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Introduction: Exposure to alcohol (ethanol) is the most common toxic insult 
during human development and is a teratogenic agent associated with abnor-
malities ranging from behavioral disorders to fetal alcohol syndrome. Ethanol dis-
rupts gene regulatory programs crucial for neuronal identity, including alternative 
splicing. A distinctive feature of developing neuronal transcriptomes is the high 
prevalence of microexon inclusion, which consists of short exonic sequences 
ranging from 3 to 51 nucleotides. However, the impact of ethanol on microexon 
inclusion remains poorly understood.
Methods: In this study, we investigated whether ethanol exposure disrupts neu-
ron-specific alternative splicing programs during neuronal differentiation. To this 
end, PC12 cells were exposed to 50 mM ethanol throughout five days of NGF-
induced differentiation, alongside undifferentiated control cells, to analyze mRNA 
and protein expression dynamics of key splicing regulators and neurodevelop-
mental targets.
Results: Our data show that in undifferentiated cells, ethanol exposure resulted in 
a significant reduction in Srrm4 expression, while concomitantly increasing Srrm3 
mRNA levels, consistent with reduced neuron-specific microexon inclusion of the 
intersectin 1 (Itsn1) mRNA. While undifferentiated PC12 cells primarily express the 
canonical variants of lysine-specific demethylase 1 (LSD1) and PHD finger protein 
21A (PHF21A), differentiation triggers the inclusion of microexons 8a and 14, gener-
ating the neuron-specific isoforms neuronal LSD1 and PHF21A, respectively. Under 
differentiated conditions, ethanol exposure increased neurite length but did not 
affect the mRNA levels of the neuronal variants of Lsd1, Phf21a, or Itsn1. Notably, 
ethanol exposure significantly increased the levels of LSD1 protein and its associ-
ated histone substrate, H3K4me2, in differentiated PC12 cells.
Discussion: Taken together, these findings suggest that ethanol exposure mod-
ulates post-transcriptional and chromatin-based mechanisms during neuronal 
commitment and differentiation. This selective disruption highlights distinct 
molecular pathways that may contribute to persistent neurodevelopmental 
alterations relevant to alcohol use disorder, providing new insights into the tera-
togenic mechanisms of ethanol on the developing nervous system.
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Highlights

	•	 Ethanol disrupts neuron-specific microexon inclusion in 
PC12 cells.

	•	 SRRM3 and SRRM4 splicing factors are altered by ethanol 
exposure.

	•	 LSD1 protein levels and H3K4me2 levels are elevated by ethanol 
in PC12 cells.

	•	 Ethanol modulates post-transcriptional and chromatin-based 
mechanisms.

1 Introduction

Prenatal exposure to ethanol is a leading cause of neurodevelop-
mental disorders collectively known as fetal alcohol spectrum disor-
ders (FASDs), which are characterized by persistent cognitive, 
behavioral, and neurological impairments (Chokroborty-Hoque et al., 
2014; Lange et al., 2017; Popova et al., 2017). At the cellular level, etha-
nol disrupts multiple developmental processes, including neuronal 
proliferation, differentiation, migration, and synaptic maturation 
(Abrahao et al., 2017; Chen and Kannan, 2023; Dannenhoffer et al., 
2021; Oskera et al., 2026). Moreover, beyond its well-established cyto-
toxic effects, accumulating evidence indicates that ethanol impairs 
neurodevelopment by perturbing gene regulatory programs critical 
for neuronal identity and plasticity, including post-transcriptional 
mechanisms that regulate neuronal gene expression (Basavarajappa, 
2023; Kleiber et al., 2013; Ungerer et al., 2013).

One key post-transcriptional mechanism particularly vulnerable 
to developmental and environmental perturbations is alternative 
splicing. By generating different combinations of exons from a single 
gene, alternative splicing expands transcriptomic and proteomic 
diversity and enables context-dependent regulation of protein func-
tion. This process is especially prominent in the nervous system, 
where it contributes to neuronal differentiation, synaptic function, and 
plasticity (Nazim, 2024; Raj and Blencowe, 2015; Vuong et al., 2016). 
Importantly, splicing patterns in neurons are highly dynamic and 
responsive to external cues, allowing rapid adaptation of gene expres-
sion to changes in the cellular environment (Hermey et al., 2017; 
Thalhammer et al., 2020).

Among alternative splicing events, the inclusion of microexons, 
short exonic sequences typically ranging from 3 to 51 nucleotides, 
represents a distinctive feature of neuronal transcriptomes 
(Mackensen and Irimia, 2025). These highly conserved elements are 
preferentially included during neuronal differentiation and serve to 
fine-tune protein–protein interaction domains and signaling net-
works. Genome-wide studies have revealed that thousands of genes 
expressed during brain development contain microexons, many of 
which encode proteins involved in synaptic organization, vesicular 
trafficking, and cytoskeletal dynamics. Consistent with their func-
tional relevance, neuronal microexon inclusion increases during early 
neurogenesis, and disruption of their regulation has been implicated 
in neurodevelopmental disorders, including autism spectrum disor-
ders, highlighting the vulnerability of this splicing program to patho-
logical perturbations (Irimia et al., 2014; Parada et al., 2021). 
Supporting the cell type-specific functional relevance of microexon 
regulation, a 9-nt microexon in the synaptic vesicle gene unc-13 is 
skipped in olfactory neurons but included in motor neurons, 

suggesting that differential microexon inclusion contributes to the 
fine-tuning of neuronal function across distinct neuronal subtypes 
(Choudhary et al., 2025).

The precise regulation of neuronal microexons relies on the coor-
dinated expression and activity of specialized splicing factors. In par-
ticular, SRRM4 (also known as nSR100) and its paralog SRRM3 play 
central roles in promoting neuron-specific microexon inclusion 
(Irimia et al., 2014; Torres-Méndez et al., 2019). Both proteins share 
structural domains that facilitate the recognition of intronic splicing 
enhancers and the recruitment of the spliceosome to microexon-con-
taining transcripts, thereby enabling robust inclusion of neuron-spe-
cific exons (Torres-Méndez et al., 2019). However, SRRM4 is more 
broadly expressed during early neurogenesis and is essential for the 
activation of a wide repertoire of neuronal microexons, whereas 
SRRM3 expression is largely restricted to more mature neurons and 
appears to fine-tune microexon inclusion in a subset of transcripts. 
Despite these differences in temporal expression and target specificity, 
SRRM3 and SRRM4 exhibit partial functional redundancy, and the 
loss of either factor can be partially compensated by the other (Nakano 
et al., 2019). In addition to these specialized factors, other splicing 
regulators, such as NOVA1 and PTBP1, contribute to broader neuro-
nal splicing programs, modulating alternative exons beyond the 
microexon subset (Li et al., 2015; Rusconi et al., 2015). Perturbations 
in the expression or function of these factors can selectively impair 
microexon inclusion. Furthermore, previous studies have shown that 
ethanol exposure can modulate splicing factor expression and alter 
splicing outcomes in neuronal systems (Downing et al., 2012; Fuentes-
Beals et al., 2023; Kawasawa et al., 2017), suggesting that ethanol may 
selectively disrupt microexon regulation by interfering with splicing 
regulatory networks.

Several neurodevelopmentally relevant genes subject to neuron-
specific microexon regulation exemplify how subtle splicing changes 
can fine-tune protein function. For instance, intersectin 1 (ITSN1), a 
multifunctional scaffold protein involved in endocytosis, synaptic 
vesicle recycling, and actin cytoskeleton remodeling, contains a neu-
ron-specific microexon that modifies its binding affinity for key inter-
actors, including dynamin-1 (Dyn1) (Dergai et al., 2010; Tsyba et al., 
2004, 2008), thereby modulating endocytic dynamics at synapses. 
Similarly, the inclusion of a neuronal microexon in lysine-specific 
demethylase 1 (LSD1/KDM1A), a chromatin-modifying enzyme 
essential for neuronal differentiation and maturation, redirects its sub-
strate specificity and reshapes transcriptional programs during neu-
rodevelopment (Longaretti et al., 2020; Rusconi et al., 2015, 2016, 
2017; Zibetti et al., 2010). In the case of PHF21A, a chromatin-asso-
ciated factor implicated in transcriptional repression and intellectual 
disability, neuron-specific microexon inclusion disrupts nucleosome 
binding, suggesting a direct effect on chromatin engagement (Nagai 
et al., 2024; Porter et al., 2025). Collectively, these examples illustrate 
how microexon-mediated alternative splicing constitutes a versatile 
regulatory mechanism that coordinates synaptic function and epigen-
etic control in neurons.

In this context, we investigated whether ethanol exposure disrupts 
neuron-specific alternative splicing programs during neuronal differ-
entiation, with particular emphasis on microexon regulation and its 
functional consequences. Focusing on key splicing regulators and 
neurodevelopmentally relevant targets, including Itsn1, Lsd1, and 
Phf21a, we examined how ethanol affects microexon inclusion and the 
expression of distinct splice isoforms. Given the established role of 
LSD1 in chromatin remodeling and neuronal maturation, we further 
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explored whether ethanol-induced splicing alterations are accompa-
nied by changes in epigenetic marks associated with transcriptional 
regulation. Together, this approach aims to uncover a mechanistic link 
between ethanol exposure, dysregulation of alternative splicing, and 
epigenetic remodeling, providing insight into how post-transcrip-
tional and chromatin-based mechanisms converge to shape long-
lasting neurodevelopmental outcomes relevant to FASD.

2 Materials and methods

2.1 Cell culture

PC12 cells, derived from a rat adrenal pheochromocytoma 
(Rattus norvegicus), were kindly provided by Dr. María Estela Andrés 
and originally obtained from the American Type Culture Collection 
(ATCC, Manassas, VA, USA). Cells were maintained at 37 °C in a 
humidified incubator with 5% CO₂ and cultured in Dulbecco’s 
Modified Eagle’s Medium (DMEM) supplemented with 10% horse 
serum (Gibco/Thermo Fisher Scientific, Grand Island, NY, USA, 
#1605012), 5% fetal bovine serum (HyClone/Cytiva, Logan, UT, 
USA; HyClone–Cytiva, #SV30160.03), and penicillin–streptomycin 
(Thermo Fisher Scientific, Waltham, MA, USA, #15140122). PC12 
cells were seeded in 6-well plates at a density of 200,000 cells per well 
for mRNA and protein expression analyses. For immunostaining and 
whole-cell electrophysiological recordings, cells were seeded in 
24-well plates at a density of 10,000 cells per well onto glass coverslips 
(Marienfeld Superior, Lauda-Königshofen, Germany, #0111520). The 
following day, the seeding medium was replaced with a differentia-
tion medium consisting of DMEM supplemented with 2% horse 
serum and penicillin–streptomycin. Neuronal differentiation was 
induced by treatment with 50 ng/mL nerve growth factor (NGF) 
(Alomone Labs, Jerusalem, Israel, #N-100) (Sáez et al., 2015); this 
time point was considered day 1 of treatment. Cells were maintained 
under differentiation conditions for a total of 7 days 
(Supplementary Figure 1A). Half of the differentiation medium was 
replaced every other day, and an equivalent amount of NGF was 
added to the fresh medium to maintain a constant final concentration 
throughout the differentiation period. Control cells were cultured 
under identical conditions in the absence of NGF (undifferentiated 
PC12 cells). For ethanol treatment, PC12 cells were exposed daily to 
50 mM ethanol (Sigma-Aldrich/Merck, Darmstadt, Germany) from 
day 2 to day 7 of differentiation for immunostaining and mRNA and 
protein analyses, and until day 5 for electrophysiological recordings 
(Supplementary Figure 1A).

2.2 RT-qPCR and rqf-PCR

After treatment, the culture medium was removed, and cells were 
washed with phosphate-buffered saline (PBS) before homogenization 
in TRIzol™ reagent (Invitrogen, Carlsbad, CA, USA, #15596018) for 
total RNA isolation. For cDNA synthesis, 1 μg of total RNA was 
reverse-transcribed using ImProm-II™ Reverse Transcriptase 
(Promega, Madison, WI, USA) according to the manufacturer’s stan-
dard protocol, with Oligo(dT)18 primers (Thermo Fisher Scientific, 
Waltham, MA, USA). Quantitative real-time PCR (RT–qPCR) was 
performed using an Applied Biosystems StepOne™ Real-Time PCR 
System with Brilliant II SYBR Green QPCR Master Mix (Agilent 

Technologies, Santa Clara, CA, USA). Relative quantity fluorescent 
PCR (rqf-PCR) was carried out as previously described (Zibetti et al., 
2010). In brief, a 5′ FAM-labeled forward primer and an unlabeled 
reverse primer were used to amplify alternative splicing events. 
Amplified products were resolved by capillary electrophoresis under 
denaturing conditions at the Sequencing and Omics Technologies 
Facility of the Pontificia Universidad Católica de Chile. The relative 
abundance of each splice isoform was quantified as relative fluores-
cence units (RFU) using the Open-Source Independent Review and 
Interpretation System (OSIRIS) software (version 2.16; NCBI). 
Primer sequences used for RT–qPCR and rqf-PCR are listed in 
Supplementary Table S1.

2.3 Western blot

After the treatment, the culture medium was removed and cells 
were washed with PBS before homogenization in 300 μL of lysis 
buffer [containing 20 mM MOPS/Tris (pH 7.0), 0.3 M sucrose, 2 mM 
EDTA, 2 mM EGTA, 1% NP-40, and 0.1% sodium dodecyl sulfate 
(SDS)], supplemented with a protease inhibitor cocktail (Thermo 
Fisher Scientific, Waltham, MA, USA, #78430). The lysates were cen-
trifuged at 5,000 × g for 10 min at 4 °C. Protein concentration was 
determined using the Pierce™ BCA Protein Assay Kit (Thermo 
Fisher Scientific, Waltham, MA, USA, #23227). Equal amounts of 
protein (50 μg) were mixed with loading buffer, denatured at 95 °C 
for 10 min, resolved by 10% sodium dodecyl sulfate–polyacrylamide 
gel electrophoresis (SDS–PAGE), and transferred onto 0.45 μm 
PVDF membranes (Thermo Fisher Scientific, Waltham, MA, USA, 
#88518).

Membranes were blocked for 1 h at room temperature in TBS-T 
(10 mM Tris–HCl, pH 8.0, 150 mM NaCl, 0.2% Tween 20) containing 
5% non-fat dry milk and then incubated overnight at 4 °C with the 
following primary antibodies: anti-β-actin (1:5000, Thermo Fisher 
Scientific, Waltham, MA, USA); anti-LSD1(1:2500, Cell Signaling 
Technology, Danvers, MA, USA, C69G12); anti-ITSN1 (Abcam, 
Cambridge, UK, ab231338); anti-H3K4me2 and anti-H3K9me2 
(1:1000, Abcam, Cambridge, UK, AB7766 and AB1220). After wash-
ing three times with TBS-T for 10 min each, membranes were incu-
bated with horseradish peroxidase (HRP)-conjugated secondary 
antibodies for 1 h at room temperature and washed as described 
above. Immunoreactive bands were detected by chemiluminescence 
using SuperSignal™ West Femto Maximum Sensitivity Substrate 
(Thermo Fisher Scientific, Waltham, MA, USA, #34096). Images were 
acquired using the C-DiGit™ and Odyssey M imaging systems (LI-
COR, Lincoln, NE, USA). Band intensities were quantified using 
ImageJ software.

2.4 Immunofluorescence

After treatment, the cells were rinsed three times with PBS and 
fixed with 4% paraformaldehyde (PFA). The cells were then washed 
once with PBS and permeabilized with 0.2% Triton X-100 in PBS 
for 15 min. Non-specific binding was blocked by incubation in 2% 
bovine serum albumin (BSA) in PBS containing 0.05% Triton 
X-100 for 1 h at room temperature. The cells were subsequently 
incubated overnight at 4 °C with the following primary antibodies 
diluted in 1% BSA in PBS containing 0.05% Triton X-100: rabbit 
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polyclonal anti-intersectin-1 (Abcam, Cambridge, UK, ab231338), 
anti-MAP2 (Invitrogen, Carlsbad, CA, USA, 13–1,500), anti-
H3K4me2 and anti-H3K9me2 (Abcam, Cambridge, UK, AB7766 
and AB1220), and anti-LSD1 (Cell Signaling Technology, Danvers, 
MA, USA, C69G12). Coverslips were washed as described above 
and incubated with the appropriate fluorophore-conjugated sec-
ondary antibodies (1:1,000) for 1 h at room temperature. After a 
final wash, nuclei were counterstained with DAPI (1:500), and cov-
erslips were mounted using Fluoromount™ Aqueous Mounting 
Medium (Sigma-Aldrich/Merck, St. Louis, MO, USA, #F4680).

2.5 Quantitative confocal microscopy

The images were captured using a laser scanning confocal micro-
scope (LSCM-800), controlled by software ZEN-2.1. The laser emis-
sions were at 405-, 488-, and 555-nm wavelengths, and the confocal 
images were obtained with a size of 1,024 × 1,024 pixels. A 40 × oil 
objective (NA = 1.3) was employed. The resulting binary images were 
then subjected to automatic thresholding, after which the fluorescence 
intensity was calculated through the use of the Fill Holes, Watershed, 
and Analyze Particles functions. The neurite tree morphology studies 
involved the acquisition of z-stacks at a step size of 0.8 μm, followed 
by the analysis of the resulting binary images using the SNT v3.2.11 
plugin (Arshadi et al., 2021) for ImageJ 1.54f. All images were ana-
lyzed by an experimenter blinded to treatment conditions.

2.6 Whole-cell recordings

Whole-cell voltage-clamp recordings were made from DIV4 
undifferentiated and differentiated PC12 cells in control conditions 
and after 4 days of treatment with ethanol. In brief, cells grown on 
coverslips were transferred to a submersion-type recording chamber 
perfused at 1–2 mL/min with a standard external recording solution 
(28 ± 1 °C), containing (in mM) 140 NaCl, 5 KCl, 2.5 CaCl2, 1 MgCl2, 
10 HEPES, 10 D-glucose, and adjusted to pH 7.4. The cells were visu-
alized using infrared differential interference contrast (DIC) on a 
Nikon Eclipse FN1 microscope. Whole-cell patch-clamp recordings 
were performed using patch electrodes (5–6 MΩ) filled with a potas-
sium-based intracellular solution (Hu et al., 2018) containing (in mM) 
140 KCl, 5 NaCl, 1 CaCl2, 5 EGTA, 10 HEPES, and adjusted to pH 7.4. 
All recordings started ~2 min after break-in to allow cell dialysis and 
stabilization. To elicit voltage-dependent currents, cells were main-
tained at a holding potential of −60 mV, and voltage-dependent cur-
rents were activated by increasing depolarizing pulses from −90 to 
50 mV (10 mV steps; 100 ms). Leak currents were subtracted offline 
using a P/4 protocol. Signals were recorded using a Multiclamp 700B 
amplifier (Molecular Devices, San Jose, CA, USA), acquired at 20 kHz, 
and low-pass filtered at 2.4 kHz. Series resistance (Rs) and input resis-
tance (Rin) were continuously monitored throughout the recordings, 
and Rs was left uncompensated. The liquid junction potential was not 
corrected. Cells with Rs changes >20% during the experiment were 
excluded from the analysis. Data were acquired and analyzed using a 
custom-made routine written in Igor Pro 6.37 (WaveMetrics, Portland, 
OR, USA). All experiments were performed within an hour. Statistical 
analysis: Normality of the data sets was assessed using the Shapiro–
Wilk test. For parametric data, group comparisons were performed 
using analysis of variance (ANOVA) followed by a post-hoc Tukey’s 
test. For non-parametric data, comparisons were made using 

Kruskal–Wallis ANOVA followed by a post-hoc Dunn’s test, using 
OriginPro 2018 (OriginLab, USA). All electrophysiological values are 
reported as mean ± SEM.

2.7 Statistical analysis

Data are presented as mean ± standard error of the mean (SEM). 
Data normality was assessed using the Shapiro–Wilk test. For nor-
mally distributed data, statistical significance was evaluated using 
Student’s t-test, whereas non-normally distributed data were analyzed 
using the Mann–Whitney U test. A significance threshold of p < 0.05 
was applied. Additional statistical details are provided in the corre-
sponding figure legends. All statistical analyses were performed using 
GraphPad Prism software (version 8.0.2).

3 Results

3.1 Ethanol selectively disrupts microexon 
regulation and splicing factor expression in 
undifferentiated PC12 cells

Alterations in alternative splicing have been proposed as a con-
tributing mechanism in the pathogenesis of FASD (Arshadi et al., 
2021; Donadoni et al., 2019; Fischer et al., 2021; Fuentes-Beals et al., 
2023). To evaluate whether ethanol exposure affects the expression of 
splicing regulators involved in neurodevelopment, we subjected undif-
ferentiated PC12 cells to continuous exposure to 50 mM ethanol for 
5 days and quantified the mRNA levels of the neuronal splicing factors 
Srrm4, Srrm3, Nova1, and Ptbp1.

Ethanol exposure resulted in a significant reduction in Srrm4 
expression, while concomitantly increasing Srrm3 mRNA levels. In 
contrast, the expression of Nova1 and Ptbp1 remained unchanged 
(Figure 1). Overall, these findings indicate that ethanol causes a selec-
tive imbalance in the expression of Srrm3 and Srrm4 without affecting 
other major splicing factors such as Nova1 and Ptbp1.

Given the established role of SRRM3 and SRRM4 in the regulation 
of microexon inclusion during neuronal differentiation (Torres-
Méndez et al., 2019; Irimia et al., 2014), we next assessed the inclusion 
levels of three neuron-specific microexons: microexon 8a in Lsd1 
transcripts, microexon 20 in Itsn1, and microexon 14 in Phf21a.

Ethanol exposure did not alter the inclusion of microexon 8a in 
Lsd1 or microexon 14 in Phf21a transcripts (Figures 2A,C). By con-
trast, inclusion of microexon E20 in Itsn1 was significantly reduced, 
and total Itsn1 mRNA levels were increased following ethanol treat-
ment (Figures 2B,E). ITSN1 protein levels, assessed by immunofluo-
rescence, were unchanged (Figures 2I,J). Total Lsd1 expression, as 
determined by RT-qPCR, Western blot, and immunofluorescence, was 
unchanged (Figures 2D,G,H; Supplementary Figure 1). In contrast, 
total Phf21a mRNA levels were significantly decreased after ethanol 
exposure (Figure 2F).

Collectively, these results indicate that ethanol exposure alters 
both the expression of key microexon splicing regulators and the 
inclusion of specific neuron-associated microexon in PC12 cells. The 
coordinated downregulation of Srrm4 and upregulation of Srrm3 is 
associated with reduced inclusion of the Itsn1 microexon 20, support-
ing a targeted disruption of microexon regulation rather than a global 
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alteration of alternative splicing. In addition, the apparent discrepan-
cies between mRNA and protein levels for ITSN1 and LSD1 should be 
interpreted with caution, as the lack of isoform-specific antibodies 
limits the precise quantification of microexon-containing protein iso-
forms. Nevertheless, we cannot rule out the possibility that ethanol 
exposure also affects additional layers of post-transcriptional and/or 
post-translational regulation.

3.2 Ethanol enhances neurite outgrowth 
and H3K4me2 levels without altering 
microexon splicing in NGF-differentiated 
PC12 cells

Given that microexon inclusion occurs primarily during neu-
ronal differentiation, we next examined the effects of continuous 
ethanol exposure on cell morphology and gene expression after 
NGF-induced PC12 cell differentiation (Figure 3A). Morphological 
analysis revealed that ethanol-treated differentiated PC12 cells 
exhibited a significant increase in neurite length compared with 
control cells. In contrast, ethanol exposure did not significantly 
affect the number of primary neurites or the total number of neurite 
branches (Figure 3).

To further characterize the effects of ethanol in this differentiation 
model, we assessed the expression of synaptic structural plasticity-
associated markers and examined electrophysiological properties in 
NGF-differentiated PC12 cells. The ethanol concentration used in 
these experiments (50 mM) corresponds to a relatively high level of 
exposure compared with typical human blood alcohol concentrations, 

approximating severe intoxication. In addition, because ethanol was 
administered repeatedly over 5 days but likely evaporated between 
administrations (Adams et al., 2023), the exposure paradigm was 
repeated yet intermittent, thereby resembling a binge-drinking-like 
pattern, which is common in individuals with problematic alcohol 
use. Under these conditions, although Bdnf and Gap43 expression 
increased following NGF-induced differentiation (data not shown), 
ethanol treatment did not significantly affect the mRNA levels of these 
markers relative to differentiated control cells (Supplementary Figure 2). 
Consistent with this, whole-cell voltage-clamp recordings across 
membrane potentials ranging from −90 to +50 mV showed no signifi-
cant differences in current at +50 mV between control and ethanol-
exposed NGF-differentiated PC12 cells after 4 h of treatment 
(Supplementary Figure 3).

NGF-induced neuronal differentiation of PC12 cells was 
accompanied by an increase in the inclusion of neuron-specific 
microexons (Supplementary Figure 4), validating the use of this 
system as suitable for investigating the regulation of neuron-
specific microexon inclusion under ethanol exposure. 
Surprisingly, expression levels of the splicing regulators Srrm4, 
Srrm3, Nova1, and Ptbp1 remained unchanged after NGF-
induced differentiation (data not shown).

Furthermore, ethanol exposure during the differentiation protocol 
did not produce significant changes in the expression of any of the 
splicing factors analyzed (Figure 4).

We next examined whether ethanol affects neuron-specific alter-
native splicing in differentiated PC12 cells by analyzing the inclusion 
of microexons E8a in Lsd1, E20 in Itsn1, and E14 in Phf21a. No sig-
nificant differences in microexon inclusion were observed between 
ethanol-treated and control differentiated cells (Figures 5A–C). 
Consistent with these findings, total Itsn1 mRNA levels remained 
unchanged, and immunofluorescence analysis revealed preserved 
ITSN1 protein levels in both the soma and neurites (Figure 5E; 
Supplementary Figure 5). Similarly, Phf21a mRNA expression was not 
affected by ethanol exposure (Figure 5F). In contrast, immunofluores-
cence analysis revealed increased LSD1 protein levels following etha-
nol exposure (Figures 5G,H), whereas total Lsd1 mRNA levels and 
total LSD1 protein levels assessed by Western blot remained 
unchanged (Figure 5D; Supplementary Figure 6).

Taken together, these data show differences in sensitivity to etha-
nol exposure between PC12 cells differentiated into neurons and 
undifferentiated PC12 cells with respect to alternative splicing.

Considering the observed changes in LSD1 protein levels and 
given that LSD1 primarily demethylates lysine 4 and lysine 9 residues 
on histone H3 (H3K4 and H3K9), we next investigated whether etha-
nol exposure affects the methylation status of these histone marks. 
Immunofluorescence analysis showed that ethanol increased H3K4 
dimethylation (H3K4me2) in both undifferentiated and NGF-
differentiated PC12 cells (Figures 6A,B, 7A,B), whereas H3K9me2 
levels were unchanged across all conditions (Figures 6A,C, 7A,C). 
Together, these results point to a selective effect of ethanol on chroma-
tin regulation that is independent of the cellular differentiation state.

4 Discussion

In this study, we investigated how ethanol exposure affects neu-
ron-specific alternative splicing programs and chromatin-associated 
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FIGURE 1

Ethanol selectively alters the expression of splicing factors in PC12 
cells. Quantitative real-time PCR (RT-qPCR) was used to assess the 
mRNA expression levels of (A) Srrm4, (B) Srrm3, (C) Nova1, and 
(D) Ptbp1 in PC12 cells following continuous ethanol exposure. Data 
are represented as mean ± SEM from at least three independent 
experiments and analyzed using a t-test. *p < 0.05.
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FIGURE 2

Inclusion of selected microexons in PC12 cells continuously exposed to ethanol. (A) Inclusion of microexon 8a (E8a) in the Lsd1 transcript measured by 
rqf-PCR. (B) Inclusion of microexon 20 (E20) in the Itsn1 transcript measured by rqf-PCR. (C) Inclusion of microexon 14 (E14) in the Phf21a transcript 
measured by RT-PCR and confirmed by gel electrophoresis. (D) Total Lsd1 transcript levels. (E) Total Itsn1 transcript levels. (F) Total Phf21a transcript 
levels measured by RT-qPCR. Data are presented as mean ± S.E.M. from at least three independent experiments and analyzed using a t-test; *p < 0.05. 
(G) Representative confocal photomicrographs of undifferentiated PC12 cells immunolabeled with an anti-LSD1 antibody under control conditions or 
following ethanol treatment. (H) Quantification of total LSD1 fluorescence intensity. Data are expressed as fold change relative to control conditions. 
Scale bar, 50 μm. n = 60–63 randomly selected fields per condition from three independent biological replicates. Each dot represents the mean 
fluorescence intensity of an individual field. (I) Representative confocal photomicrographs of undifferentiated PC12 cells immunolabeled with anti-
ITSN1 antibody under control conditions or following ethanol treatment. (J) Quantification of total ITNS1 fluorescence intensity in the soma. Data are 
expressed as fold change relative to control conditions. Scale bar, 10 μm.33-36 randomly selected soma. Each dot represents the mean fluorescence 
intensity of an individual field.
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regulatory mechanisms using PC12 cells as a model of neuronal dif-
ferentiation. Our findings reveal that ethanol differentially impacts 
post-transcriptional and epigenetic regulation depending on the state 
of cellular differentiation.

In undifferentiated cells, ethanol altered the expression balance of 
key regulators of neuronal microexons, characterized by increased 
Srrm3 and decreased Srrm4 expression. The imbalance was associated 
with reduced inclusion of a neuron-specific microexon in Itsn1 
mRNA. Additionally, ethanol increased total Itsn1 mRNA levels while 
decreasing total Phf21a mRNA levels. In contrast, during NGF-
induced differentiation, ethanol did not significantly modify the 
expression of splicing factors or the inclusion of the microexons ana-
lyzed. However, ethanol consistently increased LSD1 protein levels, as 
determined by immunofluorescence, which revealed a predominantly 
nuclear localization that enabled reliable detection. Ethanol also 
increased H3K4me2 levels in both undifferentiated and differentiated 
cells. Together, these findings suggest that ethanol exerts stage-depen-
dent effects, primarily by altering post-transcriptional and chromatin-
associated regulatory mechanisms.

Neuronal microexons represent a specialized class of alternative 
splicing events that fine-tune protein function by modifying protein–
protein interaction motifs. Despite their small size (3–51 nucleotides), 
their inclusion or exclusion can have significant functional conse-
quences by altering interaction interfaces involved in neuronal signal-
ing, cytoskeletal dynamics, and synaptic organization (Alam et al., 
2026; Irimia et al., 2014; Roth et al., 2023; Ule and Blencowe, 2019). 
Genome-wide studies have demonstrated that neuronal microexons 
are tightly regulated during brain development and are particularly 
sensitive to perturbations in splicing regulatory networks (Irimia et 
al., 2014; Parada et al., 2021).

The splicing factors SRRM4 and SRRM3 are considered master 
regulators of microexon inclusion. SRRM4 is a well-established activa-
tor of neuronal microexon inclusion, whereas SRRM3 acts as a paralog 
that regulates overlapping but partially distinct subsets of exons 
(Lopez-Blanch et al., 2025; Torres-Méndez et al., 2019). In our study, 
ethanol exposure induced an imbalance in these regulators, with 
reduced Srrm4 and increased Srrm3 expression. This shift was 

associated with reduced inclusion of the Itsn1 microexon, while 
microexons in Lsd1 and Phf21a remained unchanged. The limited 
number of affected microexons is consistent with previous studies 
showing that individual microexons exhibit variable sensitivity to spe-
cific splicing factors and that partial redundancy between SRRM3 and 
SRRM4 can buffer splicing changes (Bonnal et al., 2025; 
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FIGURE 4

Ethanol selectively alters the expression of splicing factors in PC12 
cells. Quantitative real-time PCR (RT-qPCR) was used to assess the 
mRNA expression levels of (A) Srrm4, (B) Srrm3, (C) Nova1, and 
(D) Ptbp1 in PC12 cells following continuous ethanol exposure. Data 
are represented as mean ± SEM from at least three independent 
experiments and analyzed using a t-test. *p < 0.05.

FIGURE 3

Ethanol increases neurite outgrowth in NGF-differentiated PC12 cells. (A) Representative confocal photomicrographs of NGF-differentiated PC12 cells 
immunolabeled with anti-MAP2 (green) and DAPI for nuclear staining (blue). (B) Quantification of total neurite length, (C) total number of primary 
branches, and (D) total branches in control or ethanol-treated NGF-differentiated PC12 cells. Scale bar, 50 μm. Data are represented as means ± SEM. 
n = 43–45 randomly chosen cells per treatment from three biological replicates. Only cells with a total neurite length greater than 100 μm were 
included in the analysis. *p < 0.05, Mann–Whitney U test.
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Torres-Méndez et al., 2019). Therefore, ethanol-induced dysregulation 
may selectively affect a subset of neuronal microexons rather than 
globally disrupting microexon programs.

ITSN1 is a multidomain scaffold protein containing multiple SH3 
domains that mediate interactions with proteins involved in membrane 
trafficking and endocytosis (Gubar et al., 2013; Kropyvko et al., 2010; 
Mintoo et al., 2024). The neuronal isoform, which includes a microexon 
adding five amino acids within an SH3 domain, has been proposed to 
enhance interactions with proteins involved in vesicle recycling (Dergai 

et al., 2010; Tsyba et al., 2004, 2008). Consistent with these observations, 
a recent study has shown that the neuronal Itsn1 microexon contributes 
to neuritogenesis during zebrafish development (Lopez-Blanch et al., 
2025). Although its role in PC12 cells remains unclear, studies in chro-
maffin cells, from which PC12 cells originate, have shown that pan-
ITSN1 deletion impairs endocytic and vesicle trafficking processes (Yu 
et al., 2008), suggesting a similar functional role.

In our model, ethanol decreased inclusion of the neuronal ITSN1 
microexon while increasing total Itsn1 mRNA levels with no changes 

FIGURE 5

Ethanol does not alter neuron-specific microexon inclusion in NGF-differentiated PC12 cells. (A) Inclusion of microexon 8a in the Lsd1 transcript 
measured by rqf-PCR. (B) Inclusion of microexon E20 in the Itsn1 transcript measured by rqf-PCR. (C) Inclusion of microexon 14 in the Phf21a transcript 
measured by RT-PCR and confirmed by gel electrophoresis. (D) Total Lsd1 transcript levels, (E) total Itsn1 transcript levels, and (F) total Phf21a transcript 
levels measured by RT-qPCR. Data are presented as mean ± SEM from at least three independent experiments. (G) Representative confocal 
photomicrographs of NGF-differentiated PC12 cells immunostained with an anti-LSD1 antibody under control conditions or following ethanol 
treatment. (H) Quantification of total LSD1 fluorescence intensity in the soma. Data are expressed as fold change relative to control conditions. Scale 
bar, 50 μm. n = 60–63 randomly selected fields per condition from three independent biological replicates. Each dot represents the mean fluorescence 
intensity of an individual field.
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FIGURE 6

Fluorescence levels of histone H3 lysine 4 dimethylation (H3K4me2) and H3K9me2 in undifferentiated PC12 cells. (A) Representative confocal 
photomicrographs of undifferentiated PC12 cells under control conditions or following ethanol treatment, immunolabeled with antibodies against 
H3K4me2 and H3K9me2. (B–C) Quantification of H3K4me2 and H3K9me2 fluorescence intensity. Data are expressed as fold change relative to control 
conditions. Scale bar, 50 μm. Data are represented as means ± SEM. n = 53–68 randomly chosen fields per treatment from three biological replicates. 
Each dot represents the mean fluorescence intensity of an individual field. Kruskal–Wallis test followed by Dunn’s multiple-comparison test.

FIGURE 7

Fluorescence levels of histone H3 lysine 4 dimethylation (H3K4me2) and H3K9me2 in differentiated PC12 cells. (A) Representative confocal 
photomicrographs of NGF-differentiated PC12 cells under control conditions or following ethanol treatment, immunolabeled with antibodies against 
H3K4me2 and H3K9me2. Scale bar, 50 μm. (B–C) Quantification of H3K4me2 and H3K9me2 fluorescence intensity. Data are expressed as fold change 
relative to control conditions. Scale bar, 50 μm. Data are represented as means ± SEM. n = 53–68 randomly chosen fields per treatment from three 
biological replicates. Each dot represents the mean fluorescence intensity of an individual field. Kruskal–Wallis test followed by Dunn’s multiple-
comparison test.
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in ITSN1 protein levels. These findings suggest that ethanol may dis-
rupt post-transcriptional regulatory processes controlling ITSN1 
expression.

The disconnect between mRNA abundance and protein levels 
raises the possibility that microexon inclusion may influence protein 
stability or translation efficiency, although the precise mechanisms 
remain to be elucidated. Although the direct role of microexons in 
regulating protein stability or translational efficiency remains largely 
unknown, previous studies have suggested that microexon inclusion 
in specific transcripts can modulate translation-related pathways. For 
example, microexons have been described in genes such as EIF4G 
and CPEB4, both of which are involved in the regulation of mRNA 
translation and translational efficiency. In particular, EIF4G partici-
pates in the formation of the translation initiation complex through 
its interaction with eIF4E (Gonatopoulos-Pournatzis et al., 2020), 
while CPEB4 regulates poly(A) tail length and downstream mRNA 
translation (Garcia-Cabau et al., 2025). Therefore, although the pre-
cise mechanism underlying the altered ITSN1 expression observed 
here remains unclear, we cannot exclude the possibility that ethanol 
induces broader changes in the microexon inclusion patterns that 
indirectly affect translational regulation and/or protein stability of 
targets such as LSD1 or ITSN1.

4.1 Ethanol exposure modifies epigenetic 
processes

Beyond alternative splicing, our results indicate that ethanol 
also affects chromatin-associated regulatory pathways. LSD1 is a 
histone demethylase that targets H3K4me2 and H3K9me2 (Laurent 
et al., 2015; Wang et al., 2015; Zibetti et al., 2010); therefore, 
increased LSD1 expression would be expected to reduce H3K4me2 
levels. Unexpectedly, ethanol exposure led to concurrent increases 
in both LSD1 protein and H3K4me2 levels in differentiated PC12 
cells. This observation suggests that LSD1 abundance may not 
directly reflect its enzymatic activity or that additional chromatin 
regulatory mechanisms may dominate the balance of H3K4 
methylation.

H3K4 methylation is dynamically regulated by the balance 
between demethylases such as LSD1 and methyltransferases of the 
MLL/SET family (Black et al., 2012; Hyun et al., 2017; Terzi 
Çizmecioğlu, 2024). Disruption of this balance may account for the 
increased H3K4me2 levels observed in ethanol-treated cells. 
Alternatively, the upregulation of LSD1 may represent a compensa-
tory response to elevated H3K4me2, reflecting a feedback mechanism 
aimed at restoring chromatin homeostasis. Consistent with this inter-
pretation, previous studies have reported that intermittent ethanol 
exposure increases Lsd1 mRNA in the amygdala of adolescent rats 
(1 h after the last ethanol injection), without a corresponding increase 
in the neuronal isoform of Lsd1 (Kyzar et al., 2017).

In addition, coordinated expression of neuronal splice variants of 
LSD1 and PHF21A has been proposed to impact the methylation 
landscape and transcriptional regulation during brain development. 
When neuronal microexons in both genes are included, the resulting 
complex displays reduced nucleosome binding and decreased nLSD1 
enzymatic activity (Porter et al., 2025), potentially contributing to 
increased H3K4me2 levels. Although we did not detect ethanol-
induced changes in the inclusion of these neuronal microexons in 
PC12 cells, alterations in LSD1 abundance may still influence chro-
matin dynamics and transcriptional regulation.

Our findings are also consistent with previous studies showing 
that ethanol promotes a more permissive chromatin state. ATAC-seq 
and RNA-seq analyses have revealed that acute ethanol exposure 
enhances chromatin accessibility in the amygdala (Krishnan et al., 
2022). Similarly, acute ethanol exposure can decrease histone deacet-
ylase (HDAC) activity while increasing histone acetyltransferase 
(HAT) CREB-binding protein (CBP), leading to increased acetylation 
of histones H3 and H4 in the amygdala (Pandey et al., 2008; 
Sakharkar et al., 2012). However, in contrast with some reports indi-
cating ethanol-induced reductions in H3K9me2, we did not detect 
changes in this histone modification in PC12 cells, suggesting that 
ethanol-induced chromatin remodeling may vary depending on the 
cellular context and developmental stage.

4.2 Ethanol increases neurite branching

NGF-differentiated PC12 cells are widely described as sympa-
thetic neuron-like catecholaminergic cells, predominantly exhibiting 
a noradrenergic phenotype (Chiba et al., 1981; Greene and 
Tischler, 1976).

In our study, ethanol exposure increased neurite length in 
NGF-differentiated PC12 cells. Previous studies have reported 
mixed effects of ethanol on neuronal morphology, including 
increased dendritic length and spine density in some brain 
regions (King et al., 1988; Klenowski et al., 2016) and reduced 
neuronal number and dendritic complexity in others (Clabough 
et al., 2021; Susick et al., 2014; Walker et al., 1981). Conversely, 
studies using PC12 cells have consistently shown that ethanol 
enhances NGF-induced neurite outgrowth. For instance, expo-
sure to 100 mM ethanol promotes neurite formation (Messing et 
al., 1991) through PKC-dependent mechanisms (Roivainen et al., 
1993) and by increasing microtubule polymerization and by 
increasing microtubule polymerization (Reiter-Funk and 
Dohrman, 2005). Indeed, it has been well established that under 
these conditions, such as 50 ng/mL NGF for 7 days, PC12 cells 
acquire a fully established neuronal differentiation 
(Schimmelpfeng et al., 2004). Importantly, our results demon-
strate that a low ethanol concentration (50 mM), administered 
over 5 days, is sufficient to promote neurite outgrowth, suggest-
ing that ethanol can modulate cytoskeletal remodeling even at 
moderate levels. The mechanism underlying ethanol-induced 
neurite branching remains incompletely understood. 
Interestingly, overexpression of the neuronal isoform of LSD1 
increases neuronal branching in cultured cells, and nLSD1-null 
mice exhibit reduced synapse size (Toffolo et al., 2014; Zibetti et 
al., 2010), raising the possibility that increased LSD1 levels may 
contribute to the morphological changes observed. Additionally, 
coordinated regulation of neuronal splice variants has been 
implicated in structural transitions during neurogenesis (Dupas 
et al., 2026) and neuronal differentiation. In particular, neuronal 
PHF21A arises through developmentally regulated microexon 
splicing events (Nagai et al., 2024). Similarly, the differential neu-
ronal inclusion/exclusion of a 9-nt microexon in unc-13 mRNA 
is crucial for the proper function of motor and olfactory neurons 
(Choudhary et al., 2025). Together, these findings suggest that 
ethanol-induced alterations in chromatin regulation and alterna-
tive splicing may converge to influence neuronal differentiation 
and structural plasticity. Taken together, our findings reveal that 
ethanol exposure selectively interferes with neuronal microexon 

https://doi.org/10.3389/fncel.2026.1854045
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org


Olivares-Costa et al.� 10.3389/fncel.2026.1854045

Frontiers in Cellular Neuroscience 11 frontiersin.org

regulation while simultaneously altering chromatin-associated 
regulatory pathways. These effects are dependent on the differ-
entiation state of the cells, with splicing alterations primarily 
observed in undifferentiated cells and chromatin changes occur-
ring across both conditions. This dual impact on post-transcrip-
tional and epigenetic regulation may represent an important 
mechanism by which ethanol disrupts neuronal development.

In the context of fetal alcohol spectrum disorders (FASD), PC12 
cells provide a useful reductionist model to investigate the direct cel-
lular effects of ethanol on neuronal differentiation, neurite outgrowth, 
apoptosis, and neurotrophic signaling (Oberdoerster and Rabin, 
1999; Pantazis et al., 1992).

Although they do not fully recapitulate the complexity of devel-
oping neural tissue, they are widely considered a relevant system for 
mechanistic studies of ethanol-induced neurodevelopmental damage, 
particularly in catecholaminergic/sympathetic neuron-like cells 
(Chiba et al., 1981; Greene and Tischler, 1976).

In this context, despite the modest effects of ethanol on neuronal dif-
ferentiation, our findings provide the first in vitro evidence that ethanol 
exposure differentially alters microexon inclusion in undifferentiated and 
differentiating PC12 cells, supporting the usefulness of this model for 
studying the impact of ethanol on alternative splicing programs.

Future studies should aim to determine the genome-wide impact 
of ethanol on neuronal microexon inclusion and chromatin modifica-
tions. Elucidating how ethanol perturbs the interplay between alterna-
tive splicing and epigenetic regulation during neuronal differentiation 
may provide new insights into the molecular basis of neurodevelop-
mental disorders associated with prenatal alcohol exposure, including 
fetal alcohol spectrum disorders.

Data availability statement

The raw data supporting the conclusions of this article will be 
made available by the authors, without undue reservation.

Ethics statement

The animal study was approved by Comité Etico Científico, 
Facultad de Medicina, Universidad Católica del Norte. The study was 
conducted in accordance with the local legislation and institutional 
requirements.

Author contributions

MO-C: Conceptualization, Funding acquisition, Writing – orig-
inal draft, Writing – review & editing, Investigation, Methodology, 
Formal analysis. PJ: Investigation, Writing  – original draft, 
Writing  – review & editing. CM: Writing  – review & editing, 
Investigation, Project administration. SE: Investigation, Writing – 
review & editing. AK: Investigation, Writing – review & editing, 
Funding acquisition, Methodology. MA: Investigation, Writing – 
review & editing, Conceptualization, Methodology. PH: Funding 
acquisition, Methodology, Writing  – review & editing, 

Conceptualization, Project administration, Resources, Writing – 
original draft, Data curation.

Funding

The author(s) declared that financial support was received for this 
work and/or its publication. This work was supported by PEW 
Charitable Trust-Innovation fund, Millennium Nucleus of neuroepi-
genetic and plasticity-EpiNeuro (Code: NCN2023_032), Fondecyt 
postdoctorado (3230704, 2023).

Acknowledgments

The authors would like to thank Belen Romero and Antonio 
Hidalgo for their technical assistance and the Faculty of Medicine, 
Universidad Católica del Norte, for the use of its confocal facility 
(FONDEQUIP, EQM140100) and Odyssey M Imaging System 
(FONDEQUIP EQM220103).

Conflict of interest

The author(s) declared that this work was conducted in the 
absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest.

Generative AI statement

The author(s) declared that Generative AI was not used in the 
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this 
article has been generated by Frontiers with the support of artificial 
intelligence and reasonable efforts have been made to ensure accuracy, 
including review by the authors wherever possible. If you identify any 
issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated organizations, 
or those of the publisher, the editors and the reviewers. Any product 
that may be evaluated in this article, or claim that may be made by its 
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online 
at: https://www.frontiersin.org/articles/10.3389/fncel.2026.1854045/
full#supplementary-material

https://doi.org/10.3389/fncel.2026.1854045
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fncel.2026.1854045/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fncel.2026.1854045/full#supplementary-material


Olivares-Costa et al.� 10.3389/fncel.2026.1854045

Frontiers in Cellular Neuroscience 12 frontiersin.org

SUPPLEMENTARY FIGURE 1

LSD1 protein levels in undifferentiated PC12 cells under control and ethanol 
conditions. (A) Schematic representation of the experimental protocol for 
PC12 cell differentiation induced by NGF and subsequent ethanol treatment. 
(B) Total LSD1 protein levels assessed by Western blot. (C) Representative 
Western blot bands quantified in (B). Data are represented as means ± S.E.M 
from five independent experiments.

SUPPLEMENTARY FIGURE 2

mRNA expression of synaptic structural plasticity-associated markers in PC12 
cells. RT-qPCR was performed to assess the mRNA expression levels of 
(A) Bdnf and (B) Gap43 in NGF-differentiated PC12 cells. Data are 
represented as means ± S.E.M from at least three independent experiments.

SUPPLEMENTARY FIGURE 3

Ethanol exposure in non-differentiated and differentiated PC12 cells does 
not alter electrophysiological properties. (A) Representative current traces 
evoked by depolarizing voltage steps in non-differentiated and differentiated 
(NGF-treated) PC12 cells, recorded in the absence or presence of ethanol. 
(B) Current–voltage (I–V) relationships constructed from steady-state 
current amplitudes measured at the end of each voltage step for all 
treatment groups. (C) Maximum current amplitude in response to a +50 mV 
step in all conditions; no significant differences were detected. (D–F) Series 
resistance, input resistance, and holding current, which reflect seal quality 
and membrane integrity, showed no differences between groups. Data are 
presented as mean ± SEM. Statistical analysis: one-way ANOVA followed by 
Tukey’s post hoc test; all comparisons were non-significant (p > 0.05).

SUPPLEMENTARY FIGURE 4

NGF treatment increases the inclusion of neuron-specific microexons in Lsd1 

and Phf21a transcripts in PC12 cells. (A) Inclusion of microexon 8a in the Lsd1 
transcript measured by rqf-PCR. (B) Inclusion of microexon E20 in the Itsn1 
transcript measured by rqf-PCR. (C) Inclusion of microexon 14 in the Phf21a 
transcript measured by RT-PCR and confirmed by gel electrophoresis. Data 
are represented as means ± S.E.M. *p<0.05 by unpaired t-test.

SUPPLEMENTARY FIGURE 5

ITSN levels in differentiated PC12 cells under control and ethanol 
conditions. (A) Representative confocal photomicrographs of NGF-
differentiated PC12 cells immunostained with an anti-ITSN1 antibody 
under control conditions or following ethanol treatment. 
(B) Quantification of total ITSN1 fluorescence intensity in the soma. Data 
are expressed as fold change relative to control conditions. 
(C) Quantification of the number of fluorescent puncta per 10 um area in 
neurites. (D) Quantification of the number of fluorescent puncta per area 
(μm2) in neurites (E). Quantification of total ITSN1 fluorescence intensity 
in neurites. Data are expressed as fold change relative to control 
conditions. Scale bar, 50 μm. n = 60–63 randomly selected fields per 
condition from three independent biological replicates. Each dot 
represents the mean fluorescence intensity of an individual field.

SUPPLEMENTARY FIGURE 6

LSD1 levels in differentiated PC12 cells in the control and ethanol group. 
(A) Total LSD1 protein levels assessed by Western blot. (B) Representative 
Western blot bands quantified in (A). Data are represented as means ± S.E.M 
from five independent experiments. **p < 0.01 by unpaired t-test.

SUPPLEMENTARY DATA SHEET 1

Raw data of Western blots for LSD1.
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