard error of the mean. 3b. Increased expression of
fibroblast specific protein 1 throughout ES cell differentiation. Error bars represent the standard
error of the mean for three independent replicates.
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Table 5: Candidate reference genes ranked in order of their stability throughout TS
cell differentiation using the NormFinder, GENorm and BestKeepr software tools.

NormFinder geNORM BestKeeper

Gene Stability Gene Stability Gene
Rank Name Value Rank Name Value Rank Name
1 Ywhaz  0.095 1 Ywhaz 0.018 1 Ywhaz

2 Pgkl 0.096 2 Pgkl  0.029 2 Pgkl

3 H2afz 0.102 3 Hk2 0.036 3 Hk2

4 Hk2 0.104 4 H2afz  0.04 4 H2afz

5 Hprt 0.11 5 Hprt 0.042 5 Hprt

6 Thp 0.111 6 Thp 0.044 6 Thp

7 Actb 0.112 7 Actb 0.044 7 Sdha

8 Sdha 0.122 8 Ppia 0.048 8 Actb

9 Hsp70  0.127 9 Sdha 0.06 9 Ppia
10 Ppia 0.128 10 Hsp70 0.061 10 Hsp70
11 Gusb 0.133 11 Gusb  0.065 11 Gusb
12 Gapdh  0.153 12 Gapdh 0.093 12 Gapdh

13 B2m 0.183 13 B2m 0.12 13 B2m
14 Rn7sk  0.202 14 Rn7sk  0.24 14 Rn7sk
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Figure 4: Relative expression of the fourteen candidate genes throughout differentiation of all three
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these lineages represent an excellent model system to study mammalian
development and understand crucial aspects of stem cell biology necessary in
developing regenerative therapies. Analysis of gene expression using qPCR will
undoubtedly play a pivotal role in deciphering the cellular and molecular
propertiesthat define these different cell types. In these analysis, the identification of
stable reference genes is an essential prerequisite to accurately interpreting
experimental data. Using three independent, highly referenced and validated
statistical methods, our analysis of fourteen potential candidate reference genes
identify Pgkl, Sdha and Tbp as the most stable reference genes with which to
normalize gPCR data. We believe these three genes will serve as excellent
reference controls examining the basis for the differing developmental and
epigenetic properties unique to embryonic, trophectoderm and extraembryonic

endoderm stem cells.

Materials and Methods

Stem Cell Culture

Primary ES cells, TS cells, and XEN cells were derived from either 129 strain
(R1 ES cells, (Nagy et al., 1990) TS 3.5) (Tanaka, 1998) B6 x CAST or CAST7 X
B6 F1 embryos (Golding et al., 2010) as previously described (Nagy et al., 1993;
Tanaka, 1998; Kunath, 2005; Golding et al., 2010). Briefly, ES cultures were
maintained in DMEM (Sigma, St. Lousi MO. Cat# D5671) supplemented with 50
pug/ml Penicillin/Streptomycin (Invitrogen, Carlsbad CA.), 100 ym B-mercaptoethanol,
1X LIF, (Sigma, St. Lousi MO.) 2 mM L-Glutamine, 1X MEM non-essential amino
acids (Invitrogen, Carlsbad CA.) and 15% Hyclone ES grade fetal bovine serum
(Fisher Scientific, Pittsburgh PA.). TS and XEN cell cultures were maintained as
described (Kunath, 2005; Tanaka, 1998) using RPMI (Sigma, St. Lousi Ml. Cat#
R0883) supplemented with 50 pg/ml Penicillin/Streptomycin, 1 mM Sodium Pyruvate
(Invitrogen, Carlsbad CA.), 100 um B -mercaptoethanol, 1 ug/ml Heparin (Sigma, St.
Lousi MO), 2 mM L-Glutamine, 1X FGF basic, 1X FGF4 (R&D Systems) and 20%
Hyclone ES grade FBS. Cells were grown on a Mytomycin C (Sigma) treated feeder

mouse fibroblast layer. For studies examining ES cell differentiation, sub-confluent
32



cultures were dissociated with 1X trypsin (Accutase - Millipore Billerica, MA) and
plated on non-tissue culture treated petri dishes in ES cell medium lacking LIF for
four days and subsequently plated on 10 cm tissue culture treated dishes to
differentiate into fibroblast like cells. To differentiate TS cells we followed methods

described previously (Tanaka, 1998).

RNA Isolation and Reverse Transcription

Cultured cells were grown to 80% confluence, washed twice in warm PBS,
and dissociated with 1X trypsin (Accutase - Millipore Billerica, MA). Cells were spun
down, washed once in cold PBS, then RNA isolated using Trizol (Invitrogen,
Carlsbad CA.) according to the manufacturer’s protocol. One ug of purified total
RNA was treated with amplification grade DNasel (Invitrogen) according to the
manufacturer’s protocol, and 250ng RNA seeded into a reverse transcription
reaction using the SuperScriptll system (Invitrogen) by combining 1 ul random
hexamer oligonucleotides (Invitrogen), 1 ul 10 mM dNTP (Invitrogen), 11 ul RNA
plus water. This mixture was brought to 70°C for 5 minutes then cooled to room
temperature. SuperScriptll reaction buffer, DTT (Invitrogen) and SuperScriptll were
then added according to manufacturer’s protocol and the mixture was brought to
25°C for 5 minutes, 42°C for 50 minutes, 45°C for 20 minutes, 50°C for 15 minutes

then 70°C for five minutes.

Real-Time PCR Amplification

Real-time PCR analysis of mRNA levels was carried out using the DyNAmMo
Flash SYBR Green qPCR Mastermix (Fisher Scientific, Pittsburgh PA.) following the
manufacturer’s instructions. Reactions were performed on a StepOnePlus Real
Time PCR system (Applied Biosystems, Foster City CA.). DNA primer information is

available in Table S1.

Analysis of Real Time PCR Data

The measured CT (Cycle Threshold) values for each sample were compiled

and the stability of each of the fourteen reference genes analyzed using the
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GENorm, NORMFinder and BESTKeeper software tools; which have been
described in detail elsewhere (Vandesompele et al., 2002; Andersen et al., 2004;
Pfaffl et al., 2004). Once suitable reference genes were identified, the geometirc
mean CT values of the best three candidate genes were calculated for each
individual sample and used to normalize expression levels using the AACT method
described previously (Vandesompele et al., 2002; Livak and Schmittgen, 2001,
Schmittgen and Livak, 2008). These normalized values were averaged and the
standard error of the mean calculated and graphed using Excel.

34



CHAPTER I
IDENTIFICATION OF CELL-SPECIFIC PATTERNS OF REFERENCE GENE
STABILITY IN QUANTITATIVE REVERSE TRANSCRIPTION POLYMERASE
CHAIN REACTION STUDIES OF EMBRYONIC, PLACENTAL AND NEURAL
STEM MODELS OF PRENATAL ETHANOL EXPOSURE*

Introduction

The American College of Obstetricians and Gynecologists has indicated that
three out of every one hundred babies born in the United States exhibit one type of
major birth defect. Of these, nearly one third are due to the consumption of alcohol
during pregnancy (Syndrome and Medicine, 1996; Floyd and Sidhu, 2004; Hoyme
et al., 2005). As aresult, 9.1 cases per 1000 live births exhibit some degree of fetal
alcohol spectrum disorder, which can vary from barely detectable to severe
functional and cognitive birth defects (Becker et al., 1996; Floyd et al., 2009).
Despite years of intense study, both the biochemical mechanisms of alcohol induced
teratogenesis and the developmental origins of fetal alcohol spectrum disorders

remain poorly defined.

Identification of the transcriptional networks disrupted by prenatal ethanol
exposure remains a core requirement to better understanding the molecular
mechanisms of alcohol-induced teratogenesis. In this regard, the isolation and
culture of both embryonic and tissue specific stem cells provide an enormous
opportunity to model the molecular processes driving differentiation and study the
developmental impact of teratogens. To gain insight into early embryonic
development, pluripotent stem cells from both the embryonic and extraembryonic
lineages present within the mammalian preimplantation blastocyst have been
derived (Martin, 1981; Nagy et al., 1993; Tanaka, 1998). Embryonic (ES), and
trophectoderm (TS) stem cells exhibit the developmental potential of these distinct

“Reprinted with permission from “Identification of cell-specific patterns of reference gene stability in
guantitative reverse transcription polymerase chain reaction studies of embryonic, placental and
neural stem models of prenatal ethanol exposure.” By Carnahan et al. 2013. Alcohol, 47, 109-120,
Copyright [2013] Elsevier Inc.
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cellular lineages and offer the opportunity to model early differentiation of the
embryo and placenta respectively. Similarly, fetal neuroepithelial stem cells cultured
as neurospheres enable the examination of the molecular mechanisms governing
neurogenesis in vitro, and aid in our understanding of why, above all others, the
brain is so profoundly affected by the consumption of alcohol during pregnancy
(Frederiksen et al., 1988; McKay, 1997; Miranda et al., 2008; Taléns-Visconti et al.,
2011). Using these unique cell types, researchers are now examining the
transcriptional consequences of ethanol exposure and monitoring the efficacy of

potential therapeutic interventions.

Quantitative reverse transcription-polymerase chain reaction (QPCR) has
emerged as an essential technique in our efforts to characterize alterations in gene
expression brought on by exposure to alcohol. Many publications, however,
continue to report the utilization of inappropriate methods of data normalization
calling onto question the conclusions put forward (Bustin et al., 2009). In studies of
stem or progenitor cell differentiation, it has been well documented that changes of
as little as two-fold can significantly alter the developmental program and change
cell fate (Niwa et al., 2000). Given the recent evidence that alcohol has the capacity
to alter cellular differentiation within the developing central nervous system
(Santillano et al., 2005; Taléns-Visconti et al., 2011), reliable methods to identify the
underlying transcriptional changes are crucial to deciphering the developmental
origins of fetal alcohol spectrum disorders. For this reason, identifying a cohort of
stable reference genes for use as normalization controls is absolutely essential for
both accurate data interpretation and reliable candidate gene discovery. Despite the
widespread use of gPCR in the field of alcohol research, to the best of our
knowledge, only two studies have currently been published which consider reference
gene stability within the context of alcohol exposure (Johansson et al., 2007;
Boujedidi et al., 2011). The retractions of the 2005 Science breakthrough of the year
and studies linking childhood vaccinations to autism are two recent, widely-
publicized examples, which highlight the importance of g°PCR data normalization to
the integrity of the overall study (Bohlenius et al., 2007; , 2010). Empirical selection

and validation of a set of stable reference genes is absolutely essential to ensure
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both the validity of the measurements being taken as well as their accurate
interpretation. To address recurring errors in qPCR data interpretation, Bustin and
colleagues recently established the Minimum Information for publication of
Quantitative Real-Time PCR Experiments (MIQE) guidelines to ensure that studies
utilizing gPCR are accurately interpreted and reproducible (Bustin et al., 2009).
From these guidelines, the geometric mean of three carefully selected reference
genes has become a validated requirement for normalizing gPCR data and the
accurate assessment of quantitative changes in gene expression (Vandesompele et
al., 2002; Andersen et al., 2004; Pfaffl et al., 2004; Gutierrez et al., 2008; Bustin et
al., 2009; Lanoix et al., 2012).

Using these parameters, we sought to identify a list of candidate genes most
suitable for use as normalization controls in qPCR-based comparisons between
control and ethanol exposed ES, TS, and neurosphere stem cells. In addition, we
initiated studies to examine the stability of reference genes throughout the process
of in vitro differentiation, and to identify the best possible reference genes to
examine the impact of alcohol upon these processes. In order to help identify
candidate genes, we set three main criteria that potential reference genes would
have to fulfill: 1) the transcripts needed to be expressed above background and
easily detectable, 2) candidate mMRNAs needed to be expressed within each of the
three cellular lineages under investigation, and 3) the genes needed to be expressed
throughout in vitro differentiation. We then surveyed the recent literature and
compiled a short list of fourteen candidate genes, including: Actb, B2m, Gapdh,
Gusb, H2afz, Hk2, Hmbs, Hprt, Mrpll, Pgkl, Ppia, Sdha, Tbp, and Ywhaz (Allen et
al., 2004, Andersen et al., 2004, Pfaffl et al., 2004; Goossens et al., 2005; Gilsbach
et al., 2006; Willems et al., 2006; Hwang et al., 2007; Mamo et al., 2007; Espinoza et
al., 2004; Gutierrez et al., 2008; Tatsumi et al., 2008; Golding et al., 2010; Suter and
Aagaard-Tillery, 2009; van den Bergen et al., 2009; Galiveti et al., 2009; Rugg-Gunn
et al., 2010; Veazey and Golding, 2011). These genes belong to diverse functional
classes and should not be co-regulated in order to provide a non-biased method of
normalizing gPCR expression data within ethanol-exposed cells (Supplemental

Table S1). Results presented here identify the top three most stable reference
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genes suitable for normalization of gPCR-based studies of alcohol induced
teratogenesis within each of these three unique stem cell models, and highlight the

importance of empirical reference gene selection.

Materials and Methods

Embryonic and Trophectoderm Stem Cell Culture

Previous studies in our laboratory have utilized stem cell lines derived from
Mus musculus castaneus x mus musculus (C57Black6) F1 embryos (Golding et al.,
2010; Golding and Mann, 2011). Polymorphisms between these genetic strains
allow the examination of mono-allelic patterns of epigenetic marks and gene
expression within loci regulated by genomic imprinting (Golding et al., 2010). ES
cultures were maintained in DMEM (Sigma, St. Louis MO. Cat# D5671)
supplemented with 50 pg/ml Penicillin/Streptomycin (Invitrogen, Carlsbad, CA. Cat#
15240096), 100 ym B-mercaptoethanol, 1X LIF (Sigma, St. Louis, MO. Cat#
L5158), 2 mM L-Glutamine (Sigma, St. Louis, MO. Cat#G7513), 1X MEM non-
essential amino acids (Invitrogen, Carlsbad, CA. Cat# 11140-050), and 15%
Premium Select grade fetal bovine serum (Atlanta Biologicals Lawrenceville, GA Cat
# S11550). TS cell cultures were maintained as described (Tanaka, 1998; Golding
et al., 2010) using RPMI (Sigma, St. Louis, MO. Cat# R0883) supplemented with
50 pug/ml Penicillin/Streptomycin, 1 mM Sodium Pyruvate (Invitrogen, Carlsbad, CA.
Cat# 11360070), 100 um B -mercaptoethanol, 1 pg/ml Heparin (Sigma, St. Louis,
MO. Cat# H3149), 2 mM L-Glutamine, 1X FGF basic, 1X FGF4 (R&D Systems,
Minneapolis, MN. Cat# 233-FB and 235-F4 respectively), and 20% Premium Select
FBS. Cells were initially grown on a Mytomycin C (Sigma, St. Louis, MO.
Cat#MO0503 ) treated feeder mouse fibroblast layer then moved to a feeder free
system using conditioned medium as described previously (Tanaka, 1998).

For studies examining ES cell differentiation, a basic neuronal differentiation
protocol was employed (Bain et al., 1995). Briefly, sub-confluent ES cell cultures
were lightly dissociated with 1X trypsin (Accutase - Millipore, Billerica, MA.
Cat#SF006). Colonies were released from the plate but maintained as “clumps”.
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Dissociating colonies into individuals greatly reduced the number of cells surviving
the differentiation procedure. Cellular clumps were plated in Corning ultra-low
attachment flasks (VWR, Cat #89089-876) using ES cell medium lacking LIF and 3 -
mercaptoethanol, and cultured for four days. Subsequently, cells were treated with
0.5M all-trans-retinoic acid (Sigma, St. Louis MO. Cat # R2625) and cultured for an
additional 4 days. Finally, cells were plated on 10 cm tissue culture treated dishes to
differentiate into neuronal like cells. For studies examining ES cell differentiation
and ethanol treatment, cells were cultured in medium containing 320mg/dL ethanol
and the lid was sealed with parafilm and placed in a standard incubator. Medium

was changed every two days.

Neurosphere Stem Cell Culture

Culture and media preparations for neurospheres have been described
previously (Miranda et al., 2008). Briefly, fetal cerebral cortical neuroepithelial stem
cells isolated from C57Black6 mice were cultured as neurospheres in T25 flasks in
media containing GlutaMAX™ DMEM F-12 (Invitrogen, Carlsbad, CA. Cat# 11330-
032), 20ng/ml FGF basic, 20ng/ml EGF (Invitrogen, Carlsbad, CA Cat# 53003-018),
0.15ng/ml LIF, 1x ITS-X (Invitrogen, Carlsbad, CA. Cat# 51500-056), 0.85 units/ml
heparin, and 20nM progesterone (Sigma, St. Louis, MO. Cat#P6149). Neurospheres
were incubated for a total of 5 days at 37°C, 5% CO:2 in a humidified environment
before passage. Medium was changed every 2-3 days depending on the level of

confluence.

Differentiation of Neurospheres

Neurospheres were grown in complete medium containing FGF, EGF, and
LIF. Differentiation was initiated as previously described (Miranda et al., 2008).
Briefly, neurosphere cultures were seeded onto Laminin (Invitrogen, Carlsbad, CA.
Cat# 23017015) coated dishes to initiate dis-aggregation and extracellular matrix
attachment of sphere-derived progenitor cells. After 2 days, EGF and LIF were
removed from the medium. Within approximately 24 hours early neuronal
differentiation was visualized (“SVZ” stage). The final cortical progenitor stage was
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achieved by removing FGF from the culture medium and culturing cells for an
additional two days. At each stage, cells were collected and RNA extractions

performed.

Ethanol Treatment

Cells were cultured in T25 flasks, with a parafilm (VWR) sealed lid to prevent
ethanol evaporation. Dosing for ethanol followed previously published studies
(Camarillo and Miranda, 2008), and utilized 60 mg/dL (13mM), 120 mg/dL (26mM),
and 320 mg/dL (70mM) of ethanol (Sigma). Control samples for non-ethanol treated
stem cells were concurrently cultured during the same experimental time course and
in the same culture conditions. Neurospheres received fresh medium containing
either ethanol every 2-3 days while ES and TS cells received fresh medium every 48
hours. On day 5 of treatment, cells were collected and RNA extraction was

performed.

RNA Isolation and Reverse Transcription

Cultured cells were grown to 80% confluence, washed twice in warm PBS,
and dissociated with 1X trypsin (Accutase). Cells were spun down, washed once in
cold PBS, and RNA isolated using Trizol (Invitrogen, Carlsbad, CA. Cat # 15596026)
according to the manufacturer’s protocol. 1 ug of purified total RNA was treated with
amplification grade DNasel (Sigma, St. Louis, MO. Cat# AMPD1) according to the
manufacturer’s protocol, and 250ng of RNA was seeded into a reverse transcription
reaction using the SuperScriptll kit (Invitrogen, Carlsbad, CA. Cat# 18064-071) by
combining 1 ul random hexamer oligonucleotides (Invitrogen, Carlsbad, CA. Cat#
48190011), 1 pul 10 mM dNTP (Invitrogen, Carlsbad, CA. Cat# 18427-013), and 11 pl
RNA plus water. This mixture was brought to 70°C for 5 minutes then cooled to
room temperature. SuperScriptll reaction buffer, DTT, and SuperScriptll were then
added according to manufacturer’s protocol, and the mixture was brought to 25°C for
5 minutes, 42°C for 50 minutes, 45°C for 20 minutes, 50°C for 15 minutes, then 70°C

for five minutes.
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Real-Time PCR Amplification

Primers were designed using the NetPrimer software tool
(www.premierbiosoft.com/netprimer) or identified from previously published research
(Supplemental Table S2.). Real-time PCR analysis of mRNA levels was carried out
using the DyNAmo Flash SYBR Green qPCR Mastermix (Fisher Scientific,
Pittsburgh PA. Cat # F-415L) following the manufacturer’s instructions. Reactions
were performed on a StepOnePlus Real Time PCR system (Applied Biosystems,
Foster City CA.).

Candidate Gene Ranking

Empirical selection and validation of a set of at least three stable reference
genes has emerged as a core requirement for accurate interpretation of gPCR-
based measurements of gene expression (Vandesompele et al., 2002; Andersen et
al., 2004; Pfaffl et al., 2004; Gutierrez et al., 2008; Bustin et al., 2009). To facilitate
the identification and selection of stable reference genes, three Microsoft Excel-
based statistical programs have been produced and their predictive accuracy
confirmed using published microarray data. GeNorm, NormFinder, and BestKeeper
utilize slightly different methods of estimating both the intra- and the intergroup
expression variation, and allow the ranking of candidate genes based on their overall
stability across multiple experimental conditions and/or cell types. For example,
GeNorm uses a measure of mean pair-wise variation between an individual
candidate and the other reference genes measured to produce a stability value, and
then ranks candidate genes according to this number (Vandesompele et al., 2002).
NormFinder assigns a stability value based on statistical comparisons of inter- and
intra-group stability and ranks candidate genes according to their expression
variance across all samples measured (Andersen et al., 2004). Similarly,
BestKeeper measures the geometric mean for each experiment, computes a pair-
wise correlation coefficient for each candidate and then ranks candidate genes
according to this index (Pfaffl et al., 2004). As BestKeeper has a maximal

allowance of ten candidate genes, we elected to exclude this software package from
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our analyses. In each of our experiments we have tabulated the rankings from both
the GeNorm and Normfinder software tools. Candidate genes with GeNorm stability
values greater than 0.5 are not acceptable for use as normalization controls, and
have been demarcated with an * (Hellemans et al., 2007). A similar threshold for
Normfinder has not been demonstrated, therefore only the rankings can be utilized
as a guide for candidate gene suitability. Each of these programs is publicly

available as a macro-program, which runs in older versions of Microsoft Excel.

Analysis of Real Time PCR Data and Statistical Analyses

The measured CT (Cycle Threshold) values for each sample were compiled
and the stability of each of the fourteen reference genes analyzed using the GeNorm
and NormFinder software tools (Vandesompele et al., 2002; Andersen et al., 2004;
Pfaffl et al., 2004). Once suitable reference genes were identified, the geometric
mean CT values of the best three candidate genes were calculated for each
individual sample and used to normalize expression levels using the AACT method
described previously (Livak and Schmittgen, 2001; Vandesompele et al., 2002,
Schmittgen and Livak, 2008). Normalized CT values were averaged and the

standard error of the mean calculated and graphed using Excel.

Using the JMP (SAS Institute, NC) software package, we conducted one- and
two-way ANOVASs, as appropriate, and applied Tukey’s HSD analysis for multiple

comparisons. Main effects and first order interactions were considered in all models.

Results

Reference Gene Stability in Embryonic Stem Cells

We began by examining the stability of our candidate reference genes in
mouse ES cells exposed to varying concentrations of ethanol (EtOH). Based on
previous studies, we chose to examine 60 mg/dL, 120 mg/dL, and 320 mg/dL
exposures of ethanol (Camarillo and Miranda, 2008). Unsurprisingly, cells cultured
in the highest concentration of EtOH displayed slower growth and increased

amounts of cellular debris suggesting a rise in the number of dead or dying cells.
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However, cells cultured in 120mg/dL did display a modest increase in growth rate
that trended towards statistical significance, but did not achieve a p-value less than
.05 (data not shown). Cell lines were cultured to 80% confluence under both control
and ethanol conditions, cellular extracts collected, and RNA isolated from four
independent experimental replicates (N=4). RNA from each replicate was seeded
into four independent reverse transcription reactions and used in three independent
gPCR reactions measuring the fourteen candidate genes in duplicate. From these
experiments, the CT values were compiled and analyzed using the GeNorm and
NormFinder software packages (Vandesompele et al., 2002; Andersen et al., 2004).
Results from these analyses consistently identified Gapdh, Ppia, and Hprt as the
most stable reference genes across all experimental treatments examined. In
contrast, Pgkl and GusB displayed GeNorm stability values in excess of 0.5,
indicating they would not serve as acceptable normalization controls (Table 1a)
(Hellemans et al., 2007). To visualize changes in candidate gene expression in
response to our experimental treatments, we utilized the geometric mean of these
three best candidates to normalize and graph our gPCR data using the comparative
or AA CT method (Livak and Schmittgen, 2001; Schmittgen and Livak, 2008). While
treatment with EtOH increased variability, it did not dramatically alter the expression
of any one gene (Fig 1a). While Actb did display a 1.5 to 2-fold change across all
EtOH treatments, a one-way ANOVA revealed this change was not statistically
significant. Moreover, this analysis revealed that exposure to alcohol did not

significantly influence the expression of any of the candidate genes examined.

The in vitro differentiation of embryonic and tissue specific stem cells provide
an enormous opportunity to model the cellular processes driving differentiation, and
allow mechanistic studies into the molecular actions of teratogens. We next sought
to determine the influence of EtOH upon reference gene stability throughout the
process of in vitro differentiation. ES cells were differentiated using a standard
embryoid-body-neuronal differentiation protocol (see Materials and Methods). ES
cells were gently dissociated into large clumps, transferred to ultra-low adherence
flasks and exposed to retinoic acid (see Materials and Methods). For these

experiments, we focused on comparisons between control and 320mg/dL EtOH
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Table 6: GeNorm and Normfinder rankings of candidate gene stability in experiments
comparing ethanol and control treatments of embryonic stem cell cultures.

Table 6a. Cultures maintained as stem cells

GeNorm Normfinder
Stability Stability
Rank | Gene name value Gene name value
1 Gapdh 0.092 Gapdh 0.019
2 Ppia 0.104 Ppia 0.033
3 Hprt 0.107 Hprt 0.045
4 Ywhaz 0.107 Ywhaz 0.048
5 B2m 0.115 H2afz 0.05
6 Mrpll 0.115 B2m 0.054
7 H2afz 0.116 Mrpll 0.058
8 Actb 0.12 Actb 0.06
9 Sdha 0.122 Sdha 0.06
10 Thp 0.341 Hmbs 0.074
11 Hmbs 0.373 Thp 0.078
12 Hk2 0.424 Hk2 0.083
13 Pgkl * 0.577 Pgkl 0.095
14 Gusb * 0.678 Gusb 0.102

Table 6b. Differentiating cultures

GeNorm Normfinder
Stability Stability
Rank | Gene name | value Gene name value
1 Ppia 0.088 Ppia 0.027
2 Sdha 0.095 Mrpll 0.037
3 Mrpll 0.096 Sdha 0.04
4 Hk2 0.098 Hk2 0.043
5 Hprt 0.1 Ywhaz 0.044
6 Gusb 0.102 Gusb 0.045
7 Ywhaz 0.103 Hprt 0.045
8 Hmps 0.104 Hmps 0.047
9 B2m 0.105 Tbp 0.048
10 Thp 0.106 B2m 0.051
11 H2afz 0.151 H2afz 0.059
12 Actb 0.187 Actb 0.064
13 Gapdh * 0.545 Gapdh 0.086
14 Pgkl * 0.681 Pgkl 0.106

Candidate genes with GeNorm stability values greater than 0.5 are designated by a * and
are not acceptable for use as normalization controls (Hellemans et al., 2007).
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Figure 5: Analysis of reference genes in ethanol exposed embryonic stem cells. A) Experiments
contrasting control samples with 60mg/dL, 120mg/dL, and 320mg/dL ethanol treatments under
conditions maintaining ES cell stemness. Data was normalized to the geometric mean of
Gapdh, Ppia, and Hprt. Using a one-way ANOVA, no statistically significant differences in
candidate gene expression were observed (p < .05). Graphs are representative of four
independent cell culture experiments (N = 4). B) & C) Relative expression of the fourteen
candidate reference genes in differentiating embryonic stem cell cultures contrasting control
samples with 320mg/dL ethanol treatments. Samples were collected on days 0, 3, 6, and 9 of a
standard neuronal differentiation protocol. Data was normalized to the geometric mean of Mrpl1,
Ppia, and Sdha. Figures 1b and 1c were grouped and separated due to differences in the scale
of candidate gene expression level. A two-way ANOVA revealed exposure to alcohol did not
influence the expression of any of the candidate genes examined (p < .05). Graphs are
representative of three independent cell culture experiments (N = 3). All data presented in figure
1 were graphed as relative values using the AA CT method (Livak and Schmittgen, 2001;
Schmittgen and Livak, 2008). Error bars represent the standard error of the mean.
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treatments. Cells from both groups readily formed embryoid bodies and neurons
when plated under appropriate conditions. Cells within the 320mg/dL EtOH treated
cultures exhibited a large increase in the amount of cellular debris, consistent with
previous studies, (Arzumnayan et al., 2009) demonstrating increased apoptosis
within differentiating ES cell cultures exposed to alcohol. Samples were collected on
days 3, 6, and 9 of the differentiation protocol and RNA was analyzed as indicating
this nearly ubiquitous reference gene is a poor choice for normalizing gPCR
expression data when examining the consequences of ethanol exposure during ES
cell differentiation. We then utilized the geometric mean of the three highest ranked
candidate genes to normalize and graph the relative expression of our fourteen
reference genes (Fig 1b and 1c). Analysis using a two-way ANOVA considering the
two experimental treatments across days of the differentiation protocol revealed
exposure to ethanol did not significantly impact the expression of any of our
candidate genes. As a means to further validate our normalization controls, we
utilized the top three reference genes as a base to monitor the expression of the
well-established ES cell pluripotency markers Oct4, Nanog, and Klf4 throughout ES
cell differentiation. Changes in the expression of these transcription factors
throughout in vitro differentiation are extremely well characterized, offering the
opportunity to confirm the validity of our chosen references. As expected, each of
these markers demonstrated coordinated down-regulation throughout the course of
ES cell differentiation (Fig 2). We conducted a two-way ANOVA, including
interactions, comparing ethanol treatments across the nine-day experimental course
to determine if EtOH induced alterations in the expression of these transcription
factors. Although significant differences were detected, Tukey's HSD analysis
revealed that these were due to the differentiation that occurred across days in
culture and that EtOH did not significantly influence the expression of our candidate

pluripotency markers (Fig 2).

Reference Gene Stability in Trophectoderm Stem Cells

To model the impact of ethanol exposure on placentation, we examined the

consequences of exposing trophectoderm stem (TS) cells in vitro to varying

46



Relative Expression Relative Expression

Relative Expression

250 1

200 - Oct4
ab a a p < 0.0001, F Ratio 17.2280, DF 6
150 -
100 - bc bc
° ] m B -
0 T T T T T T 1

Day O Day 3 Day 3 Day 6 Day 6 Day 9 Day 9
Control 320 mg/ Control 320mg/dL Control 320 mg/
dL EtOH EtOH dL EtOH

450

350 - Nanog

300 p < 0.0001, F Ratio 481.9327, DF 6
250
200
150

100 bc b b bc d cd
50

5]  mim B mEw . —

Day O Day 3 Day 3 Day 6 Day 6 Day 9 Day 9
Control 320 mg/ Control 320mg/dL Control 320 mg/
dL EtOH EtOH dL EtOH

L1 1 1

450 a

400 Kif4

350 p < 0.0001, F Ratio 38.8480, DF 6

300

250

200

150

100
50

L L1 __1 L1 1

Day O Day 3 Day 3 Day 6 Day 6 Day 9 Day 9
Control 320 mg/ Control 320mg/dL Control 320 mg/
dL EtOH EtOH dL EtOH

Time Point and Experimental Treatment

Figure 6: Validation of normalization controls in ES cell cultures. Relative
expression of stem cell markers of pluripotency Oct4, Nanog, and Klf4 in
differentiating ES cells under either control conditions or exposure to 320mg/dL
ethanol. Data was normalized to the geometric mean of Mrpl1, Ppia, and Sdha.
Tukey's HSD analysis revealed the significant differences observed (p< 0.0001)
were only across days in culture, and that EtOH did not significantly influence the
expression of the candidate pluripotency markers. All data presented in figure 2
were graphed as relative values using the AA CT method (Livak and Schmittgen,
2001; Schmittgen and Livak, 2008). Graphs are representative of three independent
cell culture experiments (N = 3). Error bars represent the standard error of the
mean.
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concentrations of EtOH. For these experiments we utilized control, 120mg/dL and
320mg/dL EtOH treatments. Surprisingly, TS cells did not exhibit any noticeable
changes in growth rate nor an increase in cell death, even when exposed to the
higher range of EtOH concentrations tested. Cells were cultured to 80% confluence,
RNA isolated and analyzed as above. From these analyses, all of the fourteen
candidate genes examined would serve as suitable normalization controls (Table
2a). When we normalized gene expression levels using the geometric mean of the
top three candidate genes (Sdha, Hprt, and Mrpll), we found the expression levels
of all candidate genes to be completely homogenous (Fig 3a). A one-way ANOVA
comparing all experimental treatments for each gene confirmed no statistically

significant changes in gene expression could be detected.

To examine the influence of EtOH on the stability of our candidate reference
genes throughout TS cell differentiation, we followed a previously described
differentiation protocol (Tanaka, 1998; Veazey and Golding, 2011). For these
experiments, we focused on comparisons between 120mg/dL EtOH, 320mg/dL
EtOH, and control treatments. Twenty-four hours after plating, alcohol was added to
the newly seeded TS cell cultures. Twenty-four hours later, FGF4 and heparin were
withdrawn from the culture medium, marking Day 0 of the differentiation protocol.
Over the course of the next five days, TS cell cultures readily differentiated into
placental giant cells. In contrast to our analysis of undifferentiated TS cells, however,
the 320mg/dL treatments produced a modest increase in cell death as measured
solely by increased cellular debris. RNA was then isolated and analyzed as
described in the materials and methods. Interestingly, TS cells again showed a very
narrow range of reference gene fluctuation, with Sdha, Mrpll and Ppia being ranked
as the three most stable genes (Table 2b). Using the geometric mean of Sdha,
Ppia, and Mrpl1, we normalized and graphed the relative expression of our fourteen
candidate genes (Fig 3b). Similar to previously published observations, Actb
exhibited large fluctuations in expression inherent to TS cell differentiation (Vong et
al., 2010; Veazey and Golding, 2011). Using a two-way ANOVA examining
experimental treatments across days in culture, we did not find any significant

alterations in gene expression arising as a consequence of EtOH exposure. To
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Table 7: GeNorm and Normfinder rankings of candidate gene stability in experiments
comparing ethanol and control treatments of trophectoderm stem cell cultures.

Table 7a. Cultures maintained as stem cells

GeNorm Normfinder
Stability Stability
Rank Gene value Gene name value
1 Hprt 0.028 Sdha 0.002
2 Ppia 0.028 Hprt 0.003
3 Sdha 0.028 Mrpll 0.003
4 Ywhaz 0.028 Ppia 0.003
5 Mrpll 0.029 Ywhaz 0.006
6 Gapdh 0.03 Pgkl 0.007
7 Pgkl 0.03 Gapdh 0.008
8 Actb 0.031 Actb 0.01
9 Thp 0.035 Thp 0.014
10 B2m 0.037 B2m 0.015
11 H2afz 0.043 H2afz 0.023
12 Hk2 0.054 Hk2 0.031
13 Gusb 0.068 Gusb 0.043
14 Hmbs 0.101 Hmbs 0.068
Table 7b. Differentiating cultures
GeNorm Normfinder
Stability Stability
Rank Gene value Gene name value
1 Sdha 0.048 Sdha 0.009
2 Mrpll 0.049 Ppia 0.01
3 Gapdh 0.05 Mrpll 0.013
4 Ppia 0.05 Gapdh 0.016
5 B2m 0.057 B2m 0.023
6 Ywhaz 0.061 H2afz 0.03
7 Hprt 0.062 Ywhaz 0.03
8 Pgkl 0.062 Hprt 0.031
9 H2afz 0.063 Pgkl 0.031
10 Gusb 0.07 Gusb 0.037
11 Hk2 0.072 Hk2 0.038
12 Hmbs 0.08 Hmbs 0.046
13 Thp 0.081 Thp 0.05
14 Actb 0.094 Actb 0.058

Candidate genes with GeNorm stability values greater than 0.5 are designated by a * and
are not acceptable for use as normalization controls (Hellemans et al., 2007).
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Figure 7: Analysis of reference genes in ethanol exposed trophectoderm stem cells. A) Relative
expression of the fourteen candidate reference genes in trophectoderm stem cell cultures
contrasting control samples with 120mg/dl and 320mg/dL ethanol treatments. Cells were
cultured under conditions maintaining TS cell stemness. Data were normalized to the geometric
mean of Sdha, Hprt, and Mrpl1. Using a one-way ANOVA, no statistically significant differences
in candidate gene expression were observed (p < .05). Graphs are representative of four
independent cell culture experiments (N = 4). B) Relative expression of the fourteen candidate
reference genes in differentiating trophectoderm stem cell cultures contrasting control samples
with 120mg/dL and 320mg/dL ethanol treatments. Samples were collected on days 0 and 5 of in
vitro differentiation. Data was normalized to the geometric mean of Mrpl1, Ppia, and Sdha.
Using a two-way ANOVA, no statistically significant differences in candidate gene expression
could be detected (p < .05). Graphs are representative of four independent cell culture
experiments (N = 4). C) Validation of normalization controls in differentiating TS cell cultures.
Expression of the TS cell marker of pluripotency, Cdx2, in differentiating TS cells under either
control conditions or exposure to 120mg/dL or 320mg/dL ethanol. Cdx2 expression was
normalized to the geometric mean of Mrpl1, Ppia, and Sdha. A two-way ANOVA and Tukey's
HSD analysis comparing ethanol doses over time revealed Cdx2 levels within the Day 0
320mg/dL EtOH treatments were significantly different than the Day 0 120mg/dL and control
treatments (p < 0.0001). No significant differences were found for the Day 5 cultures. Graphs are
representative of four independent cell culture experiments (N = 4). All data presented in figure
3 were graphed as relative values using the AA CT method (Livak and Schmittgen, 2001;
Schmittgen and Livak, 2008). Error bars represent the standard error of the mean.
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validate our normalization controls, we utilized the geometric mean of Sdha, Ppia,
and Mrpll to graph the expression of the TS cell stemness marker Cdx2. Similar to
our analyses of Oct4, Nanog, and KIf4 in differentiating ES cells, we observed a
large decrease in the expression of this cellular marker of trophectoderm stem cell
potency throughout the course of in vitro differentiation (Fig 3c). To determine if
EtOH induced alterations in the expression of Cdx2, we conducted a two-way
ANOVA comparing ethanol doses over time. This analysis revealed that day 0
320mg/dL treatments significantly reduced Cdx2 expression, whereas, Day 0
120mg/dL treatments were unaffected and remained identical to the controls (p
<0.0001).

Reference Gene Stability in Neurosphere Stem Cells

Fetal development is characterized by multiple region-specific periods of
neurogenic growth, giving rise to millions of neuroblasts that migrate away from their
germinal zones to populate the developing brain. To model this developmental
process in vitro, cell cultures have been derived from the fetal neuroepithelium.
These stem cells grow as free-floating, clonal aggregates termed “neurospheres”
(Conti and Cattaneo, 2010). To determine the impact of EtOH exposure on our
fourteen candidate reference genes within this model system, neurospheres were
cultured under control conditions or 60 mg/dL, 120 mg/dL, or 320 mg/dL EtOH and
analyzed as above. As can be seen in Table 3a, Actb stability is affected by
exposure to EtOH, and would not serve as an acceptable normalization control.
From these experiments, the top three candidate genes identified were Pgk1l,
Gapdh, and Hprt. Using the geometric mean of these three candidates as
normalization controls, we graphed the relative expression levels of the fourteen
candidate genes (Fig 4a). Using a one-way ANOVA comparing each experimental
treatment, we were unable to discern any significant differences between the

treatment groups, for any of the candidate genes examined.
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Table 8: GeNorm and Normfinder rankings of candidate gene stability in experiments
comparing ethanol and control treatments of neurosphere stem cell cultures.

Table 8a. Cultures maintained as stem cells

GeNorm Normfinder
Stability Stability
Rank Gene value Gene name value
1 Gapdh 0.078 Pgkl 0.495
2 Pgkl 0.079 Gapdh 0.52
3 Tbp 0.079 Hprt 0.595
4 Hprt 0.081 Sdha 0.622
5 Sdha 0.081 Thp 0.627
6 Gusb 0.084 Ywhaz 0.692
7 H2afz 0.086 H2afz 0.737
8 Mrpll 0.086 Mrpll 0.786
9 Ywhaz 0.088 Gusb 0.805
10 B2m 0.094 B2m 0.945
11 Ppia 0.111 Ppia 1.405
12 Hmbs 0.325 Actb 1.707
13 Hk2 0.434 Hmbs 1.859
14 Actb * 0.869 Hk2 2.397

Table 8b. Differentiating cultures

GeNorm Normfinder
Stability Stability
Rank Gene value Gene name value
1 Hprt 0.063 Hprt 0.012
2 Sdha 0.064 Sdha 0.016
3 Gusb 0.065 Mrpll 0.017
4 Mrpll 0.065 Gusb 0.018
5 Gapdh 0.067 Gapdh 0.023
6 Pgkl 0.068 Pgkl 0.023
7 Hk2 0.107 Hk2 0.026
8 Ywhaz 0.479 Hmbs 0.038
9 Hmbs * 0.803 Ywhaz 0.038
10 Thp * 0.833 Ppia 0.042
11 Ppia * 0.857 Thp 0.042
12 H2afz * 0.901 H2afz 0.059
13 B2m * 0.921 B2m 0.075
14 Actb * 1.544 Actb 0.1

Candidate genes with GeNorm stability values greater than 0.5 are designated by a * and
are not acceptable for use as normalization controls (Hellemans et al., 2007).
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Figure 8: Analysis of candidate reference genes in neurosphere stem cells. A) Relative
expression of the fourteen candidate reference genes in neurosphere stem cell cultures
contrasting control samples with 60mg/dL, 120mg/dL, and 320mg/dL ethanol treatments. Data
were normalized to the geometric mean of Pgkl, Hprt, and Gapdh. Using a one-way ANOVA, no
statistically significant differences in candidate gene expression were observed (p < .05). Graphs
are representative of four independent cell culture experiments (N = 4). B) Relative expression
of the fourteen candidate reference genes in differentiating neurosphere cultures. Samples were
collected on days 0, 3, and 5 of the in vitro differentiation protocol as previously described
(Miranda et al., 2008). Data were normalized to the geometric mean of Hprt, Mrpll, and Sdha.
Statistically significant differences in the expression of Gapdh, H2afz, Tbp and Ywhaz were
identified using a two-way ANOVA followed by Tukey’'s HSD analysis. Graphs are representative
of three independent cell culture experiments (N = 3). All data presented in figure 4 were
graphed as relative values using the AA CT method (Livak and Schmittgen, 2001; Schmittgen
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We next sought to examine the impact of ethanol exposure on neurosphere
differentiation. We began by examining the expression of our candidate genes
throughout a previously published, five-day neurosphere differentiation protocol
(Miranda et al., 2008). Candidate gene expression was assayed during the early
and late stages of differentiation. From these analyses, we observed that the
expression of many of our reference genes were profoundly altered during the
course of neurosphere differentiation, with six of the fourteen genes having GeNorm
stability values in excess of 0.5. As can be seen in Table 3b, Hprt, Sdha, Mrpll, and
GusB were identified as the most consistently stable reference genes. Using the
geometric mean of Hprt, Mrpll, and Sdha, we normalized and graphed the relative
expression of the fourteen candidate genes using methods previously discussed (Fig
4b). Using a two-way ANOVA comparing experimental treatments across days of
the differentiation protocol, we observed statistically significant differences in the

expression of Gapdh, H2afz, Tbp, and Ywhaz.

Unexpectedly, when we assayed the expression of mMRNAs encoding markers
of neurosphere stemness (Sox2 and Nestin), we found that their expression
significantly increased as differentiation progressed (Fig 5). Paradoxically, while
these markers of stemness increased so did established makers of neuronal
differentiation, including Gfap and DIx2. Gfap, which was minimally detected on day
0, became undetectable on day 3 and strongly expressed on day 5. In contrast,
DIx2 was undetectable on day O but progressively increased over the course of in
vitro differentiation. Similar to previous reports, the relative ratios in which these
transcription factors were expressed seemed to change through cellular passaging
(Conti and Cattaneo, 2010). This suggests the complex population of cells present
within neurospheres was constantly fluctuating. From previous studies (Campos,
2004), it has been suggested that the heterogeneity of the neurospheres is linked to
their three-dimensional structure, where different cells within the spherical structure
are exposed to varying and sometimes suboptimal conditions. For example,
neurospheres display a tendency to generate differentiated cells within their core
while cells on the surface are more stem-like (Campos, 2004). These results

prompted us to question what proportion of thecellular population were differentiating
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Figure 9: Analysis of lineage specific transcription factors in differentiating neurosphere stem
cell cultures. Expression of neurosphere stem cell markers of stemness (Sox2 and Nestin) as
well as differentiation (Gfap and DIx2) in differentiating neurosphere stem cells under control
conditions. Expression was normalized to the geometric mean of Hprt, Mrpl1, and Sdha.
Graphs are representative of three independent cell culture experiments (N = 3). Statistically
significant differences were observed for all four candidate genes examined using either an
ANOVA (Sox2, Nestin) or a students t-test (DIx2 Gfap). All data presented in figure 5 were
graphed as relative values using the AA CT method (Livak and Schmittgen, 2001; Schmittgen
and Livak, 2008). Error bars represent the standard error of the mean.
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versus those that were being maintained in a stem-like-state simply due to either
exposure to local paracrine factors or cell-extracellular matrix interactions. Most
studies of neurosphere differentiation predominately utilize immunocytochemistry to
visually examine the expression of cellular markers within individual populations of
cells. These studies tend to focus on individual colonies of cells rather than the total
population of cells as in qPCR studies. Our results suggest a global survey of the
transcriptome using gPCR may not be sensitive enough to finely monitor the
intricacies of gene expression during neurosphere differentiation. Similar to previous
studies (Santillano et al., 2005; Camarillo and Miranda, 2008), under conditions of
alcohol exposure we observed an increase in differentiating neurosphere size, and
many of the cultures exhibited drastic differences in cellular morphology or
progression through the stages of differentiation. Due to the extreme variation in
both cell type and the expression of molecular markers within these cultures, we did
not feel we were able to definitively and reliably assay candidate gene stability

through differentiation.

Discussion

Analysis of gene expression using quantitative reverse transcription-
polymerase chain reaction (QPCR) has become a widely utilized core technique in
nearly every area of biological research. However, many publications continue to
report the implementation of inappropriate methods of qPCR normalization (Bustin
et al., 2009). A recent study of 8-Oxoguanine DNA glycosylase expression in
preeclamptic placental samples by Lanoix et al., elegantly demonstrates how
normalization with an inappropriate reference gene can produce a statistically
significant result, which is diametrically opposite to the one predicted of a
characterized physiological response (Lanoix et al., 2012). Despite numerous
publications demonstrating significant fluctuations in the expression of established
reference genes such as Actb and Gapdh, the single use of either of these reference
genes to normalize gene expression data remains the norm for the vast majority of
published gPCR-based studies (Vandesompele et al., 2002; Radonic et al., 2004;
Bustin and Nolan, 2004; Dheda et al., 2005; Goossens et al., 2005; Johansson et
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al., 2007; Mamo et al., 2007). While many in vitro and in vivo studies modeling
prenatal alcohol exposure employ gPCR-based measurements as a key analytic
tool, very few studies have been published which consider the suitability / stability of
their reference gene(s) (Johansson et al., 2007; Boujedidi et al., 2011).

Previous studies by Vandesompele and colleagues demonstrated that the
geometric mean of three reference genes provided the most accurate and reliable
means of normalizing qPCR expression data (Vandesompele et al., 2002).
Subsequently, this experimental strategy was validated, and a series of statistical
algorithms was written in order to identify the three most suitable reference genes for
a variety of experimental conditions (Andersen et al., 2004; Pfaffl et al., 2004;
Goossens et al., 2005; Gilsbach et al., 2006; Willems et al., 2006; Gutierrez et al.,
2008; Tatsumi et al., 2008; Boda et al., 2008; Suter and Aagaard-Tillery, 2009; van
den Bergen et al., 2009; Galiveti et al., 2009; Veazey and Golding, 2011). The
GeNorm software tool ranks candidate genes according to a derived M-value
(Vandesompele et al., 2002). An M-value describes the variation of a gene relative
to all the other candidate genes examined. The GeNorm algorithm progressively
assigns M-values by removing the gene with the highest M-value, and repeating the
process until only the optimal set of reference genes remains (Vandesompele et al.,
2002). In contrast, Normfinder was designed to independently account for the
various sample or treatment groups (Andersen et al., 2004). This allows for the
selection of an optimum reference gene pair rather than ranking genes individually
from highest to lowest stability. Using this slightly different approach, the most
stable pair of genes selected by Normfinder may have compensating expression
levels. For instance, one reference gene may be highly expressed in one sample
group while its paired gene is underexpressed in the same group. This difference
between algorithms explains the slight differences in the assigned stability values
and gene rankings observed in this study. Many of the gene rankings reported,
however, were only different by a very small margin or were in fact the same but

grouped differently due to alphabetical ordering of the gene names.
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In the present study, we sought to assay the stability of fourteen commonly
used reference genes within in vitro cultures of embryonic, placental, and
neurosphere stem cells exposed to alcohol. Using these two independent software
tools to assess gene stability, we find broad consensus in the identification of the
three best normalization controls across cell types, alcohol exposures, and stages of
in vitro differentiation. Based upon the framework provided by MIQE Guidelines, we
propose utilizing the geometric mean of the top three genes identified for each
experimental condition as normalization controls in studies examining the impact of

alcohol upon the transcriptomes of the three stem cell types examined.

The overarching goal of this paper was to lay the groundwork for the use of
embryonic, trophectoderm and neurosphere stem cells as models to examine the
transcriptional consequences of prenatal ethanol exposure. While our study found
no single reference to be entirely refractory to the influence of alcohol nor completely
stable throughout in vitro differentiation, Hprt, Mrpl1, Sdha, Ppia (and to a lesser
extent Gapdh), were identified as the most consistently stable transcripts across all
cell types and experimental conditions examined. This core group of candidates
should be considered as a starting point for future studies of reference gene stability

within other models of alcohol exposure.

In contrast, our analyses identified transcripts encoding one of the most
commonly used reference genes, Actb, as often amongst the least stable candidate
genes tested, and in many cases, it would not serve as an acceptable normalization
control. Importantly, a significant number of studies modeling prenatal alcohol
exposure continue to utilize Actb as their sole normalization control. Given the
observations reported here and elsewhere indicating alcohol can modulate
expression of this gene (Romero et al., 2010), its candidacy as a valid reference
should be reconsidered. Overall, these investigations highlight the importance of
empirical reference gene selection and identify a core group of candidate genes for
use as normalization controls in gPCR studies of ethanol induced teratogenesis.
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CHAPTER IV
ALCOHOL-INDUCED EPIGENETIC ALTERATIONS TO DEVELOPMENTALLY
CRUCIAL GENES REGULATING NEURAL STEMNESS AND DIFFERENTIATION*

Introduction

Studies using a broad range of model systems representing multiple tissue
types reveal exposure to alcohol significantly alters the developmental trajectory of
progenitor cells and fundamentally compromises histogenesis (Camarillo and
Miranda, 2008; Crabb et al., 2011; Crews et al., 2006; Gong and Wezeman, 2004;
Hipp et al., 2010; leraci and Herrera, 2007; Mo et al., 2012; Roitbak et al., 2011,
Vangipuram and Lyman, 2010; Vangipuram and Lyman, 2012; Vemuri and Chetty
2005). These observations are highly suggestive that ethanol interferes with the
ability of differentiating cells to properly engage the molecular systems necessary to
execute cellular differentiation and patterning. Once established by lineage-specific
transcription factors, the identity of each developing cell type is maintained through
unique alterations in the way in which the DNA encoding each gene becomes
packaged within the nucleus (Hemberger et al., 2009). From studies using a
diverse range of model organisms, we now acknowledge that epigenetic changes to
chromatin structure provide a plausible link between the environment and lasting

alterations in gene expression leading to disease (Feil and Fraga, 2011).

The coordinated recruitment of activating and repressive chromatin modifying
enzymes to developmentally crucial loci is absolutely essential for differentiating
cells to exit the transcriptional networks promoting pluripotency and establish
lineage-specific patterns of gene expression (Hemberger et al., 2009). Work from a
number of independent laboratories have demonstrated exposure to ethanol is
associated with genome-wide / gene specific changes in DNA methylation,
(Downing et al., 2011; Garro et al., 1991; Haycock, 2009; Liu et al., 2009; Ouko et

“Reprinted with permission from “Alcohol-induced epigenetic alterations to developmentally crucial
genes regulating neural stemness and differentiation.” By Veazey et al. 2013. Alcoholism Clinical and
Experimental Research, 37, 1111-1122, Copyright [2013] by the Research Society on Alcoholism.
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al., 2009; Zhou et al., 2011) alterations of post-translational histone modifications
(KIM, 2005; Pal-Bhadra et al., 2007; Park, 2005), and a profound shift in
epigenetically sensitive phenotypes (Kaminen-Ahola et al., 2010). Collectively,
each of these observations indicate ethanol has the capacity to act as a powerful
epigenetic disruptor and derail the coordinated processes of cellular differentiation.
Understanding how ethanol impacts the epigenetic processes by which stem or
progenitor cells maintain potency and execute lineage-specific programs of
differentiation is fundamental to determining both the molecular mechanisms of
alcohol induced teratogenesis and the developmental origins of fetal alcohol

spectrum disorders (FASDSs).

While several models of prenatal alcohol exposure have examined epigenetic
alterations within the context of stem cell differentiation, it remains unclear whether
progenitor cells are themselves sensitive to alcohol-induced epigenetic alterations or
if the processes of differentiation sensitize cells for brief developmental periods. In
studies using animal models, correlation of acute ethanol exposures with major
periods of organ growth strongly indicate that different tissues are largely susceptible
to ethanol-induced teratogenesis during specific developmental windows (Becker et
al., 1996). These results would suggest progenitor cells are able to faithfully
maintain chromatin structure, while the reorganization that occurs as cells
differentiate creates an epigenetically labile period, where ethanol can perturb the
developmental program. To begin to address this question, we sought to examine
static cultures of neural stem cells for changes in key post-translational histone
modifications within the regulatory regions of developmentally crucial genes. We
find that alcohol profoundly alters the epigenetic landscape of neural stem cells,
imparting a lasting signature of exposure. These alcohol-induced alterations of the
epigenetic programs regulating fetal stem cell maintenance and differentiation are
likely to have persistent, organizational effects upon subsequent neuronal
maturation and potentially explain some of the pattering defects observed with the

central nervous systems of FASD children.
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Materials and Methods

Neurosphere Stem Cell Culture

All animal procedures were approved and conducted in accordance with the
Institutional Animal Care and Use Committee at TAMHSC. Culture and media
preparations for neurospheres have been described previously (Camarillo and
Miranda, 2008). Briefly, fetal cerebral cortical neuroepithelial stem cells isolated from
gestational day 12.5 C57BL/6 mice were cultured as neurospheres in T25 flasks in
media containing GlutaMAX™ DMEM F-12 (Invitrogen, Carlsbad, CA. Cat# 11330-
032), 20ng/ml FGF basic, 20ng/ml EGF (Invitrogen, Carlsbad, CA Cat# 53003-018),
0.15ng/ml LIF, 1x ITS-X (Invitrogen, Carlsbad, CA. Cat# 51500-056), 0.85 units/ml
heparin, and 20nM progesterone (Sigma, St. Louis, MO. Cat#P6149). Neurospheres
were typically incubated for a total of 5 days at 37°C, 5% COz2 in a humidified
environment before passage. Medium was changed every 2-3 days depending on

the level of confluence.

Ethanol Treatment

Neurospheres were cultured in T25 flasks, with a parafilm (VWR) sealed lid to
prevent ethanol evaporation. Dosing for ethanol followed previously published
studies (Camarillo and Miranda, 2008), and utilized 60 mg/dL (13mM), 120 mg/dL
(26mM), and 320 mg/dL (70mM) of ethanol (Sigma). Control samples for non-
ethanol treated stem cells were concurrently cultured during the same experimental
time course and in the same culture conditions. Neurospheres received fresh
medium containing either control or ethanol treatments every 2-3 days. On day 5 of
treatment, cells were isolated and cellular extracts collected for either Chromatin

Immunoprecipitation or RNA analysis.

Chromatin Immunoprecipitation (ChlP) Analysis

Cultured neurospheres were grown to 80% confluence, washed twice in warm
PBS, trypsinized then resuspended in warm growth medium containing 0.1 volume

of crosslinking solution (Kondo et al., 2004). Subsequently, Chromatin
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Immunoprecipitation (ChlP) reactions were performed as described previously
(Golding et al., 2010), which was followed by DNA purification using a Qiagen PCR
Cleanup kit. Antibodies used in the immunoprecipitation of modified histones and
Ezh2 were anti-Rabbit IGG (Santa Cruz SC-2027), anti-Trimethyl Histone H3 Lysine
4 (Millipore 04-745), anti-Trimethyl Histone H3 Lysine 27 (Millipore 17-622), and
anti-Ezh2 (Millipore 17-662). Antibodies for modified histones were used at 1
Mg/ChIP reaction while antibodies to Ezh2 were used at 2 ug/ChlP reaction. The
concentration of IgG was adjusted from 1 ug to 2 pg as appropriate. For these
experiments, a minimum of 3 independent experimental replicates were conducted.
Cellular extracts from each of these replicates were subjected to 3 independent
chromatin immunoprecipitations for each of the post-translational histone
modifications examined. DNA precipitated from these ChlIP reactions were analyzed
by gPCR and results normalized to 1% of the total input. Analysis of candidate
promoter regions was carried out using the DyNAmo Flash SYBR Green gPCR
Mastermix (Fisher Scientific, Pittsburgh PA. Cat # F-415L) following the
manufacturer’s instructions. Primers used to examine the relative enrichment of
candidate gene promoter regions are described in Supplementary Table 1.
Reactions were performed on either a StepOnePlus Real Time PCR system
(Applied Biosystems, Foster City CA.) or a CFX384 Real Time System (BioRad
Hercules CA).

RNA Isolation and Reverse Transcription

Cultured cells were grown to 80% confluence, washed twice in warm PBS,
and dissociated with 1X trypsin (Accutase Millipore Cat# SCR005). Cells were spun
down, washed once in cold PBS, and RNA isolated using Trizol (Invitrogen,
Carlsbad, CA. Cat # 15596026) according to the manufacturer’s protocol. 1 ug of
purified total RNA was treated with amplification grade DNasel (Sigma, St. Louis,
MO. Cat# AMPD1) according to the manufacturer’s protocol, and 250ng RNA
seeded into a reverse transcription reaction using the SuperScriptll kit (Invitrogen,
Carlsbad, CA. Cat# 18064-071) by combining 1 yl random hexamer oligonucleotides
(Invitrogen, Carlsbad, CA. Cat# 48190011), 1 yl 10 mM dNTP (Invitrogen, Carlsbad,
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CA. Cat# 18427-013), and 11 pl RNA plus water. This mixture was brought to 70°C
for 5 minutes then cooled to room temperature. SuperScriptll reaction buffer, DTT,
and SuperScriptll were then added according to manufacturer’s protocol and the
mixture was brought to 25°C for 5 minutes, 42°C for 50 minutes, 45°C for 20 minutes,

50°C for 15 minutes, then 70°C for five minutes.

Real-Time PCR Amplification of cDNA

Primers were designed using the NetPrimer software tool
(www.premierbiosoft.com/netprimer) or identified from previously published research
references (Supplemental Table S2). Real-time PCR analysis of mRNA levels was
carried out using the DyNAmo Flash SYBR Green qPCR Mastermix (Fisher
Scientific, Pittsburgh PA. Cat # F-415L) following the manufacturer’s instructions.
Reactions were performed on a StepOnePlus Real Time PCR system (Applied
Biosystems, Foster City CA.) or a CFX384 Real Time System (BioRad Hercules
CA).

Statistical Analysis of Real Time PCR - Expression and ChIP Data

For analysis of gene expression, the measured CT (Cycle Threshold)
experimental values for each transcript were compiled and normalized to the
geometric mean of the reference genes Phosphoglycerate kinase 1 (Pgkl -
NM_008828), Glyceraldehyde 3-phosphate dehydrogenase (Gapdh - NM_008084),
and Hypoxanthine-phosphoribosyl transferase (Hprt - NM_013556). From our
previous studies of fourteen candidate reference genes in ethanol-exposed
neurosphere cultures, Pgkl, Gapdh and Hprt were identified as being the most
stable across all alcohol treatments (Vandesompele et al., 2002). Normalized
expression levels were calculated using the AACT method described previously
(Schmittgen and Livak, 2008). Values from these calculations were transferred into
the statistical analysis program Graph Pad and an Analysis of Variance (ANOVA)
run to assay differences between experimental treatments. For samples with p
values greater than 0.05 we applied Tukey’s HSD analysis for multiple comparisons
and have marked statistically significant differences with the lower case letters.
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Samples not connected by the same letter are significantly different. For quantitative
analysis of candidate gene regulatory region enrichment, ChlP samples were
normalized to 1% input, and data analyzed using the formula previously described
(Mukhopadhyay et al., 2008). The cumulative mean from each of the 3 independent
experiments were calculated and the standard error of the mean derived. The
statistical analysis package Graph Pad was used to measure statistical significance
between the % input for the control and ethanol treated samples using a paired

student’s t-test.

Results

Ethanol Alters the Promoter Regions of Key Neurogenic Reqgulators

Within the unique transcriptional environment of embryonic stem cells,
several developmentally crucial genes are co-marked with both activating and
repressive histone modifications (Bernstein et al., 2006; Lim et al., 2009; Pan et al.,
2007). Specifically, histone 3 lysine 4 trimethylation, which is typically associated
with gene activation, co-exists with the repressive trimethyl state of histone 3 lysine
27. These uniquely marked loci are termed bivalent domains and generally encode
transcription factors directing tissue-specific programs of differentiation (Fisher and
Fisher, 2011). This same unique signature is found, albeit less frequently, in
neuronal and other tissue specific progenitor stem cell types (Lim et al., 2009).
While these bivalently marked genes are generally not expressed, they are thought
to be “primed” for either rapid activation or silencing during differentiation. As
differentiation progresses, the regulatory regions of bivalent genes commit to one of
these two post-translational modifications in a cell-lineage dependent manner and
resolve their chromatin structure towards either an active or silent conformation.
The correct resolution of these chromatin marks, and their faithful maintenance
during differentiation is a fundamental element of normal histogenesis (Hemberger
et al., 2009).

Given the reported impact ethanol has upon cellular differentiation, both in

vitro and in vivo, we hypothesized that exposure to alcohol would disrupt the
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distribution of these two vital post-translational histone marks. To address this
guestion, primary neurosphere cultures were maintained under conditions promoting
the stem cell state and treated with 320 mg/dL (70mM) ethanol for five days. This
concentration of alcohol is representative of the blood alcohol levels obtainable in
episodic binge drinking and chronic alcoholics (Centers for Disease Control and
Prevention (CDC), 2004; White et al., 2006). Control and ethanol treated cellular
extracts were immunoprecipitated with antibodies recognizing the specific chromatin
modifications trimethylated histone 3 lysine 4 (H3K4 Me3) and trimethylated histone
3 lysine 27 (H3K27 Me3) using methods previously utilized by our lab (Golding et
al., 2010). To assess alcohol-induced changes in chromatin structure, DNA
fragments isolated from these chromatin immunoprecipitations were examined by
guantitative PCR. gPCR reactions were carried out measuring the relative
enrichment of candidate gene promoter regions relative to 1% of the total input. We
began by examining the promoter regions of eight genes with established roles
regulating neural stem cell biology (Kuegler et al., 2010; Zhou et al., 2011). As can
be seen in Fig. 1a, all of our candidate genes exhibited significant changes in at
least one of the post-translational marks examined, while two (Igfl and Smarca?2)
displayed changes in both. It is worth noting that a recent study examining
alterations in DNA methylation within a similar neural stem cell model also identified
these two candidates (Zhou et al., 2011). We next sought to determine the impact
of ethanol upon the chromatin state of key genes regulating neuronal patterning.
Homeobox genes operate at the hub of multiple growth factor signaling pathways
controlling neurogenesis and therefore represent excellent candidates to examine in
relation to the patterning defects seen in FASD studies. As can be seen in Fig. 1b,
DIx2, DIx5, HoxAl, HoxA7, Msx1, Msx2, Nanog, Nkx2.1, Nkx2.2 and Pax6 all
displayed alterations in at least one of the post-translational marks examined while

DIx1 and DIx3 did not display any statistically significant changes (p < 0.05).

Ethanol Disrupts the Bivalent State

Interestingly, within our neurosphere stem cells DIx2 and Nkx2.2 were equally
marked by both histone 3 lysine 4 and histone 3 lysine 27 trimethylation and thus
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appeared to have retained an ES-cell like bivalent signature. Given the importance
of this chromatin state to subsequent differentiation, and its alteration upon exposure
to ethanol, we next set out to determine if other bivalent genes were present in
neural stem cells and became modified upon exposure to alcohol. To this end, we
examined ten other candidate bivalent genes identified in ES cells (Rugg-Gunn et
al., 2010). Of these, the VVdr promoter was the only other region to retain a bivalent
signature within our neurosphere cultures, and it too exhibited significant changes in
chromatin structure, namely a loss in H3K4 Me3 (p = 0.0057) (Fig. 1c). The
chromatin status of an intergenic region of chromosome six was utilized as a

negative control.

The Effect of Ethanol on Gene Transcription

To determine if the observed alterations in chromatin structure were
accompanied by changes in gene expression, we collected RNA from ethanol
exposed neurosphere stem cells and examined the mRNA levels of our candidate
genes relative to the geometric mean of Gapdh, Hprtl, and Pgk1 transcript levels.
For these experiments, ethanol dosing followed previously published studies
(Camarillo and Miranda, 2008), and utilized 60 mg/dL (13mM), 120 mg/dL (26mM),
and 320 mg/dL (70mM) of ethanol. We began by examining the relative mRNA
levels of six established neural markers. Fabp7, Nestin, and Tujl were abundantly
expressed within our neurosphere cultures while transcripts encoding Gfap, Gli3,
and Olig2 were detected at residual levels. Of these six, mMRNAs encoding Fabp7,
Gfap, Nestin, and Olig2 all demonstrated significant changes for at least one of the
exposure levels tested (Fig. 2a). We next examined the relative mRNA levels of
candidate genes identified in Fig. 1. Of the twenty-one candidate genes examined in
figure 1, only six were expressed within our neurosphere stem cells. Interestingly,
while Nkx2.2, Smarca2, Sox2 and Vdr all exhibited significant changes in chromatin
structure, none of these candidates demonstrated detectable alterations in mRNA
transcript levels (Fig. 2b). In contrast, DIx2 and Pax6 both displayed significant
differences in mRNA levels relative to the control (p = 0.015 and p = 0.02). Of note,
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Figure 10: Alterations in Histone 3 Lysine 4 and Lysine 27 Trimethylation within ethanol exposed
neurosphere stem cells. Levels in the relative enrichment of Histone 3 Lysine 4 Trimethylation
(H3K4 Me3) and Histone 3 Lysine 27 Trimethylation (H3K27 Me3) were measure by ChlP for (A)
eight candidates with established roles regulating neural stem cell biology (B) select homeobox
genes with known roles regulating neural patterning and (C) a newly identified neurosphere stem
cell bivalent domain. Neurosphere stem cells were treated with 320mg/dL ethanol for five days and
extracts examined as outlined in the materials and methods. Statistical significance as measured
using a paired students t-test at p < 0.05 is designated by a single *, p < 0.01 by two (**), and p <
0.001 by three (***). For these experiments, four independent cell culture experiments were
conducted (N = 4). For each sample, background levels are represented by the IgG control. As a
negative control, primers were used to examine the enrichment of an intergenic region of
chromosome 6, which displayed minimal enrichment of H3K4 Me3 and H3K27 Me3.
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a similar degree of Pax6 mRNA repression was recently reported in a human radial
glia progenitor cell model of ethanol exposure (Mo et al., 2012). Collectively, these
results indicate that while select candidates display altered levels of gene
expression, the transcriptional control of many genes remains unperturbed despite
changes in the distribution of H3K4 Me3 and H3K27 Me3 within their regulatory

regions.

Ethanol Alters Global Histone 3 Lysine 27 Trimethylation

To help determine if the chromatin alterations observed in Fig. 1 were gene
specific or reflective of larger, genome-wide changes to the epigenome, we next
sought to examine the chromatin status and expression of transposable elements.
Mammalian genomes contain large amounts of parasitic nucleic acids that originate
from retrotransposons and retroviruses that invaded the ancestral germline (Mandal
and Kazazian, 2008). While protein coding genes represent a little less than 2% of
our genetic information, as much as 45% of mammalian genomes are composed of
endogenous retro-elements, making them excellent candidates to examine as an
assessment of global alterations to the histone code. While transposable elements
and protein coding genes are clearly regulated through distinct biochemical
pathways, their overall abundance makes them suitable for use as an estimator of
the genomic condition. Using control and 320mg/dL treatments outlined above, we
immunoprecipitated cellular extracts with antibodies recognizing H3K4 Me3 and
H3K27 Me3 and seeded precipitated DNA fragments into gPCR assays measuring
enrichment of the Long Interspersed Nuclear Element 1 (LINE1), Intra-cisternal A
particle (IAP), Mus D, and Etn families of transposable elements. Each of these
families have 660,000, 1300, 100 and 240 respective copies per haploid genome (,
1997; Mandal and Kazazian, 2008). These experiments revealed significant
declines in the levels of H3K27 Me3 for all transposable element families examined,
suggesting the global distribution of this mark had become altered as a
consequence of in vitro ethanol exposure (Fig. 3a). Given the observed role of
Polycomb group complexes and by proxy, H3K27 Me3 in maintaining the repressed

state of transposable elements (Golding et al., 2010) we had anticipated a reduction
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Figure 11: mRNA expression levels of candidate genes in ethanol exposed neurosphere stem cells
exposed to control, 60mg/dL, 120mg/dL and 320mg/dL experimental treatments for five days.
Quantitative RT-PCR measurements of mRNAs encoding (A) six candidate markers of various neural
cell types and (B) six candidates from Fig. 1 were measured against the geometric mean of mean of
Gapdh, Hprtl and Pgkl and graphed using the AACT method (Schmittgen, & Livak 2008). Although
detectable, transcripts encoding Vdr were expressed at extremely low levels and exhibited wide
variation. Graphs are representative of at least three independent cell culture experiments (N = 3).
Statistical significance using ANOVA at p < 0.05 is designated by a single * and p < 0.01 by two (**).
Results of Tukey's HSD analysis are represented by lower case letters. Samples not connected by
the same letter are significantly different.
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Figure 12: Analysis of the chromatin structure and transcriptional control of four families of
transposable elements. (A) ChIP analysis of the LINEL, IAP, MusD and EtN families of
transposable elements. Statistical significance as measured using a paired students t-test at p <
0.05 is designated by a single * and p < 0.01 by two (**). For these experiments, three
independent cell culture experiments were conducted (N = 3). (B) Quantitative RT-PCR
measurements of transcripts encoding the LINE1, IAP, MusD and Etn transposable elements in
neurosphere stem cells exposed to control, 60mg/dL, 120mg/dL and 320mg/dL experimental
treatments for five days. Measured CT values were normalized against the geometric mean of
mean of Gapdh, Hprtl and Pgkl. Three independent primer sets measuring the second open
reading frame (L1 ORF2), mid region (L1 Mid), and 5’ untranslated region (L1 5 UTR) of the
LINE1 transcript were used. For the IAP transposable element two independent primers
measuring the viral long terminal repeat (IAP LTR) and Gag (IAP Gag) coding region were used.
Graphs are representative of at least three independent cell culture experiments (N = 3) .
Statistical significance using ANOVA at p < 0.05 is designated by a single * and p < 0.01 by two
(**). Results of Tukey's HSD analysis are represented by lower case letters. Samples not
connected by the same letter are significantly different.
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in this mark would be correlated with a proportional increase in LINE1, IAP, MusD
and Etn transcription. Surprisingly, only the LINE1 family and 60mg/dL IAP group
displayed statistically significant changes (p = 0.001 and p = 0.002 respectively) and
transcript levels for both of these transposable elements were decreased (Fig 3b).
For the LINE1 family, we verified our observations using three independent primer
sets measuring multiple regions of the LINE1 transcript.

Expression of Epigenetic Modifying Enzymes in Alcohol Treated Neurospheres

To pursue a potential mechanistic basis for the observed epigenetic
alterations, we again collected RNA from ethanol exposed neurosphere stem cells
and examined the mRNA levels of transcripts encoding several of the most
prominently studied epigenetic modifying enzymes. Cells were exposed to control,
60 mg/dL, 120 mg/dL, and 320 mg/dL experimental treatments and

MRNA levels normalized to the geometric mean of Gapdh, Hprtl and Pgkl as
above. Of the thirty candidates evaluated (including Smarca2 in Fig 2b.) only
Dnmtl, Uhrfl, Ash2l, Wdr5, Enmtl and Kdm1b exhibited statistically significant
changes (Fig. 4). Dnmt1, Uhrfl and Ehmtl are important components of the
molecular machinery regulating genomic DNA methylation (Dnmtl and Uhrfl) and
trimethylation of histone 3 lysine 9 (Ehmtl) (Sharif et al., 2007). Interestingly, all
three demonstrate increased mRNA levels within ethanol-exposed cultures,
consistent with the hyper-suppressed state of the LINE1 transposable elements (Fig.
3b) (Meissner et al., 2008; Mikkelsen et al., 2007; Yoder et al., 1997). Ash2l, Wdr5
and Kdmlb all serve to regulate H3K4 Me3 and display mixed changes in relative
expression. Unexpectedly, our results indicate that the Polycomb Repressive
Complex 2 (PRC2) members Eed and Ezh2 did not demonstrate statistically
significant changes in expression. This was surprising given the unique role of this

enzyme complex in establishing and maintaining the repressive H3K27 Me3 mark.
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Polycomb Complex Localization and Altered noncoding RNA Levels in Alcohol

Treated Neurospheres

In an effort to help explain the dramatic alterations in H3K27 Me3 levels, we
next set out to examine PRC2 localization within ethanol exposed neurosphere stem
cells. As mammalian genomes are devoid of canonical Polycomb DNA binding
elements, we began our investigations by looking at noncoding RNAs, which are
hypothesized to regulate PRC2 recruitment. Work over the past decade has
revealed the transcriptomes of eukaryotic cells are far more complex than was
originally postulated. The noncoding compliment of the genome vastly outsizes the
protein-coding and includes transcripts of well-defined function, as well as those to
whose function we can only speculate (Guttman et al., 2011).Studies of long
intergenic noncoding RNAs have indicated this class of transcripts plays a
fundamental role in shaping the fetal epigenome by directing PRC2 localization
during stem cell maintenance and differentiation (Guttman et al., 2011). Studies by
Guttman and colleagues recently identified several noncoding RNAs in ES cells,
which based upon the genes they regulate, were postulated to have roles in
regulating neural stem cell differentiation (Guttman et al., 2011). We therefore
sought to examine the impact of ethanol exposure upon these noncoding transcripts.
Of the eight candidate neural stem cell differentiation-associated noncoding RNAs
tested, only linc1354 was detected within our neurosphere stem cell model (Fig.5a).
To examine the impact of ethanol exposure we again utilized control, 60 mg/dL, 120
mg/dL, and 320 mg/dL experimental treatments and normalized linc1354 RNA levels
to the geometric mean of Gapdh, Hprtl and Pgkl measurements. As can be seen
in Fig. 5b, ethanol induced a significant reduction in linc1354 levels across all
ethanol concentrations tested (p = 0.0022). Given the previously characterized
association between noncoding RNAs and PRC2 proteins, as well as the role
dynamic changes in PRC2 localization play during neural development, we next
chose to examine EZH2 occupancy within the regulatory regions of the candidate
genes studied in Fig. 1 (Rinn et al., 2007). From these twenty-one candidate genes,
only nine were bound by EZH2 and with the exception of DIx1 (p = 0.0256), none

demonstrated significant differences in enrichment relative to the untreated control
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Figure 13: Expression of epigenetic modifying enzymes in alcohol treated neurospheres.
Quantitative RT-PCR measurements of transcripts encoding several of the most prominently
studied epigenetic modifying enzymes in neurosphere stem cells exposed to control, 60mg/dL,
120mg/dL and 320mg/dL experimental treatments for five days. Measured CT values were
normalized against the geometric mean of mean of Gapdh, Hprtl and Pgkl and graphed using
the AACT method (Schmittgen, & Livak 2008). Graphs are representative of at least three
independent cell culture experiments (N = 3). Statistical significance using ANOVA at p < 0.05 is
designated by a single * and p < 0.01 by two (**). Results of Tukey's HSD analysis are
represented by lower case letters. Samples not connected by the same letter are significantly
different.
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(Fig. 5¢). No enrichment of EZH2 was observed using primers amplifying the

negative control, intergenic region of chromosome 6 (data not shown).

Discussion

In this study we sought to examine whether primary neurospheres cultured
under conditions maintaining stemness were sensitive to alcohol induced alterations
of the histone code. We focused on trimethylated histone 3 lysine 4 and
trimethylated histone 3 lysine 27, as these are two of the most prominent post-
translational histone modifications regulating stem cell maintenance and neural
differentiation (Bernstein et al., 2006; Lim et al., 2009; Pan et al., 2007). We find
that the regulatory regions of a number of genes controlling both precursor cell
identity and neural differentiation exhibited significant alterations in the enrichment of
these chromatin marks. Our results clearly indicate primary neurospheres
maintained as stem cells in vitro are not refractory to alcohol induced perturbation of
the histone code, and that maintained stem cells as well as differentiating
neurospheres (Zhou et al., 2011) are susceptible to errors in the epigenetic

program.

Alterations of Bivalent Genes

Within many tissue precursor cell types, bivalent genes are maintained in a
poised confirmation and hypothesized to hold a maturation “tipping point” between
formation of a specific cellular lineage and the closing off of a developmental
pathway. Our studies identify three novel bivalent genes within cultured
neurospheres and of these, two demonstrate significant loss of H3K4 Me3 (Fig. 1).
Our studies also identified changes in H3K27 Me3 within the regulatory region of
Nkx2.2, indicating the two marks examined are not uniformly affected. These results
suggest that alcohol may impact cellular differentiation by disrupting the ability of
precursor cells to activate and repress key genes in a developmentally appropriate
manner. As a consequence, precursor cells would not be able to uniformly exit the
stem cell state and initiate developmental patterning. Extending our in vitro

observations into a clinical setting, postmortem and magnetic resonance imaging-
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Figure 14: Polycomb complex localization and altered noncoding RNA levels in alcohol treated
neurospheres. (A) Noncoding RNAs examined in our neural stem cell model. Using RT-PCR, all
noncoding RNAs were detected within RNA extracts prepared from ES cells but only linc1354 was
detected in primary neurospheres (N=3). (B) Quantitative RT-PCR measurements of linc1354
RNA levels in neurosphere stem cells exposed to control, 60mg/dL, 120mg/dL and 320mg/dL
experimental treatments for five days. Measured CT values were normalized against the geometric
mean of mean of Gapdh, Hprtl and Pgkl and graphed using the AACT method (Schmittgen, &
Livak 2008). Using ANOVA the calculated P value was 0.0022. Results of Tukey's HSD analysis
are represented by lower case letters. Samples not connected by the same letter are significantly
different. Graphs are representative of at least three independent cell culture experiments (N = 3).
(C) ChIP analysis of candidate promoters examining enrichment of the Polycomb Repressive
Complex 2 methyltransferase EZH2. Neurosphere stem cells were treated with 320mg/dL ethanol
for five days and extracts examined as outlined in the materials and methods. For these
experiments, three independent cell culture experiments were conducted (N = 3).. The statistical
significance of DIx1 measurements using a paired students t-test was p = 0.0256.
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based studies examining the brains of Fetal Alcohol Syndrome children have
revealed ectopic, nodular accumulations of poorly differentiated neuronal and glial
cells called heterotopias (Jones and Smith, 1975; Swayze et al., 1997). These
abnormal structures are consistent with cortical dysplasia and are suggestive that
alcohol may induce a persistent destabilization of neuronal differentiation. Whether
cortical dysplasia is associated with altered levels of H3K4 Me3 and H3K27 Me3 is

currently under investigation.

Alcohol Induced Epigenetic Changes and Transcription

It is interesting to note that while the majority of candidate regulatory regions
examined in this study displayed significant changes in levels of H3K4 Me3 and / or
H3K27 Me3, the transcription of very few of the genes examined were altered upon
exposure to ethanol. A recent study by Hashimoto-Torii and colleagues examining
global changes in gene transcription within ethanol-exposed cerebral cortices
reported a similar observation, in that only 636 transcripts out of 39,000 examined
were differentially expressed (268 up regulated and 368 down) (Hashimoto-Torii et
al., 2011). In our study, twelve of the twenty one candidate genes exhibited alcohol
induced reductions in the repressive H3K27 Me3 mark, yet none of these candidates
demonstrated an increase in expression or became activated de novo in exposed
cells. Unexpectedly, this drop in H3K27 Me3 levels was not associated with any
dramatic changes in EZH2 localization. Of the differentially expressed genes
identified, both Nestin and DIx2 displayed significant declines in the activating H3K4
Me3 mark, yet transcripts encoding these genes went up. Of all the candidates
studied, only Pax6 demonstrated both reduced H3K4 Me3 levels within its regulatory
region and a correlative drop in mRNA levels. These observations raise more
guestions as to the functional nature of the epigenetic changes resulting from
ethanol exposure and suggest other post-translational histone modifications may
have shifted to compensate for the loss of H3K4 and H3K27 trimethylation. While
our data indicate the trimethyl state of H3K4 and H3K27 are affected, we have yet to
address alterations in nucleosome positioning, polymerase Il occupancy and

changes to the mono and dimethylated states of these positions. Previous studies
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examining alcohol-exposed primary rat hepatocytes demonstrated an increase in
H3K4 dimethylation (Pal-Bhadra et al., 2007). These observations suggest the
trimethyl mark may be preferentially lost in favor of increasing the dimethyl state.
Each of these questions will be the subject of future investigations and will work
towards determining if the observed epigenetic changes are a coordinated response
to alcohol teratogenesis or the byproduct of a generalized cellular response to

stress.

In an effort to distinguish gene-specific epigenetic alterations from global
changes, we examined select aspects of transposable element biology within
alcohol treated neurospheres. Our data reveal global levels of the repressive H3K27
Me3 mark were depressed, yet the expression of the largest family of transposable
elements, the LINE1 family, exhibited a ~50% decrease in measured transcripts as
compared to the control. This was surprising given the established role of H3K27
Me3 in suppressing transposable elements (Leeb et al., 2010). It is possible that
alcohol exposed cells compensate for the loss of H3K27 Me3 by up-regulating
Dnmtl and Uhrfl expression and increasing genomic methylation levels, which has
been observed previously (Kaminen-Ahola et al., 2010). Similar disruptions in the
epigenetic regulation of LINE1 elements have been observed in the brains of chronic
alcoholics (Ponomarev et al., 2012). Given the hypothesized role of LINE1
elements in promoting somatic mosaicism, suppressed LINE1 transcription may
have a detrimental impact upon neural diversification and higher brain function
(Muotri et al., 2005). This large-scale alteration in the developmental program
regulating neurogenesis will likely lead to a myriad of central nervous system
developmental pathways being affected.

Altered Epigenetic Programming and FASDs

While this study focused on the impacts of alcohol within a neuronal stem cell
model of exposure, it is likely that other precursor cell types and developmental
programs, including those executing formation of the skeletal system will exhibit

similar alterations in epigenetic programming. Of the candidate genes examined in
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this study Msx2, and Nkx2.1 have previously been associated with FASD birth
defects (Godin et al., 2011, Rifas et al., 1997). Of note, Ascll and Twistl regulate
neural patterning and craniofacial development respectively and both of their
promoter regions were altered by exposure to ethanol (Chen and Behringer, 1995;
Guillemot et al., 1993). These data indicate that alcohol significantly impacts
epigenetic processes regulating genes controlling neural patterning and facial
development. Our observations indicate alterations to chromatin structure may
represent a crucial component of alcohol teratogenesis and move towards better

understanding the developmental origins of FASDs.
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CHAPTER V
DOSE DEPENDENT ALCOHOL-INDUCED ALTERATIONS IN CHROMATIN
STRUCTURE PERSIST BEYOND THE WINDOW OF EXPOSURE AND
CORRELATE WITH FAS BIRTH DEFECTS*

Background

From studies using a diverse range of model organisms, we now
acknowledge that epigenetic modifications to chromatin structure provide a plausible
link between environmental exposures and alterations in cellular function leading to
pathology (Feil and Fraga, 2011). These revelations create novel perspectives in
our understanding of fetal development that must be investigated if we are to fully
understand the molecular origins of birth defects. However, for many teratogens the

link between exposure and altered epigenetic programming remains poorly defined.

Alcohol consumption during pregnancy is widespread in our society despite
its proven association with the development of birth defects and severe mental
impairment. Work from a number of independent research groups have
demonstrated that ethanol (EtOH) has the capacity to alter chromatin structure,
which suggests that epigenetic mechanisms may be relevant to the genesis of birth
defects associated with fetal alcohol spectrum disorders (FASDs) (Mead and
Sarkar, 2014; Resendiz et al., 2014; Ungerer et al., 2013). For example, studies
examining tissue samples derived from both humans and rodents chronically
exposed to alcohol have shown alterations in the levels of both the DNA methylating
enzyme DNA methyltransferase 1 (Dnmtl) and DNA methylation within the
regulatory regions of multiple genes, including those regulated though genomic
imprinting (Garro et al., 1991; Bielawski et al., 2002; Kaminen-Ahola et al., 2010;
Zhou et al., 2011; Knezovich and Ramsay, 2012). In addition, multiple in vitro

studies have revealed alterations in post-translational histone modifications arising

“Reprinted with permission from “Dose dependent alcohol-induced alterations in chromatin structure
persist beyond the window of exposure and correlate with FAS birth defects.” By Veazey et al. 2015.
Epigenetics and Chromatin, 8, Copyright [2015] by Veazey et al.
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as a consequence of ethanol exposure (Veazey et al., 2013; Pal-Bhadra et al.,
2007; Bekdash et al., 2013; Moonat et al., 2013; Pan et al., 2014). However,
important questions as to the lasting heritability, the mechanism of induction, and the
role these epigenetic errors have in the development of FASD-associated congenital

malformations remain to be resolved.

In adults, alcohol is converted to acetaldehyde in an oxidation reaction that
occurs primarily in the liver, and is driven by the enzymes alcohol dehydrogenase
(ADH), cytochrome P450 (CYP2EL1), and catalase. Even under normal physiologic
conditions, this process produces excess acetaldehyde, reactive oxygen species
(ROS) and other harmful adducts inducing oxidative stress (Brocardo et al., 2011).
Due to the free passage of alcohol from mother to fetus, and the constant recycling
of the amniotic fluid reservoir, fetal alcohol exposures achieve blood alcohol
concentrations equivalent to the mother’s, but of longer durations (Pikkarainen,
1971; Waltman and Iniquez, 1972; Brien et al., 1983). These longer exposures
produce significant levels of ROS and free radicals, which have been hypothesized
to be a significant factor in the teratogenic effects of alcohol (Brzezinski et al., 1999;
Brocardo et al., 2011; Zakhari, 2013). Recently, a link between oxidative stress and
the enzymes regulating chromatin structure has been identified (Chia et al., 2011).
These observations would suggest that some of the epigenetic changes induced by
alcohol may be linked to alterations in the activities of genes responding to ROS
(Brocardo et al., 2011; Zakhari, 2013). However, no study has yet directly examined

interactions between alcohol exposures, oxidative stress and chromatin structure.

To date, the large majority of studies examining epigenetic changes arising
from fetal alcohol exposures have employed either chronic models of constant
exposure or examinations of acute alterations in chromatin structure (Garro et al.,
1991; Garro et al., 1992; Bielawski et al., 2002; Halsted et al., 2002; Haycock and
Ramsay, 2009; Ouko et al., 2009; Liu et al., 2009; Zhou et al., 2011; Downing et al.,
2011; KIM, 2005; Park, 2005; Pal-Bhadra et al., 2007; Kaminen-Ahola et al., 2010;
Veazey et al., 2013; Bekdash et al., 2013). Very few of these studies have sought to

investigate the lasting heritability of EtOH-induced changes in chromatin structure
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arising from an acute encounter through development. This is significant as while
there is ample evidence that chromatin structure can be perturbed by external
factors, significant questions remain as to whether post-translational histone
modifications are heritable, and can possibly contribute to environmentally induced
phenotypes (Henikoff and Shilatifard, 2011). Are EtOH-induced alterations in
histone modifications causal in FASD phenotypes, or are they merely transient
differences between chromatin states induced by transcriptional / nucleosome
remodeling responses to alcohol?

Using an ex vivo mouse model for fetal neural stem cells, our laboratory has
shown dramatic reductions in Histone 3 lysine 27 trimethylation (H3K27me3) in
response to acute EtOH exposure, but no correlative alterations in the localization of
the histone methyltransferase EZH2 were observed (Veazey et al., 2013). Current
models of epigenetic inheritance suggest that during S-phase, chromatin modifying
enzymes re-establish the histone code on newly assembled unmethylated histones,
and therefore enzyme complexes, like the Polycomb group, represent the true locus-
specific epigenetic mark passed from one generation to the next (Petruk et al.,
2012). These observations therefore call into question the heritability of alcohol-
induced epigenetic alterations, and their capacity to contribute to fetal alcohol
syndrome (FAS) phenotypes. This is especially significant as chromatin
modifications induced by exposures to other drugs of abuse tend to be transient, and
revert back to control states within hours or days after the toxicant is removed
(Nestler, 2014).

In this study, we sought to examine two major questions: 1) are the epigenetic
modifications induced by alcohol associated with a mobilization of epigenetic
modifying genes downstream of the oxidative stress pathways, and 2) do alcohol-
induced changes in chromatin structure persist beyond the window of exposure?

We report multiple post-translational histone modifications display unique, dose-
dependent responses to EtOH exposure, and in many cases, the epigenetic
signatures arising after an acute exposure differ from those observed after a

recovery period. These changes in chromatin structure are associated with
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persistent alterations in transcripts encoding Dnmtl, Ehmt2 (G9a), Eed, Ezh2,
Kdmla, Kdm4c, Setdbl, Sod3, Tetl and Uhrfl. Transitioning into an in vivo model,
we observe that mice displaying craniofacial malformations and midline brain defects
arising from an acute, early gestational exposure also display epigenetic errors, and
that these signatures of change are consistent with those modeled in vitro after a
recovery period. Our results indicate that the immediate and long-term impacts of
EtOH exposure on chromatin structure are distinct and suggest the existence of a
coordinated cellular response to exposure. Importantly, an epigenetic signature
resulting from an acute gestational encounter persists beyond the window of

exposure, and strongly correlates with the appearance of congenital malformations.

Results

Acute and Post-Recovery Epigenetic Signatures of EtOH Exposure Display Distinct,

Dose-Dependent Profiles

We sought to model the capacity of primary fetal cerebral cortical
neuroepithelial stem cells to restore alcohol-induced alterations in chromatin
structure. To this end, we initiated a treatment protocol wherein cells were
maintained in the stem cell state and exposed to varying concentrations of EtOH for
three days; then allowed to progress through a four day recovery period
representing at least three population doublings. The concentrations of alcohol
utilized in this study were meant to mimic those obtained from a binge drinker. We
utilized projected concentrations based on observations by White et al., which
demonstrated that out of 7,356 college age females surveyed, 33.7% reported
typical consumption rates at 1 x binge alcohol levels (four or more drinks at a time)
and 8.2% reported consumption at 2 x binge levels (eight or more drinks at a time)
(White et al., 2006). Based on average height and weight, these rates of
consumption would yield blood alcohol levels in the range of 160mg/dL and 240

mg/dL respectively (Blood Alcohol Content - www.dot.wisconsin.gov).

To measure the impact of EtOH exposure and withdrawal on chromatin

structure, control and alcohol-treated cellular extracts were immunoprecipitated with

82



antibodies recognizing the specific chromatin modifications trimethylated histone 3
lysine 4 (H3K4 me3), trimethylated histone 3 lysine 27 (H3K27 me3), acetylated
histone 3 lysine 9 (H3K9 ac) and dimethylated histone 3 lysine 9 (H3K9 me2) using
methods previously utilized by our laboratory (Golding et al., 2010). Alterations of
these histone post-translational modifications have been observed in previous
studies of acute alcohol exposure, but their capacity to restore over time has not
been investigated (Veazey et al., 2013; Pal-Bhadra et al., 2007; Bekdash et al.,
2013; Moonat et al., 2013; Pan et al., 2014). To examine gene-specific alcohol-
induced changes in chromatin structure, DNA fragments isolated from these
precipitations were examined by gPCR relative to 1% of the total input. Using
primers homologous to sequences +/- 250 base pairs of the transcriptional start
sites, we assessed alterations in chromatin structure occurring within the regulatory
regions of 22 genes randomly distributed across the genome that are involved in
controlling multiple growth factor signaling pathways directing neuronal patterning.
Importantly, we and others have identified altered transcriptional control and
aberrant localization of transcripts encoding many of these genes in FASD mouse
models, thus making them suitable candidates for the current study (Rifas et al.,
1997; Wentzel and Eriksson, 2009; Godin et al., 2011; Zhou et al., 2011).

The comprehensive results of these independent analyses are presented as a
heat map in Figure 1, with the statistical significance demarcated in each cell.
Analysis of individual candidate genes may be viewed in Additional file 1. For the
post-translational marks examined, we observed a range of alterations on the order
of 45% reductions to more than 200% increases. These scales of change are
similar to those reported in experiments utilizing either over-expression or RNA
interference mediated suppression of key epigenetic modifiers (EHMT1/G9a and
Polycomb Repressive Complex 2(PRC2)) (Mozzetta et al., 2014; Landeira et al.,
2010; Li et al., 2010; Mejetta et al., 2011). Collectively, these experiments produced
five novel observations. First, the examined histone post-translational modifications
were not equally impacted by alcohol exposure. Broadly, the candidate genes
examined displayed modest alterations in H3K4 me3, more pronounced changes in

H3K27 me3 and H3K9 ac, and profound shifts in H3K9 me2 across all treatment
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Figure 15: Dose-dependent epigenetic signatures of EtOH exposure persist past the period of
exposure. A) Experimental paradigm. B) Alcohol-induced epigenetic alterations in H3K4 me3, H3K9
ac, H3K9 me2, and H3K27 me3. Primary fetal cerebral cortical neuroepithelial stem cells were
cultured in the presence of 160 mg/dL or 240 mg/dL EtOH for 3 days, followed by a 4 day recovery in
medium lacking EtOH. Samples were collected at days 3 and 7, and examined for changes in the
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guantitative PCR (ChIP-gPCR). Heat maps represent fold change in H3K4 me3, H3K9 ac, H3K9
me2, and H3K27 me3 within the regulatory regions of the genes listed. Primers were designed to fall
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Statistical measures were conducted using the Wilcoxon Signed Rank nonparametric test. *p<0.05;
**p<0.01; ***p<0.001; ***p<0.0001.
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groups and time points examined. It is interesting to note that epigenetic
modifications associated with a condensed chromatin architecture displayed the
largest and most frequent changes. Second, we observed that a loss of histone
marks associated with repressive chromatin structure did not immediately correlate
with gains in post-translational modifications associated with relaxed chromatin
structure, and similarly, loci displaying decreases in marks associated with
transcription did not see increases in post-translational modifications associated with
gene repression. A number of studies have suggested an interdependent
relationship between many of the marks examined here, yet even after a recovery
period, this lack of correlation persists. Third, a clear dose dependent effect exists
between the epigenetic changes observed in the 160mg/dL and the 240mg/dL
treatment groups. While the 160mg/dL treatment elicited an enrichment of H3K4
me3, H3K9 ac, and H3K27 me3, depletion of these histone marks were observed in
the 240mg/dL treatment groups. Only H3K9 me2 exhibited a uniform depletion

across treatments at this time point.

Fourth, when extracts obtained after a 4-day recovery were examined (Day-
7), we noticed a persisting signature of exposure that was unique to each post-
translational modification examined. For example, gene promoters displaying
alterations in chromatin modifications associated with relaxed chromatin (H3K9 ac
and to a lesser extent H3K4 me3) on Day-3, maintained the observed altered
profiles on Day-7. In contrast, loci that had become depleted for marks associated
with compacted chromatin (H3K27 me3, and H3K9 me2) on Day-3 displayed a
hypermethylated state on Day-7, suggesting these genes had been remodeled into a
repressive chromatin state. The exception being the H3K27 me3 in the 160mg/dL
treatments, which were hypermethylated on Day-3 and became depleted on Day-7.
In addition, we observed that many genes displaying chromatin profiles identical to
the control on Day-3 exhibited altered profiles on day-7 and several alterations
present on day-3 resolved at the day-7 time point. As examples, the regulatory
regions of DIx5 and Nkx2.2 displayed H3K9 me2 and H3K27 me3 profiles identical
to the control on Day-3, but became hypermethylated by Day-7. Finally, not all

genes were uniformly affected in our system, and many only displayed alterations in
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a subset of the post-translational modifications examined. The regulatory region of
Pax6 for instance only exhibited changes in H3K9ac at the Day-7 time point, while
all other chromatin marks were identical to the controls, at the time-points examined.
In contrast, Ascll, Msx2, Nkx2.2 and Thx2 all displayed significant changes in at
least three of the four histone marks examined, and these changes varied across the
range of concentrations tested and time points examined. Collectively, these results
suggest that the epigenetic changes arising as a consequence of EtOH exposure
are heavily dependent on the gene under investigation, the dose of alcohol
encountered, the epigenetic mark under investigation, and that the profile of change
arising acutely is not always consistent with ones measured after removal of the
toxicant. These observations may have relevance to understanding the molecular

basis underlying the enormous variation observed in clinical cases of FASDs.

EtOH Exposure in vitro is Associated with Alterations in Transcripts Encoding Sod3

and Tetl, but No Alterations in Markers of Cell Death, Oxidative Stress, nor

Significant Disruption of the Oxidative Stress Transcriptional Response

Given the observed increases in ROS following alcohol exposure,
researchers have speculated that some of the teratogenicity associated with EtOH
exposure is linked to oxidative stress (Dong et al., 2008; Brocardo et al., 2011).
Recently, a link between components of the oxidative stress pathways and enzymes
controlling chromatin structure has been identified (Chia et al., 2011; Bosch-
Presegué et al., 2011). To examine a potential link between mobilization of the
oxidative stress response, and the observed alterations in chromatin structure, we
began by quantifying the transcript levels of 23 well characterized candidate genes
involved in either the metabolic processing of alcohol or the oxidative stress
response pathway (Dong et al., 2008). Of these 23 candidates, transcripts
encoding Cyp2el, Gpx2 and Gsta2 could not be detected in RNA samples isolated
from our neurosphere cultures. Surprisingly, of the remaining 20 candidates, the
majority of genes exhibited a down-regulation at the Day-3 time point and no

significant alterations at Day-7 (Figure 2A.). The two notable exceptions to this trend
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Figure 16: EtOH exposure in vitro alters levels of transcripts encoding Sod3 and Tet1, but does not

impact measures of cell death or oxidative stress. A) Measurements of transcripts encoding proteins
involved in the metabolic processing of alcohol and oxidative stress response pathways. Primary
neuroepithelial stem cells were cultured in the presence of 160 mg/dL or 240 mg/dL EtOH for 3 days,
followed by a 4 day recovery in media lacking EtOH. Samples were harvested at days-3 and 7, and
transcript levels determined by RT-gPCR. Graphs represent 3 independent biological replicates, (N
= 3) with 2 independent RT reactions and 3 independent gPCR measurements for each RT.
Significance was measured using a one-way ANOVA, error bars represent SEM. *p<0.05; **p<0.01;
***n<0.001; ****p<0.0001. B-E) Measures of cellular stress and apoptosis in primary neuroepithelial
stem cells exposed to alcohol. Cells were cultured in the presence of 80 mg/dL- 240 mg/dL EtOH for
3 days, then assayed for markers of B & C) apoptosis, D) oxidative stress and E) cellular stress.
Differences were measured using a one-way ANOVA, error bars represent SEM. Graphs represent 3

canarata hinlnniral ranlicatac (NI=2)
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were Sod3, and Tetl, which measured a 1.7 fold increase over the control at the

Day-7 time point.

We next measured physiological parameters associated with apoptosis,
oxidative stress and cytotoxicity. Neurosphere cultures were treated with
80mg/dL,160mg/dL, and 240 mg/dL EtOH for 72 hours, and subsequently examined
using Annexin 5 and TUNEL assays (Figure 2B & C). Neither of these tests
indicated a significant increase in levels of cellular apoptosis. When we examined
our treatment groups for alterations in the levels of glutathione (GSH), decreases of
which are associated with oxidative stress, no significant changes were observed
(Figure 2D). We next examined cell cultures for increased levels of lactate
dehydrogenase (LDH), a marker of generic cell stress. Again, this parameter did not
show any significant changes across the range of EtOH concentrations examined
(Figure 2E). These observations suggest that the oxidative stress pathways are not
broadly engaged in our in vitro model of fetal alcohol exposure; at least not at the

concentrations examined.

EtOH Exposure in vitro is Not Associated with an Inhibition of Histone

Methyltransferase Enzymatic Activity but Does Induce Alterations in Transcriptional

Requlation

Work by our group has demonstrated reductions in H3K27me3 arising due to
acute EtOH exposure (Veazey et al., 2013). We therefore sought to determine if the
acute losses of H3K9 me2 and H3K27 me3 observed in our cell culture model could
possibly be linked to alcohol-induced inhibition of histone methyltransferase enzyme
activity. To this end, cell cultures were treated with an EtOH dose response range
from 80mg/dL to 240mg/dL, and both H3K9 and H3K27 methyltransferase activity
guantified using a colorimetric assay. No significant differences in H3K9 nor H3K27
methyltransferase activity were observed across the range of concentrations tested
(Figure 3A & B).

We then examined levels of transcripts encoding ten major proteins
responsible for regulating DNA methylation as well as H3K9 and H3K27 methylation
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Figure 17: In vitro EtOH exposure does not inhibit methyltransferase enzymatic activity, but does
induce alterations in the transcriptional control of DNA and Histone methyltransferase enzymes.
A & B) Measures of Histone methyltransferase activity in EtOH exposed neuroepithelial stem
cells. Cells were cultured in the presence of 80 mg/dL to 240 mg/dL EtOH for 3 days, and
cellular extracts assayed for A) H3K27 and B) H3K9 histone methyltransferase activity using a
colorimetric assay. Differences were measured using a one-way ANOVA. Error bars represent
SEM. N = 3. C) Measurement of transcripts encoding enzymes governing DNA, H3K9, and
H3K27 methylation. Primary neuroepithelial stem cells were cultured in the presence of 160
mg/dL or 240 mg/dL EtOH for 3 days, followed by a 4 day recovery in media lacking EtOH.
Samples were harvested at days-3 and 7, and transcript levels determined by RT-gPCR.
Graphs represent 3 independent biological replicates, (N = 3) with 2 independent RT reactions
and 3 gPCR measurements for each RT. Significance was measured using a one-way ANOVA,
error bars represent SEM. *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001.
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(Figure 3C) (Li et al., 1992; Okano et al., 1999; Cao et al., 2002; Schultz et al., 2002;
Tachibana et al., 2002; Whetstine et al., 2006; Yamane et al., 2006; Bostick et al.,
2007; Wissmann et al., 2007; Laurent et al., 2015). Interestingly, transcripts
encoding Ehmt2 (G9a) and Setdbl, the two enzymes responsible for methylating
H3K9, display alcohol-induced suppression on Day-3 and an up-regulation on Day-
7; which is consistent with the observations in Figure 1. However on Day-3, we also
observed decreases in the abundance of transcripts encoding Kdmla, and Kdm4c,
as well as a modest increase in Kdmla on Day-7. These two enzymes have
established roles in demethylating H3K9 (Wissmann et al., 2007; Laurent et al.,
2015). None of the other factors examined display altered transcript profiles on Day-
3, with the exception of Uhrfl in the 240mg/dL treatments. In contrast, Dnmt1,
Uhrfl, Eed, and Ezh2 all exhibited alterations on Day-7. These observations
suggest some of the alterations in chromatin structure may be tied to changes in the

levels of enzymes regulating DNA / histone methylation.

EtOH-Induced Alterations in Dnmt1, Tetl and Uhrfl Transcript Levels are

Associated with Measurable Alterations in DNA Methylation but not DNA

Hydroxymethylation

Recently, it has been shown that the TET family of Fe(ll) and a-KG-
dependent dioxygenases rely upon oxygen to convert 5-methyl-Cytosine (5mC) into
5-hydroxy-methyl-cytosine (5hmC) (Tahiliani et al., 2009). This modified form of
cytosine is abundant in the brain and is hypothesized to play a key role in the
epigenetic control of neuronal function (Kriaucionis and Heintz, 2009). Importantly,
the formation of 5hmC can lead to demethylation of DNA, which in turn can influence
other aspects of chromatin structure; including H3K4 me3, H3K9 me2, and H3K27
me3 (Viré et al., 2006; Ciccone et al., 2009; Rothbart et al., 2012). Since our
transcript profiles, as well as previous studies in other models (Zhou et al., 2011;
Sakharkar et al., 2014) have identified alterations in gene family members regulating
both 5mC and 5hmC, we set out to determine these alterations were associated with
gene-specific changes in DNA methylation / hydroxy-methylation. To this end, we

utilized glucosylation of genomic DNA followed by methylation-sensitive gPCR
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(glucMS-gPCR) to examine alcohol-induced alterations in eight candidate genes.
These candidates were identified in previous studies of 5hmC within the brain and
embryonic stem cell-derived neural progenitor cells (Tan et al., 2013; Okashita et
al., 2014; Irwin et al., 2014).

To first validate our methodologies, we examined levels of 5mC within the
differentially methylated regions of two imprinted genes (Peg3 and Snrpn) (Mann et
al., 2004). Both candidates demonstrated 50% 5mC consistent with one allele being
methylated and the other unmodified; but no detectable 5hmC (Figure 4A). At these
two loci, no significant alterations in 5mC were induced by alcohol exposure across
the range of concentrations tested and time points examined. We then evaluated
expression of Snrpn in EtOH exposed cultures and did not observe any significant
changes, consistent with the stable measures of 5mC at this locus (Figure 4B). We
next assayed alterations in both 5mC and 5hmC within either the gene bodies or
regulatory regions of eight candidate genes identified in previous studies of 5hmC.
We observed increases in 5mC within the 5* UTR of Gf and the regulatory region of
Sycp3 (Figure 4C). While we were able to detect very low levels of 5hmC consistent
with previous reports (Tan et al., 2013; Okashita et al., 2014; Irwin et al., 2014),
none of these loci exhibited alcohol-induced changes as compared to the controls
(Figure 4D). In our primary cultures, the 5 UTR of Gf did not exhibit any detectable
5hmc. Collectively, these results suggest that while the observed increase in DNA
methyltransferase levels are correlated with modest increases in 5mC, increased
Tetl transcript levels are not associated with any measurable changes in 5hmC

across the candidate loci examined.

Alterations in Homeobox Gene Transcription Predominantly Manifest Beyond the
Window of EtOH Exposure

Published reports examining acute EtOH exposure have been unable to
demonstrate consistent correlations between alterations in H3K4 me3; a histone
mark enriched at the promoter regions of actively transcribed genes (Liang et al.,

2004), and changes in transcription (Veazey et al., 2013; Zhou et al., 2011;
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Figure 18: Alterations in DNA methylation but not hydroxymethylation in EtOH-exposed primary
neuroepithelial stem cell cultures. A) Stable levels of DNA methylation within the differentially
methylated regions of the imprinted genes Snrpn and Peg3. Stem cells were cultured in the
presence of 160 mg/dL or 240 mg/dL EtOH for 3 days, followed by a 4 day recovery in media
lacking EtOH. Genomic DNA was collected at days-3 and 7, and analyzed for alterations in DNA
5mC and 5hmC using glucMS-gqPCR. Graphs represent 3 independent biological replicates, (N
= 3) with 3 gPCR measurements each. B) Quantification of Snrpn transcript levels using RT-
gPCR. Graphs represent 3 independent replicates, (N = 3) with 2 independent RT reactions and
3 gPCR measurements for each RT. Differences were measured using a one-way ANOVA,
error bars represent SEM. C & D) Measurement of 5mC and 5hmC within the regulatory regions
of 8 genes identified in previous studies of DNA hydroxymethylation. Cells were cultured in the
presence of 160 mg/dL or 240 mg/dL EtOH for 3 days, followed by a 4 day recovery in media
lacking EtOH. Genomic DNA was collected at days-3 and 7, and analyzed for alterations in DNA
C) 5mC and D) 5hmC using glucMS-gPCR. Differences were measured using a one-way
ANOVA, error bars represent SEM. Graphs represent 3 independent biological replicates, (N =
3) with 3 gPCR measurements each.
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Ponomarev et al., 2012). We were therefore curious to determine if the candidate
genes demonstrating changes in any of the measured chromatin marks either before
or after the recovery period would display alterations in gene transcription. To this
end, RNA was isolated from all treatment groups and gene expression measured
using quantitative reverse transcriptase polymerase chain reaction (QRT-PCR). Of
the 22 candidate genes examined in Figure 1, transcripts encoding Ascll, DIx2,
DIx3, Pax6, Nkx2.2, Sox1, Sox2, Sox17, and Thx2 could be detected in our cultures
(Figure 5). Similar to our previous studies (Veazey et al., 2013), only a very small
number (20%) of candidate genes (Ascll and Sox2) displayed altered expression
profiles arising as a consequence of EtOH exposure at Day-3. In contrast, eight of
the nine detected candidates (~88%) displayed significant alterations in transcript
levels on Day-7, across both concentrations of EtOH tested. These candidate
homeobox genes sit at the hub of multiple transcriptional pathways controlling
cellular identity and proliferation. We therefore assayed RNA samples for alterations
in the expression of known markers of both cellular growth (Ki67, cMyc, and Rb1)
and neural stem cell proliferation / identity (Fabp7, Gfap, Gli3, Nestin, Olig2 and
Tujl). These analyses revealed changes in a small number of candidates within the
240mg/dL treatments on Day-3 (Ki67, Fabp7, and Tuj1), while the larger impact was
again observed on Day-7, with eight of the nine candidates demonstrating
alterations in transcription (Figure 6). These observations indicate the larger impact
of EtOH exposure on the developmental program may arise beyond the initial period

of exposure.

An Epigenetic Signature of EtOH Exposure Arising from an Acute Gestational

Encounter Persists Beyond the Window of Exposure

Abnormalities in the cortex of the brain are often associated with alcohol-induced
impairments in high-level sensory and motor processing, as well as with some FASD
cognitive-behavioral phenotypes. As our stem cell cultures are derived from mouse
cerebral cortex precursors, we sought to assess the relevance of our in vitro
observations on the development of FASD associated birth defects. The C57BI/6J

mouse has been critical in defining some of the stage-dependent dysmorphologies
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Figure 19: Distinct alterations in homeobox gene transcription arising during and after the
window of EtOH exposure. Neural stem cells were cultured in the presence of 160 mg/dL or 240
mg/dL EtOH for 3 days, followed by a 4 day recovery in media lacking EtOH. Cells were
harvested at days-3 and 7, and transcript levels measured using RT-qPCR. Graphs represent 3
independent replicates, (N = 3) with 2 independent RT reactions and 3 qPCR measurements for
each RT. Differences were measured using a one-way ANOVA, error bars represent SEM.
*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001.
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Figure 20: Alterations in transcripts encoding proteins regulating neural stem cell identity and
proliferation predominantly arise after the window of EtOH exposure.

Neural stem cells were cultured in the presence of 160 mg/dL or 240 mg/dL EtOH for 3 days,
followed by a 4 day recovery in media lacking EtOH. Cells were harvested at days-3 and 7, and
transcript levels measured using RT-gPCR. Graphs represent 3 independent replicates, (N = 3)
with 2 independent RT reactions and 3 qPCR measurements for each RT. Differences were
measured using a one-way ANOVA, error bars represent SEM. *p<0.05; **p<0.01; ***p<0.001.
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resulting from acute early gestational ethanol exposures. An acute binge-like
ethanol treatment on gestational day seven (GD7) (equivalent to the early third week
of human development - gastrulation) results in a range of grossly observable fetal
anomalies such as holoprosencephaly and classic FAS facial characteristics (Sulik
et al., 1981; Godin et al., 2010). Importantly, both the craniofacial and midline brain
anomalies can be consistently scored and their degree of severity correlated with
concurrently developing defects within the CNS (Parnell et al., 2006; Godin et al.,
2010). We therefore examined the prevalence of altered chromatin structure within

the cortex of mouse pups exposed to an early, binge-like gestational exposure.

On GD7, pregnant dams were intraperitoneally administered 2 injections of
either vehicle or 2.9 gkg EtOH 4 hours apart, yielding peak maternal blood alcohol
concentrations averaging 440 mgdL (Godin et al., 2010). These blood alcohol
concentrations are much higher than those utilized in our in vitro studies, however in
mouse models of FAS, lower concentrations do not consistently produce
holoprosencephaly and classic FAS facial characteristics (Parnell et al., 2006). We
therefore elected to use a treatment paradigm that would produce a low, but
consistent frequency of alcohol induced birth defects, yet that was not overtly toxic.
On GD17, stage-matched control and EtOH-exposed fetuses were dissected, and
scored for ocular defects as described previously (Parnell et al., 2006). Using this
model, 12% of the EtOH exposed pups displayed holoprosencephaly and FAS facial
characteristics, whereas the remaining animals were morphologically normal. Mice
were then sorted into groups by treatment and morphological appearance. In total,
25 mice from 6 different litters were selected for analysis; 10 control, 8 EtOH
exposed - morphologically normal, and 7 EtOH exposed - malformed. To examine
the impact of EtOH exposure upon the epigenetic program of the developing central
nervous system, the fetal cortex was dissected out, and using chromatin
immunoprecipitation, we assayed cellular extracts for alterations in the chromatin

marks examined above (Figure 7).

In samples derived from EtOH exposed - malformed pups, we observed a

pattern of change that largely correlated with the in vitro post-recovery signature
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Figure 21: Lasting alcohol-induced alterations in H3K4 me3, H3K9 ac, H3K9 me2, and H3K27
me3 within the prenatal cortex arising from an early gestational exposure.

Pregnant dams were injected with 2.9g/kg EtOH at GD7 and embryos harvested at GD17.
Embryos were scored for ocular and cortical patterning defects, and sorted into 3 groups -
control, EtOH exposed - morphologically normal, and EtOH exposed - malformed. After
dissection of the fetal cortex, ChIP-gPCR analysis was performed on cellular extracts using
antibodies recognizing H3K4 me3, H3K9 ac, H3K9 me2, and H3K27me3. A & C) Heat maps
representing fold change in the levels of the indicated post-translational modifications relative to
samples derived from saline exposed controls. In the experiments examining H3K4 me3 and
H3K27 me3, four ChIP experiments were performed on a total of 15 brains across 5 different
litters. For analysis of H3K9 ac and H3K9 me2, three ChIP experiments were performed on a
total of 10 brains across 5 different litters. Two replicates of gPCR were performed on each
ChIP. Significance was determined using a two-way ANOVA. Error bars represent
SEM.*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001. B & D) Representative graphs depicting
alcohol-induced alterations in chromatin structure. A complete analysis of individual genes may
be viewed in Additional file 2.
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observed in the 160mg/dL treatment group in Figure 1. Fetal mice exhibiting
craniofacial dysmorphology and midline brain defects displayed loss of H3K27 me3
in 14 of the 24 (58%) candidates examined, a modest enrichment of H3K9 acin 7 /
24 candidate genes (29%), and a dramatic increase in H3K9 me2 in 17/24 (70%) of
the candidate regulatory regions examined. The hypermethylated state of H3K9 in
particular was robust and very consistent. With the exception of a modest change
within the promoter region of Msx2, no alterations of H3K4 me3 were observed in
the EtOH exposed - malformed tissue samples. It is interesting to note that across at
least three of the four post-translational modifications examined, DIx2, HOXA®B,
HoxA7, Msx2, and Vdr consistently displayed alterations in chromatin structure,
suggesting certain genes may be more susceptible to epigenetic errors than others.
In our analysis, we noticed that post-translational modifications associated with
repressive chromatin structure are profoundly impacted as compared to those
associated with transcriptionally active, yet these changes move in opposite
directions; H3K27 me3 is lost while H3K9 me2 is gained. This was surprising given
EHMT2 (G9a) and the Polycomb group have been observed as part of a common
complex, and on at least a subset of genes in ES cells, increased H3K9 me2
enhanced EZH2 activity (Mozzetta et al., 2014). In contrast, EtOH exposed -
morphologically normal pups displayed modest changes in H3K4 me3 and H3K27
me3, while levels of H3K9 me2 were identical to those measured in the controls.
Collectively, these observations indicate that an epigenetic signature of EtOH
exposure persists beyond the window of exposure, and is largely linked to
alterations in repressive chromatin structure; H3K9 me2 in particular. Importantly,
these observed alterations strongly correlate with the development of FASD-

associated congenital malformations.

Discussion

Epidemiologic studies have shown that alcohol is the most prevalent
teratogen to which humans are exposed, and in the United States, 6-9 infants per
1000 live births are diagnosed with some degree of fetal alcohol spectrum disorder

(Fox et al., 2015). Despite years of intense study, determining the developmental
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basis for the enormous variation in both the severity and range of birth defects linked
to prenatal alcohol exposure remains a formidable challenge. We and others have
demonstrated multiple alterations in chromatin structure arising as a consequence of
EtOH exposure, but linking these epigenetic changes to alterations in the
developmental program, and ultimately to the acquisition of congenital abnormalities,
has yet to be achieved (Mead and Sarkar, 2014; Resendiz et al., 2014). Our
observation that the two concentrations of EtOH tested in vitro were able to elicit
distinct changes in chromatin structure suggest some of the variation in FAS clinical
cases may be attributable to dose dependent alterations in the epigenetic program.
It is noteworthy that the direction of change arising from the 160mg/dL exposure for
H3K4 me3, H3K27 me3, and H3K9 ac are opposite to those induced by the
240mg/dL treatments. Only H3K9 me2 was uniformly affected. The mechanisms
underlying the observed non-linear dose responses in fetal alcohol exposure are
unclear. However, such data emphasize that the teratogenic potential of ethanol is

not diminished with lower doses.

Alterations in H3K9 me2 are consistently induced by EtOH exposure, persist
beyond the window of exposure, and have a strong association with the
development of congenital abnormalities. Previous studies of acute EtOH-induced
liver injury, neuroplasticity, neurodegeneration, and neuroadaptation have also
observed gene-specific changes in H3K9 methylation indicating alterations to this
post-translational mark may be a core aspect of EtOH teratogenicity (Pal-Bhadra et
al., 2007; Qiang et al., 2011; Moonat et al., 2013; Subbanna et al., 2014). The
correlative shifts in transcript abundance of the major genes regulating the dynamics
of H3K9 methylation support this assertion. Recently, two independent studies in
yeast have reported a potential reader-writer mechanism of epigenetic inheritance
for H3K9 methyl-marks (Ragunathan et al., 2014; Audergon et al., 2015). These
observations suggest disruptions in H3K9 methylation may be heritable through
development and therefore represent a plausible mechanism of transmitting a lasting
signature of EtOH exposure. If alterations at this residue are indeed linked to
gestational EtOH exposures causing birth defects, we speculate this signature may

be identifiable in clinical samples such as cord blood, and thus potentially serve as a
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biomarker of exposures linked to patterning defects. If true, this could yield the
potential to identify FASD cases that do not present with overt craniofacial
abnormalities, but yet have associated neurological deficits (Fox et al., 2015). The
predictive value of epigenomic markers over genetic ones is starting to gain wider
acceptance (Clarke-Harris et al., 2014), thus this strategy may be helpful in the

delivery of FASD educational interventions at the earliest possible points.

Researchers have speculated that some of the teratogenicity associated with
EtOH exposure is linked to oxidative stress, and inhibition of aspects of one carbon
metabolism (Brocardo et al., 2011; Zeisel, 2011). Our data both in vitro and in vivo,
suggest that some loci gain methylation while others exhibit a decrease.
Specifically, the dramatic increases in H3K9 me3 observed within our candidate
gene regulatory regions does not support the notion that a shortage of methyl
groups underlies the observed changes in chromatin structure. However, our
analysis is focused on select regulatory sequences and does not examine global
changes in any of these post-translational histone marks, nor does it examine
alterations in global levels of DNA methylation, which previous reports have found to
be significantly reduced in EtOH exposed animals (Garro et al., 1991; Zhou et al.,
2011). Additionally, we did not observe a correlation between epigenetic alterations
brought on by in vitro EtOH exposure and changes in the examined markers of cell
death, cell stress or oxidative stress. Although we did observe alterations in Tetl
transcript levels, these were not associated with measurable changes in 5hmC.
Thus, we were unable to find evidence supporting the notion that epigenetic
modifications induced by alcohol are associated with genes downstream of the
oxidative stress pathways, at least at the concentrations examined here.

Current research suggests epigenetic changes to the chromatin template
begin at conception and continue as an iterative process enabling a progressive
“memory” of prior developmental fate decisions. However, the biochemical nature
of this memory is the subject of some debate. In the case of the H3K27 me3 mark,
work by two independent laboratories has suggested that established H3K27 me3

attracts the EED component of the Polycomb Repressive Complex 2 (PRC2), and is
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required to stimulate the enzymatic activity necessary to maintain this mark on the
daughter strands during incorporation of newly synthesized histones (Hansen et al.,
2008; Margueron et al., 2009). In contrast, another study has suggested that only
binding of the Polycomb complex through S-phase is required to propagate this
post-translational modification (Petruk et al., 2012). We have previously observed
depletion of H3K27 me3 at multiple loci in response to EtOH exposure, however
ChIP analysis of EZH2 binding failed to identify significant changes in PRC2
localization (Veazey et al., 2013). The persisting reductions of this mark observed
10 days after an acute in vivo exposure, but not within in vitro neurosphere cultures
maintained in the stem cell state, suggest recovery of this mark may be dependent

upon cells being in a stem cell versus a differentiating state.

In our in vitro studies, we did not observe a consistent correlation between
alcohol-induced alterations in histone post-translational modifications and changes
in gene transcription. The large majority of alterations in chromatin structure we
observed indicate an increase in marks associated with transcriptional repression at
Day-7, yet our candidate genes demonstrated an increase in expression at this time.
These in vitro observations add one more piece of data to suggest histone post-
translational modifications, in isolation, are not likely causal in regulating
transcription (Henikoff and Shilatifard, 2011). Therefore, the established lexicon of
‘activating’ and ‘repressive’ chromatin modifications is an over-simplification that
should be curtailed. Basic principles of teratogenesis state that a teratogen must
cause malformations through a specific mechanism during a period in which the
conceptus is susceptible to said mechanism (KARNOFSKY, 1965). Embryonic
stem cells have been derived with genetic deletions of the major enzymes controlling
DNA methylation (Dnmt17-Dnmt3a’-Dnmt3btriple knockout), H3K27 me3 (Suzi2 ")
and H3K9 me2 / me3 [(G9a’-GLP-- double knockout) (Suv39h1”-/ Suv39h2-/double
knockout) ESET/Setdb1 knockout 7] (Peters et al., 2003; Tachibana et al., 2005;
Tsumura et al., 2006; Pasini et al., 2007; Matsui et al., 2010). In most cases, these
cells continue to grow and demonstrate subtle changes in gene transcription.
However, once induced to begin the process of differentiation, these cultures

uniformly undergo apoptosis. Thus, perhaps the stem cell state is tolerant of major
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shifts in chromatin structure without associated perturbation of transcriptional
control, while in contrast, differentiating cells become ‘locked in’ and are more reliant
upon chromatin states to control gene expression. In animal models, correlation of
acute EtOH exposures with major periods of organ growth indicate that different
tissues are largely susceptible to alcohol-induced teratogenesis during specific
developmental windows. It is thus tempting to speculate that differences in
chromatin biology between pluripotent, differentiating and differentiated cells
underlie some aspects of susceptibility to alcohol teratogenesis.

Our analysis of mouse cortices derived from EtOH exposed - malformed pups
clearly indicate alterations in chromatin structure are heritable and persist beyond
the window of exposure. Importantly, these alcohol-induced changes in chromatin
structure can be found within the regulatory regions of genes with clear links to the
development of FASD clinical phenotypes (Figure 6B & D) (Rifas et al., 1997; Godin
et al., 2011). Thus, our data strongly suggest acute alcohol exposures have the
capacity to perturb the developmental program and contribute to EtOH induced birth
defects. As approximately 50% of pregnancies in the United States are unplanned,
many women inadvertently subject their children to acute prenatal EtOH exposures
(Henshaw, 1998). Therefore a better understanding of the role of alcohol-induced
epigenetic errors in the development program play in the etiology of FASDs will
enhance our ability to develop clinical interventions and better diagnostics in the

treatment of this condition.

Materials and Methods

Neural Stem Cell Culture and EtOH Exposure

All animal procedures were approved and conducted in accordance with the
Institutional Animal Care and Use Committee at the Texas A&M College of
Veterinary Medicine (protocol number 2014-0087), and the University of North
Carolina. Derivation of primary mouse fetal cerebral cortical neuroepithelial stem
cells have been described in detail previously (Miranda et al., 2008). Cells were
cultured as free floating neurospheres in T75 flasks containing a 50%/50% mixture
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of Neurobasal media (Cat# 21103-049; Invitrogen) and DMEM F-12 (Cat# 11320-
033; Invitrogen). This medium was supplemented with the N2-supplement (Cat#
17502-048; Invitrogen), B27 supplement (Cat# 17504-044; Invitrogen), 0.05% TC
grade BSA in PBS (Cat# A1933 Sigma), 2mM L-glutamine (Cat# 25030-081;
Invitrogen), 1 x Penicillin/Streptomycin (Cat# 15140-122; Invitrogen), 20 pg/ml FGF
basic (Cat# PMGO0034; Invitrogen), 20 ug/ml EGF (Cat# PHGO0311; Invitrogen), and
0.85 units/ml heparin (Cat# H3149; Sigma). Neurospheres were incubated at 37
°C, in a 5% CO2 humidified environment. Medium was changed every 2 or 3 days
depending on the level of confluence. Alcohol treatment groups were cultured in
medium containing either 80 mg/dL, 120 mg/dL, 160 mg/dL, 240 mg/dL, or control
cultures containing no EtOH. Cells were grown in flasks sealed with parafilm to
prevent evaporation. Medium treatments were replaced every 48 hours and samples

collected for ChIP and RNA analysis at the indicated time points.

Chromatin Immunoprecipitation Analysis

Cells were grown to 80% confluence, washed twice in warm PBS, dissociated
using Accutase (Cat# SCRO0O05; Millipore), and re-suspended in warm medium
(DMEM F-12 Cat# 11320-033; Invitrogen) containing 0.1 volume crosslinking
solution (Kondo et al., 2004). ChIP reactions were performed as described
previously (Golding et al., 2010) followed by DNA purification using a Qiaquick PCR
Cleanup kit (Cat# 28106; QIAGEN). Antibodies used include: anti-H3K4me3 (Cat#
04-745; Millipore), anti-H3K27me3 (Cat# 39155; Active Motif), anti-H3K9ac (Cat#
07-352; Millipore), and anti-H3K9me2 (Cat# 39239; Active Motif). Antibodies for
modified histones were used at 1 ug/ChlP reaction. The concentration of IgG (Cat#
SC-2027; Santa Cruz) was also used at 1ug / ChIP. For analysis of candidate loci,
real-time PCR was performed using the Dynamo Flash supermix (Cat# F-415XL;
Thermo Scientific) according to the recommended protocol. Reactions were
performed on a Bio-Rad CFX384 Touch PCR system. Primer sequences are listed
in Additional file 3.
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Murine Fetal Forebrain Chromatin Immunoprecipitation Analysis

IP injections of EtOH (2.9g/kg) were administered to pregnant dams at GD7 as
described previously (Godin et al., 2010). Control dams were injected with a
comparable volume of lactated Ringer’s solution. Embryos were harvested at GD17,
and fetal mice scored for ocular and cortical patterning defects (Parnell et al., 2006;
Godin et al., 2010). After assessment, the left and right cortices were dissected and
flash frozen. Cortices of a single brain were thawed and filtered into a single-cell
suspension using gentle mechanical dissociation in a 100 um cell strainer
(Cat# 352360; Corning Life Sciences). Cells were washed twice with PBS
containing protease inhibitor cocktail (Cat# 78437; Thermo Scientific) and re-
suspended in medium (DMEM F-12 Cat# 11320-033; Invitrogen) containing 0.1
volume crosslinking solution (Kondo et al., 2004). ChlP reactions were performed

as described above.

RNA Analysis

Cultured cells were grown to 80% confluence, washed twice in warm PBS,
and dissociated with 1X trypsin (Accutase Cat# SCRO005; Millipore). Cells were spun
down, washed once in cold PBS, and RNA isolated using Trizol (Cat# 15596026;
Invitrogen) according to the manufacturer’s protocol. One microgram of purified total
RNA was treated with amplification grade DNase | (Cat# AMPD1; Sigma) according
to the manufacturer’'s recommendations, and 250 ng RNA seeded into a reverse
transcription reaction using the SuperScriptll system (Cat# 18064-071; Invitrogen)
by combining 1 pl random hexamer oligonucleotides (Cat# 48190011; Invitrogen), 1
pl 10 mM dNTP (Cat# 18427-013; Invitrogen), and 11 pl RNA plus water. This
mixture was brought to 70°C for 5 minutes and then cooled to room temperature.
SuperScriptll reaction buffer, DTT, and SuperScriptll were then added according to
manufacturer’s protocol, and the mixture brought to 25°C for 5 minutes, 42°C for 50
minutes, 45°C for 20 minutes, 50°C for 15 minutes, and then 70°C for 5 minutes.
Relative levels of candidate gene transcripts were analyzed using the Dynamo Flash
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mastermix according to the recommended protocol. Reactions were performed on a

Bio-Rad CFX38. Primer sequences are listed in Additional file 3.

Histone Methyltransferase Activity Assay

Cells were dissociated, washed twice in PBS, pelleted, and nuclear extracts
prepared. Briefly, cell pellets were initially resuspended in 200 uL of Buffer A (10
mM HEPES, 10 mM KCI, 0.1 mM EDTA). Following a 10 minute incubation,
samples were centrifuged at 20,000 x g for 3 minutes at 4°C. The supernatants
were removed and nuclei resuspended in 30 pL Buffer B (20mM HEPES, 0.4 M
NaCl, 1 mM EDTA, 10% glycerol). Samples were shaken at 1,000 RPM for 2 hours
followed by centrifugation at 20,000 x g for 5 minutes. H3K27 Methyltransferase
activity was assayed using the EpiQuik HMT Activity Assay Kit (Cat# P-3005;
Epigentek), according to the manufacturer’s instructions. Absorbance was
measured on a Cary Eclipse microplate reader (Agilent Technologies) at a
wavelength of 450nm. Activity was calculated according to the manufacturer’s

instructions.

Analysis of Cellular Stress and Apoptosis

Intracellular Glutathione Assay — One million cells were prepared in 1 mL warm
DMEM F-12 (Cat# 11320-033; Invitrogen), and glutathione measured using an
Intracellular GSH detection assay (Cat# ab112132; Abcam) following the
manufacturer’s recommendations. Fluorescence was monitored using an Accuri C6

flow cytometer (BD Biosciences).

Lactate Dehydrogenase Assay — One million cells were collected and LDH levels
guantified using a Lactate Dehydrogenase Activity Assay Kit (Cat# MAKO066; Sigma),
according to the recommended protocol. Measurements were taken using a Cary

Eclipse microplate reader (Agilent Technologies) at a wavelength of 450nm.

Annexin V Apoptosis Assay — Cells were examined using the Annexin V Apoptosis
Detection Kit (APC; Cat# 88-8007; eBioscience). Five million cells were washed

once in PBS and resuspended in Binding Buffer. 5 pL of Annexin V was added to
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100uL of cell suspension and incubated for 15 minutes at room temperature. Cells
were then washed in PBS and resuspended in 200 pL of Binding Buffer. 5 pL of
Propidium lodide solution was added, and cells analyzed using an Accuri C6 flow

cytometer (BD Biosciences).

TUNEL Assay — Using a APO-BrdU TUNEL Assay Kit (Cat# A35127; Invitrogen),
one million cells were fixed using paraformaldehyde and resuspended in 50 uL DNA
labeling solution according to the manufacturer’s protocols. 500 pL of propidium
iodide/RNase A staining buffer was added to each sample and incubated for an
additional 30 minutes at room temperature in the dark. Samples were analyzed

using an Accuri C6 flow cytometer (BD Biosciences).

Analysis of DNA Methylation and DNA Hydroxymethylation

Genomic DNA was isolated from treated neurospheres using the DNeasy
Blood and Tissue kit (Cat# 69506; QIAGEN) according to the recommended
protocol. We utilized glucosylation of genomic DNA followed by methylation-
sensitive qPCR (glucMS-gPCR) to quantify levels of 5-methyl-cytosine and 5-
hydroxy-methyl-cytosine. Here, 30 ug of genomic DNA was treated with 30 units of
T4 phage B-glucosyltransferase (T4 BGT, Cat# M0357S; NEB) at 37°C overnight.
Glycosylated genomic DNA was then digested with 100 units of Mspl (Cat#
R0106M; NEB) or 50 units of Hpall (Cat# RO171L; NEB), or no enzyme at 37°C
overnight. Reactions were inactivated by treatment with proteinase K (Cat# 19133;
QIAGEN) at 40°C for 30 minutes. The proteinase K was inactivated by incubation at
95°C for 10 minutes. The Hpall- or Mspl-resistant fractions were quantified by g°PCR
using primers designed around a single Hpall/Mspl site. Primers listed in Table S1 -
Primer Sequences. Levels of 5-methyl-cytosine were determined by calculating
differences in Hpall- vs. Mspl- digested samples using the following formula: [%
methylation - (2(Uncut TABGT treated — Hpall cut T4BGT treated) __ 2(Uncut TABGT treated — Mspl cut TABGT
treated)) x 100]. Levels of 5-hydroxy-methyl-cytosine were determined by calculating

the difference between glucosylated samples and genomic DNA digested with Mspl

106



using the following formula: [% hydroxymethylation = (2(Uncut T4BGT treated — Mspl cut
T4BGT treated) _ p(Uncut —Mspl cut)) y 100].

Statistical Analysis

For all experiments, statistical significance was set at alpha = 0.05.

For analysis of gene expression, the replicate cycle threshold (CT) values for
each transcript were compiled and normalized to the geometric mean of the
reference genes phosphoglycerate kinase 1 (Pgk1—NM_008828), glyceraldehyde
3-phosphate dehydrogenase (Gapdh—NM _008084), and hypoxanthine-
phosphoribosyl transferase (Hprt—NM_013556). From our previous studies of 14
candidate reference genes in EtOH-exposed cultures, Pgkl, Gapdh, and Hprt have
been validated as stable across the range of alcohol treatments utilized in this study
(Carnahan et al., 2013). Normalized expression levels were calculated using the
DDCT method described previously (Schmittgen and Livak, 2008). Values from
each biological replicate were transferred into the statistical analysis program
GraphPad (GraphPad Software, Inc., La Jolla, CA), verified for normality, and an
analysis of variance (ANOVA) run to assay differences between experimental
treatments. For samples with p-values < 0.05, we applied Tukey’s HSD analysis for
multiple comparisons, and have marked statistically significant differences with an

asterisk.

For quantitative analysis of candidate gene regulatory region enrichment in
primary fetal cerebral cortical neuroepithelial stem cells, ChIP samples were first
normalized to 1% input, using the formula previously described by Mukhopadhyay et
al., 2008 (Mukhopadhyay et al., 2008). To independently examine alterations in
each post-translational modification, the means from each independent sample were
normalized to the control. The results of 3 independent experiments were then
tabulated, cumulative means calculated and standard error of the mean derived. The
statistical analysis package GraphPad was used to first measure the normality of
samples using the D'Agostino-Pearson test. As several of the candidate genes did

not exhibit a normal distribution, we quantified differences between control and
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EtOH-treated samples using the Wilcoxon Signed Rank Test. This non-parametric
test is applied when the population has unequal variances and cannot be assumed
to be normally distributed. Importantly, this test has been widely employed in
genome wide studies of histone variants, histone post-translational marks and

transcription factor binding (Liu et al., 2013; Nakato et al., 2013).

For quantitative analysis of candidate gene regulatory region enrichment in
fetal forebrains, ChIP samples were normalized to 1% input, using the formula
previously described (Mukhopadhyay et al., 2008). The cumulative mean from each
of the 3 independent experiments calculated and the standard error of the mean
derived. The statistical analysis package GraphPad was used to verify normality,
and assay differences between each of the control, EtOH exposed - morphologically
normal, and EtOH exposed - malformed samples using a two-way analysis of
variance (ANOVA).

For quantitative analysis of DNA methylation, percentages of DNA 5-
methylcytosine and 5-hydroxymethylcytosine derived from the formulas listed above
were transferred into the statistical analysis package GraphPad, verified for
normality, and an analysis of variance (ANOVA) run to assay differences between
experimental treatments. A Student’s t-test was run to assay differences between

Days 3 and 7 among all samples tested.
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CHAPTER VI
UNIQUE, DOSE-DEPENDENT ALTERATIONS IN CHROMATIN STRUCTURE
BEHAVE INDEPENDENTLY OF TRANSCRIPTIONAL RESPONSE IN A MURINE
EMBRYONIC STEM CELL MODEL OF ACUTE ETHANOL EXPOSURE

Introduction

The preimplantation blastocyst is made up of the trophectoderm,
extraembryonic endoderm, and the inner cell mass, which become the placenta, the
yolk sac, and the embryo, respectively. The inner cell mass is made up of pluripotent
embryonic stem cells (ESCs), which have the capacity to become any differentiated
cell type within the embryo proper. The differentiation of these cells along specific
lineages requires the coordinated recruitment of chromatin modifying enzymes at
precise time points during development. The recruitment of these chromatin
modifiers establish epigenetic marks that are associated with patterns of lineage-
specific gene expression, which guide the cell through the transcriptional states
required to transition from pluripotency towards a terminal state that performs a
specific function required within the body. Recent evidence suggest this phase of
development sets the stage for life-long health and is extremely susceptible to
environmental factors that the embryo is exposed to during development.
Environment-induced alterations in developmental programming can have long term

impacts on adult health and disease.

Chromatin structure is regulated through interactions with chromatin
modifying enzymes and is associated with the establishment of epigenetic
signatures of gene expression. Epigenetics is defined as heritable influences in gene
expression that are not caused by the DNA sequence itself, including DNA
methylation and histone modifications. These signatures represent a cellular
memory of gene expression, in which the information contained within the chromatin
structure can last through many cell divisions and allow the cell to both establish and
maintain its identity. Cellular memory and heritability of chromatin structure are

essential as cells divide along the multitude of developmental pathways required
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during mammalian gestation. Through heritable chromatin structure, daughter cells
are able to retain their identity as differentiation progresses. Chromatin structure is
plastic, therefore developmentally sensitive time periods occur as cellular identity is
being established. Epigenetic signatures and their associated chromatin structure
are highly dynamic, and can be altered by exposure to external or environmental
factors. Changes in these signatures during an environmental insult can be
associated with aberrations in development, and possibly a halt in cellular
differentiation altogether.

Many teratogens are suspected of impacting the epigenome, however, given
an acute exposure, the question remains of whether the observed changes in
chromatin structure persists after the environmental exposure. For example, alcohol
has been shown to alter development and has been associated with acute changes
in both DNA methylation and histone modifications, but to date there have not been
studies examining the heritability of changes in chromatin structure after the removal

of alcohol.

Alcohol has been shown to affect both DNA methylation and histone
modifications (Veazey et al., 2013; Zakhari, 2013). Work to date suggests the
effects of alcohol can be attributed to depletion of methyl groups and oxidative stress
caused by alcohol metabolism, which in turn effect the availability of metabolites to
contribute to DNA and histone methylation. While this mechanism seems plausible,
and alcohol-induced changes to chromatin structure have been reported, no specific
mechanism of alcohol-chromatin interaction has been elucidated. Although several
models have examined epigenetic alterations in stem cells in response to alcohol
exposure, many utilize chronic models of exposure or endpoint studies, and fail to
examine whether stem cells have the capacity to resolve alcohol-induced epigenetic
alterations after ethanol is removed from the system. If FASD phenotypes are linked
to alcohol, then changes to chromatin structure would persist after exposure and
correlate with alteration in gene expression. It is important to decipher the heritability
of ethanol-induced changes in chromatin structure post-exposure because

controversy remains over the concept that histone modifications are a true
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epigenetic mark, i.e. heritable and causal in the case of environmentally-affected
phenotypes (Henikoff and Shilatifard, 2011).

In our previous study, we tested the heritability of ethanol-induced changes in
chromatin structure using a murine neural stem cell model (Veazey et al., 2015).
After acute exposure to ethanol, histone marks displayed lasting alterations at
promoters of genes regulating core aspects of neural differentiation. Changes in
expression of these genes persisted after a 4-day recovery period in which no
ethanol was present. In light of this evidence, we were curious as to whether
ethanol-induced changes in chromatin structure are tied to the differentiation state of
the cell. In order to test the question of whether alcohol-induced changes persist
past the window of exposure in a higher stem cell state, we employed a murine
embryonic stem cell model of acute alcohol exposure, followed by an extended
recovery period. Embryonic stem cells are a particularly well-suited cell type for
examining changes to chromatin structure as large parts of their genome are in a
poised chromatin configuration that can be accessed by transcription machinery
(reviewed in Chen and Dent, 2013). We monitored changes in histone modifications
at promoters of genes regulating pluripotency and core aspects of neural
differentiation and their dynamics during a period of exposure and during a recovery
period. Changes in the expression of these genes, as well as select epigenetic
modifiers and genes regulating oxidative stress pathways were monitored
throughout the exposure and recovery periods. Similar to our previous study in
neural stem cells, we find that changes in post-translational histone modifications
are dose-dependent as well as histone-mark-dependent. The extent and “direction”
of the changes in histone marks also differ between the exposure period and the
recovery period. The changes in marks persist up to 10 days after ethanol exposure,
but the fluctuations in marks slowly begin to return to near control levels. Unlike our
findings in neural stem cells, these changes occur despite few changes in the
expression of the genes tested, and minimal changes in the expression of key genes

involved in oxidative stress response pathways and chromatin modification.
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Materials and Methods

Embryonic Stem Cell Culture

Primary embryonic stem cells (ESCs) were derived from B6XCAST F1
embryos (Golding et al., 2010). This genotype allows the examination of allele
specific expression and epigenetic modifications in a parent of origin specific
fashion. ESCs were maintained in ESC media under 3i conditions (Yamaji et al.,
2013) containing DMEM (Cat# D5671; Sigma) supplemented with 50ug/ml
penicillin/streptomycin ( Cat# P4333; Sigma), 100 uM B-mercaptoethanol (Cat#
M3148; Sigma) , 1x LIF (Cat# L5158;Sigma), 1x MBIO (Cat# B1686; Sigma), 2 mM
L-Glutamine (Cat# G3126; Sigma), 1x MEM nonessential amino acids (Cat# M7145;
Sigma), and 15% hyclone ESC grade fetal bovine serum (Cat# SH30080.03E; GE
Healthcare). ESCs were maintained on mitomycin C (Cat# M4287; Sigma)-treated
feeder fibroblast layer, and media was changed every 48 hours. When passaging,
cells were washed twice with 1x PBS, then disassociated with 1x Accutase (Cat#
SF006; Millipore) and split 1:20 onto a new feeder layer. To prevent contamination
from underlying feeder layers, ESCs were expanded into feeder-free flasks in
preparation for treatments.

Ethanol Exposure

The concentrations of alcohol utilized in this study are meant to mimic those
obtained from a casual and a binge drinker. For the casual drinker we selected the
legal limit for operating a motor vehicle, 80mg/dL. For a binge drinker we utilized
projected concentrations based on observations by White et al. which demonstrated
that out of 7,356 college age females surveyed, 33.7% reported typical consumption
rates at 1 x binge alcohol levels (four or more drinks at a time) and 8.2% reported
consumption at 2 x binge levels (eight or more drinks at a time) (White et al.,

2006). Based on average height and weight, these rates of consumption would yield
blood alcohol levels in the range of 160mg/dL and 240 mg/dL respectively
(Wisconsin Department of Transportation, Division of State Patrol). The alcohol
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treatment groups were cultured in ESC medium containing no ethanol, 80 mg/dL,
160 mg/dL or 240 mg/dL ethanol and the lid was sealed with parafilm to prevent
evaporation. The medium and treatment were replaced every 48 hours. Cellular
extracts were taken for chromatin immunoprecipitation and RNA analysis at day 4
(ethanol exposure time period), day 8 (4 days post ethanol exposure), and day 14

(10 days post ethanol exposure).

Neural Differentiation of Ethanol-Exposed ESCs

ESCs were exposed to ethanol and allowed to recover in 3i medium
maintaining a base level of stemness as described above. Following recovery, ESCs
were split into flasks containing 50% ESC media (described above), and 50% Neural
stem cell (NSC) media containing a 50%/50% mixture of Neurobasal media (Cat#
21103-049; Invitrogen) and DMEM F-12 (Cat# 11320-033; Invitrogen)
supplemented with the N2-supplement (Cat# 17502-048; Invitrogen), B27
supplement (Cat# 17504-044; Invitrogen), 0.05% TC grade BSA in PBS (Cat#
A1933 Sigma), 2mM L-glutamine (Cat# 25030-081; Invitrogen), 1 x
Penicillin/Streptomycin (Cat# 15140-122; Invitrogen), 20 pg/ml FGF basic (Cat#
PMGO0034; Invitrogen), 20 pg/ml EGF (Cat# PHG0311; Invitrogen), and 0.85 units/ml
heparin (Cat# H3149; Sigma). After 5 days, cells were moved into laminin-coated
flasks containing 25% ESC media and 75% NSC media for final differentiation. At 10
days, cells were split into laminin-coated flasks with NSC media only. Samples were
taken for flow cytometry at Day 4 (EtOH-exposed), Day 14 (recovery —ESC media),
and Day 19 (5-day differentiation).

Chromatin Immunoprecipitation Analysis

Cells were grown to 80% confluence, washed twice in warm PBS, trypsinized,
and re-suspended in warm medium (DMEM F-12 Cat# 11320-033; Invitrogen)
containing 0.1 volume crosslinking solution (Kondo et al., 2004). ChIP reactions
were performed as described previously (Martens et al., 2005) followed by DNA
purification with a Qiaquick PCR Cleanup kit (Cat# 28106; QIAGEN). Antibodies
used include: anti-H3K4me3 (Cat# 04-745; Millipore), anti-H3K27me3 (Cat# 39155;
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Active Motif), anti-H3K9ac (Cat# 07-352; Millipore), anti-H3K9me2 (Cat# 39239;
Active Motif), and anti-Ezh2 (Cat# 17-662; Millipore). Antibodies for modified
histones were used at 1 ug/ChlP reaction. The concentration of IgG (Cat# SC-2027,
Santa Cruz) was also used at 1 ug/ChlP reaction. For analysis of candidate loci,
real-time PCR was performed with the Dynamo Flash supermix (Cat# F-415XL;
Thermo Scientific) according to the recommended protocol. Reactions were
performed on a Bio-Rad CFX384 Touch PCR system. Data was analyzed using the
formula previously described (Mukhopadhyay et al., 2008). Primer sequences are

listed in Table S1- Primer Sequences.

RNA Analysis

Cultured cells were grown to 80% confluence, washed twice in warm PBS,
and dissociated with 0.5x Accutase (Cat# SCRO005; Millipore). Cells were spun
down, washed once in cold PBS, and RNA isolated using Trizol (Cat# 15596026;
Invitrogen) according to the manufacturer’s protocol. One microgram of purified total
RNA was treated with amplification grade DNase | (Cat# AMPD1; Sigma) according
to the manufacturer’'s recommendations, and 250 ng RNA seeded into a reverse
transcription reaction using the SuperScriptll system (Cat# 18064-071; Invitrogen)
by combining 1 pl random hexamer oligonucleotides (Cat# 48190011; Invitrogen), 1
pl 10 mM dNTP (Cat# 18427-013; Invitrogen), and 11 pl RNA plus water. This
mixture was brought to 70°C for 5 minutes and then cooled to room temperature.
SuperScriptll reaction buffer, DTT, and SuperScriptll were then added according to
manufacturer’s protocol, and the mixture brought to 25°C for 5 minutes, 42°C for 50
minutes, 45°C for 20 minutes, 50°C for 15 minutes, and then 70°C for 5 minutes.
Relative levels of candidate gene transcripts were analyzed using the Dynamo Flash
mastermix according to the recommended protocol. Reactions were performed on a

Bio-Rad CFX38. Primers are listed in Table S1 - Primer Sequences.

Flow Cytometry

Flow cytometry was performed using conjugated antibodies to CD90.2 (Cat#;
BD Biosciences) and CD24a (Cat#; BD Biosciences). About 5 million cells were
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washed in 1ml PBS + 0.1% BSA and incubated with 0.3 ul of each antibody in 100ul
PBS +BSA for 20 minutes at 4 C. Cells were then washed again in 1ml PBS + BSA,
then resuspended in 300 ul PBS+BSA and analyzed using a Beckman Coulter

Gallios Flow Cytometer. Populations were visualized using the Kaluza Flow Analysis

Software.

Statistical Analysis

For all experiments, statistical significance was set at alpha = 0.05. This value
is widely accepted as a level of significance in biomedical research, and has been
established by statisticians as an adequate cutoff to denote that the changes
observed are not occurring by chance ([NO STYLE for: Fisher 1992]; Bross, 1971).
For this study, we chose alpha = 0.05 as a statistical cutoff because we believe that
in a panel of 25 genes, which is a relatively small study compared to genome-wide

approaches, alterations that occur by chance would likely not be included.

For analysis of gene expression, the replicate cycle threshold (CT) values for
each transcript were compiled and normalized to the geometric mean of the
reference genes peptidylprolyl isomerase A (Ppia—NM_008907), glyceraldehyde 3-
phosphate dehydrogenase (Gapdh—NM_008084), and hypoxanthine-
phosphoribosyl transferase (Hprt—NM_013556). From our previous studies of 14
candidate reference genes in EtOH-exposed cultures, Ppia, Gapdh, and Hprt have
been validated as stable across the range of alcohol treatments utilized in this study
(Carnahan et al., 2013). Normalized expression levels were calculated using the
DDCT method described previously (Schmittgen and Livak, 2008). Relative fold
change values from each biological replicate were transferred into the statistical
analysis program GraphPad (GraphPad Software, Inc., La Jolla, CA), verified for
normality using the Brown-Forsythe test, and an analysis of variance (ANOVA)
utilized to assay differences between experimental treatments. For comparisons
with p-values < 0.05, we applied Tukey’s HSD analysis for multiple comparisons,
and have marked statistically significant differences with an asterisk.
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For quantitative analysis of candidate gene regulatory region enrichment in
ESCs, ChIP samples were first normalized to 1% input, using the formula previously
described (Mukhopadhyay et al., 2008). To independently examine alterations in
each post-translational modification, the means from each independent sample were
normalized to the control. The results of 3 independent experiments were then
tabulated, cumulative means calculated and standard error of the mean
derived. Values from each biological replicate were transferred into the statistical
analysis program GraphPad (GraphPad Software, Inc., La Jolla, CA), verified for
normality using the Brown-Forsythe test, and an analysis of variance (ANOVA) run
to assay differences between experimental treatments. For samples with p-values <
0.05, we applied Tukey’s HSD analysis for multiple comparisons, and have marked
statistically significant differences with an asterisk.

Results

Effects of Ethanol on Chromatin Structure During Exposure and After Recovery are

Dose-Dependent and Signhature-Specific

In order to analyze the heritability of changes in chromatin structure induced
upon ethanol exposure at a higher state of stemness than neural stem cells, we
employed a murine embryonic stem cell (ESC) model in which we treated cells for
four days with physiologically relevant concentrations of ethanol (80 mg/dL, 160
mg/dL, and 240 mg/dL). After the four-day exposure period, ethanol was removed
from the media and ESCs were allowed to recover for a 10-day period (Fig. 1A).
Samples were taken at days 4, 8, and 14, which represent acute response, 4 day
recovery, and 10 day recovery, respectively. These samples were analyzed for
histone post-translational modifications associated with permissive chromatin
structure (histone 3 lysine 4 trimethylation and histone 3 lysine 9 acetylation) and
repressive chromatin structure (histone 3 lysine 27 trimethylation and histone 3
lysine 9 dimethylation) via chromatin immunoprecipitation. These post-translational
modifications can be found at promoters of genes regulating lineage commitment in

ESCs, and provide good representation of marks commonly associated with
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Figure 22: Dose-dependent and histone modification-specific changes in chromatin structure
upon exposure to ethanol. Murine embryonic stem cells were cultured in varying concentrations
of ethanol (80mg/dL, 160 mg/dL, or 240 mg/dL) for four days, followed by a no-ethanol recovery
period for ten days. Samples were taken at days 4, 8, and 14 for chromatin immunoprecipitation
with antibodies for H3K4me3, H3K9ac, H3K27me3, and H3K9me2. Levels of histone marks
were then analyzed via gPCR with primers to the promoters of known regulatory genes in neural
development. Samples were normalized to % Input and analyzed relative to control levels. The
heat map represents significant fold changes compared to the control group. N=3. * p<0.05, **
p<0.01, *** p<0.001, **** p<0.0001.
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repressive chromatin and permissive chromatin throughout development. gPCR was
employed to examine extracts for the enrichment or loss these modifications on a
panel of 25 genes. These genes were chosen given their roles in neural
development and their involvement with the establishment of functions
characteristically impaired in FASD children (Rugg-Gunn et al., 2010; Kuegler et al.,
2010; Zhou et al., 2011).

A comprehensive map of the effects observed upon ethanol exposure and
after recovery are presented in Figure 1B. Each post-translational modification
examined behaves differently upon insult by alcohol exposure. After four days of
ethanol exposure, especially in low dose groups (80 mg/dL) marks associated with
open chromatin configuration are decreased compared to control levels. At higher
doses, each mark behaves differently, with H3K4 me3 becoming high at Day-8 in
many genes but leveling off toward levels comparable to control by Day-14, and
H3K9 ac becoming high by Day-8 in 240 mg/dL, and high by day 14 at 80 mg/dL. It
is important to note that H3K9 acetylation is widely reduced upon ethanol exposure
in all concentrations tested, but this reduction reverses after ethanol is removed from

the system.

Marks associated with repressive chromatin states are also uniquely affected,
and do not follow an inverse relationship with marks associated with a permissive
chromatin state. H3K9 me2 is at significantly high levels at day 4 in the 160 mg/dL
treatment group, but returns to control levels after a 4 day recovery, and levels at
least 45% lower than control in the neural regulators Nkx2.2, DIx1, and Sox1 by
Day-14. Despite these changes, H3K9ac was inversely affected by ethanol at day 4
compared to changes in H3K9me2, but did not display this inverse relationship after
recovery. At day 8, when samples exposed to 80 mg/dL and 240 mg/dL doses of
showed high levels of H3K9me2, no inverse relationship was apparent in H3K9ac.
H3K27me3 showed fewer changes in levels than the other marks tested, as this
mark was only increased in the 80 mg/dL group at day 8 and day 14. These
observations suggest that epigenetic changes upon EtOH exposure and after

recovery are variable and dependent on dose of EtOH, gene of interest, and histone
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mark of interest. As the penetrance of FASDs is also highly variable, these

observations may be relevant to the molecular basis underlying the disorder.

Changes in Chromatin Structure at Homeobox Gene Promoters Do Not Correlate

with Transcriptional Status During or After the Period of EtOH Exposure

The current widely-accepted belief in the field epigenetics is that changes in
the post-translational histone modifications are reflective of alterations in chromatin
structure at a gene promoter that directly effect the level of expression of the
associated gene. We and others have previously challenged this notion using
various models of ethanol exposure (Veazey et al., 2015; Zhou et al., 2011;
Ponomarev et al., 2012). Furthermore, others have called into question the true
significance of histone marks as a heritable epigenetic mark, and cast doubt as to if
they have a causal role in transcriptional regulation rather than a correlative one —id
est cause or consequence (Henikoff and Shilatifard, 2011). To determine whether
this phenomenon was present in a pluripotent cell type, where chromatin is generally
hypothesized to be in a more open configuration than in differentiated cell types
(Chen and Dent, 2013). To determine if the genes displaying alterations in chromatin
marks during or after EtOH exposure also display alterations in gene expression,
RNA was isolated from all treatment groups utilized in our ChIP experiments and
gene expression was analyzed using reverse transcriptase polymerase chain
reaction (RT-gPCR). Of our 25 candidate genes involved in neural differentiation, we
were able to detect Ascll, Msx2, Nanog, Oct4, Smarca2, and Sox2 transcripts in
embryonic stem cells (Figure 2). Only Nanog displayed an increase in expression at
day 4 and day 8 in the 160 mg/dL EtOH-exposed ESCs. The only other gene that
displayed a significant change was Sox2, which increased in expression at day 8 in
the 160 mg/dL EtOH-exposed cells. Interestingly, these changes in pluripotency-
associated transcription factors agree with previous work stating that ethanol

exposure alters the balance of Sox2 and Nanog in ESCs (Ogony et al., 2013).
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Exposure to EtOH is Not Associated with Lasting Changes in the Expression of DNA

Methyltransferases, Histone Methyltransferases, or Histone Demethylases

Using primary neural stem cells, we have previously shown that transcripts
encoding the H3K27 and H3K9 methyltransferases, as well as H3K9 demethylases
and DNA methyltransferases are altered upon acute exposure to EtOH, and that
these alterations can persist days after the initial period of exposure in (Veazey et
al., 2015). We therefore sought to examine whether the same alterations in
expression of chromatin modifiers occur in pluripotent stem cells, or if this
phenomenon is cell type-specific. We examined transcript levels of the DNA
methyltransferases and their associated proteins (Dnmt1, Dnmt3b, Uhrfl, Polycomb
Repressive Complex 2 (PRC2) members (Eed, Ezh2), and the H3K9
methyltransferases (Ehmt2, Setdb1) (Figure 3a). Upon 4 days of exposure, only
Dnmtl and Uhrfl displayed dose-dependent decreases in expression relative to the
control. In the 160 mg/dL dose, transcription levels of Uhrf1 showed an opposite
trend after 4 days of recovery, with increased expression compared to the control
group. By 10 days post-exposure, no significant differences were observed in any

transcript.

Transcription of the histone methyltransferases were not significantly altered
at any concentration of EtOH at day 4. However, after four days of recovery, both
members of PRC2 displayed increased expression in the 160 mg/dL exposed ESCs.
This increase did not correlate with changes in H3K27me3 at day 8. Interestingly,
despite a widespread increase in H3K9me2 at day 4 and day 8, No changes in the
expression of Enmt2 were detected. These discrepancies between HMT transcript
levels and their corresponding histone marks suggest that EtOH may be interfering
with the transcription of histone demethylases. In order to test this idea, we
measured the relative levels of transcription of two H3K9 demethylases, Kdm3a and
Kdm4c (Figure 3b). Surprisingly, no alterations in transcripts of either enzyme were
detected. These observations suggest that lasting changes to the transcriptional
regulation of enzymes responsible for imparting chromatin structure are not likely

responsible for the observed changes in chromatin structure of ESCs.
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Figure 23: Gene expression of neural developmental genes upon ethanol exposure and
recovery. Murine embryonic stem cells were cultured in varying concentrations of ethanol
(80mg/dL, 160 mg/dL, or 240 mg/dL) for four days, followed by a no-ethanol recovery period for
ten days. Samples were taken at days 4, 8, and 14 for RT-qPCR analysis of expression of genes
known to be regulators of neural development. Ct values were graphed relative to control
expression, and normalized to the geometric mean of Gapdh, Hprt, and Ppia. N=3. * p<0.05, **
p<0.01, *** p<0.001, **** p<0.0001.
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Figure 24: Gene expression of chromatin modifiers and DNA methyltransferases upon ethanol
exposure and recovery. Murine embryonic stem cells were cultured in varying concentrations of
ethanol (80mg/dL, 160 mg/dL, or 240 mg/dL) for four days, followed by a no-ethanol recovery
period for ten days. Samples were taken at days 4, 8, and 14 for RT-gPCR analysis of
expression of chromatin remodelers including the enzymes responsible for DNA methylation,
H3K27 trimethylation, and H3K9 di- and trimethylation as well as H3K9 demethylases. Ct values
were graphed relative to control expression, and normalized to the geometric mean of Gapdh,
Hprt, and Ppia. N=3. * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001.
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Exposure to EtOH is Associated with Changes in Expression of Alcohol Metabolism

and Tet Genes, but Does Not Cause Significant Alterations in the Oxidative Stress

Transcriptional Response

Alcohol metabolism is known to increase reactive oxygen species (ROS),
which has been suggested to contribute to the phenotypic effects of EtOH exposure
during development (Dong et al., 2008; Brocardo et al., 2011). We therefore sought
to examine the link between alcohol metabolism, oxidative stress, and alterations in
chromatin structure by monitoring the effects of EtOH on transcription of 20 genes
involved in either alcohol processing and/or the oxidative stress response pathways
(Figure 4). Of the genes regulating alcohol metabolism, only Adh and Catalase were
expressed in our ESCs. Both displayed increases upon exposure to higher doses of
EtOH, Adh at only 160 mg/dL, and Catalase at both 160 and 240 mg/dL. The only
enzyme involved in the oxidative stress pathway that showed altered expression
was Gstm3, a glutathione S-transferase that functions in the detoxification of
electrophilic compounds, whose transcriptional level was increased in the 240
mg/dL-exposed group. Interestingly, all three Tet genes displayed changes in
expression upon ethanol exposure. The TET family are Fe(ll) and a-KG-dependent
dioxygenases that utilize oxygen to convert 5-methyl-cytosine (5mC) to 5-
hydroxymethyl-cytosine (5hmC), which is an abundant mark in the brain and is
considered an intermediate in the DNA demethylation cycle (Tahiliani et al., 2009;
Kriaucionis and Heintz, 2009). This DNA demethylation cycle can also influence
histone marks including H3K4me3, H3K9me2, and H3K27me3 (Viré et al., 2006;
Ciccone et al., 2009; Rothbart et al., 2012). Both Tetl and Tet2 displayed increases
in expression (Tetl only in 160 mg/dL, and Tet2 in all EtOH- exposed groups). Tet3
displayed a reduction in expression in the 240 mg/dL group. These results suggest
that changes in histone marks are not likely tied to an oxidative stress response, but
may be correlated with changes in 5hmC arising from altered expression of TET
family genes.
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Figure 25: Ethanol exposure does not alter the oxidative stress transcriptional response. Murine
embryonic stem cells were cultured in varying concentrations of ethanol (80mg/dL, 160 mg/dL, or
240 mg/dL) for four days and analyzed via RT-qPCR for expression of 20 genes with known
roles in the cellular oxidative stress response and alcohol metabolism. Ct values were graphed
relative to control expression, and normalized to the geometric mean of Gapdh, Hprt, and Ppia.
N=3. * p<0.05, ** p<0.01.
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Acute Exposure to EtOH Does Not Disrupt the Ability of ESCs to Differentiate into

Neural Stem Cells

It is important to determine whether acute EtOH exposure and the observed
changes in chromatin structure hinder the capacity of in vitro cultured ESCs to
differentiate along the neural lineage. Resolution of chromatin structure and
maintenance of the correct transcriptional program in pluripotent cells after acute
ethanol exposure would allow ESCs to maintain their ability to differentiate into
neural cells. To determine if this is the case, we exposed ESCs to EtOH for 4 days,
followed by a 10 day recovery. After the 10 day recovery, ESCs were allowed to
differentiate into neural stem cells (NSCs) for 5 days. We compared the ability of the
recovered ESCs to differentiate with cells differentiated entirely in the presence of
ethanol. Samples were taken at Days 4 (EtOH-exposed), 8 (4 day recovery,
maintaining stemness), and 19 (after 10 day recovery and 5 day differentiation).
Recovered ESCs were analyzed via flow cytometry for the expression of neural-
specific markers CD90.2 and CD24a (Figure 5). Differentiated cells were found to
have increased expression of CD24a, and decreased expression of CD90.2
compared to undifferentiated ESCs. Ethanol exposure was not a factor in the ability
of cells to express CD24a, or the loss of CD90.2. Cell morphology was monitored
throughout the experiment, and cells with axonal growths were observed in all
groups that were allowed to recover before differentiation (Fig. 26). These
observations suggest that the restoration of chromatin structure in the pluripotent
state allows cells to regain their capacity to differentiate into neural stem cells after

environmental insult.

Discussion

Our previous studies have defined changes in chromatin structure as a result
of ethanol insult that persist beyond the window of exposure in neural stem cells
(Veazey et al., 2013; Veazey et al., 2015). In this study we sought to examine
whether ethanol-induced alterations in chromatin structure are tied to the
differentiation state of the cell. We accomplished this by examining epigenetic
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Figure 26: Approximately 500,000 murine embryonic stem cells were seeded into flasks and
exposed to varying concentrations of ethanol (Omg/dL, 80mg/dL, 160 mg/dL, or 240 mg/dL) for
four days, followed by a no-ethanol recovery period for ten days, then allowed to differentiate
along a neural lineage in neural stem cell media. Cells were monitored for changes in
morphology and analyzed via flow cytometry for neural surface markers CD90.2 and CD24a.
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changes induced by acute ethanol exposure in a pluripotent stem cell type derived
from the preimplantation blastocyst. Specifically, we sought to determine if
epigenetic alterations persist beyond the window of exposure in ESCs, and if these
changes in the histone marks examined correspond with transcriptional alterations in
the expression of our candidate genes. Furthermore, we sought to determine
whether changes in the histone marks examined correlate with transcription of
chromatin modifiers, oxidative stress and alcohol metabolism genes, or diminished
stem cell potency. Our results indicate that ESCs maintained as stem cells are
susceptible to acute ethanol-induced chromatin disruption, and that this disruption
seems to oscillate as far as 10 days post-acute ethanol exposure. Despite these
fluctuating changes in chromatin structure, expression of the candidate genes
examined does not significantly differ from control levels. Additionally, expression of
H3K9 methyltransferases and demethylases and oxidative stress genes are not
altered during or after ethanol exposure. These data highlight the complexity of the
relationship between epigenetic programming and transcription after an acute
exposure to ethanol, and call into question the role of histone post-translational

modifications as a regulator of gene expression.

H3K9ac and H3K9me?2 are the two histone modifications most impacted by
ethanol in this study, and alterations in these marks persist at least 10 days beyond
the window of exposure. During ethanol exposure, these marks segregate, which
agrees with the established idea that they are mutually exclusive marks (reviewed in
Zhang, 2001). However, during the recovery phase this dichotomy disappears and
the marks both display increased levels 4 days post-exposure. The increase in
H3K9ac at the 10-day recovery phase of this experiment correlates with a gradual
return of H3K9me2 to near-control levels or reduced levels. The return of these
marks to near control levels may indicate a protective mechanism at work to
maintain the integrity of chromatin structure after an environmental insult. In fact,
H3K9me2 has been shown to be associated with heterochromatin formation and
protection of DNA from Tet-mediated demethylation during genome-wide erasure of
DNA methylation after fertilization (Nakamura et al., 2012; reviewed in Rose and

Klose, 2014). Furthermore, alcohol exposure is associated with an abnormal burst in
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cellular proliferation of neural stem cells (Santillano et al., 2005), and studies have
shown that retinoblastoma protein (Rb) interacts with H3K9 methylation to control
cell cycle gene silencing and suppress proliferation (Nielsen et al., 2001; Sdek et
al., 2011). Our previous studies have shown an increase in Rb after exposure to
alcohol concordant with an increase in H3K9me2 in neural stem cells (Veazey et al.,
2015), suggesting these may play a role in a protective cellular mechanism to

prevent aberrant proliferation and gene expression.

The association between H3K9me2-associated protection and the observed
changes in Tet gene expression are of particular interest in this study. In addition to
their role as DNA hydroxymethyltransferases, TET proteins interact indirectly with
the enzyme complexes responsible for H3K4 methylation, share target genes with
PRC2, and are involved in the regulation of homeobox genes (Wu and Zhang,
2011). TET1 colocalizes with H3K4me3 at transcriptionally active or poised genes,
but has been shown to interact with histone deacetylases, promoting transcriptional
repression (Williams et al., 2011). TET2-mutated diffuse large B-cell ymphomas are
associated with DNA hypermethylation on gene promoters that are bivalent in
human ES cells (Asmar et al., 2013). In our study, Tetl and Tet2 are increased in
alcohol-exposed cells, indicating that this may coincide with alcohol’s pro-
proliferative effects by increasing hypomethylation and availability of gene
promoters. A direct relationship between H3K9 methylation and TET proteins has
not been defined, however DNA hydroxymethylation and H3K9 dimethylation are not
correlated with similar forms of gene expression in embryonic development. H3K9
dimethylation is generally associated with repressive chromatin and DNA
methylation while DNA hydroxymethylation is generally associated with a transition

from a repressive chromatin state to a permissive state (Liu et al., 2013).

According to these findings and in comparison to our previous studies
(Veazey et al., 2015), the persistence of alterations in chromatin structure are cell-
type-specific and display unique patterns depending on the cell type present during
the window of exposure. Furthermore, the alterations in histone marks imparted by

ethanol do not likely have a causal role in epigenetic regulation of transcription, as
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reported previously (Henikoff and Shilatifard, 2011). Interestingly, the transcriptional
program in less differentiated stem cell types seems to be more able to recover from
ethanol insult than in more differentiated cell types. This suggests that pluripotent
cells harbor a protective mechanism that may be lost throughout development, and
cells that have begun the path to differentiation and are undergoing changes in
transcription may be more susceptible to teratogens such as ethanol. The results of
this study narrow down the search for the developmental window in which
susceptibility to ethanol is highest, and suggest that the specific time point of
exposure during development can be more dangerous than the amount of ethanol

encountered by the developing embryo.
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CHAPTER VI
CONCLUSIONS AND FUTURE DIRECTIONS

Alcohol exposure during early development results in a range of phenotypes
that may be linked to alterations in epigenetic programming. Chromatin structure is
affected by many different environmental factors, and each factor can affect
chromatin in many different ways, resulting in a broad range of phenotypes. The
aims of this dissertation were to examine the impact of alcohol exposure on
chromatin structure, determine the heritability of these effects both in vitro and in
vivo, and determine whether the severity of these alterations could be tied to the
differentiation state of the cell. This dissertation has demonstrated that acute ethanol
exposure has the capacity to disrupt chromatin structure in multiple cell types, that
the severity of change is associated with stem cell identity, and importantly, that the
observed changes in chromatin structure arising acutely are distinct from those
observed past the window of exposure. Furthermore, we observe that changes in
the levels of histone post-translational modifications linked to active and inactive
chromatin states do not correlate with changes in expression of the genes under
investigation, or the localization of associated chromatin modifiers. These results
highlight the complexity of epigenetic effects of ethanol and challenge current
assumptions made about chromatin structure and transcription in the field of

epigenetics.

The first major focus of this study was to identify stable reference genes in
populations of embryonic stem cells as well as those from the fetal neural
epithelium. gPCR is a reliable, widely-used technique employed in the measurement
of gene expression. However, the accuracy of this technique is predicated on the
use of stable reference genes to normalize measurements against. The Minimum
Information for Publication of Quantitative qPCR Experiments (MIQE) guidelines
state that use of the geometric mean of three stable reference genes is essential to
conducting accurate gPCR (Vandesompele et al., 2002). Our initial experiments

identified stable reference genes for use in embryonic, extraembryonic, and neural
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stem cell studies of alcohol exposure. Reference genes were identified for cells

exposed to concentrations of alcohol ranging from 60 mg/dL to 320 mg/dL.

The second major focus of this study was to determine if alcohol could disrupt
chromatin structure using a neural stem cell model of development. Exposing neural
stem cells to physiologically relevant doses of ethanol for 5 days resulted in the loss
of both the H3K4me3 and H3K27me3 histone marks at the promoters of several key
genes regulating neural stemness and differentiation. Surprisingly, many of the
genes examined did not exhibit the anticipated alterations in gene expression.
Furthermore, chromatin modifiers involved with H3K4me3 showed mixed changes in
expression upon acute alcohol exposure, and members of Polycomb Repressive
Complex 2 showed no significant changes in expression or localization compared to

control levels.

The third major experimental series sought to determine if the observed
alcohol-induced disturbances are heritable through cell division after removal of
ethanol from the system. Using a novel approach of a 3-day ethanol exposure
followed by a 4-day recovery period allowed for observation of histone marks
immediately after an acute exposure as well as after a recovery period consisting of
at least three population doublings without ethanol. We found that the effects of
ethanol on chromatin structure were unique to the histone post-translational
modification under investigation. Interestingly, despite published observations
indicating that marks associated with similar and or opposite chromatin states would
correlate (Binda et al., 2010), we find that each histone mark behaves
independently of other marks, and no two marks display a correlative pattern. The
changes in these marks were also dose-specific, but did not show a linear dose-
response profile. Each histone mark displayed varying levels of susceptibility to
ethanol, with H3K9me2 being particularly affected. In our in vitro studies, after a
recovery period, we observed almost every gene examined had significantly higher
levels than control. This was also the case in vivo, as ethanol affected fetal brains
showed a significant increase in H3K9me2 in the majority of genes examined. In

fact, changes in gene expression appeared to be latent, and did not predominantly
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manifest until after the recovery period. Similar to our findings in chapter IV, gene
expression did not correlate with changes in histone modifications upon ethanol
exposure Again, these changes did not correlate with the histone signatures we

examined.

The final major topic of this dissertation focused on whether alcohol’s capacity
to cause epigenetic alterations is tied to the differentiation state of the cell. Utilizing
an experiment similar to the neural stem cell recovery approach, we determined the
capacity of alcohol to cause lasting changes in chromatin structure in embryonic
stem cells, which we infer to exhibit a lower state of differentiation than
neuroepithelial stem cells. To this point, embryonic stem cells are pluripotent, and
are therefore are assumed to have a much more open chromatin state and greater
vulnerability to environmental insults than more differentiated cell types. Embryonic
stem cells were exposed to ethanol for 4 days, then allowed to recover for 10 days,
with samples taken for ChIP-gPCR and RNA analysis at days 4, 8, and 14 of the
experiment. Like neural stem cells, the alcohol-induced alterations in each histone
modification was distinct and dose-dependent. Interestingly, post-translational

modification of H3K9 were again the most severely affected.

This work helps to develop an association between alcohol-induced changes
in chromatin structure and FASD phenotypes. The errors in chromatin structure are
dose-dependent, but do not follow a linear dose-response curve. This suggests that
the epigenetic effects of ethanol may be tied to the cell type present at the time of
exposure, rather than the amount of ethanol that comes into contact with the cell.
Furthermore, alterations in chromatin structure vary depending on the mark under
investigation, and no two marks display a distinct coordination of changes. These
observations call into question the current dogma of the histone code, and disputes
whether histone post-translational modifications are themselves are causal in gene
activation or silencing. A particulary interesting finding is that H3K9me2 seems to be
the key post-translational modification impacted by acute ethanol exposure. This
could be a sign of an underlying protective mechanism imparted by less

differentiated cell types to maintain the integrity of chromatin structure. For example,
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H3K9me2 is associated with heterochromatin formation and the protection of
maternal DNA from Tet-mediated DNA demethylation in embryonic development
(Nakamura et al., 2012). Furthermore, H3K9 methylation is associated with
retinoblastoma protein (Rb1)-mediated control of cell cycle gene silencing and
suppression of proliferation. The correlation of an increase in Rb and H3K9me2
could be an indicator of a cell-cycle mechanism activated to protect transcriptional
integrity by forming a temporary repressive chromatin state. This is a compelling
idea as less differentiated stem cells have a relatively open chromatin conformation
compared to terminal cell types, which may make them more flexible and refractory

to environmental effects on chromatin structure.

It is of particular importance to note that these changes in histone marks did
not correlate with changes in the transcription of the genes whose promoters were
examined, oxidative stress genes, or chromatin modifiers. These unique findings as
a whole do not lead to a mechanistic conclusion, but rather bring into question the
significance of histone marks and their true roles in response to a teratogen. For
example, in brains, FASD phenotypic effects correlate exclusively with an increase
in H3K9me2, but this mark is not significantly altered in mice exposed to ethanol that
do not display phenotypic effects, suggesting its potential utility as a marker for
FASD (Veazey et al., 2015). However, many more studies are needed to establish a
bonafide association and mechanistic explanation as to how, if at all, changes in

chromatin structure are associated with FASDs.

One patrticularly enticing theory is that, rather than perturbing an established
chromatin signature, ethanol alters the period or the amplitude of oscillation of
histone marks present at gene promoters. Previous studies have shown that histone
marks are dynamic and fluctuate depending on cell cycle progression, and are not
precisely maintained at the mononucleosome level (Alabert et al., 2015; Huang et
al., 2012). Normal dynamics of histone marks at gene promoters have a specific
magnitude of fluctuation that associates with proper maintenance of gene
expression throughout the cell cycle (reviewed in Zentner and Henikoff, 2013; Barth

and Imhof, 2010). However, upon teratogenic insult, the “wave” of oscillation may
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change in various ways. For example, on one hand, a teratogen my alter the
amplitude of the fluctuations in marks, causing the marks to be at much higher or
much lower levels at a given point in time. On the other hand, a teratogen may alter
the period of the fluctuation in marks, causing the marks to be at an abnormal level
for longer periods of time than the normal cycle. Rather than trying to pinpoint the
presence of histone marks with a single snapshot, perhaps more understanding

could be gained by observing the changes in these marks over time.

In light of the data presented in this dissertation, it is of great interest to begin
genome-wide recovery studies of changes in chromatin interactions upon exposure
to alcohol. This will allow us to determine if changes in chromatin structure are
genome-wide, or localized to genes involved in specific pathways. To accomplish
this, we can incorporate a novel low-input ChlP-seq approach to analyze genome-
wide epigenetic signatures in ethanol-exposed murine fetal brains. This will give us a
genome-wide view of ethanol-induced alterations in epigenetic signatures and
determine if they correlate with forebrain and ocular defects in mice subjected to
acute alcohol exposure. For example, the specificity of increased H3K9me2 to only
ethanol-affected brains shows that it may be a potential marker for FASD
development in the future, and we can determine if changes to this mark persist

genome-wide.

Furthermore, the answer to the histone-mark/gene expression discrepancy
may lie in enhancer-promoter interactions and the association of chromatin with
areas of active transcription within the nucleus. Chromatin is compartmentalized
within the nucleus into areas of active transcription and areas that are not heavily
transcribed. The location of genes within these compartments may determine their
susceptibility to insult by exposure to teratogens. For example, genes localized in
areas of heavy transcription may acquire more teratogen-induced alterations in
chromatin structure because they are highly accessible at the time of insult.
Chromatin interaction analyses with paired-end tag sequencing (ChlA-PET) can
identify higher-order chromatin structures that involve interactions between gene

promoters and regulatory elements such as enhancers. The binding of transcription
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factors to these specific sequences makes up a network of transcriptional regulation
and coordination. We can contrast developmental programming within regions of the
brain that display overt morphological patterning errors and those that do not display
structural abnormalities. This will allow us to determine whether ethanol disrupts
chromatin interactions and nuclear architecture in these areas and help to gain a
better understanding of the true consequences of the observed alterations in histone

post-translational modifications in teratogenicity.

In conclusion, this dissertation has produced one of the first analyses of
histone structure within a model of ethanol-induced teratogenesis that has
suggested an epigenetic basis to a syndrome prevalent in our society. Furthermore,
it has contributed to the field of epigenetics by calling into question the
correlation/causality roles of histone marks and chromatin structure of gene
promoters in the context of environmental exposures. These data pave the way for
new hypotheses in fetal alcohol epigenetics and possibly the establishment of a

mechanism of alcohol’s effects on chromatin structure.
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APPENDIX

Amplicon
Primer Name Sequence Tm Size Reference
mH2afz Sen GCGCAGCCATCCTGGAGTA 60 Mamo et al. 2007
m2afz Asen CCGATCAGCGATTTGTGGA 60 202
mGAPDH
Sen TGACGTGCCGCCTGGAGAAA 60 Mamo et al. 2007
mGAPDH
Asen AGTGTAGCCCAAGATGCCCTTCAG 60 98
MHPRT1
Sen CTGGTGAAAAGGACCTCTCGAA 60 Mamo et al. 2007
MHPRT1 CTGAAGTACTCATTATAGTCAAGGG
Asen CAT 60 117
MPPIA Sen CGCGTCTCCTTCGAGCTGTTTG 60 Mamo et al. 2007
mPPIA Asen TGTAAAGTCACCACCCTGGCACAT 60 150
mYWHAZ
Sen TTGATCCCCAATGCTTCGC 60 This study
mYWHAZ
Asen CAGCAACCTCGGCCAAGTAA 60 88
MSDHA Sen
2 GCTCCTGCCTCTGTGGTTGA 60 This study
MSDHA
Asen 2 AGCAACACCGATGAGCCTG 60 134
mB2M Sen CCGCCTCACATTGAAATCCA 60 This study
mB2M Asen TCGATCCCAGTAGACGGTCTTG 60 199
mGUSB Sen
2 GGCTGGTGACCTACTGGATTT 60 This study
mGUSB
Asen 2 TTGGCACTGGGAACCTGAAGT 60 134
mTBP Sen GAAGAACAATCCAGACTAGCAGCA 60 This study
MTBP Asen CCTTATAGGGAACTTCACATCACAG 60 127
MPGK1 Sen CTGACTTTGGACAAGCTGGACG 60 This study
mPGK1
Asen GCAGCCTTGATCCTTTGGTTG 60 110
mHexokinas
ell Fwd CCCTGTGAAGATGTTGCCCAC 60 Allen et al.,2004
mHexocinas
e ll Rev TGCCCATGTACTCAAGGAAGT 60 251
mActb Fwd TGGTGGGTATGGGTCAGAAG 57 Allen et al.,2004
mActb Rev  GGTCATCTTTTCACGGTTGG 57 269
mhsp70 Fwd ACGTGGCCTTCACCGACACC 57 Allen et al.,2004
mhsp70 Rev CGATCTCCTTCATCTTCGTC 57 270
mRn7sk Fwd ATTGATCGCCAGGGTTGATT 60 Allen et al.,2004
mRn7sk Rev CGGGGAAGGTCGTCCTCTTC 60 123
mOct4 Fwd ATGGCTGGACACCTGGCTTC 60 Golding et al., 2010
mOct4 Rev  GGTCGGCACAGGGCTCAGA 60 337
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mCDX2 Fwd GCAGTCCCTAGGAAGCCAAGTGA 60 Strumpf et al., 2005

MCDX2 Rev CTCTCGGAGAGCCCAAGTGTG 60 162

MGATA4

Fwd CCTCTATCACAAGATGAACGGC 60 Golding et al., 2010
MGATA4

Rev CACTGCTGCTGCTGCTGCTA 60 356

mNanog Fwd GCACTCAAGGACAGGTTTCAGA 60 Golding et al., 2010
mNanog Rev GGTGGAGTCACAGAGTAGTTCAGG 60 578

mSox7 Fwd CGCCGCCCGCCGTCCCCCGA 60 Golding et al., 2010
mSox7 Rev.  CACCCCTGTCCTCCTTCTCC 60 399

mHand 1

Fwd GATGCTGCCCCAGATTTCCCT 60 Golding et al., 2010
mHand 1

Rev CCCTTTTCCGCTTGCTTTCG 60 388

mFSP1 Fwd GGCAAGACCLTTGGAGGAG 60 This study

MESP1 Rev CCTTTTCCCCAGGAAGCTAG 60 212

Table S1. Description and sequences of the primers used in the in the analysis of
both the candidate reference genes and lineage specific transcription factors for
Chapter III.
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Primer Name  Sequence Experiment Reference
mGAPDH TGACGTGCCGCCTGGAGA Reference Gene  Mamo et al.2007
Senl AA
mGAPDH AGTGTAGCCCAAGATGCC Reference Gene
Asenl CTTCAG
MmHPRT1 Sen CTG GTG AAA AGG ACC Reference Gene  Mamo et al.2007
1 TCT CGA A
mMHPRT1 CTGAAGTACTCATTATAGT Reference Gene
Asen 1 CAAGGGCAT
MPGK1 Senl CTG ACT TTG GAC AAG Reference Gene  Veazey and Golding
CTG GAC G 2011
mPGK1 GCAGCCTTGATCCTT Reference Gene
Asenl TGGTTG
IAP1 F ACAAGAAAAGAAGCCCGT  Expression Watanabe et al.,
GA Endogenous 2006
Retroviral
Elements
IAP1 R GCCAGAACATGTGTCAAT  Expression
GG Endogenous
Retroviral
Elements
IAP LTR Fwd GCACATGCGCAGATTATT  Expression Carmell et al., 2007
TGTT Endogenous
Retroviral
Elements
IAP LTR Rev CCACATTCGCCGTTACAA  Expression
GAT Endogenous
Retroviral
Elements
IAP Gag Fwd AACCAATGCTAATTTCACC Expression Carmell et al., 2007
TTGGT Endogenous
Retroviral
Elements
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IAP Gag Rev

L1 Md Fwd

L1 Md Rev

L15UTR

Fwd

L1 SUTR Rev

L1 ORF2 Fwd

L1 ORF2 Rev

Etn Set 1 Fwd

Etn Set 1 Rev

GCCAATCAGCAGGCGTTA
GT

GAGACATAACAACAGATC
CTGA

GAACTTTGGTACCTGGTA
TCTG

GGCGAAAGGCAAACGTAA
GA

GGAGTGCTGCGTTCTGAT
GA

GGAGGGACATTTCATTCT
CATCA

GCTGCTCTTGTATTTGGA
GCATAGA

CACCGCTTGGTGCAGAGA
TAC

GCGAGGTAGAGCCGGAG
AATA
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Expression
Endogenous
Retroviral
Elements
Expression
Endogenous
Retroviral
Elements
Expression
Endogenous
Retroviral
Elements
Expression
Endogenous
Retroviral
Elements
Expression
Endogenous
Retroviral
Elements
Expression
Endogenous
Retroviral
Elements
Expression
Endogenous
Retroviral
Elements
Expression
Endogenous
Retroviral
Elements
Expression

Endogenous

Watanabe et al.,

2006

Carmell et al., 2007

Carmell et al., 2007

This study



Etn Set2 Fwd TAAGAGGAACGCTGCATT
GGA

Etn Set2 Rev TATCCTACCGCATCCTCA
GCA

MusD1 Set1 GGATTCTGAATGGCGAGA

Fwd CG

MusD1 Set1 GCGTACACTGCAACGGGA

Rev A

TRIM 33 Set TGATATCACAGGCCTCTC

1 Fwd CcC

TRIM 33 Set GGTGGGATCACAATGGAA

1 Rev AC

NP95 Set 1 GGATGACAAGACTGTGTG

Sen GGAG

Np95 Set 1 GCTCGTCCTCAGATAGGG

Asen CTCT

NP95 Set2 GGTGCGGAGGCTGAAGA

Sen CT

NP95 Set2 CAGGAGCGTACTTGCTGT

Asen GTTT

ZFP809 Setl CTTGGAGGAGTGGCAGG

Sen ACC

ZFP809 Set1 CAACTTAGGTTTGGCAAT

Asen GCAG

178

Retroviral
Elements
Expression
Endogenous
Retroviral
Elements
Expression
Endogenous
Retroviral
Elements
Expression
Endogenous
Retroviral
Elements
Expression
Endogenous
Retroviral
Elements
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression

Analysis

This study

This study

This study

This study

This study

This study



ZFP809 Set 2
Sen

ZFP809 Set2
Asen

ZFP57 Set 1
Sen

ZFP57 Set 1
Asen

ZFP57 Set 2
Sen

ZFP57 Set 2
Asen

GtsfllL Set 1
Sen

GtsfllL Set 1
Asen

Mael Set 1
Sen

Mael Set 1
Asen
HDAC1 Setl
Sen

HDAC1 Setl
Asen
Suv420H1
Setl Sen
Suv420H1
Setl Asen
Suv420H1
Set2 Sen
Suv420H1
Set2 Asen
Suv420H2
Setl Sen

TTGGAGCGTGGATTTGGG

TGCTTCAATCGTGTCTTCA
CTTG
GTGGCTAGAAGCAGTCTG
GAATAG
CTGGATGGCTGGGAAGAC
TGT
CGTTCATGCCCTGAGTGT
GG
CGCTTGGGATCTAGGTGT
TGTA
GCTACTTGTCCCTTCAAT
GCTCG
TGTGCTCTCAGCCAGAGT
CTCTT
CCTCCCTTGTGAAATTGG
CTG
AATGGAATCGAAATCCTC
GTGG
GAGTTCTGTCAGTTGTCC
ACGG
CTCTTCCACGCCATCGCC

GGCAAGTTGTCTAATGAC
CATCA
CCGAGTTACCATGACATC
TGCT
CCACACAGTACGCTCTCT
CTCAA
TACCCTGTTCTTTAAGTAG
CTCTGC
CCCACTCCTGATTTCATC
CCT
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Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression

Analysis

This study

This study

This study

This study

This study

This study

This study

This study

This study



Suv420H2
Setl Asen
Suv420H2
Set2 Sen
Suv420H2
Set2 Asen
Trim28 Set 1
Sen

Trim28 Set 1
Asen

Trim28 Set 2
Sen

Trim28 Set 2
Asen
SetDB1 Setl
Sen

SetDB1 Setl
Asen
SetDB1 Set 2
Sen

SetDB1 Set 2
Asen

Ehmtl Set 1
Sen

Ehmtl Set 1
Asen

Ehmtl Set 2
Sen

Ehmtl Set 2
Asen

GY9a Set 1
Sen

G9a Set 1

Asen

TCCATTCCGCTCCCTGTA
AG
CAGAGCTGCGTGAAGAG
GATG
CAGTCATGGTTGATGAAG
GCAG
CGGCGCTATGGTGGATTG
T
GGTTAGCATCCTGGGAAT
CAGAA
GTGGCTGAGCGTCCTGGT
AC
CGGCTCTGCACTTGAATA
GGG
TCAGGTCTGGCTTTATGC
TGG
CTCTATGAAGTCTCGGCA
GGAGC
AGCTGGAGACGTGGGTAC
TACAG
GGAATCTCAATGATCTCT
GTGGG
ATGCTGGTTCAGGCGGGT

AGCCCTCTGCGTCCTTCG

GGAGCAGCTCGGGTTCG

CACTGGCTTGCCTCTGGG

GACAGGGGCAGGAAAGT

CG
CCTGGGCGGCAGTTGTTG
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Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression

Analysis

This study

This study

This study

This study

This study

This study

This study

This study



G9a Set 2
Sen
Smarcal Set
1 Fwd
Smarcal Set
1 Rev
Smarcal Set
2 Fwd
Smarcal Set
2 Rev

Smarcc2 Set
1 Fwd
Smarcc2 Set
1 Rev
Smarcdl Set
1 Fwd
Smarcdl Set
1 Rev
Smacadl Set
1 Fwd
Smarcadl Set
1 Rev
Actl6b Set 1
Fwd

Actl6b Set 1
Rev
Smarca5 Set
1 Fwd
Smarca5 Set
1 Rev
Smarca5 Set
2 Fwd

CGCTGATGGTGCTCTGTG
AG
AGTGTGTACGGAATGCTC
CcC
TCAGTCTTCACACCATCC
CA
GGTAAAATGGTCGCTCTG
GA

TGCTGCTATTTGGAGCAT
TG
GTCTGGAGAGTAGCGGCA
TC
AGGTTGCCTTCACCAATG
TC
ACTGGTCCCAGAATCACA
GG
TGGTAGTCCAGCATCAGC
AG
ATAACAGAACTCCGGCCC
TT
GTGGAGGCTGGAACAACA
AT
TACAGCAAGGCATCGTCA
AG
GGCGAATGTCAATGTCAC
AC
GCTCTCCGTGTTAGTGAG
CcC
CATCGCAGTTCTGGACTT
GA
GCTCTCCGTGTTAGTGAG
CcC
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Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression

Analysis

Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression

Analysis

This study

This study

This study

This study

This study

This study

This study

This study



Smarca5 Set
2 Rev

Hdac2 Set 1
Fwd

Hdac2 Set 1
Rev

Pcgf6 Set 1
Fwd

Pcgf6 Set 1
Rev

Phc2 Set 1
Fwd

Phc2 Set 1
Rev
Suv39H1 Set
1 Fwd
Suv39H1 Set
1 Rev
Suv39H1 Set
2 Fwd
Suv39H1 Set
2 Rev

Phc3 Set 1
Fwd

Phc3 Set 1
Rev

Dnmt3a Set 1
Fwd

Dnmt3a Set 1
Rev

Dnmt3a Set 2
Fwd

Dnmt3a Set 2

Rev

GCTGTTCCTCTTTCTGTG
CcC
CCGGTGTTTGATGGACTC
TT
GCGCTAGGCTGGTACATC
TC
TCCACCAGACTCAGCCTC
TT
GAAGAACAAGCAGACCGT
CcC
CATTGTGAAACCCCAAAT
CcC
AAAGTCCCACTCGTTTGG
TG
ACTGCCCAAACCGTGTAG
TC
TTCGGGTACTCTCCATGT
CcC
ACTGCCCAAACCGTGTAG
TC
GTCCATTCGGGTACTCTC
CA
TACCTGCAGCAGATGTAC
GC
TGCAGACTGACAGGAAGG
TG
GCTGTGGAAGTGCAGAAC
AA
CATGTAGCAGTTCCAGGG
GT
GCTGTGGAAGTGCAGAAC
A
ACATGTAGCAGTTCCAGG
G
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Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression

Analysis

This study

This study

This study

This study

This study

This study

This study

This study

This study



Eed Set 1
Fwd

Eed Set 1
Rev

SirTl Set 1
Fwd

SirT1 Set 1
rev

SirT1 Set 2
Fwd

SirT1 Set 2
Rev

Dnmtl Set 1
Fwd

Dnmtl Set 1
Rev

EzH2 Set 1
Fwd

EzH2 Set 1
Rev

Hdac9 Set 1
Fwd

Hdac9 Set 1
Rev

Hdac7 Set 1
Fwd

Hdac7 Set 1
rev

mGfap Fwd

mGfap Rev

mNeuN Fwd

GAGAGGGAAGTGTCGACT

GC

ATAGAGGGTGGCTGGTGT

TG

TTGTGAAGCTGTTCGTGG

A

GGCGTGGAGGTTTTTCAG

A

TACTGAAAAACCTCCACG

CcC

TCCGTATCATCTTCCAAG

CcC

AAGAGAACCCTGTACCCA

GAGA

ATGGTTTGGTGGGTCTTC

A

CCTGTTCCCACTGAGGAT

GT

TTTGATAAAGATGCCCCA

GC

CTCAGAGCCCAACTTGAA

GG

CCATTGCTACATGAACGT

GG

TGGAGACAACAGCAAGCA

TC

CACTGGGGTCCTGGTAGA

AA

TGCTGGAGGGCGAAGAAA

A

TTGGTGCTTTTGCCCCCT

AGTTTCCCCTACCCCACC

AC
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Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression

Analysis

This study

This study

This study

This study

This study

This study

This study

This study



mNeuN Rev

Nestin Fwd

Nestin Rev

mS100a4
Fwd

mS100a4 Rev

mIGF1 Pro

Fwd

mIGF1 Pro

Rev

Oct4 F

Oct4 R

Mathl Fwd

Mathl Rev

Nkx2.2 F

Nkx2.2 R

Msx1 F

Msx1 R

Nkx2.9 F

Nkx2.9 R

GTTTGCTCCAGTGCCGCT
C
CTTTCCTGACCCCAAGCT
GA
GGCCAAGGTGGGGGTTC

GGCAAGACCCTTGGAGGA
G
CCTTTTCCCCAGGAAGCT
AG
CGGGAAACAGTGTGTGCC
T
AGTGGGCTGGCTCCTGTC

TCAGGTTGGACTGGGCCT
A
CCTCGAAGCGACAGATGG
T
GGAGAAGCTTCGTTGCAC
G
GGGACATCGCACTGCAAT

GCAGAGCCTGCCCCTTAA

GCCCTGGGTCTCCTTGTC
A
CCTCTCGGCCATTTCTCA
G
GGTTGGTCTTGTGCTTGC
G
CCACCTCTGGACGCCTCG

CCAGCTGCGACGAGTCTG
C
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Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression

Analysis

This study

This study

This study

This study

This study

This study

This study

This study

This study



Mashl F

Mashl R

HoxA7 F

HoxA7 R

Gatad4 F

Gata4 R

Gatal F

Gatal R

mMII1 Fwd
Setl

mMII1 Rev
Setl

mMII1 Few
Set 2

mMII1 Rev
Set 2
mAsh2|1 Fwd
Setl
mAsh2|1 Rev
Setl
mAsh2|1 Fwd
Set 2
mAsh2|1 Rev
Set 2

mwdr5 Fwd
Setl

TGGAGACGCTGCGCTCG

GC

GTTGCTTCAATGGAGGCA

AAT

AAGCCAGTTTCCGCATCT

ACC

GTAGCGGTTGAAATGGAA

TTCC

GAGGCTCAGCCGCAGTTG

CAG

CGGCTAAAGAAGCCTAGT

CCTTGCTT

GTCCTCACCATCAGATTC

CACAG

AGTGGATACACCTGAAAG

ACTGGG

CCCTGAGTACAACCCTAA

CGATG

GAGACCTGTAGACACCAA

CCGC

TAGACAAGGGGAGCGGC

AA

ACACTCCTTCTGCGATGG

CT

GCTCTGTGGATGAGGAGA

ATGG

GAAGCTGTAGTTGGTCAT

AAAAGGC

TGGCAAGCACTATTCGTC

TGG

CCACACCCTGATTGACAC

CAT

GGGAATATCTGATGTAGC

GTGG
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Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression

Analysis

This study

This study

This study

This study

This study

This study

This study

This study



mwdr5 Rev
Setl

mwdr5 Fwd
Set 2

mwdr5 Rev
Set 2

mJmjd3 Fwd
Setl

mJmjd3 Rev
Setl

mJmjd3 Fwd
Set 2

mJmjd3 Rev
Set 2
mKdm1b Fwd
Setl
mKdm1b Rev
Setl
mKdm1b Fwd
Set 2
mKdm1b Rev
Set 2

mUtx Fwd Set
1

mUtx Rev Set
1

muUtx Fwd Set
2

mUtx Rev Set
2

mMII2 Fwd
Setl

mMII2 Rev
Setl

CAGCAGAAGACGTAGTTA
CTGTGG
AATCCTCCAGTGTCCTTC
GTGA
CAGACACAATCCACTTCC
CG
GAGCGATATGAGTGGAAC
GAGG
CCATTCTCACTTGTAACGA
ACAGG
CTCATCAAGGTGGAAAGT
GGG
GGCAGCTTCTCCTCAGTG
TTG
CACACGGTGGAGCACAGA
GC
CTCGTACACCACTTAAATA
TGCCC
GCAAACATCTCAATGGAT
ACAGG
CAGTGGACCTGCCTATGG
GA
ACTGGAGAGACACCTAAC
AGCACT
GGACAGTTGGGTGGATGT
TATTG
TGTAGCACATCAAGAACA
CTGGG
CCTGCCAAATGTGAACTC
GG
CTACATTGAGCGGGACGA
GG
GGAGACGCATCGGTGAA
GAC
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Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression

Analysis

This study

This study

This study

This study

This study

This study

This study

This study

This study



mMII2 Fwd
Set 2

mMII2 Rev
Set 2

Sox2 RITm
Sen

Sox2 RITm
Asen

mDIx2 Fwd 1

mDIx2 Rev 1

mDIx2 Fwd 2

mDIx2 Rev 2

mMsx2 RNA
Fwd 1
mMsx2 RNA
Rev 1
mMsx2 RNA
Fwd 2
mMsx2 RNA
Rev 2
mPax6 Fwd
RITm

mPax6 Rev
RITm

mPax6 Fwd 2
RITm
mFabp7 Fwd
RITm
mFabp7 Rev
RITm

CCGCATCATTGAGCCTGT
G
GTGAAGGTGCTCTGATAC
GCC
ATGAACGGCTGGAGCAAC
G
GCTGCGAGTAGGACATGC
TGTAG
CACGCACCATCTACTCCA
GTTT
TGCTGCTCGGTGGGTATC
TC
CTCAGGGTCCTTGGTCTC
TTCA
GGTAGGTGATAGGGTGGA
GTAGGA
CGAAGGGCTAAGGCGAAA
AG
GGAGCACAGGTCTATGGA
AGG
GGTGATTGGAAGAGGACA
TGGTA
GGGAAGAGATGGACAGG
AAGG
GGGACTTCAGTACCAGGG
CA
TTCATCCGAGTCTTCTCC
GTTAG
GAGTTCTTCGCAACCTGG
CTA
CCCGAGTTCCTCCAGTTC
C
ATCACCACTTTGCCACCTT
CcC
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Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression

Analysis

This study

This study

This study

This study

This study

This study

This study

This study



mSox2 Fwd
RITm
mSox2 Rev
RITm

mGli3 Fwd
RITm

mGli3 Rev
RITm

mGli3 Fwd 2
RITm

mGli3 Rev 2
RITm
mOlig2 Fwd
RITm
mOlig2 Rev
RITm
mTuJ1l Fwd
RITm
mTuJl Rev
RITm

mNkx2.1 Fwd

mNxi2.1 Rev

mNkx2.1 Fwd

2

mNkx2.1 Rev

2
Ezhl F

Ezhl R

Ezh2 F

GGCGGCAACCAGAAGAA
CA
TTCTCGGTCTCGGACAAA
AGTT
CACTGGGGAGAAGCCTCA
CA
GTTCTGTTTTGGTGCTTG
GC
CCTCCCATTCCCATCCCT
AT
CCCAAGTCATTTCAGTCTT
TGTG
GCGGTGGCTTCAAGTCAT
CT
CGAGTTGGTGAGCATGAG
GAT
CCATCCAGAGTAAGAACA
GCAGC
CTCCGAGATGCGTTTGAA
CA
GAAAACTGCGGGGATCTG
AG
CGGAGTCGTGTGCTTTGG
A
TCGCAGCGTACAGACAGG
G
ATGAAGCGGGAGATGGC
G
CGAGTCTTCCACGGCACC
TA
GCAAACTGAAAGACCTGC
TTGC
CCTTCCATGCAACACCCA
AC
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Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression

Analysis

This study

This study

This study

This study

This study

This study

This study

This study

This study



Ezh2 R

Major Satellite

Exp F

Major Satellite

Exp R
Vdr Exp F

Vdr Exp R

DIx3 Exp F

DIx3 Exp R

DIx5 Exp F

DIx5 Exp R

mHOTAIR
Fwd 1
mHOTAIR
Rev 1
mHOTAIR
Fwd 2
mHOTAIR
Rev 2
mLincl1471
Fwd 1
mLincl1471
Rev 1
mLincl1471
Fwd 2
mLinc1471
Rev 2

GCTCCCTCCAGATGCTGG
TAA
GACGACTTGAAAAATGAC
GAAATC
CATATTCCAGGTCCTTCA
GTGTGC
AGCTGAACCTCCATGAGG
AAGAAC
TCAACCAGCTTAGCATCC
TGTACC
GCTGGGCCTCACACAAAC
AC
TGTTGTTGGGGCTGTGTT
CcC
AGCCAGCCAGAGAAAGAA
GTGG
GTCCTGGGTTTACGAACT
TTCTTTG
CAGTGGCAGGATAGGCAC
AGT
GCAGACATATTGTTTATGA
GTCCACA
GCTGACATACATGGCTAT
TTCAAAG
CAGAGCTGAAGGTATGGG
AAGGTAGAC
TCTCTCAACAAACACTCCT
CATCTG
TCCAAGTCAAACATGAAA
CCCA
TCTCCCCATTCCATACAG
CcC
CTCTGTGTCCCTCTGTCT
GCC

189

Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression

Analysis

Rugg-Gunn

Rugg-Gunn

Rugg-Gunn

Rugg-Gunn

This study

This study

This study

This study



mLinc1230
Fwd 1
mLinc1230
Rev 1
mLinc1230
Fwd 2
mLinc1230
Rev 2
mLinc1354
Fwd 1
mLinc1354
Rev 1
mLinc1354
Fwd 2
mLinc1354
Rev 2
mLinc1281
Fwd 1
mLinc1281
Rev 1
mLinc1281
Fwd 2
mLinc1281
Rev 2

mMistral Fwd

1

mMistral Rev

1

mMistral Fwd

2

mMistral Rev

2
mLinc1418
Fwd 1

AGGCTCTGCTGGAGAACA
CcC
CTGCCAGTGGAGAGTGTG
TGTG
ACAGAGCCTGGAACTCCC
G
CCTAGTTTTACCCGATCC
ATGAA
AAGGCTGAGATGACTGGT
GCTC
GGGGACTGCTAGTGGAGT
GTC
GACTGCTCCGCTGTCCTC
AT
CATCTTCCAACGTCACGC
AT
GGCTCCCATACCGTCTTC
TG
CTGTTGAAAATCCAACTAC
TCCTCC
GCACTGGTTAGAGTCTAC
TGTCTGGT
GCAGTACAGCTCACAGGA
ATCG
GACCTTGATGCTTCTAACT
GATAGTCT
GAGAGGACAGTGAGTCTG
GGAAC
TCCCAGACTCACTGTCCT
CTCC
CAGAATTAGTTCAATACAA
CACACCAT
TACTCAGAGGGGATTGGG
GTC
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Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression

Analysis

This study

This study

This study

This study

This study

This study

This study

This study

This study



mLinc1418
Rev 1
mLinc1418
Fwd 2
mLinc1418
Rev 2
mLinc1456
Fwd 1
mLinc1456
Rev 1
mLinc1456
Fwd 2
mLinc1456
Rev 2
Smarca2 Pro
Fwd
Smarca2 Pro
Rev
Smarca2 Pro
Fwd2
Smarca2 Pro
Rev2
ApoC2-F

ApoC2-R

Cdx2-F

Cdx2-R

DIx3-F

DIx3-R

GAGAGAGGCTCAGGAGG
GCA
GACTGTTGACTCTAGGAT
TAGCAGC
CCTGTCAGTCTGTCCGCT
TTC
AAAGAATGTGAACGGATC
TCCC
CCATGCCCAGTGCGTACA
AG
CCGTGTCACTGATGAGGT
CCC
CCTCTACCTAGCCCAGCT
TTGA
GCTGCTATTCGCCTCCC

CCATCCCAGACTACTACC
GC
ACCAAAACAAACAGGCGG

GGGAGCTGTGGTTAGAGC
ATT
CCATGCGTAGGGCATTAG
AAGA
GGCCCATCCTGTAACAGA
GCTT
CCAGGTTGGAAGGAGGAA
GC
ACCACCCCCAGAAACACG
AT
ACAGCGCTCCTCAGCATG
AC
CTGCGAGCCCATTGAGAT
TG

191

Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
Expression
Analysis
ChiP

ChiP

ChiP

ChiP

ChiP

ChiP

ChipP

ChipP

ChipP

ChiP

This study

This study

This study

This study

This study

Rugg-Gunn et al.,

2010

Rugg-Gunn et al.,

2010

Rugg-Gunn et al.,

2010



DIx5-F

DIX5-R

Eomes-F

Eomes-R

Epasl-F

Epasl-R

Esrrb-F

Esrrb-R

FoxA2-F

FoxA2-R

Gapdh-F

Gapdh-R

Gatal-F

Gatal-R

Gatab-F

Gata6-R

Gbx1-F

GCTTCGCTGGCTAATCCA
GACT
CAGCCCTAGTGGTGTTTG
CGTA
CCTCTGGGACCTGCCAAA
CT
CTCTATGGCGCCGGAGAA
AC
CTCGGACCTGCGAGCACT
AA
CGGAGCACCTGGGTTCCT
TA
CAGCCAGCCCAACCATGT
AA
AGGAGGATGTGTCGGGA
GGA
TCCTCCTGAAGTCATCCC
ACAA
TAAATCCAAGGTGCCCAA
AGC
TCCTATCCTGGGAACCAT
CACC
TCTTTGGACCCGCCTCAT
TT
TGCCCCAACTTCTTCCCA
TT
CAGGCCTGGGAGGATGA
AGA
CTGGGTGGCGGGTATGA
CTT
CGCCCAGCTAAAGGACAC
CA
CAAGCCCTTCTGAACTAT
CCCAAT
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ChiP

ChiP

ChiP

ChiP

ChiP

ChipP

ChiP

ChiP

ChiP

ChiP

ChiP

ChiP

ChiP

ChipP

ChipP

ChipP

ChiP

Rugg-Gunn et al.,
2010

Rugg-Gunn et al.,
2010

Rugg-Gunn et al.,
2010

Rugg-Gunn et al.,
2010

Rugg-Gunn et al.,
2010

Rugg-Gunn et al.,
2010

Rugg-Gunn et al.,
2010

Rugg-Gunn et al.,
2010

Rugg-Gunn et al.,
2010



Gbx1-R

Hoxa7-F

Hoxa7-R

Hoxa9-F

Hoxa9-R

Intergenic-F

Intergenic-R

Irx1-F

Irx1-R

Kcnglotl-F

Kcnglotl-R

Lhx2-F

Lhx2-R

Major

Satellite-F

Major

Satellite-R

Msx1-F

Msx1-R

AGCTCCCAGAGTTAGGAG
ACAGGA
GAGAGGTGGGCAAAGAG
TGG
CCGACAACCTCATACCTA
TTCCTG
GGAGGGAGGGGAGTAAC
AAA
TCACCTCGCCTAGTTTCT
GG
GGAGAGAAGTGGAGTGG
CCAAG
TTGCCAGCCTAATCATGA
GGAA
CGGTCACCTCGGTGCTAG
G
ATAGGGCAAGAAGGCGCT
GT
CAAAGCACACTGAGGATG
GCTAGT
GCCTCAGCATATTTGTCC
ACAGTT
GATGCACTGGGCCGGTTA

GCCCGACAGACTGTGGAA
CA
GACGACTTGAAAAATGAC
GAAATC
CATATTCCAGGTCCTTCA
GTGTGC
ACAGAAAGAAATAGCACA
GACCATAAGA
TTCTACCAAGTTCCAGAG
GGACTTT
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ChiP

ChiP

ChiP

ChiP

ChiP

ChipP

ChiP

ChiP

ChiP

ChiP

ChiP

ChiP

ChiP

ChipP

ChipP

ChipP

ChiP

Tanaka et al., 1998

Kunath et al., 2005

Rugg-Gunn et al.,
2010

Rugg-Gunn et al.,
2010

Rugg-Gunn et al.,
2010

Rugg-Gunn et al.,
2010

Umlauf et al., 2004

Tanaka et al., 1998



Nanog-F

Nanog-R

Nostrin-F

Nostrin-R

Npas2-F

Npas2-R

Phf21b-F

Phf21b-R

Pik3r3-F

Pik3r3-R

Pou5f1-F

Pou5f1-R

Prdm1-F

Prdm1-R

Prdm8-F

Prdm8-R

Pri3bl-F

CAGACTGGGAGGGAGGG

AAA

GAGGTGCAGCCGTGGTTA

AA

TGCTTGATGAGGTGCCAA

CA

GTGTGGAGGGGAGGCAA

ATC

TTGTGTCACTACGTTCCT

GGGTCT

GAGCGCAGAGCTGTCTAA

GCAC

GCCCCTCCTTACTTGTTT

GTCG

CCCGCTCCTCTGTGTCTT

CATA

TTCCCTTTGTGGCGATTC

CT

TGAGAGAAGCACGGAGTC

TCAAA

TGGCTGAGTGGGCTGTAA

GG

CAAACCAGTTGCTCGGAT

GC

GGGTGGACATGAGAGAG

GCTTA

GGTTCCTTACCAAGGTCG

TACCC

GGAGGATCTGCGAAGGAA

GAGA

CAGGACCCCGGGCTTTAT

AGTA

GGAGGGCTTTCGTTACCA

CCT
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ChiP

ChiP

ChiP

ChiP

ChiP

ChipP

ChiP

ChiP

ChiP

ChiP

ChiP

ChiP

ChiP

ChipP

ChipP

ChipP

ChiP

Rugg-Gunn et al.,
2010

Rugg-Gunn et al.,
2010

Rugg-Gunn et al.,
2010

Rugg-Gunn et al.,
2010

Rugg-Gunn et al.,
2010

Rugg-Gunn et al.,
2010

Rugg-Gunn et al.,
2010

Rugg-Gunn et al.,
2010

Rugg-Gunn et al.,
2010



Pri3b1-R

Prtg-F

Prtg-R

Sox17-F

Sox17-R

Sox2-F

Sox2-R

Sox7-F

Sox7-R

Tbx2-F

Tbx2-R

Tcfap2a-F

Tcfap2a-R

Twist1-F

Twist1l-R

Vdr-F

Vdr-R

GGTTCCATAGTGACGCAG
ACCA
GGCCGCACGTGGTTTTAT
TT
GAGGAACCCCACTGCAAA
CcC
CACCAACCCGCTTGCTAC
AG
TAAGCCACATCCCCAAAG
CA
CCATCCACCCTTATGTATC
CAAG
CGAAGGAAGTGGGTAAAC
AGCAC
TGCCAGTTTAGGGAAGTC
AGT
GTCATCTCGCCCCAGTAA
AC
CTTACTGCTGAGGCTTCC
GACAC
TTTGGACCAATTGTGGGT
CTCC
ACAGGGGAGACGCTGGA
GAT
GGGGAAAGAGTGGAACA
CGA
GGGAATCCCTTGGGACTA
GAGGTT
AAAGTTTCAACAACCGAG
TCCATC
CTCCCTTCTTACTCCTCCA
CTCCA
AGTCCTTAGCTAGGAGGG
TGCTCA
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ChiP

ChiP

ChiP

ChiP

ChiP

ChipP

ChiP

ChiP

ChiP

ChiP

ChiP

ChiP

ChiP

ChipP

ChipP

ChipP

ChiP

Rugg-Gunn et al.,
2010

Rugg-Gunn et al.,
2010

Tanaka, S. et al
(1998)

Rugg-Gunn et al.,
2010

Rugg-Gunn et al.,
2010

Rugg-Gunn et al.,
2010

Rugg-Gunn et al.,
2010

Rugg-Gunn et al.,
2010



Wnt5b-F

Wnt5b-R

muUntré Fwd

muntré Rev

Pax6 Fwd

Pax6 Rev

Pax6 Fwd 2

Pax6 Rev 2

mHoxB1 Fwd
1

mHoxB1 Rev
1

mHoxB1 Fwd
Set 2
mHoxB1 Rev
Set 2
mHoxB2 Fwd

mHoxB2 Rev

mHoxA1 Set
2 Fwd
mHoxA1 Set
2 Rev
mNkx2.2 Pro
Set 2 Fwd

GATGTCTGTCACAGCCGC
TCAT
TCATAAGATGTTGAAGGG
CAGGTG
CAGGCATGAACCACCATA
CcC
CAACATCCACACGTCCAG
TG
AGAGGGAGCATCCAATCG
G
CTCCTCACTGGCCCATTA
GC
GTCGGGGGAGGAGCAAG
AA
CCTGGAGGGGCGGGAGA
CT
ACGTAGGTGGTGACTTGG
AACT
AGAGATGGCCTATGTGCT
GTG
TGGGGTGCAGCGATGAG
GAA
GCCCTAACCACTGTCCCG
CCCT
GATCCCCACTTAACACCC
AA
CTTGGGAAACTGCTCTTA
ACTAG
GGCTGCTAACAACAAACT
GC
GATAAACTGCTGGGACTC
ATTC
CCAACAGGAGCGGGACAT
T
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ChiP

ChiP

ChiP

ChiP

ChiP

ChipP

ChiP

ChiP

ChiP

ChiP

ChiP

ChiP

ChiP

ChipP

ChipP

ChipP

ChiP

Rugg-Gunn et al.,
2010

Sofronescu et al.,

2010

This study

This study

This study

This study

This study

This study

This study



mNkx2.2 Pro
set 2 Rev
mAscll Pro
Setl Fwd
mAscll Pro
Setl Rev
mAscll Pro
Set2 Fwd
mAscll Pro
Set2 Rev
mDIx2 Pro
Fwd 1
mDIx2 Pro
Rev 1
mDIx2 Pro
Fwd 2
mDIx2 Pro
Rev 2
mMsx2 Pro
Fwd 1
mMsx2 Pro
Rev 1
mMSx2 Pro
Fwd 2
mMsx2 Pro
Rev 2
mMsx2 Pro
Fwd 3
mMsx2 Pro
Rev 3
mNkx2.1 Pro
1 Fwd
mNkx2.1 Pro
1 Rev

CAAACACAAATACAAACC
GATTGC
TCAAGCCCAGGCTGGAGC
AAG
GGCGATCGTCTTCCCTCT
GCG
TCTTTCTCTGTCGCCATTC
A
GGACGCTCCGGTTTGTAT
AG
CGTAATATCTCTGTGGGT
AGTTTGG
ACATCTCTTGTCCAACTTC
GCC
GCTCAGATGTGCGTCATT
ACTAGA
GCCTGGCTCGCACTACTC
TT
CTCCGCAGATTTCCAACA
TTC
CAGGAGCAGTCAGCAGA
GTTGT
CCTAATAACAACTCTGCT
GACTGCT
AAGTGGGAGACTCGGCTC
AAC
CAGTGGGGTAGCAAGTTC
AGG
GATGAGAAAGGCTGAGAG
GTGG
GAACAGCAGACAAGCAAA
GC
GGTTACCCAGCCAAGCCC
T
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ChiP

ChiP

ChiP

ChiP

ChiP

ChipP

ChiP

ChiP

ChiP

ChiP

ChiP

ChiP

ChiP

ChipP

ChipP

ChipP

ChiP

This study

This study

This study

This study

This study

This study

This study

This study



MNkx2.1 TSS CCACTTAGCTGCTGATCC ChIP This study
Fwd TGAC

MNkx2.1 TSS TTTCCTGTCTGAGCGTTC ChIP

Rev C

mNkx2.1 GAAAACTGCGGGGATCTG ChIP This study
Exon 1 Fwd AG

mNkx2.1 CTACGAGGCTAAGGGTGC ChiIP

Exon 1 Rev G

MusD LTR CAGCCTGAAACCTGCTTG ChiIP This study
Fwd CT

MusD LTR ATAAAGGAAGGGGGAGG ChIP

Rev GGA

Table S2. Description and sequences of the primers used in the in the analysis of
candidate reference genes, lineage specific transcription factors, expression
analysis, and ChIP experiments for Chapter IV.
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ChIP Primers

Primer

name

Ascll Pro

set 2

DIx1

DIx2 Pro

2

DIx3

DIx5

Gapdh

Gatal

Hoxal

Hoxab

Hoxa7

Fwd/Rev

Fwd

Rev
Fwd

Rev
Fwd

Rev
Fwd

Rev
Fwd

Rev
Fwd

Rev
Fwd

Rev
Fwd

Rev
Fwd

Rev
Fwd

Rev

Sequence

TCTTTCTCTGTCGCCATTCA

GGACGCTCCGGTTTGTATAG
GGTGAGGAAGAGATCGGGC

GAGTACTTGGGGTTTGGGAGTC

GCTCAGATGTGCGTCATTACTAGA

GCCTGGCTCGCACTACTCTT
ACAGCGCTCCTCAGCATGAC

CTGCGAGCCCATTGAGATTG
GCTTCGCTGGCTAATCCAGACT

CAGCCCTAGTGGTGTTTGCGTA
TCCTATCCTGGGAACCATCACC

TCTTTGGACCCGCCTCATTT
TGCCCCAACTTCTTCCCATT

CAGGCCTGGGAGGATGAAGA
GGCTGCTAACAACAAACTGC

GATAAACTGCTGGGACTCATTC
GGGCTGTTTGTAACTTTGCTGC

CATCTGGCTATAACTATTAGTAGTCATCG

GAGAGGTGGGCAAAGAGTGG

CCGACAACCTCATACCTATTCCTG
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Reference

Veazey et al.,
2013

Veazey et al.,
2013

Veazey et al.,
2013

Rugg-Gunn et
al., 2010

Rugg-Gunn et
al., 2010

Rugg-Gunn et
al., 2010

Veazey et al.,
2013

Veazey et al.,
2013

Veazey et al.,
2013

Tanaka et al.,
1998



Intergenic

Msx1

Msx2 Pro

2

Nanog

Nkx2.1

Pro

Nkx2.2

Pro

Pax6

Pou5f1

Smarca 2

Pro 2

Sox1

Sox?2

Fwd

Rev
Fwd

Rev
Fwd

Rev
Fwd

Rev
Fwd

Rev
Fwd

Rev
Fwd

Rev
Fwd

Rev
Fwd

Rev
Fwd

Rev
Fwd

Rev

GGAGAGAAGTGGAGTGGCCAAG

TTGCCAGCCTAATCATGAGGAA

ACAGAAAGAAATAGCACAGACCATAAGA

TTCTACCAAGTTCCAGAGGGACTTT
CCTAATAACAACTCTGCTGACTGCT

AAGTGGGAGACTCGGCTCAAC
CAGACTGGGAGGGAGGGAAA

GAGGTGCAGCCGTGGTTAAA
GAACAGCAGACAAGCAAAGC

GGTTACCCAGCCAAGCCCT
CCAACAGGAGCGGGACATT

CAAACACAAATACAAACCGATTGC
AGAGGGAGCATCCAATCGG

CTCCTCACTGGCCCATTAGC
TGGCTGAGTGGGCTGTAAGG

CAAACCAGTTGCTCGGATGC
ACCAAAACAAACAGGCGG

GGGAGCTGTGGTTAGAGCATT
CACAAACTTCTTTTTACTGTCGGAG

TAATCTACCCCGAACTTTCTTGG
CCATCCACCCTTATGTATCCAAG

CGAAGGAAGTGGGTAAACAGCAC
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Rugg-Gunn et
al., 2010

Tanaka et al.,
1998

Veazey et al.,
2013

Rugg-Gunn et
al., 2010

Veazey et al.,
2013

Veazey et al.,
2013

Veazey et al.,
2013

Rugg-Gunn et
al., 2010

Veazey et al.,
2013

Veazey et al.,
2013

Tanaka et al.,
1998



Sox17

Tbx2

Twistl

Untré

Vdr

Wnt5b

Fwd

Rev
Fwd

Rev
Fwd

Rev
Fwd

Rev
Fwd

Rev
Fwd

Rev

CACCAACCCGCTTGCTACAG

TAAGCCACATCCCCAAAGCA
CTTACTGCTGAGGCTTCCGACAC

TTTGGACCAATTGTGGGTCTCC
GGGAATCCCTTGGGACTAGAGGTT

AAAGTTTCAACAACCGAGTCCATC
CAGGCATGAACCACCATACC

CAACATCCACACGTCCAGTG
CTCCCTTCTTACTCCTCCACTCCA

AGTCCTTAGCTAGGAGGGTGCTCA
GATGTCTGTCACAGCCGCTCAT

TCATAAGATGTTGAAGGGCAGGTG

Oxidative Stress Expression Analysis Primers

Primer
name

Catalase

Catalase

set 2

Adhl

Adhl Set
2

Fwd/Rev

Fwd

Rev
Fwd

Rev
Fwd

Rev
Fwd

Rev

Sequence

CCAGCGACCAGATGAAGCAG

TATCGTGGGTGACCTCAAAGTATCC
GAACGAGGAGGAGAGGAAACG

CAGGAAACGGCATCAAAAGC
CCACTGGTGTCTGCCGCTC

ACACAAGTCACCCCTTCTCCAA
GCACCAGCACCTTCTCCCA

GACTTTGACGGCAGAGCCATAG
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Rugg-Gunn et
al., 2010

Rugg-Gunn et
al., 2010

Rugg-Gunn et
al., 2010

Sofronescu et
al., 2010

Rugg-Gunn et
al., 2010

Rugg-Gunn et
al., 2010

Reference

Veazey et al.,
2013

Veazey et al.,
2013

Veazey et al.,
2013

Veazey et al.,
2013



Aldhl

Aldhl Set

2

Cyp2el

Cyp2el

Set 2

Gpx1

Gpx3

Gsr

Gstm?2

Gstm3

Gstpl

Hifla

Nrf2

Fwd

Rev
Fwd

Rev
Fwd

Rev
Fwd

Rev
Fwd

Rev
Fwd

Rev
Fwd

Rev
Fwd

Rev
Fwd

Rev
Fwd

Rev
Fwd
Rev
Fwd

GTGGAAGAAGGGGACAAGGC

CCACACACTCCAATAGGTTCACG
CTCCTCTCACGGCTCTTCACC

CAACAGCAATGTCCAAGTCGG
GGCCAGCCTTTTGACCCTACC

CTGTGTTTTTCCTTCTCCATCTCTAT
CAGGAACAGAGACCACCAGCAC

TGGAAGGGACGAGGTTGATG
GAAGAACTTGGGCCATTTGG

TCTCGCCTGGCTCCTGTTT
ACAATTGTCCCAGTGTGTGCAT

TGGACCATCCCTGGGTTTC
GCTATGCAACATTCGCAGATG

AGCGGTAAACTTTTTCCCATTG
GCTCTTACCACGTGCAGCTT

GGCTGGGAAGAGGAAATGGA
CACCCGCATACAGCTCATGAT

TTCTCAGGGATGGCCTTCAA
TGGGCATCTGAAGCCTTTTG

GATCTGGTCACCCACGATGAA
CCTCACCAGACAGAGCAGGAA
TCAGGAACAGTATTTCTTTGATTCA
CGAGATATACGCAGGAGAGGTAAGA
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Veazey et al.,
2013

Veazey et al.,
2013

Veazey et al.,
2013

Veazey et al.,
2013

Dong et al.,
2008

Dong et al.,
2008

Dong et al.,
2008

Dong et al.,
2008

Dong et al.,
2008

Dong et al.,
2008

This study

Dong et al.,
2008



Ngol

Prx1

Sod1l

Sod?2

Sod3

Tetl

Tet2

Tet3

Trx

Gluc-MS-gPCR Primers
Primer Fwd/Rev
name

Adcy6

Rev
Fwd

Rev
Fwd

Rev
Fwd

Rev
Fwd

Rev
Fwd

Rev
Fwd
Rev
Fwd
Rev
Fwd
Rev
Fwd

Rev

Fwd

Rev

GCTCGACAATGTTCTCCAGCTT

TATCCTTCCGAGTCATCTCTAGCA

TCTGCAGCTTCCAGCTTCTTG
GATCCCAAGCGCACCATT

TAATAAAAAGGCCCCTGAAAGAGAT

GTGATTGGGATTGCGCAGTA

TGGTTTGAGGGTAGCAGATGAGT
TTAACGCGCAGATCATGCA

GGTGGCGTTGAGATTGTTCA
CATGCAATCTGCAGGGTACAA

AGAACCAAGCCGGTGATCTG
GAGCCTGTTCCTCGATGTGG
CAAACCCACCTGAGGCTGTT
AACCTGGCTACTGTCATTGCTC
TGTTCTGCTGGTCTCTGTGGG
TCCGGATTGAGAAGGTCATC
CCAGGCCAGGATCAAGATAA
CCGCGGGAGACAAGCTT

GGAATGGAAGAAGGGCTTGATC

Sequence

GTGAGGCTGCTCTGGTTCAT

GGGTTTGACGACACTGAGGT

203

Dong et al.,
2008

Dong et al.,
2008

Dong et al.,
2008

Dong et al.,
2008

Dong et al.,
2008

Ko et al., 2010

Ko et al., 2010

Ko et al., 2010

Dong et al.,
2008

Reference

Irwin et al.,
Genomics
2014



Ankrd23 Fwd TAGTCCCGGAGCTTTCTCCT Tan et al.,

2013 NAR
Rev CCCACAGAAGCCAGGATCTA
Dpep3 Fwd GTCACTGGTCACACCTGACG Irwin et al.,
Genomics
2014
Rev CTGCTGGGGGTGTTACTTCT
Gf5UTR  Fwd TAAGCCACAGCAGCAGCGG Okashita et al.,
2014
Rev CCCAGGTGGTACAGACTCTC
Histlh2aa Fwd CCAAGGTCAAGTCTCGCTCT Tan et al.,
2013 NAR
Rev GAGGAGTAATGCGCGTCTTC
Peg3 Fwd AATCTACCTGCTTGCTCTCCTC
Rev TGACTGTCTGCATAGCGAAAC
Rhox6 Fwd AGCGTCGGATCCAGAGATTC
Rev ACCAGGCTGTTCTTCCTTGTC
Rhox13 Fwd GTCTGGACTGGACCGGTAAC Irwin et al.,
Genomics
2014
Rev CGTGGGCCATGACTAGAAC
Snrpn Fwd GGACAGAGACCCCTGCATT Irwin et al.,
Genomics
2014
Rev CGTTGCAAATCACTCCTCAG
Snrpn Fwd TCTGTGATTGTGATGAGTTCAGG Irwin et al.,
exp Genomics
2014
Rev CAATGCCAGTATCTTTAGGAGGT
Sycp3 Fwd GGGGCTATACGTAAGCGTGT Irwin et al.,
Genomics
2014
Rev CTCCCCCATCTCCTTACCTC
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Epigenetic Factor Expression Primers

Primer Fwd/Rev  Sequence Reference
name
Dnmtl Fwd ATGCGGCACATCCCACTG Veazey et al.,
Set 2 2013
Rev CAGACTCCACGCAGGGCAC
Dnmt3b Fwd GCAGACAATAACCACCAAGTCG Veazey et al.,
2013
Rev GCACCACAAAACGTCGTCCT
NP95 Set  Fwd GGATGACAAGACTGTGTGGGAG Veazey et al.,
1 2013
Rev GCTCGTCCTCAGATAGGGCTCT
NP95 Fwd GGTGCGGAGGCTGAAGACT Veazey et al.,
Set2 2013
Rev CAGGAGCGTACTTGCTGTGTTT
EED Fwd GAGATACGGTTATTGCAGTCCTATG Veazey et al.,
2013
Rev AGAAGGTTTGGGTCTCGTGG
Ezh2 Fwd CCTTCCATGCAACACCCAAC Veazey et al.,
2013
Rev GCTCCCTCCAGATGCTGGTAA
GY9a Setl Fwd GACAGGGGCAGGAAAGTCG Veazey et al.,
2013
Rev CCTGGGCGGCAGTTGTTG
SetDB1 Fwd TCAGGTCTGGCTTTATGCTGG Veazey et al.,
Setl 2013
Rev CTCTATGAAGTCTCGGCAGGAGC
SetDB1 Fwd AGCTGGAGACGTGGGTACTACAG Veazey et al.,
Set 2 2013
Rev GGAATCTCAATGATCTCTGTGGG

Homeobox Gene Expression Analysis Primers
Primer Fwd/Rev  Sequence Reference

name
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DIx2

Nkx2.2

Pax6

Smarca2

Sox1

Sox?2

Tbx2

Vdr

mAscll

DIx3

mSox17

Fwd

Rev
Fwd

Rev
Fwd

Rev
Fwd

Rev
Fwd

Rev
Fwd

Rev
Fwd

Rev
Fwd

Rev
Fwd

Rev
Fwd

Rev
Fwd

Rev

CACGCACCATCTACTCCAGTTT

TGCTGCTCGGTGGGTATCTC
GCAGAGCCTGCCCCTTAA

GCCCTGGGTCTCCTTGTCA
GAGTTCTTCGCAACCTGGCTA

TTCATCCGAGTCTTCTCCGTTAG
CTGACAAAAGACATGGATGAGCC

GGATGATGATGTGGTGGGTCTG
CTCGGATCTCTGGTCAAGTC

GGTACATGCTGATCATCTCG
GGCGGCAACCAGAAGAACA

TTCTCGGTCTCGGACAAAAGTT
GAAGCTGACCAACAACATTTCTG

CGGTCTCTGGGAAGACATAGG
AGCTGAACCTCCATGAGGAAGAAC

TCAACCAGCTTAGCATCCTGTACC
GTCCTGTCGCCCACCATCT

CCACCCCTGTTTGCTGAGAA
GCTGGGCCTCACACAAACAC

TGTTGTTGGGGCTGTGTTCC
GAACCTCCAGTAAGCCAGATTTG

CTCTCCAGACCGACCCCGA
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Veazey et al.,
2013

Veazey et al.,
2013

Veazey et al.,
2013

Veazey et al.,
2013

Veazey et al.,
2013

Veazey et al.,
2013

Veazey et al.,
2013

Veazey et al.,
2013

Veazey et al.,
2013

Rugg-Gunn et
al., 2010

Veazey et al.,
2013



mSox17 Fwd CACAACGCAGAGCTAAGCAAG Veazey et al.,

2013
Rev CGGTACTTGTAGTTGGGGTGG
Reference primers
Primer Fwd/Rev  Sequence Reference
name
Gapdh Fwd TGACGTGCCGCCTGGAGAAA Carnahan et
al., 2013
Rev AGTGTAGCCCAAGATGCCCTTCAG
Hprt Fwd CTGGTGAAAAGGACCTCTCGAA Carnahan et
al., 2013
Rev CTGAAGTACTCATTATAGTCAAGGGCAT
Pgkl Fwd CTGACTTTGGACAAGCTGGACG Carnahan et
al., 2013
Rev GCAGCCTTGATCCTTTGGTTG

Table S3. Description and sequences of the primers used in the in the analysis of
candidate reference genes, lineage specific transcription factors, expression
analysis, and ChIP experiments for Chapter V.

207



	Abstract
	Acknowledgements
	Table of contents
	List of Figures
	List of Tables
	Chapter I
	Introduction0F(
	Epigenetics - Developmental Programming and Fetal Alcohol Spectrum Disorders
	Differentiation - Epigenetic Control and Developmental Programming
	Polycomb Group Proteins
	Trithorax Group Proteins
	Polycomb & Trithorax in the Etiology of FAS
	Histone 3 Lysine 9 Acetylation and Methylation
	Conclusions

	chapter II
	SELECTION OF STABLE REFERENCE GENES FOR QUANTITATIVE RT-PCR COMPARISONS OF MOUSE EMBRYONIC AND EXTRA-EMBRYONIC STEM CELLS1F(
	Introduction
	Results
	Discussion
	Materials and Methods

	chapter III
	identification of cell-specific patterns of reference gene stability in quantitative reverse transcription polymerase chain reaction studies of embryonic, placental and neural stem models of prenatal ethanol exposure2F(
	Introduction
	Materials and Methods
	Results
	Discussion

	chapter IV
	alcohol-induced epigenetic alterations to developmentally crucial genes regulating neural stemness and differentiation3F(
	Introduction
	Materials and Methods
	Results
	Discussion

	chapter V
	DOSE DEPENDENT ALCOHOL-INDUCED ALTERATIONS IN CHROMATIN STRUCTURE PERSIST BEYOND THE WINDOW OF EXPOSURE AND CORRELATE WITH FAS BIRTH DEFECTS4F(
	Background
	Results
	Discussion
	Materials and Methods

	chapter VI
	Unique, dose-dependent alterations in chromatin structure behave independently of transcriptional response in a murine embryonic stem cell model of acute ethanol exposure
	Introduction
	Materials and Methods
	Results
	Discussion

	chapter VII
	Conclusions and FUTURE DIRECTIONS
	References
	APPENDIX

