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Abstract Long interspersed nuclear elements-1 (LINE-1 or
L1) are mobile DNA sequences that are capable of duplication
and insertion (retrotransposition) within the genome.
Recently, retrotransposition of L1 was shown to occur within
human brain leading to somatic mosaicism in hippocampus
and cerebellum. Because unregulated L1 activity can promote
genomic instability and mutagenesis, multiple mechanisms
including epigenetic chromatin condensation have evolved
to effectively repress L1 expression. Nonetheless, L1 expres-
sion has been shown to be increased in patients with Rett
syndrome and schizophrenia. Based on this evidence and
our reports of oxidative stress and epigenetic dysregulation
in autism cerebellum, we sought to determine whether L1
expression was increased in autism brain. The results indicat-
ed that L1 expression was significantly elevated in the autism
cerebellum but not in BA9, BA22, or BA24. The binding of
repressive MeCP2 and histone H3K9me3 to L1 sequences
was significantly lower in autism cerebellum suggesting that
relaxation of epigenetic repression may have contributed to
increased expression. Further, the increase in L1 expression

was inversely correlated with glutathione redox status consis-
tent with reports indicating that L1 expression is increased
under pro-oxidant conditions. Finally, the expression of tran-
scription factor FOXO3, sensor of oxidative stress, was sig-
nificantly increased and positively associated with L1 expres-
sion and negatively associated with glutathione redox status.
While these novel results are an important first step, future
understanding of the contribution of elevated L1 expression
to neuronal CNVs and genomic instability in autism will de-
pend on emerging cell-specific genomic technologies, a chal-
lenge that warrants future investigation.
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Introduction

Long interspersed nuclear elements-1 (LINE-1 or L1) are re-
petitive Bjumping^ DNA retrotransposons capable of duplica-
tion and reinsertion into the genome by a copy-and-paste
mechanism and comprise ∼17% of the human genome [1].
Recent studies have shown that L1 transposable elements in
human andmouse genomes are capable of active transposition
and insertion during neuronal differentiation [2–4]. The
full-length mammalian L1 is ∼6-kb long and consists of three
major components: a 5′ untranslated region (5′UTR), contain-
ing an internal promoter, two open reading frames (ORF1 and
ORF 2), and a 3′ UTR with a poly (A) signal and tail. ORF1
codes for an RNA binding protein while ORF2 encodes an
endonuclease and reverse transcriptase required for autono-
mous retrotransposition [5, 6]. Because the ORF2 reverse
transcriptase often fails to reach the 5′ end, most L1 transcrip-
tion results in 5 ′ truncated insertions incapable of
retrotransposition. Further, most L1 copies are mutated such
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that very few are active in the human genome. Approximately
80–100 full-length human L1 elements are estimated to be
retrotransposition-competent in the average human genome
[3]. The frequency of L1 active transposition in neural pro-
genitor cells and somatic cells is much greater than previously
recognized and significantly contributes to neuronal genetic
mosaicism [7]. Moreover, L1-mediated insertions are consid-
ered to be a type of endogenous mutagen capable of generat-
ing insertions/deletions and copy number variation that are
established risk factors for neurobehavioral disorders includ-
ing autism, schizophrenia, and Alzheimer’s disease [8, 9].

Until recently, mammalian L1 transposition was thought to
only occur in germ cells and cancer cells. However, it is now
well accepted that L1 is capable of de novo retrotransposition
in neural progenitor cells (NPC) as well as later during adult
neurogenesis. Recent studies have shown that an engineered
LINE-1 sequence containing a retrotransposition reporter cas-
sette can mobilize and insert into NPC from rat hippocampus
[2] and also in human fetal brain and human embryonic stem
cells in vitro [4]. Reporter assays have also shown that L1
mobilization and insertion can occur in vivo utilizing trans-
genic mice with human L1 retrotransposition-competent se-
quences [2]. Multiplex qPCR technology has confirmed that
L1 copy number is significantly elevated in human brain com-
pared to non-neural tissues and that the elevated copy number
is neuron-specific [4]. By applying deep sequencing data and
gene ontology analysis on the L1 integration sites in human
postmortem brain, Baillie et al. concluded that the sites of
integration were most enriched in genes involved in the neu-
ronal synapse, axonigenesis, postsynaptic density, presynaptic
membrane, neuron projection, and cell adhesion [9].
L1-induced individual neuronal DNA sequence diversity (so-
matic mosaicism) has been reported in both rodents and
humans [7, 9]. Although neuron-specific L1 insertions are
consistent with genomic instability, it remains to be deter-
mined whether or not increased L1 expression and mobiliza-
tion have a functional impact on neuronal plasticity, cognition,
and ultimately behavior.

Increased rates of neuronal L1 retrotransposition and copy
number have been reported patients and mouse models of Rett
syndrome and schizophrenia and provide supportive evidence
for a possible contribution of L1 retrotransposition to the path-
ophysiology of these neurobehavioral disorders. Rett syn-
drome is a neurodevelopmental disorder caused by mutation
in the MeCP2 gene that typically occurs in girls and is asso-
ciated with comorbid autism [10].MeCP2 binds tomethylated
DNA in the L1 promoter and represses transcription in NPCs
[11]. Notably, postmortem brain tissue from patients with Rett
syndrome had significantly higher number of L1 sequences
compared to age- and gender-matched controls [11]. In addi-
tion, de novo L1 insertion frequency was 2.5-fold higher in
NPCs induced from a patient with Rett syndrome. Further
studies with MeCP2 K/O mice were consistent with

epigenetic control of L1 expression through alterations in het-
erochromatin landscape [11]. It has also been reported that
peop l e w i t h s ch i zoph r en i a have inc r e a s ed L1
neuron-specific copy numbers in prefrontal cortex [12].
Whole-genome sequencing revealed that L1 insertions oc-
curred primarily in synapse and schizophrenia-related genes.
Together, these studies indicate that misregulation of neuronal
L1 expression can occur in neurobehavioral disorders and that
continued investigation into potential functional conse-
quences is needed.

Because L1 retrotransposition is regulated by epigenetic
mechanisms that are environmentally responsive, recent evi-
dence has confirmed that L1 expression is activated by expo-
sure to environmental stressors. For example, L1
retrotransposon expression is increased in the alcoholic human
brain and associated with decreased epigenetic repression [13].
In human neuronal cell lines, methamphetamine and cocaine
exposure-induced L1 mobilization that was dependent on
CREB activation [14, 15]. In cultured L1-stable human
NIH3T3 cells, L1 activity was significantly increased following
low-level exposure to heavy metals [16] and also in human
neuroblastoma cells exposed to oxidative stress [17].
Increased L1 copy number was found after immune activation
in the maternal poly/IC mouse model of schizophrenia and
autism and after prolonged exercise [12, 18]. Collectively, these
studies are consistent with the hypothesis that neurons can epi-
genetically increase neuronal L1 activity to modify their ge-
nomes in response to environmental stressors.

Based on evidence of environmentally responsive regulation
of L1 activity in the brain [18] and our previous demonstration
of oxidative stress/damage and epigenetic dysregulation of the
Engrailed-2 (EN-2) gene in autism postmortem cerebellum
[19], the present study was undertaken to determine (1 ) wheth-
er L1 expression is increased in autism brain; (2) whether epi-
genetic alterations and glutathione redox status influence L1
expression; and (3) whether the expression of Forkhead Box
O3 (FOXO3) transcription factor, a sensor of oxidative stress,
influences L1 expression. The results show for the first time that
(1) L1 expression is significantly increased in autism postmor-
tem cerebellum but not in BA9, BA22 or BA24; (2) increased
expression of L1 is associated with evidence of oxidative stress
and reduced binding of MeCP2 and histone H3K9me3; and (3)
FOXO3 expression is highly correlated with L1 expression and
glutathione redox status.

Results

Level of L1 ORF1 and ORF2 Transcripts in Four Brain
Regions

Based on evidence that L1 retrotransposition is elevated in
postmortem brain from individuals with Rett syndrome and
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schizophrenia [11, 12], our initial aim was to explore this
possibility in autism postmortem brain. To this end, we mea-
sured the levels of L1 ORF1 and ORF2 transcripts in four
brain regions: BA9, BA24, BA22, and cerebellum.
Expression of ORF1 and ORF2 is initiated by the promoter
in the 5′UTR and both are required for retrotransposition.
There was wide variation and no significant difference in tran-
script levels in any of the cerebral cortical BA9, BA24, and
BA22 regions examined (Supplementary Fig. 1). However, as
shown in Fig. 1a, b, there was a highly significant increase in
total RNA and mRNA in both ORF1 and ORF2 in the autism
cerebellum although there was no significant difference in
overall L1 copy number (data not shown). Initial studies dem-
onstrated that upregulation of L1 activity is primarily

neuron-specific and occurs in early brain development during
NPC differentiation and also during adult neurogenesis [7, 18,
20]. Interestingly, upregulation of L1 expression also occurs
as an adaptive response to environmental stressors [14,
16–18]. While our data cannot define the temporal aspects
of expression, we clearly show for the first time that L1
ORF1 and 2 mRNA transcripts are significantly elevated in
the autism cerebellum relative to carefully matched control
samples. Figure 1c shows the remarkably high correlation
(r = 0.95; p = 0.0001) between the expression of ORF1 and
ORF2. For full-length insertion to occur, both ORF1 and
ORF2 must be expressed. Thus, the coexpression of both
ORF1 and ORF2 strongly suggests that the 5′UTR promoter
was fully functional since 5′-truncated L1 insertions are tran-
scriptionally incompetent.

Reduced MeCP2 Binding to L1 5′UTR Associated
with Increased ORF1 Expression

The 5′UTR promoter sequence of L1 is usually heavily meth-
ylated at multiple CpG sites as a mechanism for repressing its
expression. Patients with Rett syndrome have a mutation in
MeCP2, a methyl-binding protein involved in gene silencing,
and these patients develop symptoms of autism. Muotri et al.
[11] were the first to show that L1 transcriptional activity and
retrotransposition can be modulated by MeCP2. In MeCP2
knockout mice, L1 promoter activity was about four times
higher than in wild-type mice [11]. In humans, neural progen-
itor cells and postmortem brain derived from patients with
Rett syndrome had significantly higher frequency of L1
retrotransposition compared to control cells [11]. To deter-
mine whether a similar mechanism may be involved in over-
expression of L1 in autism cerebellum, we analyzed MeCP2
binding to the 5′ promoter region using ChIP technology as
described in the BMaterials and Methods^ section. There was
large variation and no significant difference between case and
control samples in the overall mean binding of MeCP2 to the
L1 5′UTR (data not shown). However, as shown in Fig. 2,
correlation analysis between MeCP2 binding to the 5′UTR
and ORF1 expression resulted in a significant negative asso-
ciation in the autism that was not present in matched control
samples (p ≤ 0.05). These data suggest that in some cases,
reduced MeCP2 binding in the L1 promoter may contribute
to the increase in ORF1 expression in the autism cerebellum.

Reduced Binding of Repressive Histone H3K9me3
to ORF1 and ORF2 Sequences

Because of the mutagenic potential of L1 insertions, multiple
epigenetic mechanisms, including cytosine CpG methylation
and posttranslational modifications of histone proteins, have
evolved to inhibit L1 expression and activity [21]. We first
examined whether loss of repressive DNA methylation of

Fig. 1 L1 ORF1 and ORF2 expression in autism and control cerebellar
samples. Quantitative expression of ORF1 and ORF2 transcripts was
measured by qRT-PCR using cDNA from total RNA and polyA-tailed
mRNA (mRNA). a ORF1 total RNA and mRNA transcript levels (fold
change) with significant differences at p = 0.02 and 0.04 respectively
(mean ± SEM). b ORF2 total and mRNA transcript levels (fold change)
with significant differences at p = 0.03 (mean ± SEM). Asterisk denotes a
significant difference from the control group. c Linear regression was
performed to evaluate associations between expression of ORF1- and
ORF2-containing poly(A) + mRNA transcripts in autism group. The
highly significant correlation between ORF1 and ORF2 expression (r
value of 0.95, p = 0.0001) is consistent with coexpression that is
required for L1 insertion. Each symbol represents an individual case
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CpG sites within the L1 5′UTR could be associated with in-
creased ORF1 and ORF2 expression. Using MeDIP method-
ology, the results indicated that there were no significant dif-
ferences in the DNAmethylation density in the 5′UTR, ORF1
or ORF2 sequences comparing the case and control samples
(Supplementary Fig. 2). Trimethylation of histone H3 lysine 9
is a major epigenetic mechanism responsible for the formation
of condensed heterochromatin and prevention/inhibition of
LINE-1 activation [22, 23]. Using ChIP methodology, we

found a significant reduction in level of histone H3K9me3 at
both ORF1 and ORF2 sequences but not in the L1 5′UTR as
presented in Fig. 3. These data are consistent with the hypoth-
esis that a local reduction in H3K9me3 level and associated
increase in chromatin accessibility may be contributed to the
overexpression of ORF1 and ORF2 in the autism cerebellum.

ORF1 and ORF2 Expression Negatively Correlated
with Glutathione Redox Status

We previously reported that glutathione redox status, the ratio
of active reduced to inactive oxidized glutathione disulfide
(GSH/GSSG), is significantly decreased in the autism cerebel-
lar cortex [24] as well as in plasma [25], lymphoblastoid cell
lines, and mitochondria derived from individuals with autism
[26]. Glutathione is the primary intracellular antioxidant and
redox buffer that is responsible for maintaining the reduced
intracellular microenvironment that is essential for normal cell
function and viability. Because L1 retrotransposition has been
previously associated with environmental exposures related to
oxidative stress, we assessed the correlation between ORF1
and ORF2 expression and GSH/GSSG redox status in the
autism cerebellar samples relative to controls. As shown in
Fig. 4, there is a highly significant negative correlation be-
tween ORF1 (p = 0.01) and ORF2 (p = 0.005) expression
and GSH/GSSG redox status that is not present in matched
control samples. These results suggest the intriguing possibil-
ity that L1 expression may be activated under conditions of
redox imbalance and oxidative stress.

FOXO3 Expression and Binding to L1 5′UTR Promoter

FOXO3 family of transcription factors are sentinels of oxidative
stress that mediate multiple transcriptional targets including
signals for proliferation, apoptosis, stress resistance, and mito-
chondrial metabolism [27, 28]. Given that the FOXO3 ortholog
is predominantly expressed in the brain and our previous evi-
dence of oxidative stress in the autism cerebellum [24], we
chose to examine the expression of FOXO3 in our samples.

Fig. 2 Negative correlation between MeCP2 binding to L1 5′UTR and
ORF1 expression in autism and control cerebellar samples. ChIP analysis
of MeCP2 binding to the 5′UTR was conducted using primers spanning
two regions of L1 5′UTR (nt 24–322 and nt 390–597) in autism and
control samples. There was wide variation and no significant difference
in mean MeCP2 binding to the 5′UTR or to ORF1 and ORF2. However,
regression analysis revealed a significant negative correlation between
ORF1 expression and MeCP2 binding at both 5′UTR regions (a, b)
such that higher MeCP2 binding to the 5′UTR was associated with
lower ORF1 expression in autism but not in control samples. The X-
axis represents the MeCP2 ChIP data expressed as the percent of input
DNA after adjusting for total input DNA for each individual case

Fig. 3 ChIP analysis of trimethylated histone 3 lysine 9 (H3K9me3)
binding to L1 in the cerebellum of autism and control groups. The
binding of H3K9me3 to both 5′UTR regions was not different between
case and control samples. However, there was a significant decrease in

H3K9me3 binding to both L1 ORF1 and L1 ORF2 sequences. Values are
presented as mean percent of input DNA ± SEM. Asterisk denotes a
significant difference from the control group
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In Fig. 5a, we show a significant increase inFOXO3 expression
in the autism cerebellum relative to the control samples
(p = 0.01) that is negatively associated with the glutathione
redox ratio (Fig. 5b). Thus, the lower the GSH/GSSG ratio,
the higher the FOXO3 expression (r = − 0.65; p = 0.01).
FOXO3 expression is also highly correlated with ORF1 expres-
sion (Fig. 5c; r = 0.81, p = 0.001) and also ORF2 expression
(Fig. 5d; r = 0.79, p = 0.001). These data provide evidence for
the first time that FOXO3 expression is (1) elevated in the
autism brain, (2) may be negatively regulated by the glutathione
redox ratio, and (3) strongly associated with L1 ORF1 and
ORF2 expression. Finally, it was of interest to determinewheth-
er FOXO3 protein binds to the LINE-1 5′UTR promoter. Based
on literature references [29, 30], we found three potential bind-
ing sites for FOXO3 in the L1 5′UTR promoter regions covered
by our primers. Relative to the control samples, there was a
highly significant increase in FOXO3 binding to between nt
24 and 322 (p = 0.05) and between nt 390 and 597 (p = 0.01)
in the autism samples despite wide variability (Fig. 5e, f).
Together, the data are consistent with the possibility that the
FOXO3 response to oxidative stress may contribute to L1 acti-
vation in the autism cerebellum.

Discussion

The long interspersed nuclear elements are the only autono-
mous mobile elements that are active in humans. Although L1
expression is suppressed in most peripheral somatic cells, re-
cent evidence has convincingly shown that neuronal

progenitor cells (NPCs) are a notable exception. NPC in
humans and mice are capable of high levels of L1 expression
and insertion during neurogenesis that can lead to subsequent
somatic mosaicism, a de novo form of mutagenesis that can
promote neuronal CNVs and genomic instability [2–4, 9, 31].
In t e r e s t i ng ly, i n pos tmor t em human b ra in , L1
retrotransposition has been shown to be active in the
subgranular zone of the hippocampus which is a major site
of adult neurogenesis [4, 9, 18]. Deep-sequencing techniques
further demonstrated that L1 integrates predominantly in in-
tragenic sites compared to exonic sites and is enriched in
protein-coding regions. Subsequent gene ontology analysis
revealed enrichment for genes involved in neurogenesis and
synaptic function although these results have not yet been
replicated [9]. In a recent ground-breaking study, Erwin
et al. [31] demonstrated that L1 insertions occur in hippocam-
pal and cerebellar DNA and that approximately 0.5% of cells
from both tissues contained the L1 sequence suggesting a
heritable L1 component that originally derived from a progen-
itor cell insertion. Using sophisticated single nuclei sequenc-
ing technology, they confirmed that L1 retrotransposon inser-
tions occur in NPCs and also in neurons and glia. Their data
fur ther indicate that L1 sequences are prone to
double-stranded DNA damage preferentially at germline L1
loci mediated by the upregulation of ORF2 endonuclease dur-
ing neural differentiation. In previous work, this group dem-
onstrated that retrotransposition of an engineered L1 in mice
resulted in overexpression of theDLG2 gene which altered the
differentiation pattern of NPCs [2]. They now report a somatic
L1 variant in the same gene in differentiated human

Fig. 4 Correlation between
ORF1 and ORF2 expression and
GSH/GSSG redox ratio in autism
and control cerebellar samples. a
Significant negative correlation
between ORF1 mRNA and GSH/
GSSG redox in autism samples
that was not present in control
samples. b Significant negative
correlation between ORF2
mRNA and GSH/GSSG that was
not present in control samples.
Lower GSH/GSSG redox status
(increased oxidative stress) was
associated with increased ORF1
and ORF2 expression. Each
symbol represents an individual
case
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hippocampal progenitor cells. Of interest, mutations in DLG2
have been reported in schizophrenia [32, 33] and a copy num-
ber variation inDLG2 has been reported in autism [34]. These
results suggest that genomic variation in this gene, including
L1 somatic variants, may contribute to neurobehavioral
disorders.

Our results are limited in that they are global in scope and
not cell specific in terms of the observed increase in ORF1 and
ORF2 expression. It is curious that L1 copy number was not
increased despite significant increase in the expression of both
ORF elements. This suggests that the increased expression did
not occur during heritable NPC lineage differentiation but
more likely occurred as a de novo adaptive response that
was not reflected in global copy number. Further, the highly
significant correlation between ORF1 and ORF2 expression
(Fig. 1c) is consistent with competent full-length L1 insertion
potential that could impact neuronal gene expression and pre-
disposition to disease as recently reviewed by Elbarbary et al.
[35]. Nonetheless, the functional consequence of increased L1
expression, if any, cannot be ascertained until identification of
specific transcripts disrupted by somatic retrotransposition is
technically possible and shown to negatively affect
neuroplasticity, cognition, or behavior.

The redox state of the cell is determined by the relative
balance between oxygen/nitrogen free radical accumulation
and the cellular antioxidant defense potential. Although a
more oxidized microenvironment is often considered to be
negative and damaging to cellular structure and function, it
is now well accepted that transient low-level reactive oxygen
species (ROS) such as superoxide and hydrogen peroxide
provide critical signaling molecules that ultimately regulate
cell fate decisions to proliferate or differentiate during
neurogenesis [36]. The redox poise during neurogenesis is
dynamic and varies with the homeostatic fluctuation of mul-
tiple reduced and oxidized redox couples in response to inter-
nal and environmental signals [36]. The intracellular redox
homeostasis and antioxidant defense is primarily maintained
by the GSH/GSSG redox couple which is especially important
in tissues like the brain where 20% of total body oxygen is
consumed for oxidative phosphorylation and energy produc-
tion. An unexpected finding was the region-specific increase
in L1 expression in the cerebellar cortex that was not present
in frontal cortical regions. Interestingly, several other investi-
gators have found a cerebellum-specific increase in oxidative
stress that theoretically could underlie the increase in L1
expression.

Fig. 5 FOXO3 expression and protein binding to L1 5′UTR. a The level
of FOXO3 mRNA was significantly elevated in autism compared to
control samples. Values are presented as mean ± SEM. Asterisk denotes
a significant difference from the control group. b Highly significant
negative correlation between FOXO3 expression and GSH/GSSG redox
status in autism group is consistent with previous reports that FOXO3
expression is upregulated under conditions of oxidative stress. Each
symbol represents an individual case. c, d Highly significant positive

correlation in the autism group between FOXO3 expression and ORF1
and ORF2 expression, respectively. e ChIP analysis of FOXO3 protein
binding to two regions of the L1 5′UTR in the cerebellum of autism and
control patients. Values are presented as mean percent of input
DNA ± SEM. Asterisk denotes a significant difference from the control
group. FOXO3 protein binding is shown to be significantly elevated in
both primer regions of the L1 5′UTR
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In a previous publication, we reported a significant de-
crease in glutathione GSH/GSSG redox ratio in the same cer-
ebellar samples utilized in the present study [24]. Combining
data, we found a highly significant correlation between the
decrease in GSH/GSSG redox potential and both ORF1 and
ORF2 expression in autism samples not present in matched
control samples (Fig. 2). An increase in L1 expression under
oxidizing conditions has been previously reported by several
investigators [16, 17, 37, 38]. Taken together, these data sup-
port the possibility that an increase in LINE-1 expression in
the autism cerebellum may be upregulated under prooxidant
conditions.

Moutri et al. have provided convincing evidence that the
relative MeCP2 binding to the L1 promoter can regulate their
expression in the mouse brain and that L1 retrotransposition
frequency is higher in postmortem brain samples from people
with Rett syndrome relative to controls [11]. Similar to our
results, Muotri et al. found no difference in copy number in
postmortem brain samples from patients with Rett syndrome
although an increase in L1 copy number has been reported in
patients with schizophrenia [12]. Although we found no sig-
nificant difference in global DNA methylation density or in
global MeCP2 binding to the L1 5′UTR promoter region in
the autism cerebellar samples, we did find a significant nega-
tive correlation between MeCP2 binding to the L1 promoter
region and the expression of ORF1 that was not present in
control samples (Fig. 3). The possibility that a decrease in
repressive MeCP2 binding could result in an upregulation of
ORF1 expression is supported by similar results in
MeCP2-deficient mice as reported by Moutri et al. [11].
Using ChIP qPCR methodology, we also explored whether
reduced level of chromatin repressive H3K9Me3 could con-
tribute to the increased expression of ORF1 and ORF2. The
significant decrease in H3K9me3 binding to both ORF1 and
ORF2 sequences (Fig. 4) suggests the possibility that a more
accessible local chromatin structure may also have contributed
to the observed increase in ORF1 and ORF2 expression.
Together, the reduction in both MeCP2 and H3K9me3 bind-
ing in the autism cerebellum are consistent with recent evi-
dence suggesting that epigenetic mechanisms influence L1
expression and retrotransposition potential [39].

Members of the forkhead box protein O (FOXO) family of
transcription factors are largely regulated by two conserved
pathways: negative regulation occurs in response to insulin
and growth factor signaling whereas positive regulation oc-
curs in the presence of oxidative stress through JNK activity
[29]. FOXO3 is activated by cysteine oxidation under condi-
tions of elevated intracellular ROS and functions to activate
target genes involved in the cellular response to oxidative
stress [28, 40]. Given that both L1 and FOXO3 expression
can be activated by oxidative stress and our previous observa-
tion that GSH/GSSGwas significantly decreased in the autism
cerebellum, we investigated FOXO3 transcript levels and

FOXO3 protein binding to the L1 5′UTR promoter. Not only
was overall FOXO3 gene expression significantly higher in
the autism samples, the expression of FOXO3 was also nega-
tively correlated with GSH/GSSG such that lower GSH/
GSSG was associated with higher FOXO3 expression
(p < 0.001; Fig. 5a, b) consistent with redox regulation of
FOXO3 in the autism cerebellum. A possible functional rela-
tionship between FOXO3 and L1 expression is further sup-
ported by the highly significant correlation between FOXO3
expression and the expression of both ORF1 and ORF2
(p = 0.01 and 0.001 respectively; Fig. 5c, d). Finally, ChIP
analysis demonstrated in a significant increase in FOXO3
protein binding to the 5′UTRL1 promoter region in the autism
relative to the control cerebellar samples (p = 0.01 and 0.05;
Fig. 5e, f). An increase in FOXO3 expression protects cells
from oxidative stress by binding to promoter regions and by
transactivating multiple genes involved in antioxidant defense
including manganese superoxide dismutase (MnSOD), cata-
lase and peroxiredoxin 3 (Prx3), and thioredoxin 2 (Trx2) [27,
41]. Our results suggest the possibility that upregulation of
FOXO3 occurred in response to a chronic reduction in GSH/
GSSG antioxidant capacity and resulting oxidative stress in
the autism cerebellum.

Conclusions

To our knowledge, this is the first report of an increase in L1
expression in the autism cerebellum and its association with
oxidative stress and FOXO3 activation. Whether or not these
observations are functionally related to the etiology or patho-
physiology of autism cannot be ascertained from results in
postmortem brain. Although many technologic challenges re-
main, the use of retrotransposon inhibitors, genome editing,
and recent cell-specific and site-specific technologies may
serve to uncover the basis and implications of the selective
increase in L1 expression in the autism brain. Nonetheless, the
evidence presented in this report is novel and warrants deeper
investigation into L1 expression during fetal and adult neuro-
nal differentiation to better understand the potential relation-
ship between L1 insertional mutagenesis, genomic instability,
and the neurodevelopmental abnormalities in the autism brain.

Materials and Methods

Postmortem Cerebellar Samples

The frozen blocks of postmortem cerebellar cortex from au-
tism individuals (n = 13) and unaffected control individuals
(n = 13) were obtained from the NICHD and Tissue Bank for
Developmental Disorders (University of Maryland) and from
the Autism Tissue Program at the Harvard Brain Tissue
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Resource Center, Belmont, MA, USA. All case donors had a
confirmed diagnosis of autism based on the Autism
Diagnostic Observation Schedule (ADOS), the Diagnostic
and Statistical Manual of Mental Disorders (DSM-IV), and/
or AutismDiagnostic InterviewRevised (ADI-R). Autism and
control samples were rigorously matched for postmortem in-
terval, age, gender, and race, and cause of death was matched
as closely as possible (Supplementary Table 1).

L1 Primer Design

In addition to published primers for human LINE-1 5′UTR
(h5UTR-s3), LINE-1 ORF2 (hORF2-s1), and alpha satellite
repetitive element internal control (SATA) as described by
Coufal et al. [4], we designed several new primers following
the approach described in Bundo M et al. [12]. Briefly, the
full-length L1 sequences from L1Base (http://line1.bioapps.
biozentrum.uni-wuerzburg.de/l1base.php) were aligned
using Kalign software (EMBL-EBI) (http://www.ebi.ac.uk/
Tools/msa/kalign/). The primers were designed for the
conserved regions of L1 5′UTR (h5UTR-s1–2), ORF1
(h5ORF-s1), and ORF2 (hORF-s2,3) using the Real-Time
qPCR Assay software (Integrated DNA Technologies; IDT),
and then were tested with in-silico Blat (USCS) (https://
genome.ucsc.edu/cgi-bin/hgPcr?db=hg19) and with L1
DNA sequences available in NCBI Nucleotide database
(http://www.ncbi.nlm.nih.gov/nuccore). Forward (F) and re-
verse (R) primers for each application, as well as probe (P)
sequences, are listed in Supplementary Table 2. The qPCR
probes were conjugated to 6FAM (5UTR, ORF1, ORF2) or
VIC (SATA). All primers and probes were synthesized at
Integrated DNA Technologies (IDT, Coralville, IA) or at
Applied Biosystems (Thermo Fisher Scientific, Waltham,
MA). The amplification efficiency of a qPCR was calculated
based on the slope of the standard curve.

L1 RNATranscript Measurements

Total RNA was extracted from cerebellum brain samples
using TRI Reagent (Ambion, Thermo Fisher Scientific,
Waltham, MA), DNAse I treated and purified with RNeasy
Mini Kit (Qiagen, Valencia, CA). RNA quality (RNA integri-
ty number) was assessed with Agilent RNA 6000 Nano Kit
and Agilent 2100 Bioanalyzer (Agilent Technologies, Santa
Clara, CA). All samples had a RIN number >4 which is con-
sidered a minimum standard for postmortem RNA quality in
human brain tissue [42]. PolyA-tailed mRNAs were isolated
from total RNA by using mRNA Catcher™ PLUS
(Invitrogen, Thermo Fisher Scientific, Waltham, MA) accord-
ing to the manufacturer’s protocol. Total RNA or polyA-tailed
mRNA was reverse transcribed using random primers and
high-capacity cDNA reverse transcription kit (Applied
Biosystems, Thermo Fisher Scientific, Waltham, MA)

according to the manufacturer’s protocol, and cDNAwas an-
alyzed in a 96-well plate assay format using the 7900HT Fast
Real-Time PCR System (Life Technologies). The qPCR
primers for ORF1 and ORF2 were used for L1 transcript level
estimation (Supplementary Table 2). The cycle threshold (Ct)
for each sample was determined from the linear region of the
amplification plot. The ΔCt values for all genes were deter-
mined relative to the endogenous control glyceraldehyde
3-phosphate dehydrogenase (GAPDH) and succinate dehy-
drogenase subunit A (SDHA). The L1 transcript level was
presented as fold change. All qRT-PCR reactions were con-
ducted in triplicate and repeated twice.

LINE-1 Copy Number Profiling Using Real-Time
Quantitative PCR

DNA was extracted and purified with DNeasy Blood and
Tissue Kit (Qiagen, Valencia, CA) according to the
manufacturer’s instructions. DNA quality was confirmed by
agarose electrophoresis and DNA concentration was strictly
adjusted using the Nanodrop 2000c/2000 UV-Vis spectropho-
tometer (Thermo Fisher Scientific, Waltham,MA) and Quant-
iT™ PicoGreen ® dsDNA Kit (Invitrogen, Thermo Fisher
Scientific, Waltham, MA). Genomic DNA aliquots used in
qPCR reactions corresponded to spectrophotometric estimates
of 120 pg of DNA. Each sample was routinely analyzed in
triplicate. The comparative Ct method with SATA as internal
control was used to calculate CNV with Copy Caller v2.0
software (Applied Biosystems,Thermo Fisher Scientific,
Waltham, MA).

Chromatin Immunoprecipitation Assay of MeCP2,
Histone H3 Lysine 9 Trimethylation (H3K9Me3)
and FOXO3

Chromatin immunoprecipitation (ChIP) assays were performed
using the Magna ChIP A Kit (EMD Millipore, Billerica, MA)
and primary antibodies: mouse monoclonal antibodies against
MeCP2 (Active Motif, Carlsbad, CA), rabbit polyclonal
antibody against Histone H3 lysine 9 trimethylated (Abcam,
Cambridge, MA), rabbit polyclonal antibody to FOXO3A
(Abcam). Purified immunoprecipitated DNA and input DNA
(pre-immunoprecipitation) were subsequently coamplified by
qPCR. The ChIP primers within the L1 promoter were de-
signed as described earlier. All assays were run in duplicate
and data expressed as the mean (±S.E) percent input DNA after
adjusting for total input DNA: 100 × 2(adjusted input Ct − IP Ct).

5-Methylcytosine MeDIP Quantification
within the LINE-1 Promoter and Gene Body

The 5-methylcytosine MeDIP assay was carried out with-
in L1 promoter and in the gene body as described in the
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protocol for the magnetic methylated DNA immunopre-
cipitation kit (Diagenode, Denville, NJ). (Diagenode, NJ,
USA). Briefly, 1 μg of genomic DNA fragments were
immunoprecipitated with 2.5 μg of mouse monoclonal
5-mC antibody or with 2.5 μg of mouse IgG per tube
on the magnetic beads. DNA from the antibody-bound
fractions was purified by Proteinase K in DNA Isolation
Buffer (DIB) and stored at −20 °C. DNA was subjected to
real-time qPCR analysis. Percent enrichment was calcu-
lated by 100 × 2 (ΔCTadjusted input − ΔCTenriched). Input
DNA ΔCT value was adjusted from 10 to 100% equiva-
lent to subtracting 3.32 ΔCts or log2 10.

Statistical Analyses

Results are presented as mean ± SD or SEM. Regression anal-
ysis was performed using Prism 6 software. P values ≤0.05
were considered significant.
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