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Abstract

Background—Potential epigenetic mechanisms underlying fetal alcohol syndrome (FAS)
include alcohol-induced alterations of methyl metabolism, resulting in aberrant patterns of DNA
methylation and gene expression during development. Having previously demonstrated an
essential role for epigenetics in neural stem cell (NSC) development and that inhibiting DNA
methylation prevents NSC differentiation, here we investigated the effect of alcohol exposure on
genome-wide DNA methylation patterns and NSC differentiation.

Methods—NSCs in culture were treated with or without a 6-hr 88mM (“binge-like™) alcohol
exposure and examined at 48 hrs, for migration, growth, and genome-wide DNA methylation. The
DNA methylation was examined using DNA-methylation immunoprecipitation (MeDIP) followed
by microarray analysis. Further validation was performed using Independent Sequenom analysis.

Results—NSC differentiated in 24 to 48 hrs with migration, neuronal expression, and
morphological transformation. Alcohol exposure retarded the migration, neuronal formation, and
growth processes of NSC, similar to treatment with the methylation inhibitor 5-aza-cytidine.
When NSC departed from the quiescent state, a genome-wide diversification of DNA methylation
was observed—that is, many moderately methylated genes altered methylation levels and became
hyper- and hypomethylated. Alcohol prevented many genes from such diversification, including
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genes related to neural development, neuronal receptors, and olfaction, while retarding
differentiation. Validation of specific genes by Sequenom analysis demonstrated that alcohol
exposure prevented methylation of specific genes associated with neural development [cutl2 (cut-
like 2), 1gf1 (insulin-like growth factor 1), Efempl (epidermal growth factor-containing fibulin-
like extracellular matrix protein 1), and Sox 7 (SRY-box containing gene 7)]; eye development,
Lim 2 (lens intrinsic membrane protein 2); the epigenetic mark Smarca2 (SWI/SNF related, matrix
associated, actin dependent regulator of chromatin, subfamily a, member 2); and developmental
disorder [Dgcr2 (DiGeorge syndrome critical region gene 2)]. Specific sites altered by DNA
methylation also correlated with transcription factor binding sites known to be critical for
regulating neural development.

Conclusion—The data indicate that alcohol prevents normal DNA methylation programming of
key neural stem cell genes and retards NSC differentiation. Thus, the role of DNA methylation in
FAS warrants further investigation.
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INTRODUCTION

Multifactorial neurodevelopmental deficit, such as fetal alcohol spectrum disorder (FASD),
is likely to occur through gene-environment interactions that alter the fate of early
developing precursor cells. Neural stem cells (NSC) are capable of self-renewal and
differentiate along neuronal and glial lineages. These processes are defined by the dynamic
interplay between extracellular cues, and intracellular transcriptional signaling programs.
Recently, epigenetic mechanisms—including DNA methylation, histone modifications, and
non-coding RNA expression--have been shown to be closely associated with the fate
specification of NSCs. These epigenetic alterations could provide coordinated systems for
regulating gene expression at each step of neural cell differentiation. Epigenetic
modifications regulate key developmental events, including germ cell imprinting
(Bartolomei, 2003), stem cell maintenance (Cheng et al., 2005; Kondo, 2006; Zhang et al.,
2006; Meshorer, 2007; Surani et al., 2007; Tang and Zhu, 2007), cell fate, and tissue
patterning (Kiefer, 2007). Aberrant epigenetic alterations are known to disrupt key
developmental events, particuarly in the nervous system, leading to conditions such as Rett's
syndrome (Shahbazian and Zoghbi, 2002), immunodeficiency centromeric instability and
facial syndrome (ICF) (Hansen et al., 1999, Tao et al., 2002, Ueda et al., 2006), and Prader-
Willi/Angelman syndrome (Lalande et al., 1999; Xin et al., 2003; Lalande and Calciano,
2007). Environmental input also has a significant influence on development and can alter
epigenetic programming. Recently, we and others have reported that alcohol exposure alters
DNA methylation, resulting in genetic and phenotypic changes (Qiang et al., 2010; Ouko et
al., 2009; Haycock, 2009; Pandey et al., 2008; Moonat et al., 2010; Shukla et al., 2008;
Oberlander et al., 2008; Miranda et al., 2010; Liu et al., 2009; Kaminen-Ahola et al., 2010).

Alcohol has multiple effects on methyl donors (Mason and Choi, 2005) and appears to
interfere with the folate-methyl metabolic pathway for methyl donors by inhibiting
methionine synthase and methionine adenosyltransferase. Inhibition of methionine synthase
also creates a “methylfolate trap,” analogous to what occurs in vitamin B12 deficiency
(Cravo and Camilo, 2000; Mason and Choi, 2005). Alcohol ingestion in animals has been
shown to inhibit folate-mediated methionine synthesis, thereby interrupting critical
methylation processes mediated through s-adenosyl methionine, the activated form of
methionine and substrate for biologic methylation. In addition, some evidence indicates that
alcohol may redirect the utilization of folate toward serine synthesis and thereby interfere
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with a critical function of methylene tetrahydrofolate and thymidine synthesis (LaBaume et
al., 1987; Cravo and Camilo, 2000). Thus, alcohol exposure, by resulting in downstream
epigenetic modifications, could bridge the gene-environment interaction, providing a new
causal paradigm for the neurodevelopmental deficit.

Alcohol exposure, thus far, has been associated with the development of decreasing DNA
methylation transferase (DNMT) mRNA levels in the sperm of male rats exposed to alcohol
(Bonsch et al., 2006), and substantial evidence indicates that DNA methylation plays a
significant role in neural cell lineage differentiation and early brain development (Takizawa
et al., 2001; Setoguchi et al., 2006; Feng et al., 2007; MacDonald and Roskams, 2009). We
recently demonstrated that alcohol exposure during early neurulation altered neural tube
development and induced changes in DNA methylation, resulting in functional
consequences on gene expression, cell cycle regulation, and neural development (Liu et al.,
2009). The possibility of alcohol-induced alteration of stem cell DNA methylation changes
is not clear, and evidence for alcohol causing aberrant stem cell development through altered
DNA or histone methylation has not been examined.

In the current study, we used an established dorsal root ganglial neural stem cells, in which
multipotency and a differential phenotype profile has been characterized (Singh et al.,
2009a). Epigenetic changes at the cellular level have also been demonstrated in this model
system (Singh et al., 2009a). By using MeDIP-chip (anti-5-methylcytidine antibody
immunoprecipitation followed by microarray analysis) a prominent effect of alcohol on
DNA methylation profiles in neural stem cells was discovered. We report here that the
normal DNA methylation program during differentiation is disrupted by alcohol, including
those genes mediating early embryonic development.

Alcohol Effects on Neural Stem Cell Differentiation and Cellular DNA methylation

As shown in Figure 1, undifferentiated NSCs in neurospheres were characteristically round
and small with a distinct nucleus in the center of the small cytoplasm, as reported previously
(Singh et al., 2009a). After a two-day culture on substrate-coated chamber slides, the
neurospheres were flattened in appearance and cells in the outer layer of the neurosphere
increased in size (Fig 1A). On the fourth day in culture (DIC4), noticeable zoning for a
differential differentiating state was evident, as reported previously (Singh et al., 2009a). In
brief, in the core of the neurosphere, the NSCs remained round and small (Fig 1A).
However, in the periphery of the neurosphere, much like the undifferentiated groups, many
NSCs remained round, but a subpopulation of the cells formed angular cytoplasmic
expansions, some with fiber extensions. In the migrated zone (out of neurosphere), more
differentiated cells grew processes, MAP2-immunostained (im), and acquired neuronal
morphology with varicosities (Figure 1A); on the other hand, the OCT4-im was reduced in
the peripheral area. The alcohol-treated NSC neurospheres, on the fourth day, displayed
decreased migration, i.e. migrated cells traveled in smaller scales (Figure 1B, outside the
core ) and fewer NSCs left the neurosphere (Figure 1C). The MAP2-im / OCT4-im cell ratio
was reduced in comparison with that of Controls in the DICA4.

In parallel with analysis of the genome-wide DNA methylation, it was next of interest to
examine the effect of alcohol on the cellular distribution of DNA methylation marks,
including DNA methylation mark 5-methyl cytidine (5-MeC) and DNA methyltransferase
(DNMT). In undifferentiated NSC, 5-MeC immunostaining (im) was moderately intense and
distributed throughout the nucleus. However, in the control-undifferentiated group,
increased 5-MeC-im intensity was seen in the nucleus, but preferentially distributed near the
nuclear membrane into differentiation. A redistribution of 5-MeC-im throughout most of the
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nucleus was observed in alcohol-treated NSC during the differentiation stage (Figure 2A-C).
A redistribution of DNMT1-im was also evident in the three treatment groups. The DNMT1
was distributed similarly to 5-MeC-im--low and throughout the nucleus--but translocated
into cytoplasm in differentiated NSC. Alcohol exposure prevented this redistribution in a
subpopulation of the NSC during differentiation (Figure 2D-E). The significance of these
translocations may be pertinent to euchromatic vs heterochromatic distribution of epigenetic
marks associated genes.

A semi-quantitative measurement of staining indicated that 5-MeC and DNMT1 were
dynamically changed from the undifferentiated control neurosphere to the differentiated
Control and Alcohol groups in core and periphery of neurospheres and in migrated (Figure
2G).

The distribution of multiple DNA methylation profiles changed during differentiation by
presenting an increased diversity with more hypermethylated and hypomethylated genes,
and a modified landscape of gene methylation. During the undifferentiated/renewal state, the
vast majority of genes (93%) were moderately methylated (between 0.4 and -0.4 log mean
methylation, see definition in Method) (Figure 3A). During differentiation, a total of 1143
genes changed the methylation status, and, out of those, alcohol prevented the change of 272
genes (p <0.05). Among the 344 genes that were changed from moderate methylation during
differentiation, 222 became hypermethylated and 122 hypomethylated. When the DRG stem
cells were treated with alcohol during differentiation, 97 genes out of those 344 changes
were prevented or reversed; 78 genes were prevented from hypermethylation, and 19 genes
changed from hypomethylation back to moderate methylation status (Figure 3B).

The genome-wide MVA plot displayed difference of DNA methylation levels between two
groups of all the genes according to their average DNA methylation levels e.g. control-
undifferentiated vs. control-differentiated, control-differentiated vs. alcohol-differentiated.
There was strong diversification of methylation during differentiation (comparing the
undifferentiated with the differentiated). Such differentiation-related diversification was
greatly reduced when treated with alcohol (comparing the undifferentiated with the
differentiated + alcohol) (Figure 4), indicating alcohol prevented the diversification of DNA
methylation

Functional profile of Hyper- and Hypomethylated genes altered by Alcohol—
The 78 genes that were prevented or reversed from hypermethylation by alcohol from
moderate methylation category (Supplement Table 1) are involved in multiple key functions.
The most noticeable group of genes are related to neuronal receptors, including glutamate
transmitter receptors AMPA3 (Gria3) and glutamate receptor interacting protein 1 (Gripl),
cholinergic receptor muscarinic 1 (Chrm1), Adrenergic receptor al (Adrala), and water
channels proteins Agp8 and Agp9. Other genes include neural development (DIx3, Clcfl),
Cell Cycle (Adrala, Tnf, Pik3rl, Sh3bp2), path finding of retinal ganglion cells and
extension of axons (Pou4f2, Pou4f3), synaptic transmission (Chrm1, Gria3, Tnf, Kcnal,
Ptprc), and stem cell (Edg6, Pik3r1, Wnt16). An alcohol metabolism enzyme, alcohol
dehydrogenase 4 (Adh4), was also affected by alcohol. Of the 19 genes in moderate
methylation category prevented from hypomethylation by alcohol, many were noticeably
associated with a group of sensory genes, including the olfactory receptor (Olr214, OIr304,
OIr408, Olr611, Olr1646, Olr1139), and the taste receptor genes (Tas2r123, Tas2r7,
T2r140, T2r18) (Supplement Table 2).

Two-consecutive probe analysis—Since the effect of DNA methylation can be

localized (e.g. within 200bp), probe-wise analyses were performed. We adopted a two-
consecutive probe analysis (in which two adjacent probes detected the same direction of
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DNA methylation changes), in parallel with the average DNA methylation analysis, to
verify regional changes in DNA methylation. Based on the linear mixed model, 1054 (FDR
<30%) two-consecutive probe regions showed a significant difference in DNA methylation
between the control and alcohol-treated NSCs during differentiation. Among those genes,
alcohol decreased methylation of 681 and increased methylation of 373. These regional
changes were also used as the basis for validating regional DNA methylation changes of
specific genes using Sequenom.

Genes validated by Sequenom

A set of genes with promoter DNA methylation changes during differentiation as well as by
alcohol, i.e. genes altered during differentiation and affected by alcohol (changed both in
control differentiated vs. control undifferentiated, and in control differentiated vs. alcohol
differentiated) and related to the nervous system, were validated using Sequenom
MASSarray technology. Overall, based on the two criteria in the Methods, we validated 12
genes out of 26 tested from the MeDIP-microarray results. Their methylation alteration site
is shown in Table 1. Examples of comparison of MeDIP-ChIP and Sequenom is shown in
Figure 5.

DISCUSSION

Mammalian development is associated with considerable changes in global DNA
methylation levels during genomic reprogramming. The current genome-wide methylation
study, showing widespread DNA methylation changes in specific genes of NSCs, supports
our previous observation that DNA methylation is an active component and an intrinsic
program during differentiation of NSCs (Singh et al., 2009a). In particular, we observed
hyper- and hypo-methylation of moderately methylated genes during the reprogramming of
quiescent NSCs into differentiation. There are two major questions addressed in this study:
first, whether altered DNA methylation in the process of neural stem cell differentiation can
be modified by the environmental input, i.e. whether alcohol, which is known to change
methyl donor, can alter the intrinsic DNA methylation program during differentiation.
Second, whether the altered DNA methylation (by alcohol) has a functional consequence on
neural stem cell development. Two categories of alcohol effect are reported here. First,
alcohol prevented programmed diversification of DNA methylation during differentiation,
i.e. it prevented moderately methylated genes from increased or decreased methylation, or
further, becoming significantly hyper- or hypo-methylated. As promoter DNA methylation
represses transcription and recruits other repressive chromatin-modifying activities to the
chromatin (Bird, 2002), the prevention of programmed hyper- and hypo-methylation of a set
number of genes can disrupt chromatin remodeling, and, thus, differentiation
reprogramming of quiescent NSCs might be incomplete. The second effect of alcohol is the
methylation change of the genes that were not supposed to alter in the normal program at
this stage of normal differentiation. The untimely methylation change of these genes also
have an opportunity to affect the gene transcription and deviate differentiation.

A number of genes verified by Sequenom MASSarray are known to closely participate in
the neural stem cell differentiation program (Table 1). The Igf2 (insulin growth factor 2, an
imprinting gene key in development) and Sox 7 (an activator of fibroblast growth factor 3
transcription) are involved in neural stem cell growth and patterning. The Lim2 and Cutl2
(Cux2, Cux2 cut-like homeobox 2), a homeodomain transcription factor, regulates neural
stem cell proliferation and differentiation in the developing cortical ventricular zone and in
the spinal cord (Cubelos et al., 2008, lulianella et al., 2008). Cutl2 loss-of-function mouse
mutants exhibit smaller spinal cords with deficits in neural progenitor development
(lulianella et al., 2008). Smarca2 (Brm; SWI/SNF related, matrix associated, actin
dependent regulator of chromatin) with Brgl are subunits of SWI/SNF complex essential for
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the transition from neural stem/progenitors to postmitotic neurons (Lessard et al., 2007). The
function of DNA methylation may regulate the recruitment of histone modification enzymes
(e.g. histone deactylase or histone methyl transferase) or transcription factor binding. The
sites of altered DNA methylation of these genes notably coincide with important
transcription factors known for neural specification and neuronal development (Table 2).
Multiple binding motifs displayed altered DNA methylation in both Smarca2 and Cutl2. Sp1
has been shown to increase the transcription of Mashl and promote the RA-induced
neuronal differentiation of neural progenitor cells. E2F/p107, another transcription factor
complex when bound to Smarca2, mediates cell cycles and proliferation of neural precursor
cells (Muchardt and Yaniv, 1999;Vanderluit et al., 2004;McClellan et al., 2009). ER-alpha
(Estrogen receptor alpha) is involved in neuronal differentiation when bound to Smarca2
(Merot et al., 2005).

Among the hypermethylated genes prevented by alcohol, Crabpl is involved in retinol
metabolism, and Wnt16 is involved in Wnt pathways. These genes are key to neural
differentiation and neural patterning. Alcohol also affected programmed DNA methylation
of a number of genes related to neural phenotype expression. Interestingly, many are related
to transmitter receptors, sensory receptors, and an ion channel. The glutamate receptor
AMPA (Gria3) and its interacting protein (Gripl), adrenergic receptor alpha l1a (Adrala),
cholinergic receptor muscarinic 1 (Chrm1), and potassium voltage-gated channel (Kcnal)
are major receptors/channels key in neuronal transmission, communication, and signal
transduction. In addition, of the 19 hypomethylated genes during differentiation prevented
by alcohol, it is remarkable that > 50% them are sensory receptor genes specific to olfaction
(Olr214, OIr304, OIr408, Olr611, Olr1646, Olr1139) and taste (Tas2r123, Tas2r7, T2r140,
T2r18). It was remarkably, since the NSCs in this study are sensory in origin and may share
common propensity, , that alcohol targeted the programmed DNA methylation of many
sensory receptors. Our previous study in embryo development also revealed that the DNA
methylation of a large number of (>100) olfactory genes was altered by alcohol exposure in
a similar dose (Liu et al., 2009). These two studies point to a general effect of alcohol on
DNA methylation in sensory reception genes, particularly olfaction. It is interesting that the
findings also indicated that after prenatal alcohol exposure, a major defect was found in
olfactory bulb development (Kirstein et al., 1997, Maier and West, 2001, Abate et al., 2002).
The major alteration of the DNA methylation program may provide a mechanism for such
neurodevelopmental deficit (e.g. sensory deficits) in FASD. Although the consequence of
the methylation on DRG gene expression is yet to be verified, the function of the DNA
methylation change was demonstrated by us and others by treating NSCs with 5-azacytidine
(5-AZA), which inhibits DNA methyl transferase, and the new DNA-methylation at the time
of differentiation (Matsuda, 1990, Singh et al., 2009b). Retardation of migration, process
growth, and key neural phenotype expression were evident. The necessity of methylation
programming during embryonic development was also demonstrated by 5-AZA treatment
and methionine suppression (methyl donor) resulting in growth retardation and neural tube
defect (Dunlevy et al., 2006). Alcohol, known to affect methyl donors, also interferes with
the DNA methylation program at early NSC differentiation. In conclusion, using neural stem
cells for high-throughput analysis of genome-wide methylation, we demonstrated, for the
first time, that alcohol prevented moderately methylated genes from hyper- as well as
hypomethylation and affected migration and differentiation of neural stem cells. These
results indicate that alcohol alters epigenetic programming while affecting stem-cell-ness
and its differentiation. The temporal effect of the alcohol-modified DNA methylation on
gene transcription and its causal effect on dysregulation of stem cell development remains
under investigation.
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METHODS

Neural Stem Cell Culture and Alcohol / AZA Treatments

This study utilized adult DRG-derived neural stem cells (NSCs) that were previously
established in our laboratory (Singh et al., 2009). The line of DRG-NSC, among others, have
been screened for sustained longevity and stability using non-passaged method (Zhou &
Chiang, 1998). The multipotency and stability has been tested in these screened neural stem
cells (Zhou et al., 2000; Singh et al., 2009a), and the epigenetic profile has been
characterized (Singh et al., 2009b). We have raised both adult and embryonic DRG NSCs.
After characterization, we found they are extremely similar in multipotency, renewability,
capability of migration, and phenotype expression (Singh et al., 2009a). The adult DRG-
NSCs were maintained in Dulbecco's Modified Eagle Medium / F-12 Nutrient Mix (D-
MEM/F-12) media containing N2 supplement (12uL/mL, Invitrogen, Carlsbad, CA), and
penicillin-streptomycin (12uL/mL, Sigma, St. Louis, MO) and grown in a humidified
incubator at 37°C and 5% CO,. Media was supplemented with 10ng/mL epidermal growth
factor (EGF, Harlan Bioproducts for Science, Indianapolis, IN) and basic fibroblast growth
factor twice per week (bFGF, PeproTech, Rocky Hill, NJ) for maintenance of NSCs in
neurosphere form. During the medium changes throughout the years, no passaging (trypsin
digestion and cell transferring, except dividing into multiple flask) was performed. All
neurospheres for analyses were screened by size <1mm shape (round neurosphere) for their
robust growth.

The undifferentiated and differentiated neurospheres were defined previously (Singh et al.,
2009). In brief, the undifferentiated neurospheres were obtained from the above culture
medium minus EGF+bFGF for two days. The neurospheres allowed to differentiate were
withdrawn from the EGF+bFGF supplementation and equilibrated for 5-10 minutes in
Neurobasal media (no supplements) before being plated into a 10 mm plastic Petri dish (for
MeDIP analysis) or in 16-well chamber slides (Nunc, Rochester, NY; for
immunocytochemistry), both coated with poly-D-lysine (50ug/mL, Sigma, St. Louis, MO)
and laminin (50pg/mL, Sigma). Neurospheres were allowed to differentiate for 2 (for
MeDIP or morphological analysis) or 4 days (for morphological analysis only) in culture (2
or 4 DIC) with differentiation media consisting of Neurobasal media supplemented with
10% fetal bovine serum, 1.2% B27, and 1.2% penicillin-streptomycin.

The differentiating neurospheres with the paradigm described above were divided into two
groups 18 hrs after initial plating (to allow attachment) — receiving no additions
(Differentiating Control group) or alcohol (ALC, 400mg/dL for 6 hrs; Differentiating ALC
group). A study with 5-aza-cytidine (AZA, DNA-methylation inhibitor, 50ng/mL, Sigma,
St. Louis, MO; Differentiating AZA group) treatment was done previously (Singh et al.,
2009b). At the end of the differentiation period, the undifferentiated and differentiating cells
were () collected at 2 DIC by scraping all the cells from the Petri dish for MeDIP analysis,
or (b) washed with 0.1M PBS at 2 or 4 DIC and fixed with the 4% formaldehyde fixative in
a chamber slide for immunocytochemical analysis of phenotypes.

Immunocytochemistry and Cellular Markers

Double-staining was done to confirm the phenotype and degree of neuronal differentiation.
The pluripotent stem cell marker, OCT4 (goat, 1:400, Santa Cruz Biotechnology), was
stained to assess retention of pluripotency. Neurons were identified by monoclonal antibody
against microtubule associated protein a, b, and ¢ (MAP2, Sigma, 1:500; detecting immature
and mature neurons). DNA methylation was investigated using antibodies against 5-methyI-
cytosine (5-MeC, goat-anti-5-MeC, 1:250, GeneTex, San Antonio, TX). Changes in
expression of the enzyme responsible for DNA methylation, DNA methyltransferase
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(DNMT), were immunostained using polyclonal antibodies against DNMT1 (de novo DNA
methylation; made in goat, 1:200, Santa Cruz Biotechnology, Santa Cruz, CA). Endogenous
peroxide was quenched with 3% H,0O, and 1% Triton X-100 was applied for 30 minutes to
permeabilize the cell membranes. For 5-MeC staining, cells were incubated with 2N HCI.
Non-specific binding was blocked using 4% normal serum from the species used to make
the secondary antibody, plus 0.1% Tx-100 in PBS. Primary antibodies (detailed above) were
incubated overnight at room temperature in the blocking buffer corresponding to the species
of the secondary antibody. For immunofluorescent staining, the NSCs were washed with
PBS and incubated with an Alexa 488 or a 635 fluorophor conjugated secondary antibody
and counterstained with 4', 6-diamidino-2-phenylindole (DAPI- A-T-specific DNA stain at
350nm wavelength, Invitrogen). Staining of undifferentiated NSCs was done in a 1.5mL
Eppendorf centrifuge tube following the procedures above.

Analysis of Immunostaining Intensity

A semi-quantitative measurement of immunostaining for 5-MeC and DNMT was performed
according to the methods described previously (Singh et al., 2009b).

Since the sizes of neurospheres were not all identical, the migration density of cells (i.e.
number of differentiated cells per neurosphere) would be affected by this variable. We thus
did not analyze the epigenetic marks by cell number but rather the neurosphere was divided
into three regions: core, corresponding to the densely packed inner mass of tightly clustered
cells; periphery, a zone stretching out approximately 100um from the edge of the core,
consisting of early differentiating cells that were less densely packed, starting to leave the
neurosphere, changing morphologically from round neuroepithelial cells to tear-drop shaped
neural-like cells, and some at the outer edge of the periphery with extended neurites; and the
migrated zone, consisting of all cells beyond the periphery, which have varying degrees of
differentiation. Furthermore, since all cells in the neurosphere were not differentiated
equally, the intensity of the epigenetic marks and phenotype expression were individually
different, which are hypothesized to correlate with their differentiation status. Thus, it is
reasonable that we analyze the population of cell intensity, particularly along the axis of
their migration path.

For imaging, all pictures were taken using a Leitz microscope interfaced with a Spot RT
color camera. Fluorescent intensity observations were determined independently by
consensus of two analyzers based on the following criteria. To verify the intra-cellular and
intra-nuclear distribution of the epigenetic marks, we have examined the cells under both
fluorescent- and phase-contrast bright-field microscopy, alternatively or simultaneously
(with dimmed bright-field). Positive stained neurospheres were stained with 5-MeC
(Normal, N=12; Alcohol, N=10) or DMINT1 (Normal, N=12; Alcohol N=10), with
fluorescent intensity compared to the dark background. Based on the rank values, Mann-
Whitney U was used for nonparametric statistical analysis (StatView, Cary, NC) of ranked
fluorescent intensity to comparing each neurosphere compartment to the undifferentiated
neurospheres.

Cell Migration Assay

Quantitation of the effect of alcohol and 5-AZA on migration of differentiated NSCs was
conducted in comparison to Controls. Fluorescent or bright-field images taken at 10x
magnification were overlayed with a 1x1-inch grid using Adobe Photoshop software (Adobe
Systems, Boston, MA). The neurosphere was divided into three regions: core, corresponding
to the densely packed inner mass of tightly clustered cells; periphery, a zone stretching out
approximately 100um from the edge of the core, consisting of early differentiating cells that
were less densely packed, starting to leave the neurosphere, changing morphologically from
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round neuroepithelial cells to angular shaped neural-like cells, and some at the outer edge of
the periphery with extended neurites; and the migrated zone, consisting of all cells beyond
the periphery, which have varying degrees of differentiation. The cells in the migrated zone
were counted in 8 control-differentiated and 10 alcohol-treated-differentiated neurospheres.
Positive cells were stained with 4', DAPI or had a clearly distinguishable cytoplasm in
brightfield from their nearest neighbor. Tightly clustered or multi-layered areas were
excluded from analysis. Statistical analyses, T-tests, were done using StatView (SAS, Carey,
NC).

DNA Methylation Immunoprecipitation (MeDIP) Assay

A total of 9 samples (Undifferentiated cells without treatment, differentiated cells without
treatment, and differentiated cells with alcohol treatment, n=3 for each) were used for
MeDIP analysis. Genomic DNA was extracted from the fresh cells immediately after the
culture by using a DNeasy blood and tissue kit (Qiagen, Fremont, CA). Briefly,
approximately 5x106 cells from each sample were centrifuged to a cell pellet, resuspended
in PBS and lysed with Proteinase K. After lysis, DNA was precipitated with 100% ethanol,
washed with buffers and eluted in an elution buffer according to the manufacturer's
instructions. The DNA quality and quantity was assessed using a Nanodrop
spectrophotometer with A260 ratio >1.7 and A230>1.6 considered to be a criteria for quality
control. Approximately, 1.5 ug of genomic DNA in 150ul of the buffer from each sample
was sonicated using a Branson sonifier to obtain fragment sizes between 200-1000 bp
(verified on 2% agarose gel). A 25 ul of sonicated DNA from each sample was kept as Input
DNA and the rest of the 100ul was used for Immunoprecipitation with 5-methylcytosine
antibody using a Methy| capture kit (Epigentek, Brooklyn, NY). The 10ng of input DNA
and immunoprecipitated DNA was amplified using a Sigma WGA2 Genome Plex kit (Saint
Louis, MO) and purified with Qiaquick PCR purification kit (Qiagen, Fremont, CA). All
samples were further subjected to quality control analyses by the Nimblegen core facility
(Reykjavik, Iceland) and then labeled with Cy3 (input DNA) and Cy5 (immunoprecipitated
DNA) dyes. Labeled input and immunoprecipitated samples were both hybridized to the
same RN34 Promoter plus CpG island microarray (described below) as a two-color
experiment and scanned using Nimblescan. The signal intensities for input DNA and
immunoprecipitated DNA were used to calculate the ratio of IP/Input DNA.

Microarray—NimbleGen (080212 RN34 CpG island Pro, Madison, WI) promoter plus
CpG island tiling array has a total density of 385,000 probes that represent 19,530 rat
promoters and CpG islands per slide. In this array platform, each probe contains ~50
oligonucleotides with ~50 bp gaps within the promoter and CpG island regions. These
promoters and CpG islands largely overlap with transcription starting sites of RefSeq genes,
covering, by average, 1.3-kb upstream and 0.5-kb downstream of the transcription starting
site of 21632 transcripts. In order to avoid the biases due to false assigned promoters in
intergenic regions, our analysis mainly focused on these well-annotated promoters.

Biolnformatics Analysis

Both average-level and probe-level analyses were performed. In the average-level analysis,
we focused on the regulatory regions near the transcription start sites (from 1,300-bp
upstream and 500bp downstream of the transcription start sites). This approach avoided
noise caused by distal oligonucleotides residing in the upstream intergenic regions and
provided a more focused analysis of the region where most transcription factors bind, while
allowing our results to be compared with other studies focused on human promoters (Weber
et al., 2007).
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The probe-level analysis was extended to the entire gene-related promoter and CpG island
regions covered by the NimbleGen array, from 1,300 bp upstream to 500 bp downstream of
the transcription start site, which ensured characterization of methylation patterns in distal
regulatory regions without diluting the signals in the core promoter with increased noise
levels. Since sheared DNA fragments ranged from 200-1,000 bp, and each probe covers
approximately 50 bp, our conservative analysis used two consecutive probes on the
NimbleGen CpG island array (covering 150-200 bp). Using a linear mixed model, we
identified DNA regions with increased/decreased methylation levels based on the signal
intensities of two consecutive probes between control and alcohol-treated samples.
Depending on the NimbleGen probe selection, each promoter or CpG Island contained more
than one consecutive probe pair. On average, there were 17 probe pairs for each gene. We
identified genes that contained no less than one DNA region (two consecutive probes) with
increased/decreased methylation levels within 1,300 bp upstream and 500 bp downstream of
transcription start sites.

The effect of CpG methylation is likely to extend beyond the core of promoter regions
(Mikkelsen et al., 2007, Weber et al., 2007), and core promoter regions from 500 bp
upstream and 200 bp downstream of the transcription start site were also analyzed. A
summarized methylation level was calculated for each gene based on the average signal
intensity of all the probes within the gene's regulatory region, from -1,300 bp to +500 bp
(Average level analysis). We considered promoters with DNA methylation levels higher
than 1.3-fold of the genome-wide median methylation level as hypermethylated promoters.
This threshold is similar to that used in the MeDIP-chip analysis of human fibroblast.
Promoters with DNA methylation levels lower than 1.3-fold of the genome-wide median
methylation level were considered hypomethylated (Weber et al., 2007).

Ingenuity Pathway Analysis was used to identify the common function and pathways among
the genes that showed significant change in DNA methylation by alcohol. Ingenuity uses a
curated database to predict the functions, canonical pathways, and networks from the
Ingenuity Knowledge base (IPKB). Fischer's exact test was used to identify the significant
functions and pathways relevant to the genes.

Sequenom Mass ARRAY EpiTYPER Methylation Detection

Selected genes with both average difference and two-consecutive differences were further
validated with Sequenom Mass ARRAY. Epityper DNA methylation analysis is based on
bisulfite conversion of DNA, PCR amplification, followed by in vitro transcription and
analysis of cleaved products by Mass Spectrometry (MALDI-TOF). The primers were
designed using MethPrimer (www.urogene.org/methprimer) for 26 gene promoter regions
with 48 amplicons (103-625bp with median target length of 400bp) covering, on average, 9
CpGs per amplicon. In brief, DNA was isolated as described above for MeDIP analysis from
differentiated DRG cells with or without alcohol treatment (n=1 each). The methylation
detection was carried out in the Sequenom facility in San Diego, CA. Approximately 1 pg of
DNA from each sample was treated with sodium bisulfite using the EZ DNA methylation kit
(ZymoResearch, CA) according to the manufacturer's protocol, and amplification was done
using the primers with the T7 promoter tag on the reverse primer. The in vitro transcription
was done, followed by site-specific cleavage using MassCLEAVE biochemistry.
MassARRAY compact MALDI-TOF mass was used to acquire spectral peaks and converted
into methylation ratios using EpiTYPER software72 (Ehrich et al., 2005). Two statistical
criteria were used to identify genes validated by Sequenom; one with genes showing a
methylation difference of greater than 10% in at least one CpG unit; furthermore, another
criteria was the methylation change in the same direction of all CpG units tested for that
gene amplicon (Liu et al. 2009).
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Figure 1. Alcohol treatment on Differentiation and Migration of neural stem cells

[1A] Brightfield Microscopy shows morphology of DRG neurospheres (NS) under three
treatment groups: undifferentiated, differentiated, and alcohol-differentiated. Cells migrated
out of neurosphere and grew processes as going through differentiation (Arrows). Alcohol
reduced migration and fiber growth. DAPI staining (1B) shows less migration of
differentiating cells in the alcohol-differentiated group (right, 1B and 1C) as compared with
the control-differentiated group by student's t-test (left, IB and 1C) (*=p <0.05). 1D shows
two phenotypes of the NSCs during differentiation. The MAP2-postive (MAP2+, green
fluorescence, indicating neurons) cells some with fibers prevailed in the control
differentiation (1D, left); the extend of MAP+ staining and fiber extension is apparently
reduced when treated with alcohol (1D, right). Contrary to the MAP2+, the OCT4-positive
(OCT4+, red fluorescence, indicating stem cells here) cells reduced through normal
differentiation (1D, left), was held up when treated with alcohol (1D, right). Scale bars: 1A,
100pum; 1B, 100pm; 1D, 50um.
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Figure 2. Immunostaining for 5-Methyl-cytidine (5-MeC) and DNMT1 epigenetic markers in
neural stem cells during differentiation upon alcohol treatment

A-F shows translocation of epigenetic marks during differentiation. The 5-MeC
immunoreactivity distributed throughout the nucleus (A, arrow) in undifferentiated NSCs,
but relocated to the perinucleus (B, arrow) upon differentiation. Following alcohol
treatment, 5-MeC was found not only in the perinucleus (C, arrow) but also regained
nuclear-wide distribution (C, arrowhead). In undifferentiated NSCs, DNMT1 was expressed
in the nucleus and cytoplasm (D, arrow); however, following differentiation, DNMT1
expression became exclusively cytoplasmic around nucleus (E). With alcohol treatment,
DNMT1 was distributed in both the cytoplasm (F, arrowhead), and nucleus (F, arrows)
which is normally seen in undifferentiated NSCs. Scale bars: A-F=10um. A, D: Alexa633
(red fluorescence), and B, C, E, F: Alexa488 (Gree fluorescence). G, shows, through
semiquantitative measurement, that 5-MeC and DNMT1 were dynamically changed from
the undifferentiated control neurosphere (undiff.) to the differentiated Control and Alcohol
groups in core and periphery (Periph.) of neurospheres and in migrated (Migr.) cells
(n=10-12, *=p<0.05). The methods and statistics are described in the Methods.
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Figure 3. Genome-wide Distribution of NSC DNA methylation during differentiation and upon
alcohol treatment

(3A) Scatter-plotting of promoter methylation levels against CpG content in NSC of three
treatment groups demonstrated the pattern of DNA methylation. X-axis denotes the
observed-to-expected CpG ratio, and Y-axis represents the average log2 transformation of
the methylation signal level through all the probes in -1,300 to +500-bp from transcription
start site. The dash lines at y=0.4 and -0.4 are defined as cutoff for hypermethylation (above
upper line) and hypomethylation (below lower line), which represents DNA-methylation
levels greater than 1.3 folds of the genome-wide median methylation level. The genes with
DNA methylation levels between the two lines are defined as moderately methylated. (3B)
shows the numbers of genes with DNA methylation changed during differentiation (Diff).
The numbers in genes with DNA methylation changed during differentiation is indicated in
black in three DNA methylation categories, and the number of genes prevented from change
by alcohol during differentiation is shown in red and bold (p <0.05). For example, there
were 103 hypermethylated genes that become more hypermethylated during differentiation,
out of which 36 genes were prevented by alcohol; 222 moderate-methylated genes became
hypermethylated, of which 78 were prevented (remained a moderate) by alcohol during
differentiation.
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Figure 4. Genome-wide MvA plot compares DNA methylation difference between two groups
The difference of methylation between two groups is plotted on the Y-axis against the
methylation level (X-axis, also indicated by color, see color legend). In (A) Control-
Undifferentiated (Control-Undiff) vs. Control-Differentiated (Control-Diff), a large number
of genes differ in methylation levels (Y-axis), and the degree of DNA methylation change is
wide (X-axis). In contrast, in (B) Control-Undifferentiated (Control-Undiff) vs. Alcohol-
Differentiated (Alc-Diff), the number of genes with methylation difference is reduced (Y-
axis), and the degree of changes on DNA methylation level is smaller (X-axis).
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Figure 5. Confirmation of alcohol-altered DNA methylation during differentiation by Sequenom

analysis

Four genes, Igfl, Smarca2, Tnf, Cutl2 are shown as examples (in each gene, the Sequenom
analysis is shown in upper, and MeDIP-Chip, lower). A blue dot indicates the CpG in
control undifferentiated; a red diamond indicates CpG in Alcohol-treated. The red dashed
lines indicate the significant region of change in methylation by MeDIP-chip.
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Function and Biology of genes with their DNA methylation altered by alcohol during differentiation in adult
rat DRG stem cells validated by Sequenom.

homolog alpha (C. elegans)

Gene Symbol | Description Methylation Function Biology
altered by
Alcohol
Cutl2 (Cux2) cut-like 2 (Drosophila) Down Transcription factor Regulates cell cycle progression
(predicted) in neural progenitor cells during
spinal cord neurogenesis, dorsal
interneuron formation.
1gfl insulin-like growth factor 1 Down Growth factor Mediates neuron like
differentiation of adipose derived
stem cells, progenitor cell
proliferation, inhibits cell death
and promotes recovery of
differentiated neurons.
Tnf tumor necrosis factor (TNF Down Cytokine Mediates downregulation of
superfamily, member 2) GLT1 and neuronal death in
brainstem and cervical motor
neurons, proinflammation in adult
neural stem/progenitor cells
Pou4f3 POU domain, class 4, Down Transcription factor Retinal neuron specification,
transcription factor 3 differentiation and survival,
(predicted) autoregulation of inner ear and
CNS sensory neurons.
Lim2 lens intrinsic membrane protein | Down Receptor Lens development
2
Sox7 SRY-box containing gene 7 Down Transcription factor Activator of FGF-3 transcription
(predicted) in embryonal stem cells
Smarca2 SWI/SNF related, matrix Up Chromatin remodeling complex Essential for differentiation, cell
associated, actin dependent growth control, cell growth
regulator of chromatin, inhibitory activity cyclin D3
subfamily a, member 2 through C/EBP alpha and Brm
complex
Efempl epidermal growth factor- Down Extracellular matrix protein with Tumor growth
containing fibulin-like EGF domain
extracellular matrix protein 1
Hal histidine ammonia lyase Down Cytosolic enzyme Histidine catabolism
Dgcr2 DiGeorge syndrome critical Up Adhesion receptor protein Developmental deficits
region gene 2
Pard6a par-6 (partitioning defective 6,) | Up Asymmetrical cell division and Migration of immature granule

cell polarization

neurons, neuroblast cell polarity

Alcohol Clin Exp Res. Author manuscript; available in PMC 2012 April 1.



Page 20

Ja10woud
$$8] W1V L Ynm sauab Jo Jojearioe feuondiiosuel | 990999 9 N 85 10108y Bulpulq 10D /101084 JeajonN TdO ‘413

'sio)iuaboud |eanau 3npe ul YY1V
pue TSV Ag uononpul THSVIA ‘uolssaidxa |el|b

paonpul dIA'G Ul PaAJOAUI ‘J0JeAIIoe [euondiiosuel] | wODID IDI9L ‘DOVODIDDDD 0T | N'Y | ¥E'€V‘0LLG 1010e) uonduosuesy Ajiwey 473/ds 1ds
uonduosuely 10}dsdas (e4102D)¢ awredy Buipes. usdoz aWOSOWOIYI
493 sassaidns ya1ym Jossaidas [euonduiosues | 0SSSOOS ‘90999909 L'8 N €L 'ss [1030e Butpulg NG 3dusnbas you 99 409

Joyoo|e Aq pasessoap uonelAyew NG Ynm uoifias zjinD o3 Bulpuiq sioioey uondiiosuely pexoipaid 40 1siT

Auanae Buniqiyur ymmouh sey Bojowoy asno 209290 9 d T J030e) uonduosuely uisjoid Jabuly ourz 547

S1180 ZTDd Ul UOITRNUSIALIP [RUOIN3N S810W0ld 999099 9 N 06 eydie Joideoal usbons3 eydre-y3
Lotd

uoisuedxa [[89 Wals [ednaN ‘uolssaiBoid 81942 [18D 2901 % o b Jaquiaw Ajiwre) ewoisejounal/ioloey uonebuoig | sotd +423

's10)iuaboud Jeanau Jjnpe ul YY1V
pue TSV Ag uononpul THSV/IN ‘uoissaidxa [e1]6
paonpul 4G Ul PBAJOAUL ‘I0JeA1RO. [euondLiosuel | 102922 ‘99099V 9| d'N 91 ‘68 10108} uonduosuen Ajiurey 4731/ds 1ds

Joyoaje Aq pasealoul uolejAylsw NG Yim uoibial zeatews o) Buipuiq siojoey uondiiosuesy payoipaid Jo 11T

uonoun4 aouanbag _ y1bua _ sus _ uibag uondiiosaqg 410104

Zhou et al.

[oyoae Aq pasesosp
uoneAyIsW WYNQ Ynm uoifal ZjainD pue joyodje Ag pasealoul uonejAylsw YNNG UM uolbai zeasews o) Buipuiq sio1oe) uondiiosues) paioipaid 4o 11T

¢?olqel

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

Alcohol Clin Exp Res. Author manuscript; available in PMC 2012 April 1.




