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Abstract
Background: We previously showed that ethanol did not kill fetal neural stem cells 
(NSCs), but that their numbers nevertheless are decreased due to aberrant maturation 
and loss of self-renewal. To identify mechanisms that mediate this loss of NSCs, we 
focused on a family of Gag-like proteins (GLPs), derived from retroviral gene remnants 
within mammalian genomes. GLPs are important for fetal development, though their 
role in brain development is virtually unexplored. Moreover, GLPs may be transferred 
between cells in extracellular vesicles (EVs) and thereby transfer environmental ad-
aptations between cells. We hypothesized that GLPs may mediate some effects of 
ethanol in NSCs.
Methods: Sex-segregated male and female fetal murine cortical NSCs, cultured ex 
vivo as nonadherent neurospheres, were exposed to a dose range of ethanol and to 
mitogen-withdrawal-induced differentiation. We used siRNAs to assess the effects of 
NSC-expressed GLP knockdown on growth, survival, and maturation and in silico GLP 
knockout, in an in vivo single-cell RNA-sequencing dataset, to identify GLP-mediated 
developmental pathways that were also ethanol-sensitive.
Results: PEG10 isoform-1, isoform-2, and PNMA2 were identified as dominant GLP 
species in both NSCs and their EVs. Ethanol-exposed NSCs exhibited significantly 
elevated PEG10 isoform-2 and PNMA2 protein during differentiation. Both PEG10 
and PNMA2 were mediated apoptosis resistance and additionally, PEG10 promoted 
neuronal and astrocyte lineage maturation. Neither GLP influenced metabolism nor 
cell cycle in NSCs. Virtual PEG10 and PNMA2 knockout identified gene transcription 
regulation and ubiquitin-ligation processes as candidate mediators of GLP-linked pre-
natal alcohol effects.
Conclusions: Collectively, GLPs present in NSCs and their EVs may confer apoptosis 
resistance within the NSC niche and contribute to the abnormal maturation induced 
by ethanol.
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INTRODUC TION

Prenatal alcohol exposure (PAE) is a significant public health con-
cern. PAE is detrimental to the growth of the developing fetus, often 
resulting in a constellation of negative infant outcomes, including 
craniofacial dysmorphology, growth retardation, and neurobehav-
ioral abnormalities, which are collectively termed Fetal Alcohol 
Spectrum Disorders (FASD; Riley & McGee, 2005). The prevalence 
of FASD ranges from 1.1% to 5% of the school-age population in 
the United States, while the prevalence of Fetal Alcohol Syndrome 
(FAS), the severe end of the FASD continuum, varies from 0.05% to 
0.2% in the United States (May et al., 2018; May & Gossage, 2001). 
However, two separate studies, in Texas (Bakhireva et al., 2017) and 
West Virginia (Umer et al., 2020), assessing a blood metabolite of 
alcohol in newborn infants, both estimated the prevalence of third-
trimester PAE at greater than 8%, suggesting that previous preva-
lence measures of FASD may actually be underestimated. FASD 
remains difficult to prevent due to high rates of unplanned preg-
nancies and alcohol consumption patterns in women of childbearing 
age. Approximately half of the pregnancies in the United States are 
unplanned (Finer & Zolna, 2016) and ~18% of women report alco-
hol consumption during early pregnancy (SAMHSA, 2013). There is 
clearly a need for greater research into interventions that address 
the effect PAE has on a developing fetus.

PAE affects various developing organs and tissues, leading to the 
pleiotropic effects seen in FASD. Ex vivo modeling of early embryonic 
and fetal development using rodent and primate-derived embryonic 
stem cells (ESCs) has shown that ethanol (EtOH) induces apoptosis 
and influences proliferation within these cells (Arzumnayan et al., 
2009; Nash et al., 2009; VandeVoort et al., 2011). ESC studies indi-
cate that EtOH impairs differentiation of stem cells toward a number 
of developmental lineages (Adler et al., 2006; Krishnamoorthy et al., 
2013; VandeVoort et al., 2011). Previous studies in cells committed 
to neural lineages shows that while more mature developing neu-
rons are susceptible to apoptosis following EtOH exposure (Cheema 
et al., 2000b; Mooney & Miller, 2001, 2003), neural stem, and pro-
genitor cells are resistant to apoptosis (Prock & Miranda, 2007), but 
are nevertheless depleted due to increased proliferation and pre-
mature maturation (Camarillo & Miranda, 2008; Miller, 1996; Miller 
& Nowakowski, 1991; Salem et al., 2021a, 2021b; Santillano et al., 
2005). Our recent studies indicate that some of the premature matu-
ration effects of developmental EtOH exposure may be mediated by 
miRNAs secreted from neural stem cells (NSCs) in nanometer-sized 
extracellular vesicles (EVs; Tseng et al., 2019).

EVs represent an exciting and novel means of intercellular com-
munication and transfer of macromolecules including proteins and 
nucleic acids, and can serve as both biomarkers for disease and ther-
apeutic delivery vehicles. Mesenchymal stem cell-derived EVs have 
been demonstrated to minimize damage and cognitive deficits due 
to traumatic brain injury and epilepsy (Kim et al., 2016a; Long et al., 
2017). Recently, the capsid forming protein Arc has been identified 
in neuron-derived EVs, and found to transport its own mRNA be-
tween neurons (Ashley et al., 2018; Pastuzyn et al., 2018). Arc is a 

member of a large class of gag-like proteins (GLPs) encoded in the 
genome (Campillos et al., 2006), that may also be biologically active 
in neural tissues, and have the potential to be packaged in EVs, and 
transported to recipient cells to influence their biology.

GLPs are encoded by genetic remnants of endogenous retrovi-
ruses (ERVs), which became trapped in the eukaryotic genome. The 
primary components of a retrovirus are long terminal repeats that 
border the central components of gag, pol, and env (Kaneko-Ishino 
& Ishino, 2012). These components of ERVs may retain some aspect 
of their original viral function that the host has since adapted for 
its own survival (Kaneko-Ishino & Ishino, 2012). For example, Arc 
retains its original GLPs ability to interact with mRNAs and pack-
age these mRNAs in capsid-like structures for membrane-bound 
export in EVs, including Arc mRNA (Ashley et al., 2018; Pastuzyn 
et al., 2018). Aside from Arc, there may be other GLPs encoded in 
the genome capable of packaging RNAs into capsid-like structures 
within EVs. Understanding the biology of these GLPs may facilitate 
an understanding of disease etiology.

GLPs have been identified as crucial factors in developmen-
tal processes (Abed et al., 2019; Ashley et al., 2018; Chen et al., 
2015; Hishida et al., 2007; Lux et al., 2005), and the MAmmalian 
RetroTransposon (MART) family of GLP proteins, derived from the 
Ty3/Gypsy retrotransposon family, have been found to be highly ex-
pressed in the developing fetus, including the brain (Brandt et al., 
2005). These data show that GLPs are highly expressed in the fetal 
brain and likely play a role in neural development and, perhaps, in 
the etiology of FASD. However, except for Arc, little is known about 
other GLPs that are highly expressed in the fetal brain; therefore, 
there is a need to understand the mechanisms and pathways in 
which they participate (Pandey et al., 2014). For this reason, we as-
sessed the expression of GLPs in cultured neural progenitors derived 
from fetal mouse brain, and found that 2 GLPs, paternally expressed 
gene 10 (PEG10) and paraneoplastic antigen MA2 (PNMA2) are 
present in NSCs and in EVs secreted by NSCs. Moreover, NSC levels 
of these two GLPS were also significantly increased following EtOH 
exposure. Using loss-of-function and computational strategies, we 
present evidence that PEG10 promotes neuronal or astrocytic differ-
entiation, and that both PEG10 and PNMA2 have an anti-apoptotic 
role in NSCs. We hypothesize that the elevated expression of PEG10 
and PNMA2 may be a protective adaptation in NSCs to preserve 
neuronally directed maturation following EtOH exposure.

MATERIAL S AND METHODS

Ex vivo fetal mouse neurosphere culture model

All procedures were performed in accordance with Texas A&M 
Institutional Animal Care and Use Committee guidelines and ap-
proval. C57BL/6J (Ai14) mice (Jackson Laboratories, Catalog # 
007914) were bred in-house and timed mated overnight with the 
following morning following mating set as gestational day (GD) 0.5. 
NSCs were collected from the dorsal telencephalic vesicles of GD 
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12.5 mouse fetuses. At the time of collection, fetal sex was deter-
mined as we have previously reported (Salem et al., 2021a). Briefly, 
genomic DNA, derived from fetal tail samples using alkaline lysis, 
underwent a rapid qPCR protocol using primers to detect repeti-
tive sequences on the X (Kunieda et al., 1992) and Y (Itoh et al., 
2015) chromosomes. Cortical neuroepithelial tissues within a single 
pregnancy were pooled by sex. Male and female fetal NSCs were 
separately propagated as nonadherent spheroids in serum-free mi-
togenic media, as previously published (Camarillo et al., 2007; Prock 
& Miranda, 2007; Santillano et al., 2005; Sathyan et al., 2007; Tsai 
et al., 2014).

EtOH treatment

NSCs were seeded at a density of 2 × 106 cells per T25 flask (Corning; 
Catalog # 353082), with each flask being defined as a single sample, 
and were randomly assigned to a control (0 mg/dl, 0 mM), moderate 
(120  mg/dl, 26  mM), or high (320  mg/dl, 70  mM) EtOH exposure 
group. The EtOH concentration was chosen based on blood alcohol 
concentrations attainable either during binge drinking (120 mg/dl), 
or by adults with chronic alcohol use disorders (320 mg/dl; Adachi 
et al., 1991). Before use, 190 proof EtOH (Koptec-Decon Labs; 
Catalog # V1101) was diluted into fresh culture medium, and EtOH 
concentrations in culture-conditioned medium were measured by 
gas chromatography (Thermo Fisher; Trace 1310) for each experi-
ment. Both control and EtOH-treated flasks were tightly capped 
and parafilm sealed, to prevent EtOH loss in the culture medium 
throughout the 5-day exposure period. Gas chromatographic analy-
ses of our EtOH exposure groups indicated that alcohol concentra-
tions in the media (97 to 139 mg/dl, 21 to 30 mM for moderate dose 
and 273 to 346 mg/dl, 59 to 75 mM for high dose) approximated 
the blood alcohol concentration attained in binge drinkers and in 
heavy drinkers, respectively (Adachi et al., 1991; Perper et al., 1986). 
Mitogen-withdrawal-driven differentiation was facilitated by seed-
ing neurospheres onto laminin-coated (Thermo Fisher; Catalog # 
23017015) culture dishes in the absence of EGF and LIF, but with 
FGF, resulting in the preferential formation of neuronal-lineage-
committed migratory cells, as described previously (Camarillo et al., 
2007; Camarillo & Miranda, 2008; Miranda et al., 2008).

EV isolation

Culture-conditioned media were collected from control and EtOH-
treated neurosphere cultures and passed through a 0.2 μm of sterile 
filter with polyethersulfone membrane (VWR; Catalog # 28145-501) 
to exclude particles with diameters larger than 200  nm. Filtered 
media was then concentrated using a 100 kDa MWCO centrifugal 
filter (Pall; Catalog # MAP100C38) according to manufacturer's rec-
ommendations. EVs were isolated using ultracentrifugation (Théry 
et al., 2006). Briefly, after pelleting cells and debris, EVs were pel-
leted at 100,000 × g for 70 min and washed with PBS before final 

isolation of EVs at 100,000 × g for 70 min. Previously, we showed 
that this method resulted in the successful isolation of EVs ranging 
in size from 50 to 200 nm, with a diameter median of ~130 nm, and 
were able to visualize these EVs with transmission electron micros-
copy (Tseng et al., 2019).

Western blot analysis

Protein from mouse neurospheres and EVs was extracted using 
1× RIPA lysis buffer (EMD Millipore; Reference # 20-188), with 
addition of Halt Protease and Phosphatase Inhibitor Cocktail 
(Thermo Fisher Scientific; Product # 78442). Extracted protein 
concentration was determined using Pierce BCA Protein Assay Kit 
(Thermo Fisher Scientific; Catalog # 23225). Ten micrograms of 
protein were size-fractionated on a 4% to 12% Bis-Tris Gel (Life 
Technologies; Catalog # NP0329BOX), at 200V for 50  min, and 
blotted to a PVDF membrane using iBlot Transfer System (Thermo 
Fisher Scientific; Catalog # IB301001). The blot was then incubated 
in Revert™ 700 Total Protein Stain for Western Blot Normalization 
(LI-COR, Lincoln, NE; Catalog # 926-11011) and washed accord-
ing to manufacturer's recommendations. Subsequently, the mem-
brane was blocked for 1 h at room temperature with agitation with 
Intercept® (TBS) Protein-Free Blocking Buffer (LI-COR; Catalog # 
927-80001), then incubated overnight at 4°C with agitation with 
polyclonal rabbit anti-PEG10 antibodies diluted at 1:1000 (Abcam; 
Catalog # ab181249) and mouse anti-PNMA2 antibodies diluted 
to 1:1000 (Santa Cruz Biotech; Catalog # sc-390762). Antibodies 
for cell-enriched markers, DREBRIN (Abcam; Catalog # ab60933), 
NDUFS1 (Abcam; Catalog # ab157221), ATPB (Abcam; Catalog 
# ab14730), and CALNEXIN (Abcam; Catalog # ab213243), were 
used at 1:1000 dilutions. An antibody for the EV-enriched marker 
TSG101 (Santa Cruz Biotech; Catalog # sc-7964), was used at a 
1:1000 dilution. The blot was washed and incubated with IRDye® 
800CW Goat anti-Rabbit IgG Secondary Antibody (LI-COR; 
Catalog # 926-32211) at dilution 1:10,000 and IRDye® 680RD 
Goat anti-Mouse IgG Secondary Antibody (LI-COR; Catalog # 
926-68070) at dilution 1:10,000 for 1  h. All blots were visual-
ized using an Odyssey® CLx Imaging System (LI-COR) and blots 
were analyzed using Image Studio™ Lite Software (LI-COR) and 
normalized against Revert™ 700 Total Protein Stain, according to 
manufacturer recommendations. The same composite sample was 
included on each immunoblot to allow for quantitative compari-
sons between blots. The composite sample is an equal mixture of 
protein of all samples to create a standard sample.

siRNA transfection for knockdown

Scrambled siRNA (as control), PEG10 siRNA, and PNMA2 siRNA, at 
a concentration of 25 nM (Dharmacon siRNA; Scrambled: Catalog 
#D-001206-13-05, PEG10: Catalog #M-055648-01-0005, PNMA2: 
Catalog #M-051324-01-0005), were transfected into NSCs, using 
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Lipofectamine RNAiMAX (Thermo Fisher; Catalog # 13778) accord-
ing to the manufacturer's recommendations.

MTT cell viability assay

The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 
(MTT) colorimetric assay (Thermo Fisher; Catalog # M6494) for cell 
metabolic activity, measured by formation of a colored formazan 
reaction product, was used to assess the number of viable cells. 
Seventy-two hours following transfection with siRNAs, NSCs were 
incubated for 3  h with 6  mM of MTT. The reaction product was 
subsequently solubilized with 10% SDS in 0.01 N of HCl for 3 h. 
Absorbance intensities were measured at 570  nM, using Tecan 
Infinite 200 Microplate Reader (Tecan; SKU# 8344-50-0005).

Cell death analysis

At 48 h post-transfection with siRNAs, the Promega Caspase-Glo® 
3/7 Assay Systems (Promega; Catalog # G8091) were used to quan-
tify apoptotic cell death according to the manufacturer's instruc-
tions and results were quantified on a plate reader (Tecan).

Cell cycle analysis

At 48 h post-transfection with siRNAs, DNA synthesis was assessed 
by pulse-labeling cells with 10 μM of EdU (5-ethynyl-2′-deoxyuridine) 
for 1 h. Cells were immediately harvested, and cell cycle analysis was 
performed with the Click-iT® EdU Alexa Fluor® 488 Flow Cytometry 

Assay Kit (Thermo Fisher; Catalog # C10420), in conjunction with 
7-Amino-Actinomycin D (Thermo Fisher; Catalog # 00-6993-50), 
according to the manufacturer's recommendations. Rates of in-
corporation were determined using the Beckman Coulter® Gallios 
2/5/3 Flow Cytometer. Data were analyzed using Kaluza software 
(Beckman Coulter).

RNA isolation and mRNA qPCR

Total RNA from mouse neurospheres was isolated using the miRNe-
asy mini kit (Qiagen; Catalog # 217004). cDNA synthesis was per-
formed using the qScript™ cDNA SuperMix (Qiagen; Catalog # 
95048). qPCR was performed using a 10 µl mix of cDNA, PerfeCTa® 
SYBR® Green FastMix®, ROX™ (Quanta Bio: Catalog # 95073-250), 
and gene appropriate primers (Table 1). qPCR analysis was per-
formed on an Applied Biosystem ViiA 7 Real-time PCR system (ABI/
Life Technologies). RNA expression values of mean 2−∆∆CT were nor-
malized to β-actin. Primers were designed to span exon–exon junc-
tions and for each primer pair, thermal stability curves were assessed 
for evidence of a single amplicon. The length of each amplicon was 
verified using agarose gel electrophoresis, and amplicon identity was 
verified by Sanger sequencing.

Data analysis of scRNA sequencing

PEG10 deletion is embryonically lethal (Ono et al., 2006); therefore, 
virtual KO analysis was conducted on data obtained from our single 
cell RNA sequencing (scRNA-seq) of GD14.5 control cerebral cor-
tex (NCBI GEO accession number GSE158747; Salem et al., 2021a), 

TA B L E  1  List of primers used

Target 
(mus musculus) Forward sequence Reverse sequence

Product 
size (bp)

NCBI accession 
number

Peg10 CCCTCATCCTTCGTGGCATC GTGGTTGGCGTCTTTTGGTT 77 NM_130877

Pnma2 GACACTCCACCCGCTAATGG GGCTGGTTGTTGTAACTGCG 365 NM_175498

Nes CTCAGATCCTGGAAGGTGGG GCAGAGTCCTGTATGTAGCCA 81 NM_016701

Olig2 GAACCCCGAAAGGTGTGGAT TTCCGAATGTGAATTAGATTTGAGG 105 NM_016967

Rbfox3/NeuN AACCAGCAACTCCACCCTTC CGAATTGCCCGAACATTTGC 118 NM_001285437

Pdgfra CGTGCTTGGTCGGATTTTGG CAGGTTGGGACCGGCTTAAT 83 NM_001083316

Gfap CTGAGGCAGAAGCTCCAAGAT CTCCAAATCCACACGAGCCA 111 NM_001131020

Glast CCATGTGCTTCGGTTTCGTG CCAGAGGCGCATACCACATTA 126 NM_148938

Actb CTCTGGCTCCTAGCACCATGAAGA GTAAAACGCAGCTCAGTAACAGTCCG 200 NM_007393

Arl6ip1 GTTCGCTCGTTGATAACCGC AAGACTTGCAGTCTCCACGG 89 NM_019419

Ube2c AGCCGGCACCGTATATGAAG GCAGCGTGTGTGTTCAAAGG 252 NM_026785

Actg1 GCCGCCGGCTTACACT CTCGTCACCCACGTATGAGT 235 NM_009609

H3f3a CCTCGGTGTCAGCCATCTTT GCCATGGTAAGGACACCTCC 140 NM_008210

Tmsb4x AGCACACATAAAGCGGCGT ATTCGCCAGCTTGCTTCTCT 239 NM_021278

Tuba1a CCATCCACCCGGCAGC TCTCCTCCCCCAATGGTCTT 168 NM_011653

Ubb GCAAGGAGGTTTCCAGAGCTT CCAATTAGGCGTTTTTGCCGA 180 NM_011664

info:refseq/GSE158747
info:refseq/NM_130877
info:refseq/NM_175498
info:refseq/NM_016701
info:refseq/NM_016967
info:refseq/NM_001285437
info:refseq/NM_001083316
info:refseq/NM_001131020
info:refseq/NM_148938
info:refseq/NM_007393
info:refseq/NM_019419
info:refseq/NM_026785
info:refseq/NM_009609
info:refseq/NM_008210
info:refseq/NM_021278
info:refseq/NM_011653
info:refseq/NM_011664
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as described in Osorio et al. (2022), to determine potential gene 
targets that would be impacted in the developing fetal mouse brain 
if PEG10 or PNMA2 were to be deleted. Data analysis from our pre-
viously published dataset focused on those cell clusters that most 
closely resemble the ventricular zone (VZ), the subventricular zone 
(SVZ), and transient progenitor cells (TPC; Salem et al., 2021a), as 
these are the cell populations that are most closely recapitulated in 
our neurosphere model. These predicted altered genes were then 
compared to genes identified as EtOH-sensitive and as hub genes 
in WGCNA analysis of the VZ, SVZ, and TPC clusters to identify 
any overlap and potential network consequences of altered PEG10 
and PNMA2 expression in the developing fetal mouse VZ, SVZ, and 
TPC. Pathway analysis of WGCNA modules was conducted using 
Enrichr (Chen et al., 2013; Kuleshov et al., 2016).

Statistical analysis

Statistical analyses were conducted using the GraphPad Prism 
software, version 9 for Windows. Results are expressed as the 
mean ± SEM. The overall group effects were analyzed for signifi-
cance using three-way and two-way ANOVA with Dunnett's multi-
ple comparisons post hoc testing when appropriate (i.e., following a 
significant group effect or given a significant interaction effect be-
tween experimental conditions in two-way ANOVA), to correct for 
a family-wise error rate. All statistical tests, sample sizes, and post 
hoc analysis are appropriately reported in the results section. A 
value of p < 0.05 was considered statistically significant and a value 
of 0.1 < p < 0.05 was considered as trending toward significance.

RESULTS

EtOH exposure increases PEG10 and PNMA2 
expression in differentiating mouse NSCs

GLPs were initially screened to select for those highly expressed in 
embryonic and fetal rodent brain according to published datasets 
on NCBI Gene Expression from mouse ENCODE transcriptome data 
(Yue et al., 2014). Of those, the PEG10 and PNMA2 genetic loci were 
uniquely identified as containing large CpG islands that overlapped 
with their promoters and at least two enhancer regions according 
the UCSC Genome Browser (GRCm38/mm10), suggesting they may 
be sensitive to epigenetic modifications as a result of EtOH expo-
sure. For these reasons, we focused on PEG10 and PNMA2 for our 
studies.

For PEG10 isoform 1, there was a significant increase in expres-
sion as differentiation progressed, represented by day of differenti-
ation, F (2, 48) = 5.071, p = 0.010, but only a trend of an interaction 
effect for independent variables sex, treatment, and day, “Sex by 
Treatment by Day,” F (4, 48) = 2.150, p = 0.089, as a result of EtOH 
exposure (Figure 1C). EtOH exposure significantly increased the pro-
tein expression of PEG10 isoform 2, F (2, 24) = 10.577, p = 0.00370, 

and expression of this isoform increased with maturation, F (2, 
48) = 12.186, p < 0.0001 (Figure 1D), as revealed by 3-way ANOVA. 
For PNMA2, EtOH exposure resulted in a significant interaction ef-
fect for “Treatment by Day”, F (4, 48) = 2.643, p = 0.045, as well as a 
significant interaction for “Sex by Treatment by Day”, F (4, 48) = 4.649, 
p = 0.003 (Figure 1E). For PEG10 isoform 1, PEG10 isoform 2, and 
PNMA2, we observed no sex differences in control but EtOH expo-
sure unmasked sex-specific responses with expression peaking on 
differentiation day 1 in female NSCs exposed to 320 mg/dl EtOH.

PNMA2 and the PEG10 isoform 1 are present in EVs 
isolated from mouse NSCs

First, the identity of EVs isolated from male and female NSC-
conditioned medium was confirmed using proteins known to be 
enriched in cells compared to EVs (ATPB, NDUFS1, DREBRIN; 
Figure 2B). For additional markers confirming the identity of isolated 
EVs, refer to Figure S1. PNMA2 was confirmed to be present in both 
EVs and cells consistent with its identity as a GLP. Interestingly, for 
PEG10, the longer isoform 1 was found to be enriched in EVs com-
pared to cells while the shorter isoform 2 was found to be preferen-
tially enriched in cells. Furthermore, cellular fractionation revealed 
that PEG10 isoform 2 is predominantly localized in the cytoplasm 
while PNMA2 is found in both the cytoplasm and nuclear fractions 
at equivalent levels (Figure S2). However, we observed no signifi-
cant effects of EtOH exposure on subsequent levels of GLPs in EVs 
(Figure S3).

Knockdown of PEG10 and PNMA2 promotes 
apoptosis while not altering cellular metabolism

Given that PEG10 and PNMA2 are both known to be anti-apoptotic 
(Abed et al., 2019; Chen et al., 2015; Lee et al., 2016; Li et al., 2016; 
Pang et al., 2018; Peng et al., 2017; Zhang et al., 2017), we investi-
gated whether knockdown of these GLPs would increase apoptosis 
in NSCs. For efficiency of knockdown of PEG10 and PNMA2, refer to 
Figure S4. As predicted, we observed an increase in apoptosis follow-
ing knockdown of both PEG10, F (1, 16) = 5.058, p = 0.039 (Figure 3A), 
and PNMA2, F (1, 16) = 38.11, p < 0.0001 (Figure 3A), compared to 
scrambled controls. Moreover, there was no significant difference 
between PNMA2 knockdown and the apoptosis induced by stauro-
sporine, the positive control, F (1, 16)  =  0.110, p  =  0.745, suggest-
ing that PNMA2 in particular is important for preventing apoptosis 
in NSCs. In contrast, for PEG10 knockdown, while it did result in in-
creased apoptosis, the effect was not as severe as that produced by 
staruosporine, F (1, 16) = 6.608, p = 0.021 for the comparison with 
staurosporine. In an ANOVA model including scrambled control and 
PEG10 knockdown, there was a significant main effect of sex, F (1, 
16) = 8.237, p = 0.011, with male-derived NSCs in each case exhibit-
ing higher levels of caspase activity. In no other ANOVA analysis mod-
els was there a significant main effect of sex or interaction effects.
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Additionally, we investigated whether knockdown of PEG10 
and PNMA2 has an impact on cellular metabolism and observed 
no difference in NADPH-dependent metabolism between 
PEG10, F (1, 16)  =  0.037, p  =  0.850 (Figure 3B), and PNMA2, F 
(1, 16)  =  0.007, p  =  0.934 (Figure 3B), compared to scrambled 
control. We next investigated whether knockdown of PEG10 and 
PNMA2 impacted cell cycle progression. While an increased pro-
portion of cells in G1/G0 phase was observed in PEG10  knock-
down with a trend toward significance, F (1, 16) = 4.194, p = 0.057 

(Figure 4A), no differences were found between PEG10 knock-
down and scrambled control for G2/M phase, F (1, 16)  =  0.511, 
p = 0.485, or S phase, F (1, 16) = 2.021, p = 0.174. We also found 
no difference between PNMA2 knockdown and scrambled control 
for G1/G0 phase, F (1, 16) = 1.629, p = 0.220, and G2/M phase (F 
(1, 16) = 0.577, p = 0.458, and only a trend toward significance for 
S phase, F (1, 16) = 3.275, p = 0.089, outcomes which are collec-
tively consistent with lack of effect on NADPH-dependent cellular 
metabolism.

F I G U R E  1  Previous EtOH exposure increases PEG10 and PNMA2 protein expression during early differentiation of NSCs. Representative 
western immunoblots (A) stained for total protein and (B) with antibodies (green fluorescence) to PEG10 isoforms 1 and 2 and antibodies 
(red fluorescence) to PNMA2. Quantitative analysis of relative protein levels of (C) PEG10 isoform 1, (D) PEG10 isoform 2, and (E) PNMA2 
on Days 0, 1, and 3 of early differentiation of NSCs. The same composite sample (see methods) was included on each immunoblot to allow 
for comparisons between blots. n = 5 samples per group. # = main effect of Treatment, * = main effect of Day, + = interaction effect, 
“Treatment by Day,” $ = interaction effect, “Sex by Treatment by Day.” Significance was determined using 3-way ANOVA. #p < 0.05, 
##p < 0.01, ####p < 0.0001
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PEG10 knockdown decreases neuronal and astrocytic 
lineage markers

To investigate potential impact on lineage-specific maturation of 
NSCs, PEG10 and PNMA2 were knocked down and transcripts as-
sociated with neuronal (Rbfox3/NeuN, Nes), oligodendrocytic (Olig2, 
Pdgfra), and astrocytic (Gfap, Glast) lineages were quantified. For 
PEG10 knockdown, there was a significant decrease in Rbfox3/NeuN, 
F (1, 15) = 5.585, p = 0.032 (Figure 5A), and Glast, F (1, 16) = 6.019, 
p = 0.026 (Figure 5F), and a trend toward a significant decrease in 
Gfap, F (1, 16) = 3.893, p = 0.066 (Figure 5E). Trends toward a signifi-
cant decrease for Nes, F (1, 16) = 3.909, p = 0.066 (Figure 5B), and 
Pdgfra, F (1, 16) = 3.076, p = 0.099 (Figure 5D), were observed but 
no difference was observed for Olig2, F (1, 16) = 1.010, p = 0.330 
(Figure 5C). For PNMA2 knockdown, only an interaction effect was 
observed for Nes mRNA, F (1, 16) = 7.524, p = 0.0144 (Figure 5B), with 
an increase observed in female fetal-derived NSCs, but not in NSCs 

derived from male fetuses. Otherwise, a trend toward significant 
increase for Rbfox3/NeuN, F (1, 15) = 3.415, p = 0.084 (Figure 5A), 
was seen and no difference was observed in transcripts for Olig2, 
F (1, 16) = 0.111, p = 0.744 (Figure 5C), Pdgfra, F (1, 16) = 0.0999, 
p = 0.756 (Figure 5D), Gfap, F (1, 16) = 0.187, p = 0.672 (Figure 5E), 
and Glast, F (1, 16) = 1.703, p = 0.210 (Figure 5F).

scRNA-seq analysis of fetal mouse ventricular zone 
cells reveals potential consequences of knockout of 
PEG10 and PNMA2

To investigate the consequences of region-specific KO of PEG10 
and PNMA2, virtual KO using scTenifoldKnk (Osorio et al., 2022) 
was performed on control GD14.5 fetal mouse cerebral cortical 
cells from our previously published scRNA-seq dataset (Salem 
et al., 2021a; GSE158747). scTenifoldKnk used scRNA-seq data 

F I G U R E  2  PEG10 and PNMA2 are present in EVs. (A) Total protein stain of male and female NSCs and EVs isolated from culture media 
of the NSCs. (B) Immunoblot showing presence of GLPs in red and presence of cell-enriched proteins (anti-DREBRIN, NDUFS1, and ATPB 
antibodies) in green

F I G U R E  3  PEG10 and PNMA2 are anti-apoptotic and do not affect cellular metabolism. (A) Quantification of caspase 3/7 activity by 
luciferase assay following PEG10 and PNMA2 knockdown. (B) MTT absorbance values following knockdown of PEG10 and PNMA2 in NSCs. 
n = 5 samples per group. * = main effect of Treatment by 2-way ANOVA. *p < 0.05, ****p < 0.0001
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from the control samples in GSE158747 to construct a single-cell 
gene regulatory network (scGRN). Then, the two GLPs of interest, 
Peg10, or Pnma2 were each “knocked out” from the constructed 
scGRN by setting weights of the gene's outward edges to zeros. 
The “pseudo-KO” scGRN is compared with the original scGRN to 
predict genes whose expression and regulatory relationship will 
be perturbed. These analyses showed that virtual KO of Peg10 is 
predicted to alter expression of 28 genes (Figure 6A; Table S1) and 
virtual KO of Pnma2 altered expression of 23 genes (Figure 6B; 
Table S2). To assess potential repercussions of altered PEG10 and 
PNMA2 expression resulting from EtOH exposure, these lists 
of genes were compared to the hub genes identified in WGCNA 
analysis and also identified as EtOH sensitive (Salem et al., 2021a). 
Only clusters identified as being part of the VZ, SVZ, and TPC were 
considered as these are the most similar to the niche represented 
by our neurosphere model (Figure 6C) and Peg10 and Pnma2 were 
also most highly expressed in SVZ and VZ of the neurogenic fetal 
mouse neocortex. For genes altered by virtual KO of Peg10, three 

modules of male cells and two modules of female cells were iden-
tified as having hub genes (Arl6ip1, Dbi, Ube2c, H2afz) that are 
also predicted to be impacted by alteration in PEG10 expression 
(Table 2). Arl6ip1, F (1, 16) = 4.600, p = 0.0001, and Ube2c, F (1, 
16)  =  6.702, p  =  0.020, were both significantly downregulated 
in NSCs after Peg10 knock down (Figure S5), supporting virtual 
KO predictions. Primary pathways of these gene modules were 
cell cycle and mRNA processing related. For genes altered by vir-
tual KO of Pnma2, five modules of male cells and eight modules 
of female cells were identified as having hub genes (Ubb, H3f3a, 
Actg1, Tuba1a, Tmsb4x) potentially impacted by alteration in 
PNMA2 expression (Table 3). Tuba1a was significantly increased, 
F (1, 16)  =  8.864, p  =  0.009, and Ubb was marginally increased, 
F (1, 16)  =  3.364, p  =  0.085, in NSCs after Pnma2 knock down, 
while Actg1, H3f3a, and Tmsb4x were not significantly altered (all 
p-values > 0.5; Figure S6). Ubb was the most common hub gene, 
present in eight modules. Moreover, in an analysis on 123 differ-
entially expressed genes previously identified in Ubb knockout 

F I G U R E  4  PEG10 and PNMA2 do not influence cell cycle dynamics in NSCs. Proportion of cells in (A) G0/G1, (B) G2/M, or (C) 
S phase of the cell cycle following PEG10 and PNMA2 siRNA-mediated knockdown. (D) Representative flow cytometry image. For 
panel (A), mean ± SEM for each group is as follows: Scrambled Male = 48.00% ± 0.45, Scrambled Female = 49.75% ± 0.26, KD PEG10 
Male = 49.11% ± 0.46, KD PEG10 Female = 50.37% ± 0.48, KD PNMA2 Male = 48.41% ± 0.45, KD PNMA2 Female = 51.27% ± 1.09. n = 5 
samples per group
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murine NSCs (Park et al., 2020), we identified 24 genes that were 
also significantly alcohol-sensitive within at least one cluster of 
the VZ, SVZ, or TPC in our previously published single cell RNAseq 
analysis of the effects of EtOH exposure in the developing fetal 
cerebral cortex (Salem et al., 2021a; Table S3). Primary pathways 
implicated by these gene modules with Ubb as a hub were “regula-
tion of gene transcription” and “protein turnover.”

DISCUSSION

In this study, GLPs were initially screened to select for those highly 
expressed in embryonic and fetal rodent brain according to pub-
lished datasets (Yue et al., 2014). Of those, PEG10 and PNMA2 were 
uniquely identified as having larger CpG islands that overlapped 
with their promoters and at least two enhancer regions according 
the UCSC Genome Browser (GRCm38/mm10) and as being EtOH 
sensitive. Both showed increased expression during NSC differen-
tiation after previous EtOH exposure, revealing a persistent change 
of programming. Additionally, both PEG10 and PNMA2 were pre-
sent in EVs isolated from NSCs. Specific to PEG10, we identified a 
predominance of the longer isoform 1 in EVs with the shorter iso-
form 2 predominating in cells. Moreover, both PEG10 and PNMA2 
were shown to be anti-apoptotic in NSCs, as knockdown of these 
gene transcripts resulted in increased apoptosis, but did not alter 
cell cycle progression or cellular metabolism. Knockdown of PEG10 
decreased the expression of neuronal and astrocytic markers while 
knockdown of PNMA2 had minimal impact on lineage markers. 
Sets of genes were predicted to be perturbed by altered PEG10 
and PNMA2 expression by virtual KO and specific genes of these 

sets were identified as EtOH-sensitive hub genes in gene networks. 
Moreover, these gene networks contribute to key cellular processes 
such as cell cycle, mRNA processing, regulating gene transcription, 
and protein turnover.

Over evolutionary time scales, retroviruses infect, become in-
corporated into, and permanently encode within vertebrate ge-
nomes as ERVs, where they lose the ability to retrotranspose, but 
acquire new functions and are repurposed by the host organism 
(Miller et al., 2000). For example, in placenta, one member of this 
class, PEG10, is highly expressed in trophoblast giant cells, and 
also in decidual tissues surrounding maternal blood spaces in the 
labyrinthine zone of the placenta, suggesting an essential role for 
PEG10 in the maternal–fetal blood system interface (Henke et al., 
2013). Genetic deletion of PEG10 is lethal to the early embryo, 
due to lack of proper placentation and the occurrence of placental 
defects (Ono et al., 2006). Moreover, it is very likely that GLPs 
like PEG10 have important roles in developmental processes be-
yond the placenta as they have been identified as being highly 
expressed throughout the developing fetus, including in organs 
like brain, eye, lung, liver, and kidney (Brandt et al., 2005). The im-
pact of developmental alcohol exposure on the function of GLPs 
during neurogenesis remains to be determined, and was therefore, 
a focus of this study. A screen of GLPs highly expressed in fetal 
brain revealed PEG10 and PNMA2 as EtOH sensitive and scRNA-
seq revealed these as most highly expressed in SVZ and VZ of 
second trimester equivalent mouse neocortex. Furthermore, 
PEG10 and PNMA2 have promoters spanned by large CpG islands 
with 2 nearby enhancer regions spanned by that same CpG island 
(Karolchik et al., 2004), supporting the possibility that these genes 
may be sensitive to epigenetic remodeling such as that attributable 

F I G U R E  5  PEG10 has a role in neuronal and astrocytic lineage differentiation of NSCs. Expression of (A) Rbfox3/NeuN, (B) Nes, (C) Olig2, 
(D) Pdgfra, (E) Gfap, and (F) Glast in NSCs following siRNA-mediated knockdown of PEG10 and PNMA2. n = 5 samples per group, * = main 
effect of Treatment by 2-way ANOVA. *p < 0.05
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F I G U R E  6  Virtual KO reveals genes linked to PEG10 and PNMA2. Genes predicted to have altered expression by virtual KO of (A) Peg10 
and (B) Pnma2. (C) PEG10 and PNMA2 transcript expression in GD14.5 fetal mouse VZ, SVZ, and TPC as identified in scRNA-seq

TA B L E  2  Modules containing PEG10 Virtual KO targets and dysregulated by EtOH

Cell type Cluster Module Sex
Hub 
gene

EtOH 
on hub

Virtual KO 
enrichment Enrichr pathway

Ventricular Zone 6 Yellow Male Arl6ip1 Down 10 of 28 Cell cycle

Ventricular Zone 2 Yellow Female Dbi Up 2 of 28 Cell-cell adhesion

Ventricular Zone/
Subventricular 
Zone

14 Blue Male Ube2c Down 11 of 28 Cell cycle

Subventricular Zone 5 Blue Male H2afz Down 14 of 28 mRNA processing

Subventricular Zone 5 Yellow Female Ube2c Up 14 of 28 Capped intron-containing pre-mRNA 
processing
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to prenatal EtOH (Schaffner et al., 2020). Moreover, these CpG 
islands may explain the differential response to EtOH exposure 
between male and female NSCs that we observed during our early 
differentiation paradigm. Higher levels of genome methylation in 
female mice (Grimm et al., 2019) may make female NSCs more sen-
sitive to excess demethylation that occurs as a result of EtOH ex-
posure (Garro et al., 1991), potentially explaining the heightened 
sensitivity of GLPs to EtOH exposure prior to differentiation.

PEG10 has been predominantly studied in placental maturation 
and cancer progression and has been shown to inhibit apoptosis 
(Chunsong et al., 2006; Hu et al., 2004; Kainz et al., 2007; Okabe 
et al., 2003), while PNMA2 has been predominantly studied in pros-
tatic and other cancer types, and has also been shown to inhibit 
apoptosis (Lee et al., 2016; Pang et al., 2018). EtOH induces apop-
tosis in differentiating and more mature neurons (Cheema et al., 
2000a; McAlhany et al., 2000) but not in neural progenitors (Prock 
& Miranda, 2007; Santillano et al., 2005). PEG10 and PNMA2 may 
mediate the resistance to EtOH-induced apoptosis in this latter 
population, since both were increased in neural progenitors fol-
lowing EtOH exposure. Moreover, at least in the case of PEG10, 
siRNA-mediated knockdown did result in significantly increased 
caspase activity in neural progenitors, lending further support to 
the hypothesized role for GLPs in developmental neuroprotection.

GLPs may also influence differentiation. A review of the litera-
ture suggests that PEG10 promotes cell and tissue differentiation 
in tissues like placenta (Abed et al., 2019; Chen et al., 2015) and 
adipose tissues (Hishida et al., 2007). Here, we report that PEG10 
may also promote maturation of neural progenitors, since siRNA-
mediated knockdown of Peg10 resulted in decreased expression of 

the neuronal marker Rbfox3/NeuN, and astrocytic markers, Gfap and 
Glast, though future studies are needed to better understand how 
these changes impact NSC maturation. Previously, we have shown 
that EtOH promotes premature maturation of neural progenitors 
(Santillano et al., 2005). These data then suggest that PEG10 may be 
a mediator of EtOH-induced premature maturation. Therefore, while 
PEG10 may prove protective through its prevention of apoptosis, a 
consequence of that prevention may be promotion of premature 
differentiation.

The virtual KO of Pnma2, based on the perturbation of the gene 
regulatory network in our GD14.5 mouse cerebral cortical scRNA-
seq sample, predicted altered expression of Ubb. Interestingly 
Ubb was also identified as a hub gene in multiple gene networks 
that were also found, according to our scRNA-seq analysis (Salem 
et al., 2021a), to be commonly dysregulated in ventricular and sub-
ventricular zone cell sub-populations, by prenatal EtOH exposure. 
Moreover, deletion mutations of the Ubb gene locus, which encodes 
a polyubiquitin protein, are associated with Down Syndrome, and 
with congenital anomalies like cleft palate associated with develop-
mental delay (Andrieux et al., 2007; Gerez et al., 2005) that overlap 
with FASD phenotypes. Pathways associated with these gene net-
works for which Ubb is a hub are primarily concerned with regulat-
ing gene transcription and protein turnover. These are key processes 
in development and explain the negative fetal outcomes associated 
with Ubb and seen in FASD.

GLPs retain at least a portion of the gag-domain, making some 
capable of functioning like the retroviral Gag protein by binding 
mRNA and being packaged into EVs. A specific example is activity-
regulated cytoskeleton-associated protein (ARC) which binds its 

TA B L E  3  Modules containing PNMA2 Virtual KO targets and dysregulated by EtOH

Cell type Cluster Module Sex Hub gene
EtOH on 
hub

Virtual KO 
enrichment Enrichr pathway

Ventricular Zone 1 Turquoise Male Ubb Down 10 of 23 Gene expression

Ventricular Zone 5 Turquoise Male Ubb Down 6 of 23 Translation

Ventricular Zone 1 Turquoise Female Ubb Up 11 of 23 Gene expression

Ventricular Zone 6 Turquoise Female Ubb Up 16 of 23 Gene expression

Ventricular Zone/
Subventricular Zone

9 Blue Male H3f3a Down 11 of 23 Gene expression

Ventricular Zone/
Subventricular Zone

14 Turquoise Male H3f3a Down 16 of 23 Gene expression

Ventricular Zone/
Subventricular Zone

9 Turquoise Female Ubb Up 10 of 23 Gene expression

Ventricular Zone/
Subventricular Zone

14 Turquoise Female Ubb Up 16 of 23 Gene expression

Subventricular Zone 19 Turquoise Male Actg1 Down 15 of 23 Translation

Subventricular Zone 3 Turquoise Female Tuba1a Down 14 of 23 mRNA 
processing

Subventricular Zone 5 Blue Female Ubb Up 6 of 23 Translation

Subventricular Zone 13 Turquoise Female Ubb Up 17 of 23 Cell cycle

Transient Progenitor 
Cells

4 Yellow Female Tmsb4x Up 8 of 23 Pathogenic E. 
coli infection
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own mRNA and is subsequently packed into EVs to be transported 
to neighboring neurons where the mRNA is translated and ARC has 
its normal role in neural plasticity (Ashley et al., 2018; Pastuzyn 
et al., 2018). Moreover, PEG10 mRNA has been identified in hema-
topoietic stem and progenitor cell EVs (Stik et al., 2017) and PEG10 
protein (isoforms 1 and 2) has been isolated from trophoblast stem 
cell EVs (Abed et al., 2019). PEG10 protein isolated from EVs has 
been shown to bind its own mRNA in the 5′- and 3′-UTRs (Segel 
et al., 2021), to interact with other RNA-binding proteins like ATXN2 
and ATXN10, and to associate directly or indirectly with over 3000 
developmentally relevant transcripts that are subsequently pack-
aged into EVs with PEG10 (Pandya et al., 2021). Transcripts pack-
aged in EVs with PEG10 are capable of being translated in recipient 
cells (Segel et al., 2021) and this function of PEG10 is important in 
neuronal migration in mice (Pandya et al., 2021). It is reasonable to 
assume then that GLPs have additional important roles in develop-
mental processes that are mediated in part by EV transport. These 
normal mechanisms may be disturbed by PAE as we have previously 
shown EV cargo to be EtOH-sensitive, with EtOH exposure altering 
miRNAs in EVs of neural progenitors (Tseng et al., 2019). However, 
while we predicted EV cargo of GLPs would change in response to 
EtOH exposure to reflect changes observed in NSCs, we did not 
observe this outcome. One possible explanation is that a stressor 
like EtOH may result in uncoupling of EVs from cells and preferen-
tial sequestration of protective or anti-apoptotic factors by parent 
cells over EVs, to support their use by parent cells. This possible 
means of cyto-protection needs further investigation but is consis-
tent with our previous observations that EtOH does not kill NSCs 
(Camarillo & Miranda, 2008; Prock & Miranda, 2007; Salem et al., 
2021b; Santillano et al., 2005). However, it should be noted that 
PEG10 and PNMA2 levels within the EVs did not decline, but rather, 
were maintained at constant levels. EVs are thought to be a means of 
cell-to-cell communication (Mathieu et al., 2019), and therefore, the 
maintenance of GLPs in EVs suggest the possibility that EVs may also 
provide a protective advantage for the NSC niche as a whole. Future 
studies should focus on determining how EtOH influences packag-
ing of GLPs in NSC-derived EVs as well as their function in target 
cells. Ultimately, exploiting the paracrine role of GLPs in EVs may be 
a means to mitigate the effects of PAE, as has been shown with other 
pathologies (Bian et al., 2014; Kim et al., 2016b; Wang et al., 2017).
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