
Ethanol deregulates Mecp2/MeCP2 in differentiating neural stem 
cells via interplay between 5-methylcytosine and 5-
hydroxymethylcytosine at the Mecp2 regulatory elements

Vichithra Rasangi Batuwita Liyanagea,b, Robby Mathew Zachariaha,b, James Ronald 
Davieb, and Mojgan Rastegara,b,*

aRegenerative Medicine Program, College of Medicine, Faculty of Health Sciences, University of 
Manitoba, 745 Bannatyne Avenue, Winnipeg, Manitoba R3E 0J9, Canada

bDepartment of Biochemistry and Medical Genetics, College of Medicine, Faculty of Health 
Sciences, University of Manitoba, 745 Bannatyne Avenue, Winnipeg, Manitoba R3E 0J9, Canada

Abstract

Methyl CpG Binding Protein 2 (MeCP2) is an important epigenetic factor in the brain. MeCP2 

expression is affected by different environmental insults including alcohol exposure. 

Accumulating evidence supports the role of aberrant MeCP2 expression in ethanol exposure-

induced neurological symptoms. However, the underlying molecular mechanisms of ethanol-

induced MeCP2 deregulation remain elusive. To study the effect of ethanol on Mecp2/MeCP2 

expression during neurodifferentiation, we established an in vitro model of ethanol exposure, 

using differentiating embryonic brain-derived neural stem cells (NSC). Previously, we 

demonstrated the impact of DNA methylation at the Mecp2 regulatory elements (REs) on Mecp2/

MeCP2 expression in vitro and in vivo. Here, we studied whether altered DNA methylation at 

these REs is associated with the Mecp2/MeCP2 misexpression induced by ethanol. Binge-like and 

continuous ethanol exposure upregulated Mecp2/MeCP2, while ethanol withdrawal downregulated 

its expression. DNA methylation analysis by methylated DNA immunoprecipitation indicated that 

increased 5-hydroxymethylcytosine (5hmC) and decreased 5-methylcytosine (5mC) enrichment at 

specific REs were associated with upregulated Mecp2/MeCP2 following continuous ethanol 

exposure. The reduced Mecp2/MeCP2 expression upon ethanol withdrawal was associated with 

reduced 5hmC and increased 5mC enrichment at these REs. Moreover, ethanol altered global 

DNA methylation (5mC and 5hmC). Under the tested conditions, ethanol had minimal effects on 
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NSC cell fate commitment, but caused changes in neuronal morphology and glial cell size. Taken 

together, our data represent an epigenetic mechanism for ethanol-mediated misexpression of 

Mecp2/MeCP2 in differentiating embryonic brain cells. We also show the potential role of DNA 

methylation and MeCP2 in alcohol-related neurological disorders, specifically Fetal Alcohol 

Spectrum Disorders.
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Introduction

Methyl CpG Binding Protein 2 (MeCP2) is a multifunctional epigenetic factor in the brain, 

which is involved in transcriptional regulation (Zachariah and Rastegar, 2012) and chromatin 

architecture (Stuss et al., 2013; Thambirajah et al., 2012). MECP2/MeCP2 mutations or 

altered expression lead to a range of neurodevelopmental disorders including autism 

spectrum disorders and Rett Syndrome [reviewed in (Ezeonwuka and Rastegar, 2014)]. 

MeCP2 also plays a role in substance abuse disorders such as drug addiction and alcoholism 

(Feng and Nestler, 2010; Repunte-Canonigo et al., 2014). On the other hand, MeCP2 

expression itself is sensitive to exposure to different environmental insults such as 

psychostimulants including cocaine and amphetamine, and alcohol (ethanol) [reviewed in 

(Liyanage and Rastegar, 2014)].

Ethanol is a typical teratogen and prenatal exposure to ethanol leads to a wide range of 

developmental abnormalities known as Fetal Alcohol Spectrum Disorders (FASD) (Jones 

and Smith, 1973). Recent studies also implicate the potential of preconception paternal 

alcohol consumption, which can lead to FASD (Kim et al., 2014; Knezovich and Ramsay, 

2012). Previous studies have shown the importance of both alcohol exposure and withdrawal 

(termination of alcohol consumption) in FASD pathogenesis (Carlson et al., 2012), 

emphasizing the necessity to study the effect of both ethanol exposure and withdrawal on the 

central nervous system development (Pierog et al., 1977; Thomas and Riley, 1998). During 

development, “binge-like” (single time) ethanol exposure as well as continuous ethanol 

exposure are reported to cause severe effects that contribute to FASD pathobiology (Flegel et 

al., 2011).

Implicating the potential involvement of MeCP2 in FASD, a MECP2 mutation (R270X) has 

been found in a FASD patient who showed overlapping phenotypes with both Rett 

Syndrome and FASD during development (Zoll et al., 2004). Additionally, both increased 

and decreased MeCP2 expression patterns have been reported in ethanol-fed rodent brain 

cells in vivo as well as in cultured cells in vitro [reviewed in (Liyanage and Rastegar, 2014)]. 

The discrepancies in these studies regarding the effect of ethanol on MeCP2 expression 

could be attributed to multiple factors such as the model of study (in vivo animal models or 

in vitro cultured cells), stage of embryonic development, specific brain region or cell type 

within a brain region, concentration and duration of ethanol treatment (Bekdash et al., 2013; 

Chen et al., 2013; Gangisetty et al., 2014; Guo et al., 2012; Kim et al., 2013, 2014; Perkins 
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et al., 2013; Subbanna et al., 2014; Tunc-Ozcan et al., 2013). Further supporting the role of 

MeCP2 in alcoholism, a recent study demonstrated the regulatory effect of MeCP2 on 

sensitivity to ethanol and drinking ethanol (Repunte-Canonigo et al., 2014). Despite this 

increasingly evident link between changes in MeCP2 expression (increased or decreased) 

and ethanol exposure, the molecular mechanisms by which ethanol affects MeCP2 

expression are understudied. Therefore, a detailed analysis of the effect of ethanol on 

MeCP2 expression and associated mechanisms is critical, which will be the primary focus of 

this current study.

DNA methylation is one of the most studied epigenetic mechanisms that are crucial in 

controlling gene expression during brain development (Barber and Rastegar, 2010; Delcuve 

et al., 2009; Liyanage and Rastegar, 2014; Olynik and Rastegar, 2012). Two major forms of 

DNA methylation are 5-methylcytosine (5mC) and 5-hydroxymethylcytosine (5hmC). While 

5mC methylation of upstream promoter regions is considered to be a gene repressive mark, 

5hmC has been detected in active gene regions (Liyanage et al., 2012, 2014). MeCP2 has 

been shown to be the major protein which binds to both 5mC and 5hmC in the brain (Mellen 

et al., 2012). MECP2 promoter hypermethylation is associated with MECP2 downregulation 

in the autistic brain (Nagarajan et al., 2006). Increased Mecp2 promoter methylation is also 

associated with reduced Mecp2 expression in postnatal mouse brain in response to maternal 

separation and stress (Franklin et al., 2010). Apart from the regulatory elements (REs) found 

within the promoter, a silencer element within the Mecp2 intron 1 is known to negatively 

regulate Mecp2 expression (Liu and Francke, 2006). Recently, we showed that DNA 

methylation at the REs found within the Mecp2 promoter and intron 1 correlated with the 

dynamic expression of Mecp2 in differentiating neural stem cells (NSC) and in response to a 

DNA demethylating drug Decitabine (also called 5-Aza-2′-deoxycytidine) (Liyanage et al., 

2013). Recently, our studies in adult murine brain regions demonstrated a correlation 

between the expression of Mecp2 and DNA methylation at the Mecp2 REs in vivo (Olson et 

al., 2014). In this current report, we studied whether DNA methylation at these reported 

Mecp2 REs within the promoter and intron 1 contributes in deregulating Mecp2 expression 

induced by ethanol.

Previously, we established a differentiating murine embryonic brain-derived NSC system to 

study the DNA methylation-mediated regulation of Mecp2 (Liyanage et al., 2013). We have 

used this neural stem cell model to study the regulation of genes involved in neural 

development including Mecp2 and Meis1 (Barber et al., 2013; Liyanage et al., 2013; 

Rastegar et al., 2009). We have successfully used the same NSC system to rescue the 

aberrant neuronal morphologies in Mecp2-deficient NSC by MECP2 gene therapy strategies 

(Rastegar et al., 2009). We also demonstrated the expression and regulation of Mecp2/

MeCP2 by DNA methylation in a similar NSC model (Liyanage et al., 2013). In this current 

study, we have modified this previously established NSC system to model binge-like and 

continuous ethanol exposure and ethanol withdrawal. We show that ethanol alters Mecp2/

MeCP2 expression in association with interplay between 5mC and 5hmC enrichment at the 

Mecp2 regulatory elements.
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Materials and methods

Ethics statement

All experiments were performed in agreement with the standards of the Canadian Council 

on Animal Care with the approval of the Office of Research Ethics of University of 

Manitoba.

Neural stem cell isolation, culture and differentiation

Neural stem cells isolated from the forebrains of embryonic day (E) 14.5 CD-1 mice were 

cultured as previously described (Barber et al., 2013; Liyanage et al., 2013; Rastegar et al., 

2009). In brief, dissected forebrain tissues were homogenized in NSC media Dulbecco’s 

Modified Eagle Medium: Nutrient Mixture F-12 1:1 (DMEM/F12; Wisent) containing 4-(2-

hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), glutamine, antibiotic/antimycotic, 

glucose, recombinant human epidermal growth factor (rhEGF; Sigma, 20 ng/ml), basic 

fibroblast growth factor (bFGF; Upstate, 20 ng/ml), heparin (Sigma, 2 μg/ml) and hormone 

mix [DMEM:F12, glucose (0.6%), insulin (0.25 mg/ml), transferrin (1 mg/ml), progesterone 

(0.2 μM), putrescine (0.097 mg/ml), sodium selenite (0.3 μM)] and plated at a density of 105 

cells/cm2 in serum-free full NSC media. Cells were cultured for 7 days to generate 

neurospheres. The dissociated neurosphere cells were plated in growth factor-reduced 

matrigel coated-plates (BD Biosciences) at a density of 105 cells/cm2 in DMEM media 

(GIBCO) containing 10% fetal bovine serum (FBS, Invitrogen) in the absence of rhEGF and 

bFGF. Cells were differentiated for 8 days under these conditions.

Ethanol treatment

Dissociated neurosphere cells were treated at the onset of differentiation at day 0 (D0) with 

ethanol (Commercial Alcohols) at a final concentration of 70 mM. To study binge ethanol 

exposure, ethanol treatment was done only once at D0 for 48 hours (h) and cells were 

collected at day 2 (D2). For continuous ethanol exposure, cells were treated with ethanol 

starting at D0 for 8 days continuously and ethanol with media was refreshed every two days. 

To study the effect of ethanol withdrawal, the culture media was exchanged with fresh 

culture media after 48 h, and cells were kept in culture for an extra 6 days. The media was 

refreshed every other day. Control cells were cultured under similar experimental conditions 

in the absence of ethanol. Cells were harvested at D2 and day 8 (D8).

Quantitative real time polymerase chain reaction (qRT-PCR)

Total RNA was extracted using an RNeasy Mini Kit (Qiagen). RNA was converted to cDNA 

with a reaction set up containing Superscript III Reverse Transcriptase (Invitrogen) using 

previously described methods (Kobrossy et al., 2006; Liyanage et al., 2013; Nolte et al., 

2006; Rastegar et al., 2004). Quantitative RT-PCR was performed using SYBR Green-based 

RT2 qPCR Master Mix (Applied Biosystems) in a Fast 7500 Real-Time PCR machine 

(Applied Biosystems) as previously described (Barber et al., 2013; Liyanage et al., 2013; 

Olson et al., 2014). Transcript levels of Mecp2 and cell type-specific markers were 

examined using primers listed in Table 1. The Ct values (threshold cycle) for all genes were 

normalized with reference to the housekeeping gene glyceraldehyde 3-phosphate 
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dehydrogenase (Gapdh) to obtain ΔCt values for each sample. Relative quantification 

analysis was carried out using Microsoft Excel 2010 by comparing the 2−ΔCt of each sample 

to that of untreated control sample at D2 and D8 as described in our previous studies 

(Liyanage et al., 2013; Olson et al., 2014).

Immunocytochemistry (ICC)

ICC for cultured neural stem cells were carried out as described previously (Liyanage et al., 

2013; Rastegar et al., 2009; Zachariah et al., 2012), using antibodies in Tables 2 and 3. 

Briefly, differentiated cells on coverslips were washed with phosphate buffered saline (PBS, 

GIBCO) and fixed in 4% paraformaldehyde. Cells were permeabilized with 2% NP40 in 

PBS for 10 min, followed by preblocking with 10% normal goat serum (NGS, Jackson 

ImmunoResearch) in PBS for 1 h. Appropriate primary antibodies were added and incubated 

overnight at 4 °C followed by washes with PBS. This was followed by incubation with 

secondary antibodies that were diluted in 10% NGS (1 h at room temperature). Coverslips 

were mounted on glass slides with antifade containing 2 μg/ml DAPI. ICC signals were 

detected by an Axio Observer Z1 inverted microscope. Images were obtained using Zen 

2011 software and assembled using Adobe Photoshop and Adobe Illustrator. For cell 

population determination, approximately 250 DAPI+ cells from D2 and 400–500 DAPI+ 

cells from D8 collectively from 3 biological replicates were counted using ImageJ program, 

as described previously (Liyanage et al., 2013).

Measurement of neurite branching and glial cell surface area

Immunofluorescence signals for glial fibrillary acidic protein (GFAP) and β Tubulin III 

(TUB III) were detected by an Axio Observer Z1 inverted microscope and the images were 

obtained using Zen 2011 (Carl Zeiss). For quantification of the surface area of GFAP+ 

astrocytes, superimposed Z-stacked images taken at 0.32 μm sections were analyzed. The 

surface area of GFAP+ astrocytes was measured using the spline contour tool within Zen 

2011 software, as shown in a previous study (Schade et al., 2013). The signal intensity was 

adjusted to observe all the cellular processes of GFAP+ cells and the outer margin of each 

cell was carefully marked using the spline contour tool, which directly provides the area in 

μm2. At least 20 GFAP+ astrocytes per biological replicate (three biological replicates) of 

control and ethanol-treated cells were measured. For the quantification of number of 

neurites, at least 20 TUB III+ neurons per biological replicate (three biological replicates) 

were imaged and neurites were marked and counted in ImageJ program as described in our 

previous study (Rastegar et al., 2009).

Western blot (WB)

Western blotting was performed as previously described (Barber et al., 2013; Rastegar et al., 

2000; Wu et al., 2001; Zachariah et al., 2012). NE-PER Nuclear and Cytoplasmic Extraction 

Kit (Thermo Scientific) was used to extract nuclear proteins as previously described 

(Liyanage et al., 2013; Olson et al., 2014). Polyacrylamide gel electrophoresis was 

performed with 10–30 μg of nuclear extracts and proteins were transferred to nitrocellulose 

membranes and blocked in 1–2% skim milk in Tris buffered saline with Tween (TBST: TBS

+ 0.1% Tween) for 1 h at room temperature. All primary antibody incubations were done 

overnight at 4 °C. This was followed by three washes with TBST. Subsequently, we 
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incubated the membranes with peroxidase-conjugated secondary antibody at room 

temperature for 1 h. Next, membranes were washed with TBST (three times). An enhanced 

chemiluminescence method was used to develop the membranes. The developing X-ray 

films were blue in color and they were converted into gray color before quantification and 

assembly of the figures. Note that the brightness or contrast of the bands was not adjusted. 

RNA Pol II, HDAC2 (nuclear markers) and α-TUBULIN (mostly used as cytoplasmic 

marker), ACTIN and GAPDH were tested to select the best endogenous loading control. 

ACTIN and GAPDH were chosen to be the most reliable and suitable loading controls (for 

further details see the Results section). Quantification of WB bands was done with Adobe 

Photoshop CS5 software and normalized to ACTIN or GAPDH signals as described 

previously (Liyanage et al., 2013; Olson et al., 2014). MeCP2 expression in ethanol-treated 

samples was compared to the corresponding control untreated cells within the same 

biological replicate. Note that the exposure times were not the same for different 

experiments.

DNA dot blot assay for 5mC and 5hmC

DNA dot blot was performed using a previously described protocol (Liyanage et al., 2013). 

Briefly, genomic DNA was isolated using the DNeasy Blood and Tissue kit (Qiagen) as per 

manufacturer’s instructions. For each sample, 250 ng of DNA in 250 μl final volume was 

heat denatured in 0.4 M sodium hydroxide (NaOH), 10 mM ethylenedi-aminetetraacetic acid 

(EDTA) at 100 °C for 10 min and neutralized with equal volume of ice-cold 2 M ammonium 

acetate (pH 7.0) to obtain 500 μl of final volume. Denatured DNA was loaded onto Zeta-

Probe GT blotting membrane (Bio Rad) set up in a dot blot apparatus (Bio Rad). Wells were 

rinsed with 0.4 M NaOH to keep DNA denatured. The membrane was rinsed with 2× saline–

sodium citrate (SSC), air-dried and UV cross-linked. Then the membrane was blocked with 

3–5% skim milk in PBST (PBS+ 0.1% Tween) for 3 h at room temperature followed by 

incubation in primary antibody [5mC or 5hmC (1:1000) in PBST] at 4 °C overnight. After 

three washes with PBST, the membrane was incubated in secondary antibody for 1 h at room 

temperature. The signals were visualized by enhanced chemiluminescence. Total DNA 

levels were detected by staining the same membrane with 0.02% methylene blue (MB) in 

0.3 M sodium acetate (pH 5.2). Adobe Photoshop was used to quantify dot blot signals.

Bisulfite pyrosequencing

Bisulfite pyrosequencing was performed as a service at the Hospital for Sick Children, 

Toronto, Canada using previously described methods (Liyanage et al., 2013; Olson et al., 

2014). Genomic DNA was isolated as described using the DNeasy Blood and Tissue kit 

(Qiagen) as per manufacturer’s instructions. Three regions in Mecp2 promoter and three 

regions in Mecp2 intron 1 were analyzed, which we have reported to impact Mecp2 
expression in differentiating NSC and adult mouse brain (Liyanage et al., 2013; Olson et al., 

2014). The primers used for pyrosequencing analysis are listed in Table 4. The control D2 

methylation data were extracted from a recent report from our lab (Liyanage et al., 2013).
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Hydroxymethylated DNA immunoprecipitation (hMeDIP) and methylated DNA 
immunoprecipitation (MeDIP)

DNA immunoprecipitation was carried out using hMeDIP and MeDIP kits (Abcam), from 3 

to 4 independent experimental replicates. For hMeDIP with D2 samples, 100 ng per reaction 

was used (due to the limited amount of the D2 samples), while for all D8 samples 500 ng per 

reaction was used. For MeDIP, 1 μg of DNA per reaction was used. The immunoprecipitated 

DNA was analyzed by qPCR using the primers specific for each Mecp2 promoter or intron 1 

region (Table 5). For each hMeDIP and MeDIP reaction, 2–3 qPCR technical replicates from 

4 independent biological replicates were done to confirm the results. In order to confirm the 

specificity of the signals obtained from 5mC and 5hmC antibodies for both hMeDIP and 

MeDIP experiments, non-immunogenic IgG antibody was used. Quantitative PCR with 

Gapdh primers was used as an unmethylated negative control. For hMeDIP, a positive 

control DNA with 44 5hmC-CpG sites provided within the kit was used as a positive control 

for immunoprecipitation and was amplified using control primers provided within the kit. 

For MeDIP, primers specific for Major Satellite Repeats were used as a positive control for 

methylated DNA. The percentage input for the Ct values obtained from each qPCR was 

calculated relative to the Ct value of the input DNA used.

Statistical analysis

All graphs were generated using GraphPad Prism software and represent average of two to 

four independent experiments. Error bars indicate standard error of mean (SEM). Student’s 

t-test was used to determine statistical significance in gene expression. Two-way ANOVA 

was performed to determine statistical significance in percentage methylation (bisulfite 

pyrosequencing) and percentage input (hMeDIP and MeDIP) between control and ethanol-

treated samples. Statistical significance was calculated using p < 0.05*, p < 0.01**, p < 

0.001***, and p < 0.0001****.

Results

A differentiating neural stem cell model was used to study the effect of ethanol on Mecp2/
MeCP2 expression

To assess the impact of ethanol exposure on Mecp2/MeCP2 transcript and protein 

expression, we used a previously characterized embryonic NSC differentiation system 

(Barber et al., 2013; Liyanage et al., 2013; Rastegar et al., 2009). Brain-derived neural stem 

cells were isolated from dissected forebrains of E14.5 mouse embryos and were cultured for 

7 days in the presence of growth factors to generate neurospheres. Primary neurospheres 

were then dissociated and single cells were differentiated for 8 days, as we have shown to be 

sufficient for generating neurons, astrocytes and oligodendrocytes (Fig. 1A) (Barber et al., 

2013; Liyanage et al., 2013; Rastegar et al., 2009).

We first determined the cellular composition of D2 and D8 differentiating cell populations 

by immunocytochemistry. All the images were captured in comparison to the exposure 

levels set using the primary omission negative control (Fig. S1A). Representative images for 

each cell type-specific marker at D2 and D8 are shown in Fig. 1B and the quantifications for 

each cell type marker are shown in Fig. 1C. We first studied Ki67 staining in D2, which 
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marks proliferating cells. We observed two different patterns of Ki67, one that is localized to 

the nucleoli and another pattern with a diffused localization within the nucleus (extra-

nucleolar) (Fig. S1B). Literature shows that both staining patterns are seen in proliferating 

cells and the localization of Ki67 depends on the stage in cell cycle (Gerdes et al., 1984; 

MacCallum and Hall, 2000). Therefore, all cells with either diffused, or nucleolar staining 

patterns were quantified, which resulted in 98.38 ± 1.15 Ki67+ cells (Figs. 1B:a; C). The D2 

population was majorly composed of neural progenitor cells positive for NESTIN (96.96% 

± 0.41) (Figs. 1B:b; C). D2 was also highly enriched for OLIG2 (88.91% ± 1.31) (Figs. 

1B:c; C), which is a marker for glial/oligodendrocyte progenitor cells (Cai et al., 2007; 

Yokoo et al., 2004). As differentiated cells at D2, we observed 4.07 ± 0.48 TUB III+ neurons 

and 32.89% ± 3.36 GFAP+ astrocytes (Figs. 1B:d–e; C). The quantification of TUB III+ 

neurons could presumably be an underestimate due to the very short nature of their neurites. 

Despite multiple efforts, we did not detect any MBP+ oligodendrocytes at D2. However, 

these cells were highly enriched for the oligodendrocyte/glial progenitor marker OLIG2 

(88.92 ± 1.32). Within the OLIG2+ progenitor population, two types of staining patterns 

were observed, one which is highly enriched at the nucleus and the second being nucleo-

cytoplasmic (Fig. S1C). In the literature, it has been shown that translocation of OLIG2 from 

cytoplasm to nucleus is required for astrocyte differentiation (Setoguchi and Kondo, 2004). 

Therefore, it is possible that the OLIG2+ cells in the D2 population are still in the process of 

committing towards oligodendrocyte/glial lineage.

In D8 population, we found 99.29 ± 0.20 Ki67+ proliferating cells (Figs. 1B:a′; C). At D8 

differentiating cells, 54.38% ± 2.26 of cells showed NESTIN expression, indicating that they 

still carry their neural progenitor lineage signature (Figs. 1B:b′; C). As differentiated cell 

types at D8, we observed 7.04 ± 2.28 TUB III+ neurons, 59.94 ± 2.08 GFAP+ astrocytes, and 

4.72% ± 0.44 MBP+ oligodendrocytes (Figs. 1B: d′–f′; C). This population still had 30.35% 

± 3.19 OLIG2+ glial/oligodendrocyte progenitors (Figs. 1B:c′; C). In our previous study, we 

have shown the detection of MeCP2 in all these cell types (Liyanage et al., 2013).

Collectively, the number of differentiated cell types (TUB III+, GFAP+, and MBP+) 

increased from D2 to D8, as expected. The number of OLIG2+ glial/oligodendrocyte 

progenitor cells and neural progenitor cells (NESTIN+) decreased from D2 to D8. These 

observations confirmed that cells have undergone differentiation from D2 to D8. The 

number of proliferating cells (Ki67+) more or less remained the same suggesting that D8 

cells still are not terminally differentiated (Fig. 1C).

Next, we determined the expression levels of MeCP2 at different stages of NSC 

differentiation (D0, D2 and D8) by western blot. MeCP2 is a known nuclear protein and yet 

some studies have reported cytoplasmic expression of MeCP2 (Miyake and Nagai, 2007). 

Therefore, we first confirmed the expression pattern of MeCP2 in the nuclear and 

cytoplasmic fractions of D8 differentiated cells, which showed the detection of MeCP2 

exclusively in nuclear fractions (Fig. S2A). In order to determine the most suitable 

endogenous control for our nuclear and cytoplasmic fractions, we screened known nuclear 

markers RNA Pol II and HDAC2, and α-Tubulin as a known cytoplasmic marker. 

Additionally, we used GAPDH and ACTIN loading controls, which were detected in both 

nuclear and cytoplasmic fractions (Fig. S2A). As expected RNA Pol II was detected only in 
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nuclear fraction, while HDAC2 was highly enriched in the nuclear fraction. α-Tubulin was 

enriched in cytoplasmic fraction. Yet, it is known that α-Tubulin could also be detected in 

nuclear fraction (Goo et al., 2003; Hayashi et al., 2014). As expected, ACTIN and GAPDH 

were detected in both fractions (Fig. S2A). This is also in agreement with a previous report 

from our lab to detect GAPDH in both nuclear and cytoplasmic fractions of murine brain 

samples (Olson et al., 2014). Re-probe of a membrane with lower levels of MeCP2 in 

ethanol-withdrawal samples (see next section), indicated a slight induction of RNA Pol II 

protein levels (Fig. S2B), which suggested that perhaps RNA Pol II is not the best 

endogenous control to be used for quantification. Therefore, ACTIN and GAPDH were used 

as loading controls for the rest of the experiments and either ACTIN or GAPDH was used 

for western blot quantification.

Western blot experiments at D0, D2 and D8 (during differentiation) showed that MeCP2 

protein levels are detected at all three stages (Fig. 1D; Fig. S3), which was in agreement with 

our previous study (Liyanage et al., 2013). MeCP2 expression remained relatively the same 

from D0 to D2, but increased rapidly by D8 in three biological replicates. A representative 

blot for MeCP2 expression during NSC differentiation is shown in Fig. 1D. MeCP2 was not 

detected in the cytoplasmic fractions at any tested differentiation stages (Fig. 1D).

Ethanol exposure and withdrawal show opposing effects on Mecp2/MeCP2 expression in 
differentiating neural stem cells

At the onset of differentiation (D0), cells were treated with 70 mM ethanol (Fig. 2A). The 

selected concentration of ethanol was chosen based on previous studies reporting: a) the 

blood alcohol levels detected in alcoholics (30–100 mM) (Adachi et al., 1991), b) the effects 

of ethanol on isolated NSC from human fetal brain (20–100 mM) (Vangipuram and Lyman, 

2012), and c) conditions which show minimal effects on cell proliferation and survival of 

cultured NSC (22–69 mM) (Hicks et al., 2010). Control experiments were carried out 

without ethanol treatment. As established in previous similar studies (Pappalardo-Carter et 

al., 2013; Vangipuram and Lyman, 2012; Zhou et al., 2011a), cells were treated once with 

ethanol for 48 h to study the effect of single time or binge-like alcohol exposure. To study 

the effects of continuous/chronic ethanol exposure, differentiating cells were treated with 

ethanol for 8 days (until D8). To study the effects of ethanol withdrawal, ethanol was 

removed from the cultures at D2 and the cells were kept in culture for extra 6 days until D8. 

Gene expression and DNA methylation analysis were performed after ethanol exposure at 

D2 and D8 and after ethanol withdrawal at D8 (6 days after ethanol removal) (Fig. 2A). 

Under each condition, Mecp2/MeCP2 expression levels in ethanol exposure or ethanol-

withdrawal conditions were compared to the control untreated cells in each biological 

replicate.

Next, we investigated Mecp2 transcript and MeCP2 protein expression in response to 

ethanol treatments by qRT-PCR and WB. Following ethanol exposure at D2, we observed a 

slight, but significant induction of Mecp2 transcript levels (1.55-fold, p < 0.001) (Fig. 2B:a), 

which was translated into a significant induction of MeCP2 at the protein levels by 8-fold (p 

< 0.001) (Fig. 2B:b). Similarly, continuous ethanol exposure upregulated Mecp2 transcripts 

(1.46-fold, p < 0.05), and MeCP2 protein levels (5.7-fold, p = 0.08) (Fig. 2C). In contrast, 
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ethanol withdrawal was associated with significantly reduced Mecp2 transcript (1.38-fold, p 

< 0.01) and MeCP2 protein expression (1.48-fold, p < 0.05) (Fig. 2D). Two biological 

replicates of western blots for each condition are shown in Fig. S4. Comparison of the 

Mecp2 transcript and MeCP2 protein levels indicated that even minor changes in Mecp2 
transcript levels can be translated into significant changes in MeCP2 protein. Previous 

reports on MeCP2 expression have shown that both mild over expression (~2-fold) or 

slightly reduced MeCP2 levels may lead to severe neurological phenotypes (Bodda et al., 

2013; Collins et al., 2004). Therefore, the detected alterations in MeCP2 protein levels (5.7-

fold and 8-fold induction; and 1.48-fold inhibition) can be biologically important.

Changes to Mecp2/MeCP2 expression in response to ethanol exposure and withdrawal are 
associated with altered DNA methylation at the Mecp2 regulatory elements

It has been reported that altered gene expression in human alcoholics and alcohol-fed mice is 

associated with aberrant promoter DNA methylation (Barker et al., 2013; Bleich et al., 

2006). In our recent studies, altered Mecp2 expression by a DNA demethylating agent 

Decitabine was correlated with DNA methylation at the Mecp2 regulatory elements within 

its promoter and intron 1, in a similar differentiating NSC system. Moreover, Mecp2 
expression in adult murine brain regions in vivo was significantly correlated with DNA 

methylation at the same Mecp2 REs (Liyanage et al., 2013; Olson et al., 2014). This 

prompted us to investigate the DNA methylation status of the Mecp2 REs upon ethanol 

exposure and withdrawal. To study whether the same REs are involved in the ethanol-

mediated changes in Mecp2 expression, we analyzed DNA methylation patterns of the 

previously reported three regions within the Mecp2 promoter (R1–R3) and three regions 

within intron 1 (R4–R6) (Fig. 3A) (Liyanage et al., 2013; Olson et al., 2014).

First, we performed bisulfite pyrosequencing to analyze DNA methylation at the individual 

CpG sites within these regions. After binge ethanol exposure at D2, DNA methylation levels 

at the individual CpG sites within the Mecp2 promoter regions R1–R3 and intronic regions 

R4 and R5 were not significantly altered from the controls (Fig. 3B:a–e). However, R6: 

CpG-2 was slightly hypermethylated by 2.7% (p < 0.05) (Fig. 3B:f). Further analysis of 

average percentage methylation over entire regions R1, R2, R3 and R6 (which contain 

multiple CpG sites) did not show any significant changes in the average DNA methylation 

by single ethanol exposure (Fig. 3B:g–j). A similar analysis after continuous ethanol 

exposure showed significant hypomethylation at both CpG sites within the intron 1 R6 

(CpG1: 2.3%, p = 0.06; CpG2: 7.5%, p < 0.05) (Fig. 3C:f). Average methylation over the 

entire R6 also showed significant demethylation of the R6 (5%, p < 0.05) by continuous 

ethanol exposure (Fig. 3C:j). However, no changes in DNA methylation at individual CpG 

sites or average methylation over the entire regions were observed in R1–R5 (Fig. 3C). 

Comparison of DNA methylation patterns in between D8 control and ethanol withdrawal 

conditions showed significant hypermethylation of the R6 CpG2 (4.5%, p < 0.05) (Fig. 

3D:f) and no change in average DNA methylation of regions 1–6 (Fig. 3D:g–j).

Previous studies have shown that 2–2.5% increase in average MECP2/Mecp2 DNA 

promoter methylation is correlated with significantly reduced levels of MeCP2 in autistic 

patients and stressed mouse brain (Franklin et al., 2010; Nagarajan et al., 2006). Our recent 
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studies also showed that minor changes in percentage DNA methylation (2–5%) mediated 

by Decitabine exposure correlated with significant changes in Mecp2 expression (Liyanage 

et al., 2013). This indicates that even minor changes in the DNA methylation at the MECP2/

Mecp2 REs might be associated with its altered expression. Therefore, it is likely that the 

detected changes in DNA methylation at the Mecp2 REs are responsible for altered Mecp2/

MeCP2 expression in differentiating NSC. However, bisulfite pyrosequencing does not 

differentiate between 5mC and 5hmC methyl marks (Huang et al., 2010) and might be 

reflecting cumulative changes in 5mC and 5hmC. Thus, further analysis of 5mC and 5hmC 

at these regions is required.

Ethanol causes interplay between 5mC and 5hmC enrichment at the Mecp2 regulatory 
elements

In order to differentiate between changes in 5mC and 5hmC at the Mecp2 REs; we 

performed hMeDIP for 5hmC and MeDIP for 5mC. Single ethanol exposure at D2 caused 

significant induction of 5hmC enrichment at the Mecp2 promoter R2 (~3-fold, p < 0.05) 

(Fig. 4A:b). The increased 5hmC levels at R2 were associated with upregulation of Mecp2 
transcript expression, suggesting that the increased 5hmC may contribute to Mecp2 
upregulation.

Since continuous ethanol exposure and ethanol withdrawal had opposing effects on Mecp2 
expression, we analyzed both 5mC and 5hmC enrichment at the Mecp2 REs. In the case of 

continuous ethanol exposure (associated with increased Mecp2 expression), significant 

5hmC enrichment was observed at R1 (~3.2-fold, p < 0.01), R3 (~65-fold, p < 0.0001) and 

R5 (~69-fold, p < 0.0001) (Fig. 4B). In contrast, reduced 5mC enrichment was observed at 

R3 (~77-fold, p < 0.05) and R6 (~36.2-fold, p < 0.001) upon continuous ethanol exposure 

(Fig. 5A). These results suggest that the induced Mecp2 expression by continuous ethanol 

exposure might be the result of increased 5hmC enrichment and reduced 5mC enrichment at 

specific Mecp2 REs. Similar analysis after ethanol withdrawal (which caused 

downregulation of Mecp2 expression) revealed reduced 5hmC enrichment and increased 

5mC at specific Mecp2 REs. The 5hmC enrichment at the promoter R1 (~24-fold, p = 0.08) 

and R2 (~6-fold, p < 0.01) was reduced by ethanol withdrawal (Fig. 4C). In contrast, the 

5mC enrichment at the intron 1 R6 was significantly induced by ~5.7-fold (p < 0.01) (Fig. 

5B). These results suggested that downregulation of Mecp2 expression by ethanol 

withdrawal might be the result of reduced 5hmC and increased 5mC enrichment at specific 

Mecp2 REs.

In all MeDIP and hMeDIP experiments, the specificity of the detected signals was 

confirmed by using a non-immunogenic IgG antibody, which showed negligible pull down 

(Figs. 4 and 5). For hMeDIP, we also used an internal control Gapdh as unmethylated 

negative control and a control DNA template (44 5hmC-CpGs) as a positive control, which 

was provided within the kit (Fig. S5A). For MeDIP, the specificity of the detected signals 

was confirmed by using Gapdh and Major Satellite Repeats as negative and positive 

controls, respectively (Fig. S5B).

Collectively, the changes we observed in Mecp2/MeCP2 expression after ethanol exposure 

and withdrawal are associated with dynamic changes in 5mC and 5hmC levels at specific 
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regulatory elements. Overall, these changes in the 5hmc levels were independent of 5mC 

and vice versa, except for the R3 under continuous ethanol exposure conditions.

Ethanol changes global DNA methylation of differentiating neural stem cells

At the level of Mecp2 gene we observed dynamic changes in 5hmC and 5mC levels upon 

ethanol exposure and withdrawal. These observations prompted us to further investigate 

whether ethanol also causes globally changed levels of DNA methylation, as a control 

experiment for MeDIP and hMeDIP.

Quantitative DNA methylation analysis by DNA dot blot assay showed that binge ethanol 

exposure at D2 did not cause any significant alteration in the 5mC and 5hmC levels (Fig. 

6A). However, continuous ethanol exposure resulted in significant induction of 5mC levels 

(1.7-fold, p < 0.05) without significant effect on the 5hmC levels (Fig. 6B). In contrast, 

ethanol withdrawal significantly reduced 5hmC levels by 4-fold (p < 0.01), with non-

significant effects on 5mC levels (Fig. 6C). These findings indicate that the effect of ethanol 

on global 5mC and 5hmC levels is dependent on the method of ethanol treatment (exposure 

or withdrawal) and the stage of neural stem cell differentiation. Moreover, the global 

changes in 5mC and 5hmC levels appear to be independent of each other.

Ethanol treatments have minimal effects on neural stem cell fate commitments but cause 
alterations in neuronal morphology and glial size

Next, we examined whether the observed changes in Mecp2/MeCP2 expression or the DNA 

methylation in response to ethanol treatments were associated with any changes in the cell 

population during NSC differentiation.

In order to determine the composition of both control and ethanol-treated populations, we 

studied the expression of cell type-specific markers that we analyzed in Fig. 1 at the 

transcript level by qRT-PCR and the number of cells positive for these markers by ICC. 

Binge ethanol exposure at D2 caused significant induction of Mbp, while changes of the rest 

of the cell type markers were not statistically significant (Fig. S6A:a). Continuous ethanol 

exposure at D8 resulted in significant induction of Nestin, Tub III and Mbp. Expression of 

other cell type-specific marker genes was relatively unaffected by continuous ethanol 

exposure (Fig. S6B:a). Ethanol withdrawal did not result in significantly altered expression 

of any of the tested cell type-specific markers (Fig. S6C:a).

Next, in order to determine whether the number of cells expressing these markers was 

changed by ethanol treatments, immunocytochemical experiments were carried out with the 

antibodies specific for these markers. Binge ethanol exposure did not significantly change 

the number of cells positive for TUB III, GFAP, OLIG2, Ki67 and NESTIN. This 

observation suggested that binge ethanol exposure had minimal effects on cell population at 

D2 (Fig. S6A:b). Since Mbp expression was upregulated at the transcript level and that was 

not represented in the number of MBP+ oligodendrocytes determined by ICC, we studied 

whether the presence of different isoforms of Mbp/MBP has affected our conclusion. 

Comparison of the mRNA sequence amplified by Mbp-specific primers (Fig. S7A) and the 

amino acid sequence used to generate the antibody for MBP (Fig. S7B) showed that the 

qRT-PCR primers and MBP antibody recognize similar sequences within all four isoforms 

Liyanage et al. Page 12

Exp Neurol. Author manuscript; available in PMC 2018 February 05.

C
IH

R
 A

uthor M
anuscript

C
IH

R
 A

uthor M
anuscript

C
IH

R
 A

uthor M
anuscript



(1, 2, 3 and 5) (Fig. S7). Similar discordance between transcript and protein expression has 

also been reported for other genes (Velez-Bermudez and Schmidt, 2014).

Similar to binge ethanol exposure, continuous ethanol exposure and ethanol withdrawal did 

not cause any significant change in the number of cells expressing each tested marker (Figs. 

S6B:b; C:b). In continuous ethanol-treated population, there was a slight but statistically 

non-significant increase in the number of MBP+ cells, in accordance with the detected 

increase in Mbp transcript levels. This detected difference at the transcript levels and the 

number of cell counts, could once again be due to the discordance between transcript and 

protein expression or changes in transcript expression within individual cells.

Taken together, these results confirmed that the balance between the numbers of 

differentiated cell types was not significantly affected under the tested conditions. Thus, the 

70 mM ethanol treatments and withdrawal of ethanol had minimal impact on NSC cell fate 

commitment. Therefore, the observed changes in Mecp2/MeCP2 expression and global 

DNA methylation are not likely to be due to changes in cell fate commitment.

In ethanol-exposed neurons and glia, apart from the altered gene expression, alterations in 

the neuronal and glial morphology had been reported. Moreover, aberrant neurite outgrowth 

(both increased and decreased neurite outgrowth) and glial cell growth (mostly reduced glial 

cell growth) are associated with compromised central nervous system function and abnormal 

brain size (microcephaly) in FASD (Riley and McGee, 2005; Samson and Grant, 1984). In 

agreement with these previous reports, we observed changes in neuronal morphology and 

glial size. As a measurement of glial size, we analyzed the surface area of GFAP+ cells, as 

other research groups have done to represent the size of glia (Kulijewicz-Nawrot et al., 2012; 

Rodriguez et al., 2013). Immunofluorescent labeling of binge ethanol-treated astrocytes at 

D2 showed reduced cellular size (~2.1-fold, p < 0.0001) relative to the control untreated D2 

cells (Fig. 7A). Unlike binge ethanol exposure, in the case of continuous ethanol exposure, 

approximately 1.5-fold (p < 0.001) increase in glial size was observed relative to the 

untreated D8 control cells. No visible changes in glial size were observed between D8 

control and ethanol withdrawal. We detected a 1.59-fold (p < 0.0001) increase in the glial 

cell size in continuous ethanol exposure as compared to the ethanol withdrawal (Fig. 7C). 

These results suggest that glial size is affected by ethanol exposure but not by ethanol 

withdrawal. Also, in the case of ethanol exposure, the binge ethanol and continuous ethanol 

have opposing effects on the glial cell size.

Interestingly, both ethanol exposure and ethanol withdrawal promoted neuronal neurite 

outgrowth and branching. Compared to the control D2 neurons, the binge ethanol exposed 

neurons had induced neurite outgrowth. However, quantification of D2 neuronal branching 

was difficult due to the very short neurites observed in TUB III+ neurons (Fig. 7B). 

Representative images of D2 neurons are shown in both Fig. 2B and Fig. 7B. Distinct 

changes in neuronal morphology were detected in continuous ethanol exposed and ethanol 

withdrawal neurons as compared to D8 control neurons. Quantification of neuronal 

morphology in D8 control, continuous ethanol exposure and ethanol withdrawal conditions 

showed that there is increased number of secondary, tertiary and quaternary neurites in both 

continuous ethanol-exposed neurons and ethanol-withdrawal neurons (Fig. 7D). Comparison 
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of neurite branching between continuous ethanol exposure and ethanol withdrawal indicated 

significant increase in tertiary neurites in ethanol withdrawal neurons. These observations 

suggest that exposure to ethanol at the beginning of neural differentiation as well as its 

subsequent withdrawal may recapitulate key features of ethanol-mediated neuroglial 

morphological changes and also FASD.

Discussion

Among the epigenetic factors affected by alcohol, MeCP2 has become an emerging target 

(Chen et al., 2013; Kim et al., 2013; Repunte-Canonigo et al., 2014), mostly due to its solid 

link with neurodevelopmental disorders (Zachariah and Rastegar, 2012). These previous 

studies on the detrimental effects of ethanol on MeCP2 also suggest that MeCP2 expression 

is dependent on the dose and the duration of ethanol exposure. In this study, we demonstrate 

how Mecp2/MeCP2 expression is affected following a short time single exposure (binge), 

continuous exposure to ethanol as well as withdrawal of ethanol during neuronal 

differentiation. We observed that ethanol exposure altered Mecp2/MeCP2 expression in 

association with altered DNA methylation at the Mecp2 REs. Our results show the 

contribution of DNA methylation at the promoter and the intron 1 silencer element in 

deregulating Mecp2/MeCP2 expression upon ethanol exposure. The potential contribution 

from other mechanisms beyond DNA methylation such as histone acetylation or miRNA 

activities in deregulation of Mecp2/MeCP2 should not be excluded. In support of this 

concept, a study showed the association of changes in miRNAs (miR-152, miR-199a-3p, and 

miR-685) and downregulation of Mecp2 expression followed by both ethanol (75 mM) 

exposure and withdrawal in E15 primary cortical neurons (Guo et al., 2012).

In our study, in almost all conditions (except for R3 in continuous ethanol exposure), 5hmC 

levels were changed without affecting the 5mC levels or vice versa. There are several 

explanations for such changes in DNA methylation patterns in our model. First, the DNA 

methylation patterns of continuous ethanol exposure and ethanol withdrawal were analyzed 

6 days after binge ethanol exposure. During these 6 days, the neural stem cells were 

differentiating and proliferating with or without ethanol. In order to understand how the two 

methyl marks are changed gradually, DNA methylation patterns should be analyzed at 

shorter time points, perhaps every 12–24 h. Secondly, the changes in 5hmC could also occur 

through either active or passive DNA demethylation (Song et al., 2012). It is unknown which 

pathways occur in our differentiating NSC model. In congruence with our observations on 

dynamics of 5mC and 5hmC, other studies suggest the possibility of 5hmC changes 

occurring independent of 5mC changes (Haffner et al., 2011; James et al., 2014). Even 

though, our study reports only 5hmC levels, there are other oxidative derivatives of 5mC, 

namely 5fC and 5CaC which could also contribute to the observed dynamics of 5mC and 

5hmC [for review refer to (Liyanage et al., 2014)]. Further analysis is required to study 

whether altered DNA methylation (5mC and 5hmC) patterns at both Mecp2 gene-specific 

regions and global levels are taking place gradually from binge ethanol exposure to 

continuous ethanol exposure or ethanol withdrawal.

In our study, bisulfite pyrosequencing of the studied regions did not reveal any considerable 

change in DNA methylation between control and ethanol-treated cells (except for intron 1-
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R6). However, analysis of 5mC and 5hmC enrichment at each region demonstrated 

significant changes in DNA methylation at these regions, representing a mechanism of DNA 

methylation-mediated regulation of Mecp2. These results also suggest the importance of 

investigating the enrichment of 5mC and 5hmC at the gene regulatory elements. This is 

especially important when no changes of DNA methylation are obtained through bisulfite 

pyrosequencing, which could be misleading to conclude that DNA methylation might not be 

involved in regulating certain genes.

Ethanol is known to alter global DNA methylation during neural development and this has 

been suggested as a potential mechanism for FASD pathogenesis (Chen et al., 2013; Zhou et 

al., 2011b). One single administration of ethanol at the onset of NSC differentiation did not 

alter the global 5mC and 5hmC levels. Continuous ethanol exposure induced 5mC levels 

whereas the withdrawal of ethanol reduced 5hmC levels. Therefore, it is possible that the 

effects of ethanol on global 5mC and 5hmC methylation is dependent on multiple factors 

such as the mode of ethanol treatment (binge ethanol, continuous ethanol exposure or 

ethanol withdrawal), duration of the treatment, stage of neural differentiation and the type of 

DNA methylation (5mC or 5hmC). Since DNA methylation is a major player in maintaining 

chromatin architecture and regulating gene expression (Liyanage et al., 2012), altered 5mC 

and 5hmC levels in turn may alter chromatin structure and gene expression genome-wide. 

Our findings on ethanol-mediated altered global methylation patterns during NSC 

differentiation are supported by a recent study showing alteration of the progression of 

5hmC marks by ethanol during neural development (Chen et al., 2013).

Neurological conditions caused by prenatal exposure to alcohol can also be considered as 

consequences of ethanol withdrawal because during pregnancy, the fetus is exposed to 

alcohol and could be withdrawn from alcohol in utero, or after birth. Therefore, our 

observations on ethanol withdrawal downregulating Mecp2/MeCP2 expression is in 

agreement with several other reports where prenatal ethanol exposure as well as 

preconception ethanol exposure (and subsequent withdrawal) led to decreased level of 

MeCP2 in a brain region-specific manner (Chen et al., 2013; Kim et al., 2013, 2014; Perkins 

et al., 2013). Comparing our data with previous reports that were earlier mentioned in the 

introduction (Bekdash et al., 2013; Chen et al., 2013; Gangisetty et al., 2014; Guo et al., 

2012; Kim et al., 2013, 2014; Perkins et al., 2013; Subbanna et al., 2014; Tunc-Ozcan et al., 

2013), it is possible that the effect of ethanol on Mecp2/MeCP2 expression is influenced by 

multiple factors. This could include the type of ethanol treatment (binge exposure, 

continuous exposure and withdrawal), amount or concentration of ethanol, type of rodent 

model used in the study (mouse or rats), developmental stage (different embryonic time 

points or adult), brain regions and cell types within a certain brain region (specific neuronal 

subtype). For instance, in all previous reports the brain regions studied were either the 

cortex, striatum or hippocampus whereas our studies were performed using NSC isolated 

from embryonic forebrain which could also contribute to the differences observed in 

between the previous studies and our data. Moreover, in primary cortical neurons exposure 

to ethanol and ethanol-withdrawal with similar concentration (75 mM as compared to 70 

mM in our study) resulted in downregulation of Mecp2/MeCP2 expression (Guo et al., 

2012). In contrast, our study demonstrates that both binge and continuous ethanol exposure 

upregulate Mecp2/MeCP2 expression, while withdrawal of ethanol downregulates its 
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expression. Ethanol exposure is considered as an environmental insult that may impact cell 

types or individuals differently. Additional factors to be considered may include maternal/

paternal care, environmental conditions (light/dark, diet) of the rodent in terms of in vivo 
studies, and in vitro culture conditions.

As a key epigenetic factor for brain development and function, both deficiency and 

overexpression of MeCP2 lead to severe neurological disorders including autism (Liyanage 

and Rastegar, 2014). FASD patients also show autistic symptoms (Bishop et al., 2007; 

Stevens et al., 2013). Hence, our study provides insights on the possible involvement of 

MeCP2 in associated neurological symptoms in alcoholics and FASD patients. Studying the 

biological consequences of aberrant MeCP2 expression would be important for further 

understanding of MeCP2 involvement in ethanol-induced neurological symptoms. For 

instance, target genes of MeCP2 such as NMDA receptor subunits (Maliszewska-Cyna et al., 

2010) are shown to be aberrantly expressed in alcohol-exposed neural cell types 

(Moykkynen and Korpi, 2012). Therefore, altered MeCP2 expression as well as altered 

binding of MeCP2 to its target genes may contribute to ethanol teratogenesis. Moreover, it 

has been postulated that decreased levels of Mecp2/MeCP2 could contribute to the impulsive 

and hyperactive behaviors of offsprings exposed to ethanol prenatally (Kim et al., 2013). 

Previous studies show that even minor changes in MeCP2 expression may result in severe 

neurological conditions [reviewed in (Liyanage and Rastegar, 2014)]. Therefore, it is logical 

to consider that the ethanol-induced changes in MeCP2 expression in our model are 

biologically relevant and may contribute to the adverse effects of ethanol on differentiating 

cells.

Differentiating neural stem cells are frequently used as in vitro models to study the 

underlying molecular mechanisms of ethanol tera-togenesis and FASD pathogenesis 

(Pappalardo-Carter et al., 2013; Vangipuram and Lyman, 2012; Zhou et al., 2011a). Alcohol-

mediated neurological symptoms and microcephaly are usually associated with disrupted 

communications between neural cell types due to aberrant neurite outgrowth (Bingham et 

al., 2004) and glial cell growth or morphology (Guerri et al., 2001). Our observations on the 

increased neurite outgrowth and changes in glial cellular size/surface area during NSC 

differentiation are in agreement with these previous reports. Several reports show the 

suppression of glial growth, glial proliferation as well as decreased expression of GFAP by 

ethanol (Guerri et al., 2001; Guizzetti and Costa, 1996; Valles et al., 1996). In agreement 

with these reports, we observed reduced glial cell size after binge ethanol exposure. 

Similarly, our data on the increased glial size by continuous ethanol treatment is in 

agreement with the increase in glial size observed after chronic ethanol treatment in vivo in a 

rat FASD model (Miller and Potempa, 1990). Therefore, our ethanol-treated NSC model 

system recapitulates two of the cellular phenotypes seen in FASD patients, in vivo FASD 

models and in vitro cellular models. This indicates that the differentiating neural stem cell 

model used in our studies represents a suitable system to study the effects of ethanol on gene 

expression changes, epigenetic mechanisms and molecular mechanisms of ethanol 

teratogenesis.

Interestingly, there is an overlap between the glial and neuronal cellular phenotypes 

observed in ethanol-treated conditions and MeCP2 overexpression/deficient-conditions. For 
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example, ethanol exposure (Reiter-Funk and Dohrman, 2005; Roivainen et al., 1995a; Zou et 

al., 1993) and MeCP2 overexpression (Larimore et al., 2009; Rastegar et al., 2009) have 

been shown to show similar patterns of increased neurite branching. However, ethanol 

exposure has also been shown to reduce the neurite outgrowth (Camarillo and Miranda, 

2008), similar to few studies on MeCP2-deficiency (Nguyen et al., 2012; Rastegar et al., 

2009; Wang et al., 2013). The reduced glial cell growth in ethanol-exposed astrocytes 

(Guerri et al., 2001) is similar to the glial phenotypes seen in either MeCP2-deficient or 

MeCP2-overexpressed conditions (Maezawa et al., 2009; Tsujimura et al., 2009). The effects 

of ethanol on neuronal and glial morphologies/size seem to be influenced by many factors 

such as cell type, duration and concentration of ethanol exposure. On the other hand, MeCP2 

has been shown to either increase or decrease the neurite morphology. Neuronal morphology 

is also influenced by nearby glial cells (Giordano et al., 2011). The absence of MeCP2 in 

adjacent glial cells has also been shown to be influencing the neuronal morphology (Ballas 

et al., 2009). In differentiating neural stem cells, both neurons and glia are present 

simultaneously, thus any altered MeCP2 expression in glial cells could potentially influence 

the neuronal morphology. Moreover, MeCP2 expression is cell type-specific and the 

presence of a mixed cell population might complicate the analysis. Therefore, analysis of 

pure populations might be beneficial in the future. However, the mixed nature of populations 

provides much resemblance to the in vivo conditions, where there are cell-to-cell 

communications and interactions similar to the developing brain. Additionally, ethanol-

induced changes in the levels of neural growth factors have also been linked to the impaired 

neuronal morphology in response to ethanol treatment (Messing et al., 1991; Roivainen et 

al., 1995b). The MeCP2 target gene brain derived neurotrophic factor (BDNF) is also a key 

player in neuronal morphology (Kim et al., 2005). Therefore, in addition to the more direct 

effects of ethanol on neurons and astrocytes, it is possible that MeCP2 and MeCP2-

regulatory networks may presumably contribute to the altered neuronal and glial 

morphology observed in our study reported here.

Further investigations are required to elucidate the impact of 5mC and 5hmC at Mecp2 
regulatory elements (R1–R6) which could mediate Mecp2/MeCP2 deregulation by ethanol 

exposure in vivo.

Conclusion

In conclusion, this current study demonstrates deregulation of Mecp2/MeCP2 by binge-like, 

continuous ethanol exposure and ethanol withdrawal. We report an in vitro ethanol 

exposure- and withdrawal-model during differentiation of brain-derived neural stem cells, 

which recapitulates two key features of FASD brain (neuronal morphology and glial size 

changes) and have minimal effects on NSC cell fate commitments. We show that such 

altered Mecp2/MeCP2 expression is correlated with dynamic changes of 5hmC and 5mC at 

the Mecp2 regulatory elements. Fig. 8 illustrates a summary of the correlation between 

ethanol-induced changes in 5mC/5hmC enrichment at the Mecp2 regulatory elements and 

Mecp2/MeCP2 expression. Based on our data, the increased 5hmC enrichment at R1, R2, 

R3 or R5 and decreased 5mC enrichment at R3 or R6 may contribute to the induction of 

Mecp2/MeCP2 expression. On the other hand, decreased 5hmC at R1 or R2 and increased 

5mC enrichment at R6 seem to be contributing to the downregulation of Mecp2/MeCP2 
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expression. Furthermore, we show how ethanol impacts global DNA methylation at both 

5mC and 5hmC levels. Collectively, our studies provide novel insights into the role of 

epigenetic mechanisms, specifically DNA methylation, and MeCP2 in ethanol-induced 

neurological symptoms during neural development and ethanol teratogenesis and ultimately 

on Fetal Alcohol Spectrum Disorders.
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Abbreviations

5hmC 5-hydroxymethylcytosine

5mC 5-methylcytosine

bFGF basic fibroblast growth factor

Ct threshold cycle values

DAPI 4′,6-diamidino-2-phenylindole

D day

DMEM/F12 Dulbecco’s Modified Eagle Medium:Nutrient Mixture F-12

E embryonic day

EDTA ethylene diaminetetraacetic acid

FASD Fetal Alcohol Spectrum Disorders

FBS fetal bovine serum

FP forward PCR primer

Gapdh glyceraldehyde 3-phosphate dehydrogenase

GFAP glial fibrillary acidic protein

H hours

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
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hMeDIP hydroxymethylated DNA immunoprecipitation

ICC immunocytochemistry

MB methylene blue

Mbp Myelin basic protein

MeCP2 MethylCpG Binding Protein2

MeDIP methylated DNA immunoprecipitation

NaOH sodium hydroxide

NGS normal goat serum

NSC neural stem cells

OLIG2 oligodendrocyte transcription factor 2

PBS phosphate buffered saline

PCR polymerase chain reaction

qRT-PCR quantitative real time polymerase chain reaction

R region

REs regulatory elements

rhEGF recombinant human epidermal growth factor

RP reverse PCR primer

SEM standard error of mean

SP sequencing primer

SSC saline–sodium citrate

TBST Tris buffered saline with Tween

TUB III β Tubulin III

WB western blotting
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Fig. 1. 
Differentiating neural stem cell (NSC) model. A) Schematic representation of NSC 

isolation, culture and differentiation. NSC are isolated from embryonic day (E) 14.5 

forebrain (a) and cultured in the presence of growth factors (EGF and FGF) to generate 

neurospheres. (b) The neurospheres are dissociated at day zero (D0) (c) and differentiated 

for 8 days. Samples were collected at early stage of differentiation at day (D) 2 (d) and at a 

later differentiation stage D8 (e). Scale bars represent 20 μm. B) Representative images of 

different cell types in D2 and D8 population. a–a′: Ki67, b–b′: NESTIN, c–c′: OLIG2, d–d

′: β-TUB III, e–e′: GFAP, f–f′: MBP. Note that no MBP+ cells were found at D2 (f). Scale 

bars represent 20 μm. C) Quantified percentages of the cellular composition of D2 and D8 

differentiating populations. N = 3 ± SEM. D) MeCP2 expression during NSC differentiation 

detected by western blot. CE: Cytoplasmic extracts and NE: nuclear extracts. GAPDH was 

used as the loading control. N = 3 ± SEM.
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Fig. 2. 
Effect of ethanol exposure and withdrawal on Mecp2/MeCP2 expression in differentiating 

neural stem cells (NSC). A) Schematic representation of NSC differentiation and ethanol 

treatment. a) Control experiment: NSC are isolated from embryonic day (E)14.5 forebrain 

and cultured in the presence of growth factors (EGF and FGF) to generate neurospheres. The 

primary neurospheres were dissociated (D0) and differentiated for 8 days. b) To model binge 

ethanol exposure and withdrawal, 70 mM of ethanol was added at the onset of NSC 

differentiation (D0) to the media of cultured dissociated cells for 48 h and ethanol was 

withdrawn/removed at D2. To model continuous ethanol exposure, dissociated neural stem 

cells were treated with ethanol for continuously 8 days. Cells were kept in culture till D8 and 

media was refreshed every other day. B) Effect of binge ethanol exposure on the expression 

of (a) Mecp2 transcript levels [N = 3 ± SEM], and (b) MeCP2 protein levels [N = 2 ± SEM]. 

C) Effect of continuous ethanol exposure on the expression of (a) Mecp2 transcript levels [N 

= 3 ± SEM], and (b) MeCP2 protein levels [N = 2 ± SEM]. D) Effect of ethanol withdrawal 

on the expression of (a) Mecp2 transcript expression [N = 3 ± SEM], and (b) MeCP2 protein 

levels [N = 2 ± SEM]. Fold changes are calculated relative to D2 and D8 untreated control 

cells. Significant differences from controls are indicated with p < 0.001***, p < 0.01** or p 

< 0.05*. The transcript expression values were normalized to Gapdh expression (endogenous 

control). ACTIN or GAPDH was used as a loading control for western blots. Note that 

exposure time for each western blot is different.
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Fig. 3. 
Bisulfite pyrosequencing analysis of the effect of ethanol on DNA methylation status at the 

Mecp2 regulatory elements. A) Schematic representation of the three regions (R1–R3) 

within the Mecp2 promoter and three regions (R4–R6) within the Mecp2 intron 1 (not drawn 

to scale). B) Effect of binge ethanol exposure at day (D) 2 on percentage DNA methylation 

of individual CpG sites within the Mecp2 regulatory regions (a) R1, (b) R2, (c) R3, (d) R4, 

(e) R5, and (f) R6; and the average percentage DNA methylation (Ave % Methylation) over 

(g) R1, (h) R2, (i) R3, and (j) R6. C) Effect of continuous ethanol exposure at D8 on 

percentage DNA methylation of individual CpG sites within the Mecp2 regulatory regions 

(a) R1, (b) R2, (c) R3, (d) R4, (e) R5, and (f) R6; and the average percentage DNA 

methylation (Ave % Methylation) over (g) R1, (h) R2, (i) R3, and (j) R6. D) Effect of 

ethanol withdrawal at D8 on percentage methylation of individual CpG sites within the 

Mecp2 regulatory regions (a) R1, (b) R2, (c) R3, (d) R4, (e) R5, and (f) R6; and the average 

percentage DNA methylation (Ave % Methylation) over (g) R1, (h) R2, (i) R3, and (j) R6. 

Significant differences from controls are indicated with p < 0.05*. N = 3 ± SEM for all D2 
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samples, ethanol continuous and ethanol withdrawal samples and N = 6 ± SEM for D8 

control samples. The control D2 DNA methylation data was extracted from our recent study 

(Liyanage et al., 2013), which was done at the same time and in parallel to this current study.
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Fig. 4. 
Effect of ethanol on the enrichment of 5hmC at the Mecp2 regulatory elements. Enrichment 

of 5hmC and non-immunogenic IgG at the Mecp2 promoter (a) region 1, (b) region 2, and 

(c) region 3, and the Mecp2 intron 1 (d) region 4, (e) region 5, and (f) region 6; after A) 

binge ethanol exposure at day (D) 2, B) continuous ethanol exposure at D8, and C) ethanol 

withdrawal at D8. Significant differences from controls are indicated with p < 0.0001****, p 

< 0.01** or p < 0.05*. N = 4 ± SEM.
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Fig. 5. 
Effect of ethanol on the enrichment of 5mC at the Mecp2 regulatory elements. Enrichment 

of 5mC and non-immunogenic IgG at the Mecp2 promoter (a) region 1, (b) region 2, and (c) 

region 3, and the Mecp2 intron 1 (d) region 4, (e) region 5, and (f) region 6; after A) 

continuous ethanol exposure at day (D) 8 and B) ethanol withdrawal at D8. Significant 

differences from controls are indicated with p < 0.001***, p < 0.01** or p < 0.05*. N = 4 ± 

SEM.
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Fig. 6. 
Effect of ethanol on global DNA methylation in differentiating neural stem cells (NSC). 

DNA dot blot experiments to detect global DNA methylation levels for 5mC and 5hmC. MB 

refers to methylene blue staining for visualizing the total DNA. Quantification of the global 

5mC and 5hmc levels normalized to the total DNA levels is also shown. Fold changes were 

calculated relative to day (D) 2 or D8 control untreated cells. N = 3 ± SEM. Significant 

differences from controls are indicated with p < 0.05* or p < 0.01**.
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Fig. 7. 
Effect of ethanol on glial size and neuronal morphology. A) Comparison of glial cell size in 

(μm2) in day (D) 2 control and binge ethanol-treated conditions. a) Graphical representation 

of the quantification of the glial cell size (μm2). At least 20 GFAP+ cells per biological 

replicate were quantified under each condition. N = 3 ± SEM. Significant differences from 

controls are indicated with p < 0.0001****. Representative images of (b) D2 control 

astrocyte and (c) binge ethanol exposed astrocyte. Scale bars represent 10 μm. B) 

Immunofluorescent staining of neurons with β Tubulin III in: (a) D2 control and (b) binge 

ethanol-treated cells. Scale bars represent 10 μm. C) Comparison of glial cell size in (μm2) 

in D8 control, continuous ethanol-treated and ethanol withdrawal conditions. a) Graphical 

representation of the quantification of the glial cell size (μm2). At least 20 GFAP+ cells per 

biological replicate were quantified under each condition. N = 3 ± SEM. Significant 

differences from controls are indicated with p < 0.001*** or p < 0.0001****. Representative 

images of (b) D8 control astrocyte, (c) continuous ethanol-exposed astrocyte and (c) ethanol-

withdrawn astrocyte are shown. Scale bars represent 10 μm. D) Comparison of neuronal 

morphology in D8 control, continuous ethanol-treated and ethanol withdrawal conditions. 

(a) Quantification of number of neurites. At least 20 TUB III+ neuronal cells per biological 

replicate were quantified under each condition. N = 3 ± SEM. Significant differences from 

controls are indicated with p < 0.01**, p < 0.001*** or p < 0.0001****. Representative 

images of (a) D8 control neuron, (b) continuous ethanol-exposed neuron, and (c) ethanol-

withdrawn neuron are shown. Scale bars represent 10 μm.
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Fig. 8. 
Summary of the results on DNA methylation and Mecp2 expression in response to ethanol 

exposure and withdrawal during neural stem cells (NSC) differentiation. The three promoter 

regions (R1–R3) and three intron 1 regions (R4–R6) within the Mecp2 gene are shown (not 

to scale). A) Binge ethanol exposure: increased enrichment of 5hmC at the R2 is associated 

with increased Mecp2/MeCP2. B) Continuous ethanol exposure: increased enrichment of 

5hmC at R1, R3 and R5 and decreased 5mC levels at R3 and R6 are associated with 

increased Mecp2/MeCP2. C) Ethanol withdrawal: increased enrichment of 5mC R6 and 

decreased 5hmC enrichment at R1 and R2 are associated with downregulated Mecp2/

MeCP2.
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Table 1

The list of primers used for qRT-PCR experiments and their sources.

Gene Direction Sequence Reference

Mecp2 Forward GGTAAAACCCGTCCGGAAAATG Kriaucionis and Bird (2004)

Reverse TTCAGTGGCTTGTCTCTGAG

β Tubulin III (Tub II) Forward TCAGCGATGAGCACGGCATA Barber et al. (2013)

Reverse CACTCTTTCCGCACGACATC

Gfap Forward GCTCACAATACAAGTTGTCC

Reverse ACCTAATTACACAGAGCCAGG

Olig2 Forward GTGGCTTCAAGTCATCTTCC Liyanage et al. (2013)

Reverse GTAGATCTCGCTACACAGTC

Gapdh Forward AACGACCCCTTCATTGAC Rastegar et al. (2004)

Reverse TCCACGACATACTCAGCAC

Mbp Forward GGCACGCTTTCCAAAATCT Schneider and d’Adda di Fagagna (2012)

Reverse CCATGGGAGATCCAGAGC

Ki67 Forward GCTGTCCTCAAGACAATCATCA Schneider and d’Adda di Fagagna (2012)

Reverse GGCGTTATCCCAGGAGACT

Nestin Forward CTGCAGGCCACTGAAAAGT

Reverse TCTGACTCTGTAGACCCTGCTTC
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Table 2

List of primary antibodies used in western blot and immunocytochemistry.

Primary antibody Application and dilution Molecular weight (kDa) Description Source

MeCP2 (C-terminal) WB 1:1000 72 Mouse monoclonal Millipore, 07-013

Beta (β) ACTIN WB: 1:2500 42 Mouse monoclonal Sigma, A2228

GAPDH WB: 1:500 37 Rabbit polyclonal Santa Cruz, Sc-25778

GFAP IF 1:200 N/A Mouse monoclonal Invitrogen, 421262

Beta (β) TUBULIN III (TUB 
III)

IF 1:200 N/A Mouse monoclonal Chemicon, MAB1637

MBP IF 1:100 N/A Rabbit polyclonal Abcam, ab40390

5mC Dot blot 1:1000 N/A Mouse monoclonal Abcam, Ab73938

5hmC Dot blot 1:1000 N/A Rabbit polyclonal Active Motif, 39769

NESTIN IF 1:200 N/A Rat polyclonal Developmental Studies 
Hybridoma Bank, Rat-401c

KI67 IF 1:200 N/A Rabbit polyclonal Sc-15402

OLIG2 IF 1:200 N/A Rabbit polyclonal Millipore, AB9610

RNA Polymerase (Pol) II WB 1:1000 217 Mouse monoclonal Abcam, Ab817

HDAC2 WB 1:1000 55 Mouse monoclonal Abcam, Ab12169

Alpha (α) TUBULIN WB 1:1000 50 Mouse monoclonal Sigma, T9026
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Table 3

List of secondary antibodies used in western blot and immunocytochemistry.

Secondary antibody Application and dilution Source

Alexa Fluor 488 conjugated goat anti-mouse IgG IF 1:2000 or 1:3000 Invitrogen, A11017

Alexa Fluor 594 conjugated goat anti rabbit IgG IF 1:2000 or 1:3000 Invitrogen, A11037

Peroxidase-AffiniPure Gt anti-mouse IgG WB 1:7500, Dot blot 1:7500 Jackson ImmunoResearch 115-035-174

Peroxidase-AffiniPure donkey anti-rabbit IgG WB 1:7500, Dot blot 1:7500 Jackson ImmunoResearch 711-035-152
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Table 4

List of primers used for bisulfite pyrosequencing.

Mecp2 regions Sequence

R1 FP: 5′-TGGGTTTTATAATTAATGAAGGGTAA-3′

RP: 5′-CGCCAGGGTTTTCCCAGTCACGACATTTTACCACAACCCTCTCT-3′

SP: 5′-AGGTGTAGTAGTATATAGG-3′

R2 FP: 5′-AGTTTGGGTTTTATAATTAATGAAGGG-3′

RR: 5′-CGCCAGGGTTTTCCCAGTCACGACATTTTACCACAACCCTCTCT-3′

SR: 5′-AAGGGTAATTTAGATAAAGAGTAAG-3′

R3 FP: 5′-GGTGAATTATTTAGTAGGGAGGTTTTAA-3′

RP: 5′-CGCCAGGGTTTTCCCAGTCACGACAAAAAAAAAACCAACCCCATTCAACTAC-3′

SP: 5′-AGTAGGGAGGTTTTAATAG-3′

R4 FP: 5′-GTTTTAAAAAGTTTTGGGAAAAGGTGTAGT-3′

RP: 5′-CGCCAGGGTTTTCCCAGTCACGACCTAAACCCTAACATCCCAACTACCAT-3′

SP: 5′-AGTTTAATGGGGATTTTTAATT-3′

R5 FP: 5′-AGTAGAAGTTATTATTTGTGGTGTGTAT-3′

RP: 5′-CGCCAGGGTTTTCCCAGTCACGACACTATATTACTTCCCAACTCAACTAATT-3′

SP: 5′-AGAGGTGTAAGGATTTT-3′

R6 FP: 5′-GAAGTAGGAAGAATTGAGTTTGAGGATAG-3′

RP: 5′-CGCCAGGGTTTTCCCAGTCACGACATCTATACACTACCCACATATAATACC-3′

SP: 5′-GTTTGAGGATAGTTTGAAT-3′

F: Forward PCR primer, R: Reverse PCR primer (Biotinylated), S: Sequencing primer, R: Region.

Reference: Liyanage et al. (2013).
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Table 5

List of primers used in qPCR for hMeDIP and MeDIP.

Mecp2 region Direction Sequence (5′ to 3′) Reference

R1 Forward CAGGTGCAGCAGCACACAGGC Designed in the lab

Reverse CGGACGGGTTTTACCACAGCC

R2 Forward GAACTCCACC AATCCGCAGC

Reverse CCTGTGTGCTGCTGCACCTG

R3 Forward CAGGCTCCTCAACAGGCAAC

Reverse GGCTGGTTTTGTGGGCAGCA

R4 Forward CTAGCTGAGCTGGGAAGTAAC

Reverse GAGCTGGTCTACAGAAGCAAG

R5 Forward CTGTATAGTGTGGTGGAAGAAG

Reverse GTTACTTCCCAGCTCAGCTAG

R6 Forward GAGTTTGAGGACAGCCTGAAC

Reverse CTACCCACATGTAGTGCCTGC

R: Region.
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