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Angelman syndrome (AS) is a severe neurodevelopmental disor-
der featuring ataxia, cognitive impairment, and drug-resistant
epilepsy. AS is caused by mutations or deletion of the maternal
copy of the paternally imprinted UBE3A gene, with current pre-
cision therapy approaches focusing on re-expression of UBE3A.
Certain phenotypes, however, are difficult to rescue beyond early
development. Notably, a cluster of microRNA binding sites was
reported in the untranslated Ube3a1 transcript, including for
miR-134, suggesting that AS may be associated with microRNA
dysregulation. Here, we report levels of miR-134 and key targets
are normal in the hippocampus ofmice carrying amaternal dele-
tion ofUbe3a (Ube3am�/p+). Nevertheless, intracerebroventricu-
lar injection of an antimiR oligonucleotide inhibitor ofmiR-134
(Ant-134) reduced audiogenic seizure severity over multiple tri-
als in 21- and 42-day-old AS mice. Interestingly, Ant-134 also
improved distance traveled and center crossings of AS mice in
the open-field test. Finally, we show that silencing miR-134 can
upregulate targets of miR-134 in neurons differentiated from
Angelman patient-derived induced pluripotent stem cells. These
findings indicate that silencing miR-134 and possibly other mi-
croRNAs could be useful to treat clinically relevant phenotypes
with a later developmental window in AS.

INTRODUCTION
Angelman syndrome (AS; Online Mendelian Inheritance in Man
[OMIM] 105830) is a severe neurodevelopmental disorder that affects
1 in 12,000–20,000 male and female patients. The clinical symptoms
include profound cognitive impairment, ataxia, and drug-resistant
epilepsy.1,2 AS is caused by deficiency of the UBE3A gene (15q11.2
in humans), which encodes an abundantly expressed ubiquitin ligase
essential for synaptic structure and function.1 UBE3A is an imprinted
gene, whereby the paternally inherited copy is normally silenced in
neurons. An inherited or de novomutation or chromosomal deletion
of the maternal copy results in AS.1,3

The therapeutic needs of people with AS are largely unmet.3 Existing
treatments include combinations of medicines that are intended to
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reduce some of the most severe symptoms of AS and include manage-
ment of epilepsy. Gene and precision therapy (e.g., viral vectors, anti-
sense oligonucleotides [ASOs]) hold the promise of specific, targeted
correction of AS disease mechanisms. A leading approach is to “unsi-
lence” the paternally imprinted copy ofUBE3A, for example by target-
ing the long non-coding RNA that directs the imprinting process.4-7

However, mitigation of certain phenotypes by UBE3A gene reactiva-
tion becomes less effective once critical developmental periods have
passed.5,8,9 This has led to additional therapeutic strategies that use
alternative mechanisms while offering a protracted or open therapeu-
tic window.10

It was recently reported that one of the transcripts expressed from the
Ube3a locus in rodents, Ube3a1, is activity regulated, is enriched in
dendrites, and has a 30 untranslated region containing a series of com-
plementary sites for multiple microRNAs (miRNAs) from the evolu-
tionarily conserved miR-379�410 cluster.11 This raises the possibility
that Ube3a1 has protein coding-independent functions as a
competing endogenous RNA or miRNA sponge.11 miRNAs are small
non-coding RNAs that negatively regulate protein levels by sequence-
specific targeting of mRNAs.12 Target search and repression occur
upon loading of the miRNA into a binding pocket of an Argonaute
(Ago) protein to form the miRNA-induced silencing complex
(RISC).13 Loss of transcription from the Ube3a locus would poten-
tially result in imbalances or increased availability of miRNAs from
themiR-379�410, cluster leading to over-suppression of their targets.
uthor(s).
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Figure 1. Ube3am–/p+ mice model multiple AS phenotypes

(A) Lack of Ube3a (E6-AP) confirmed by western blotting lysates from P21 F1 Ube3a (m�/p+) (AS) mice compared with wild-type (WT) littermate controls. n = 4/genotype;

***p < 0.001. (B) Total time (s) spent exploring the open-field arena over a 10min trial in P21mice; WT, n = 15; AS, n = 19; *p = 0.022. (C) Representative track plot from each

(legend continued on next page)
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Notably, one of the conserved sites is for miR-134, which is upregu-
lated in experimental and human drug-resistant epilepsy14-17 and is a
biomarker of cognitive impairment.18 Experimentally validated tar-
gets of miR-134 include the dendritic spine regulator LIM kinase1
(Limk1),19 transcription factor Creb1,20 and neuronal migration fac-
tor doublecortin (Dcx).21 Reducing brain levels of miR-134 using
modified ASOs termed antimiRs suppresses both evoked and sponta-
neous seizures in rodents.14,16,22-24 AntimiRs against miR-134
were also been reported to restore learning and synaptic plasticity
in mice lacking Sirtuin1.20 This suggests a mechanistic link
between miR-134 and the molecular pathogenesis of AS, raising the
possibility of a therapeutic approach targeting this miRNA. Here,
we investigated the expression of the Ube3a1 transcript, miR-134
and its targets, and tested the effects of miR-134 inhibition in vivo
in AS mice.

RESULTS
F1 Ube3am–/p+ mice model multiple AS phenotypes

To investigate whether targeting miR-134 could alleviate pheno-
types in AS mice, we bred B6.129S7-Ube3atm1alb/J mice carrying a
mutation in Ube3a on a mixed 129/C57 background.25 Western
blot analysis of protein lysates from juvenile (postnatal day 21
[P21]) first generation (F1) Ube3am�/p+ mice confirmed the lack
of Ube3a protein in the hippocampus, cortex, and cerebellum (Fig-
ure 1A). Ube3am�/p+ mice display cognitive, locomotor, electroen-
cephalography (EEG), and seizure susceptibility phenotypes.6,8,26

Consistent with these reports, we detected multiple AS-like features
in P21 F1 Ube3am�/p+ mice of both sexes compared with wild-type
littermates. This included reduced exploration in the open-field test
(Figures 1B and 1C) and reduced latency to fall on the rotarod
(Figures 1D, S1A, and S1B). F1 Ube3am�/p+ mice also displayed
impaired natural behavior in the marble-burying assay
(Figures 1E and 1F) but performed normally in the light-dark
box, a measure of anxiety, and nest building compared with wild-
type mice (Figures S1C and S1D).

F1 Ube3am�/p+ mice displayed modest age-related differences in
resting-state EEG, including differences in the relative power of fre-
quency bands in the theta (4–8 Hz) and beta (15–30 Hz) range in
P21 mice (Figures 1G, 1H, and S1E). In older (P42) F1 Ube3am�/p+

mice, there was an increase in raw broadband EEG power (Figure 1I)
and an increased relative power in the theta frequency band
(Figures 1J and S1F). We did not detect the reported delta frequency
abnormality.27 P42 and older F1 Ube3am�/p+ mice also displayed
sensitivity to low doses of systemically administered chemoconvul-
sants (Figures S1G–S1M). We did not observe spontaneous seizures
genotype in the open field. (D) Latency to fall from the rotarod during four test phases; W

WT, n = 5; AS, n = 7; *p = 0.045. (F) Representative image of cages 30min after marbles t

AS, n = 8; p = 0.95. (H) Spectral analysis of individual band frequencies over baseline reco

(8–12 Hz), p = 0.81; beta (12–30 Hz); *p = 0.011. (I) Total power of baseline EEG recor

analysis of individual band frequencies over baseline recordings, n = 11/genotype. Delt

30 Hz), p = 0.14. Data are expressed as SEM. A Shapiro-Wilk test was used to test for n

mice. ns, non-significant.
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and were unable to elicit audiogenic seizures in juvenile F1
Ube3am�/p+ mice (Figure S2). Taken together, these results indicate
juvenile and older F1 Ube3am�/p+ mice display many of the expected
phenotypes associated with AS.

miR-134 and target transcript levels in F1 Ube3am–/p+ mice

To test the hypothesis that levels of miR-134 in Ube3am�/p+ mice
may be altered, we extracted RNA from brain regions relevant to
the ataxia/motor, behavioral, and EEG phenotypes (hippocampus,
neocortex, and cerebellum) and performed TaqMan individual
miRNA assays.23,28 Juvenile P21 F1 Ube3am�/p+ mice displayed sig-
nificant elevations in levels of miR-134 in the cerebellum (Fig-
ure 2A). Transcript levels of the validated miR-134 target Limk1
were, however, similar to those in wild-type mice (Figure 2B). A
selection of other validated miR-134 targets including Creb1, Dcx,
RNA-binding protein pumilio 2,29 and Serpine1, a predicted target
of miR-134 and negative regulator of the pro-epileptogenic factor
tPA,30 also did not show differences in cerebellar samples from F1
Ube3am�/p+ mice (Figures S3A–S3C). The elevated miR-134 was
unlikely to be due to a difference in overall neuronal activity levels,
because cerebellar levels of two activity-regulated genes, c-Fos
and Arc, were similar compared with wild-type littermates
(Figures S3D and S3E).

In the hippocampus, levels of miR-134 in juvenile F1 Ube3am�/p+

mice were not significantly different compared with wild-type litter-
mates (Figure 2C), and the majority of miR-134 target transcript
levels were similar between Ube3am�/p+ mice and wild-type mice
(Figures S3F–S3I). Similar findings were obtained in the neocortex
of juvenile F1 Ube3am�/p+ mice where miR-134 levels were not
different from wild-type, and most targets of miR-134 were expressed
normally (Figures S3J–S3N).

Measurement of Ago-loaded miRNAs can provide an assessment of
functionally engaged miRNAs and targeting potency.17,31 As the hip-
pocampus did not show a difference in total miR-134 levels, we
explored if F1 Ube3am�/p+ mice had altered levels of miR-134 in
the RISC. As before,14,17 Argonaute 2 (Ago2) was eluted from the hip-
pocampus of juvenile F1 Ube3am�/p+ mice followed by RNA extrac-
tion and measurement of miR-134 levels. Levels of Ago2-bound
miR-134 were not different in the hippocampus of F1 Ube3am�/p+

mice compared with wild-type (Figure 2D).

Finally, we measured the levels of specificUbe3a/UBE3A splicing var-
iants. First, we retrieved publicly available RNA sequencing data,
which revealed the expression of the protein coding transcripts and
T, n = 12; AS, n = 18; ***p = 0.0008. (E) Number of marbles buried over a 30 min trial;

rial. (G) Total power of baseline EEG over 4–6 h recordings in F1 P21mice; WT, n = 9;

rdings.WT, n = 9; AS, n = 8; delta (1–4 Hz), p = 0.5; theta (4–8 Hz), *p = 0.015; alpha

ding over 4–6 h in F1 P42 mice; WT, n = 13; AS, n = 15; ***p < 0.0001. (J) Spectral

a (1–4 Hz), p = 0.6; theta (4–8 Hz), **p = 0.003; alpha (8–12 Hz), p = 0.7; beta (12–

ormality. Open symbols represent female mice and closed symbols represent male



Figure 2. miR-134 levels and effects of Ant-134 in the open field in F1 Ube3am–/p+ mice

(A) Expression of miR-134 in the cerebellum of P21 mice; WT, n = 9; AS, n = 7; **p = 0.008. (B) Limk1 in the cerebellum of P21 mice; WT, n = 9; AS, n = 8; p = 0.048.

(C) miR-134 in the hippocampus of P21 mice; WT, n = 8; AS, n = 10; p = 0.069. (D) Ago-bound miR-134 in the hippocampus of P21 mice; n = 10/genotype,

p = 0.209. (E) Mature miR-134 sequence and alignment of Ant-134 and scramble (Scr). (F) miR-134 levels in the hippocampus 24 h after ICV injection of Ant-134 or

Scr (0.1 nmol); Scr, n = 4; Ant-134, n = 5; *p = 0.0174. (G) miR-134 levels in the cerebellum of F1 mice 24 h after Ant-134/Scr treatment (0.1 nmol); Scr, n = 5; AS,

n = 4; **p = 0.006. (H) Representative track plots of F1 Ube3am�/p+ mice 24 h after treatment at P21 with either Scr or Ant-134 (0.1 nmol). (I) Exploration time (s) during

open field; Scr, n = 10; Ant-134, n = 8; ***p = 0.0002. (J) Number of entries into inner zone of open field; Scr, n = 9; Ant-134, n = 7; *p = 0.01. (K) Distance traveled

(cm) in open-field arena in P21 mice; Scr, n = 9; Ant-134, n = 7; p = 0.09. (L) Latency to fall (s) on accelerating rotarod; Scr, n = 10; Ant-134, n = 9; p = 0.81. (M)

Number of marbles buried during 30 min marble-burying test; Scr, n = 10; Ant-134, n = 9; p = 0.75. A t test was used for analysis between Scr- and Ant-134-treated

mice. Data are expressed as SEM except in F (median with interquartile range). Open symbols represent female mice and closed symbols represent male mice.

Multiple corrections were performed on molecular data and a was adjusted to 0.01. ns, non-significant.
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the putative miRNA sponge. Analysis found detectable levels of
Ube3a1, albeit much lower than Ube3a2/3 (Figures S4A and S4B).
In order to validate this finding, we designed primers and assessed
these transcripts in our AS mice (Figure S4C) and human iPSC
neuron (Figure S4D) samples. This again verified that the expression
of the “sponge” Ube3a1 is much lower than the (protein-coding)
Ube3a2/3 but is detectable. Taken together, these results indicate
there is very limited brain region-specific dysregulation of miR-134
and its targets in AS mice, which may be due to the low expression
of the Ube3a1 sponge transcript.

AntimiR silencing of miR-134 in F1Ube3am–/p+mice alters open-

field performance

We next investigated whether inhibiting miR-134 could alter key phe-
notypes in F1Ube3am�/p+mice. Silencing was achieved using a locked
nucleic acid (LNA) antimiR targeting miR-134 (Ant-134),32 (Fig-
ure 2E). F1Ube3am�/p+mice received a single intracerebroventricular
(ICV) injection at P21 of 0.1 nmol Ant-134 or a scrambled control
antimiR (Scr), and brains were extracted 24 h later, to coincide
with maximal knockdown.14 Ant-134 reduced levels of miR-134 in
the hippocampus and cerebellum in F1 Ube3am�/p+ mice
(Figures 2F and 2G).

Additional F1 Ube3am�/p+ mice were then injected with Ant-134 at
P21 and studied at P22 for performance in a series of behavioral
tests. Unexpectedly, 0.1 nmol Ant-134-treated F1 Ube3am�/p+

mice displayed increased exploration of the open field and higher
entries into the middle zone compared with Scr-treated F1
Ube3am�/p+ mice (Figures 2H–2J; see Videos S1 and S2). Ant-
134 did not affect distance traveled in the open field (Figure 2K)
or improve performance of F1 Ube3am�/p+ mice in other assays,
including the rotarod (Figure 2L) and marble-burying assay (Fig-
ure 2M). Re-testing the Ant-134 and Scr Ube3am�/p+ mice 3 weeks
later revealed comparable performance in the open-field, rotarod,
and nest-building assays (Figures S5A–S5F). Treatment of wild-
type mice with Ant-134 did not affect performance in the open
field, rotarod, or marble-burying assay (Figures S5G–S5P). Finally,
we explored whether inhibition of miR-134 had effects on the
resting EEG phenotype. Injection of Ant-134 into P42 F1
Ube3am�/p+ mice, an age when F1 Ube3am�/p+ mice displayed
stronger EEG phenotypes, had no effect on resting EEG power
(Figures S5Q and S5R) and Ant-134 mice displayed similar EEG
frequency band distribution to Scr-injected Ube3am�/p+ mice
(Figures S5S–S5V). This is consistent with previous reports in
wild-type mice that silencing miR-134 does not alter resting-state
EEG.14

Audiogenic seizure-susceptible Ube3am–/p+ mice

As F1 Ube3am�/p+ mice did not display an assayable epilepsy
phenotype, we backcrossed onto a 129 background to generate
mice susceptible to audiogenic seizures.8 Backcrossing F1 Ube3at-
m1alb/J mice to a 129Sv/Ev background for four generations
generated N4 Ube3am�/p+ mice (Figure S6A). We confirmed that
N4 Ube3am�/p+ mice displayed loss of Ube3a protein in the
518 Molecular Therapy: Nucleic Acids Vol. 28 June 2022
hippocampus, neocortex, and cerebellum (Figure S6B). We also
analyzed the expression of miR-134 in the N4 generation. Levels
of miR-134 and a selection of targets were not altered in the hippo-
campus or cerebellum (Figures S6D-S6J).

As expected, N4 Ube3am�/p+ mice responded to an audiogenic
stimulus (repeated horizontal striking of a metal object across
the top of the cage), undergoing short-lasting seizures that featured
initial wild running, progressing to generalized tonic-clonic con-
vulsions and then bilateral tonic extensions of the hindlimbs
(Figures S6K–S6M).

AntimiR silencing of miR-134 in N4 Ube3am–/p+ mice reduces

brain network excitability

We next confirmed that 0.1 nmol and a higher dose of 0.5 nmol of
Ant-134 effectively inhibited miR-134 in N4 Ube3am�/p+ mice
(Figures 3A and 3B). The knockdown of miR-134 by 0.5 nmol Ant-
134 was associated with the de-repression of Dcx in the hippocampus
(Figure 3C), but a selection of other miR-134 target levels did not
change (Figures 3D and 3E).

Next, we investigated whether targeting miR-134 reduced brain hy-
perexcitability in the N4 Ube3am�/p+ mice. For this, we prepared
ex vivo brain slices from N4 Ube3am�/p+ mice treated with Ant-134
at P21. We observed a specific reduction in the population synaptic
potential in hippocampal CA1 (Figures 3F and 3H), likely indicative
of reduced glutamatergic function in the network. The population
spike, a measure of network action potential firing, was not changed
by Ant-134 (Figures 3G and 3H). This suggests a relatively specific ef-
fect of Ant-134 to reduce hippocampal network excitability in juve-
nile N4 Ube3am�/p+ mice.

AntimiR silencing of miR-134 in N4 Ube3am–/p+ mice protects

against audiogenic seizures

To explore the affect of inhibiting miR-134 on audiogenic seizures,
P21 N4 Ube3am�/p+ mice received an ICV injection of Ant-134 or
Scr, then 24 h later underwent a first audiogenic seizure (Figure 4A).
To explore how long lasting these effects were, we elicited two addi-
tional audiogenic seizures, at 2 day intervals between seizures
(Figure 4A).

On the first test day, Scr-treated N4 Ube3am�/p+ mice developed
severe seizures, including tonic hindlimb extension. Ant-134
reduced audiogenic seizure severity in N4 Ube3am�/p+ mice
compared with Scr-treated N4 Ube3am�/p+ mice (Figures 4B and
4C; see Videos S3 and S4). Specifically, two Ant-134-treated AS
mice did not display any seizures upon audiogenic testing on the
first test day, while the remaining Ant-134 mice displayed mainly
lower severity seizures (Figures 4B and 4C). Ant-134-treated N4
Ube3am�/p+ mice remained protected against audiogenic seizures
during the second and third tests (Figures 4B and 4C). There
was also a tendency toward improved survival in Ant-134-treated
N4 Ube3am�/p+ mice over the course of the audiogenic seizure
testing (Figure 4D).



Figure 3. Silencing miR-134 reduces hippocampal excitability in N4 Ube3am–/p+ mice

(A and B) miR-134 levels in N4 generation Ube3am�/p+ P21 mice treated with Scr or Ant-134 with (A) 0.1 nmol or (B) 0.5 nmol; n = 4 or 5 group. Brains were analyzed

24 h later using qRT-PCR. *p = 0.042 and ***p = 0.0011. (C) Dcx transcript levels 24 h following Scr or Ant-134 (0.5 nmol); *p = 0.014. (D) Limk1 transcript levels 24 h

following Scr/Ant-134 (0.5 nmol). (E) Creb1 transcript levels 24 h following Scr/Ant-134 (0.5 nmol); p = 0.90. (F) Brain slice recordings show Ant-134 caused a reduc-

tion in hippocampal CA1 population synaptic potential; n = 4 mice per group; 2 or 3 slices per mouse; two-way repeated-measures ANOVA, treatment term *p =

0.038. (G) Ant-134 had no effect on hippocampal CA1 population spiking; n = 4 mice per group; 2 or 3 slices per mouse; two-way repeated-measures ANOVA, treat-

ment term p = 0.15. (H) Representative raw traces showing population synaptic potential and spiking in hippocampal CA1 in Ant-134 and Scr-treated Ube3am�/p+

mice. Data are expressed as SEM. Multiple corrections were performed on molecular data, and a was adjusted to 0.016. ns, non-significant.
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To support a specific effect of miR-134 inhibition on the observed
anti-seizure effects, brains were obtained 24 h after the final seizure
(at P27). Although Limk1 levels were not significantly different, pro-
tein levels of miR-134 targets Dcx and Creb1 were both increased in
Ant-134-treated N4 Ube3am�/p+ mice compared with Scr at the end
of audiogenic seizure testing (Figures 4E–4G).

We further explored the duration of action of Ant-134, repeating
the triple audiogenic seizure tests but spaced over a longer time
period. The first seizure was given the day after Ant-134 treatment
(P22), followed by re-testing of AS mice with a second audiogenic
seizure at P28 and a final test at P42. Results of the first audiogenic
test were in line with our previous observations with Ant-134 pro-
tecting against seizures (Figure S7). However, the anti-seizure ef-
fects of Ant-134 were less obvious over subsequent test weeks,
and the effect did not reach significance (Figure S7).

We then investigated whether the anti-seizure effects of Ant-134
would extend to older AS mice. P42 N4 Ube3am�/p+ mice were
given either Ant-134 or Scr prior to triple audiogenic seizure
testing over subsequent days, separated by 2 day intervals (Fig-
ure 4H). Notably, seizure severity was lower in Scr-treated N4
Ube3am�/p+ mice at this age, as reported.33,34 Nevertheless, Ant-
134 significantly reduced seizures in P42 N4 Ube3am�/p+ mice
over the course of three test audiogenic stimuli compared with
Scr-treated AS mice (Figures 4I and 4J). Taken together, these re-
sults indicate silencing miR-134 has anti-seizure effects in AS mice
and this extends into adulthood.

Gene expression profile after Ant-134 treatment

To obtain insights into potential mechanisms by which Ant-134
produces anti-seizure effects in AS mice, we performed RNA
sequencing (RNA-seq) analysis of hippocampal samples from N4
Ube3am�/p+ mice treated with 0.5 nmol Ant-134 in comparison
with the Scr-treated littermates. This identified 1,027 differentially
expressed genes (unadjusted p value), of which 405 were upregu-
lated and 622 were downregulated in the Ant-134-treated mice
in comparison with the Scr group (Figure S8A). We next focused
on upregulated genes that were (1) predicted miR-134 targets pre-
viously identified as differentially expressed after Ant-134 treat-
ment28 or (2) associated with epilepsy (Table S1). This identified
52 upregulated genes. These were significantly enriched for seven
Reactome pathways, namely, Activation of Ca-permeable kainate
receptor, ionotropic activity of kainate receptors, transmission across
Molecular Therapy: Nucleic Acids Vol. 28 June 2022 519
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Figure 4. Ant-134 reduces audiogenic seizures in N4 Ube3am–/p+ mice

(A) Schematic of antimiR testing in the audiogenic seizure model. P21 Ube3am�/p+mice received an ICV injection of Scr/Ant-134 (0.5 nmol), and seizures were induced 24 h

later. Seizures were repeated at P24 and P26. (B) Tabular representation of the type of seizure eachmouse had over three seizures. (C) Percentage of maximum seizure score

per treatment group at P22, P24, and P26. There was a significant reduction in seizure severity in Ant-134 treated mice at P26 in comparison with P22; Scr, n = 11; Ant-134,

n = 11; *p < 0.05. (D) Kaplan-Meier curve of survival rates following Scr/Ant-134. Note, 55% survival in Scr group in comparison with 81% survival in Ant-134 group (ns). (E)

Representative western blots show levels of Dcx 24 h after final seizure in the cortex and Creb1 levels in the hippocampus of Scr/Ant-134-treated mice. (F) Dcx in the cortex;

n = 4/genotype, *p = 0.024. (G) Creb1 levels in the hippocampus; n = 4/genotype, *p = 0.026. Data are expressed as SEM. (H) Schematic illustration of experimental design of

antimiR testing in P42 AS mice. (I) Tabular representation of the type of seizure each mouse had over three seizures. (J) Percentage of maximum Racine score per treatment

group at P22, P24, and P26; Scr, n = 4; Ant-134, n = 5; *p = 0.04. Mortality was compared between treatments using incidence rate ratios and a Poissonmodel, with number

of trials as the exposure variable. Seizure severity wasmodeled using ordinal logistic regression with robust variance estimation used to adjust for clustering of data with mice.

An interaction term was used to test for a change in effectiveness of treatment as a function of trial number.

Molecular Therapy: Nucleic Acids
chemical synapses, HSF1 activation, calcineurin activates NFAT,
FCERI mediated Ca2+ mobilization, and CLEC7A (Dectin-1) in-
duces NFAT activation (Figures S8B and S8C). Thus, RNA-seq
analysis indicates antimiR-134 produces effects on a large set of
genes in AS mice, including direct as well as indirect targets with
links to control of neuronal excitability and epilepsy.
520 Molecular Therapy: Nucleic Acids Vol. 28 June 2022
Ant-134 effects in human neurons from AS patient-derived

iPSCs

Finally, we sought proof of concept that this antimiR approach can
produce effects in a human model. We differentiated a mixture of
excitatory and inhibitory neurons from induced pluripotent
stem cells (iPSCs) obtained from a female AS patient with a



Figure 5. Ant-134 reduces miR-134 levels and upregulated targets in AS patient-derived neurons

(A and B) Recorded calcium transients in differentiated neurons (6 weeks) from an AS patient showing typical spontaneous activity consistent with functioning network. (C and

D) Detection of Ant-134 (fluorescein amidite [FAM]-labeled) 24 h after transfection in neurons expressing PSD-95 and NeuN. (E) Potent knockdown of miR-134 by Ant-134

(300 nM) after 24 h treatment in 6 week-differentiated AS patient neurons. (F–I) Transcript levels of miR-134 targets in Ant-134-treated AS neurons. Note increased levels

some (DCX, CREB1) but not all (LIMK1, Serpine1). n = 9 Ant-134, n = 9 Scr; *p < 0.05, **p < 0.01, and ***p < 0.001. Data are expressed as SEM. Multiple corrections were

performed on molecular data, and a was adjusted to 0.01. ns, non-significant.
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15q11.2-q31.1 deletion and confirmed epilepsy.35 Differentiated
neurons at 6 weeks displayed appropriate morphological features
and markers of network maturity, including spontaneous calcium
transients (Figures 5A and 5B; Video S5). Transfection of neurons
for 24 h with a fluorophore-labeled version of Ant-134 confirmed
uptake in postsynaptic density protein-95 (PSD-95)-positive cells
and cells expressing the mature neuronal marker NeuN (Rbfox3)
(Figures 5C and 5D). We then treated additional cultures of AS
neurons with either unlabeled Ant-134 or Scr (300 nM) for 24 h
and extracted RNA for analysis of miR-134 and targets. Levels of
miR-134 were potently suppressed in Ant-134-treated neurons
compared with Scr (Figure 5E). Transcript levels of DCX and
CREB1 but not LIMK1, were upregulated in Ant-134-treated neu-
rons (Figures 5F–5H).

DISCUSSION
The molecular mechanism underlying AS lends itself to treatment ap-
proaches that re-establish the normally silenced paternal copy of
UBE3A.1 Limitations have emerged, however, in the effectiveness of
gene re-reinstatement to reverse various phenotypes, particularly in
older mice,5-9 necessitating exploration of other approaches. Here
we explored a potential molecular defect predicted to arise in AS
because of the loss of miRNA binding sites, or sponge function, of
theUbe3a1 transcript.11Ube3a1 has been reported to contain binding
sites for multiple miRNAs from the miR-379�410 cluster including
miR-134.36 Loss of Ube3a1 has been reported to alter dendritic spine
size and excitatory currents in neurons.11 There is a pre-existing
association of miR-134 with fine-tuning brain excitability,19,37 and
targeting miR-134 is effective at reducing evoked and spontaneous
seizures in models of epilepsy.38 Drug-resistant epilepsy is a serious
problem in AS, and seizure control is both important and inadequate
for a majority of patients.1,2

We found that a single central injection of antimiRs against miR-134
was able to attenuate the epilepsy phenotype in audiogenic seizure-
susceptible AS mice. Ant-134 was effective in both P21 and older
(P42) AS mice, and seizure severity remained reduced for several
days afterward. Indeed, although audiogenic seizure severity
increased in the model over repeated test days, likely because of a
kindling or sensitization effect, seizure suppression by Ant-134 sus-
tained. Treating the epilepsy phenotype in AS mouse models has
often been incomplete or ineffective using targeted reinstatement of
Ube3a, particular in older animals.8,9 Targeting miR-134 does not
appear to be as age restricted, offering a possible advantage over cur-
rent gene therapy rescue approaches. The extent of seizure suppres-
sion is similar to effects of Ant-134 in chemoconvulsant
models,14,16,23 and compares well with or is superior to pharmaco-
logic and genetic approaches to hyperexcitability that focus on
restoring Ube3a.5,8,9

The anti-seizure mechanism of Ant-134 is incompletely understood
but may involve reducing glutamatergic input. Here, we showed
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potential involvement of neuronal and Ca2+-related pathways that
may modulate synaptic transmission, plasticity, synaptogenesis, or
synaptic pruning. An effect via dendritic spines is possible, as silencing
miR-134 adjusts spine number and volume in excitatory hippocampal
neurons,16,19 and the anti-seizure and neuroprotective effects of Ant-
134 in other models are diminished by suppression of Limk1.14,28

Levels of Limk1 were not, however, increased by Ant-134 in AS
mice or AS patient-derived neurons and the human 30 UTR of
LIMK1 lacks the canonical seed for miR-134.14,19,39 We observed
that inhibition of miR-134 reduced the population synaptic potential
in area CA1 of the hippocampus of AS mice while largely sparing the
population spike. This is consistent with a reduction in glutamatergic
transmission but not the properties of single action potentials. This ef-
fect may be mediated via changes to other transcripts altered by Ant-
134 in themouse hippocampus.28 It is possible that reducing miR-134
in other brain regions, including the cerebellum, was involved in the
seizure suppression. Indeed, pathways from the cerebellum are
increasingly recognized as capable of influencing seizures.40

The LNA-modified antimiRs we used to target miR-134 produce
potent, specific, and lasting miRNA knockdown.14 The same chemis-
try was used to target other, non-CNS miRNAs that reached clinical
trials previously.41 LNA-modified antimiRs can suppress their targets
for many weeks following a single injection, although maximal
knockdown after ICV injection of Ant-134 peaks during the first
week.14 We found that the anti-seizure effects of Ant-134 were no
longer detectable when AS mice were re-tested 1 and 3 weeks later.
This suggests that seizure suppression using this approach for AS
may require high or sustained silencing of miR-134. This contrasts
with the multi-week effectiveness of a single injection of Ant-134
on epileptogenesis in models of status epilepticus.14,24,28 This may
be because there is an enduring genetic mechanism in AS. However,
optimizing dosing and delivery routes may enhance or extend the
duration of effect.14,28 What would be the prospects for a clinical trial
using amiRNA-based treatment approach? AntimiRs would require a
delivery approach that circumvents the blood-brain barrier such as
intrathecal injection.42 Such invasive delivery methods are acceptable
if balanced against disease severity. Indeed, clinical trials of UBE3A-
rescuing strategies are under way for AS that use intrathecal delivery
of ASOs.43 An antimiR-based miRNA inhibitor would have similar
pharmacokinetic and safety challenges, albeit with possibility of small,
widespread effects on gene expression due to the multi-targeting ac-
tion of miRNAs. There are alternative methods for silencing miRNAs,
such as using gene therapy-based delivery of targeting sequences,
which could offer longer lasting or cell type-specific delivery.44

An interesting and unexpected finding here was that silencing miR-
134 altered performance of AS mice in the open field. Movement
and anxiety defects are a consistent phenotype in AS mice, and we
observed impaired ambulatory performance in open-field exploration
and rotarod. There was a significant increase in activity levels in Ant-
134-treated mice, with animals spending more time exploring the
open-field arena compared with Scr-treated AS mice, although Ant-
134 did not improve rotarod performance. The group sizes we used
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are lower than recently recommended,26 although they are in line
with other work.34 Notably, although motor incoordination can be
partly rescued by re-expression of Ube3a in juvenile mice, the
open-field defect cannot.7,8 A leading alternative therapeutic strategy
targeting insulin-like growth factor (IGF) also fails to correct open
field deficits.10 This further supports the targeting of miR-134 to alle-
viate certain phenotypes in AS, either alone or in combination with
Ube3a reinstatement approaches, particularly at older ages. The
open-field test is a general measure of exploratory behavior and activ-
ity, and the circuit basis includes elements of motor, navigational, and
anxiety features. Anxiolytic drugs produce similar improvements to
those we observed with Ant-134.45 However, multiple factors affect
performance of mice and we must be careful not to ascribe the effects
of Ant-134 to reducing, for example, anxiety. Indeed, an alternative
interpretation of our finding would be that treatment with the anti-
miR results in a loss of cautionary avoidance of a novel open
area.46 The mechanism by which targeting miR-134 improves
open-field performance is unknown. Notably, Ant-134 increased
levels of Creb1 in the hippocampus and Dcx in the neocortex of
audiogenic seizure-exposed AS mice and levels of CREB1 and DCX
increased in AS patient-derived neurons treated with Ant-134.
Although manipulation of Dcx is not associated with phenotypes in
this assay,47 an effect on Creb1 could potentially account for the
observations.48 It is possible that effects on other targets are
important,28 and the neurobiological basis of the various phenotypes
corrected or not by Ant-134 requires further study. Effects of Ant-134
within the cerebellum are also possible, as lesions and abnormalities
of the cerebellum are associated with decreased exploration of novel
environments such as the open field in rodents and humans.49,50

Elevated levels of miR-134 were detected in the cerebellum of F1 AS
mice, but miR-134/target expression appeared otherwise normal in
AS mice. Thus, the loss of Ube3a1 is insufficient to disturb expression
of either miR-134 or its targets. This may be because of the low
expression of Ube3a1/UBE3A1 found here, and reported by others,51

which may limit its functional relevance. Technical factors should
also be considered. Our assay methods may lack sensitivity to detect
small or temporally variable changes inmiR-134 or its targets, and cell
type-specific dysregulation of miR-134 would have been masked in
whole-tissue analyses. Most likely, the protective effects of Ant-134
occur independently of the regional molecular landscape adjustment
upon targeting miR-134. Notably, anti-seizure effects of Ant-134 have
been reported in models when miR-134 was not elevated.23 Further
studies are needed to look at the broader miRNA landscape in AS,
including other miRNAs predicted to be sequestered by Ube3a1
and to better elucidate the relationship between Ube3a1 and miR-
134 in specific brain cell types in AS.

The present study identified limitations in the efficacy of targeting
miR-134 in AS. Ant-134 failed to improve several phenotypes,
including rotarod performance, which can be partly rescued by
Ube3a reinstatement6,8 or promoting IGF signaling.10 The duration
of anti-seizure effects of Ant-134 is in contrast with the long-lasting
attenuation of seizures in rodent models of acquired, focal epilepsy.28
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If a miRNA-based strategy is to be developed for targeting AS, it
might be necessary to combine this with Ube3a reinstatement or
potentially target additional miRNAs. Future studies could explore
the full miRNA landscape to identify additional targetable miRNAs
for AS. Notably, the miR-379�410 cluster of which miR-134 belongs
contains miRNAs that control brain development, synapse structure
and excitability,36,52 and miRNAs linked to anxiety,53 and sociabil-
ity,54 which are other, largely untreatable aspects of the clinical spec-
trum of AS. This might necessitate a combinatorial approach, as
demonstrated recently using a pool of antimiRs to treat a set of upre-
gulated miRNAs in mice with drug-resistant epilepsy.17 Another
potentially relevant miRNA for targeting is miR-211, located within
the Chr 15q.13.3 locus, deletions of which are associated with severe
epilepsy and intellectual disability. Overexpression of miR-211 dis-
rupts multiple synapse-related pathways, interferes with learning
and memory and evokes seizures in mice, suggesting its antimiR tar-
geting of miR-211 could be an alternative strategy in AS.55 It is
possible that antimiR targeting of miR-134 could have applications
in other imprinting or neurogenetic disorders. Besides the anti-
seizure effects reported here, which are probably independent of a
miRNA sponge effect of Ube3a1, inhibition of miR-134 has been re-
ported to restore cognitive functions in mice with learning andmem-
ory deficits.20 There are more than 200 imprinted genes in humans,
and a number feature cognitive and psychiatric features as well as ep-
ilepsy.56 Notably, motor and cognitive deficits as well as seizures are
common in patients with duplication of 15q11-q13, which harbors a
number of imprinted genes and is associated with increased UBE3A
levels. Prader-Willi syndrome (PWS) is considered the reciprocal
imprinting disorder of AS, where a paternally expressed cluster of
contiguous genes on chromosome 15 are lost. But epilepsy is not
part of the normal clinical spectrum of PWS. If LIMK1 is a target
of miR-134 in humans, and this remains unclear, there might be an
application in Williams-Beuren syndrome (WBS), the clinical fea-
tures of which include locomotor problems and anxiety, although ep-
ilepsy is rare.57 LIMK1 is one of the genes commonly deleted inWBS,
potentially resulting in increased miR-134 function. More broadly,
miRNA targeting could offer ways to correct the effects of duplication
of individual or miRNA cluster-related disorders.58

In summary, the present study reveals a potential precision therapy
approach based on targeting a miRNA associated with the molecular
mechanism of AS. We show that antimiR ASOs are effective at
reducing miR-134 in AS mice and produce seizure suppression and
improvements in open-field performance. Anti-seizure effects
spanned juvenile and older mice, indicating a protracted develop-
mental window for this approach. Further studies will be needed to
optimize this strategy and explore whether combinations, either
with silencing of other miRNAs or approaches directly focused on
re-expression of the Ube3a gene.

MATERIALS AND METHODS
Animals

All animal experiments were reviewed and approved by the Research
Ethics Committee of the Royal College of Surgeons in Ireland (REC
1302bbb) under licenses from the Health Products Regulatory Au-
thority (AE19127/P013 and AE19127/P064), in accordance with the
European Communities Council Directive (2010/63/EU). Animal
work was performed by either A.C. (AE19127/I178) or C.R.R.
(AE19127/I018). Male C57BL/6 mice (P7-42) were obtained from
RCSI’s Biomedical Research Facility (original stock from Harlan,
Oxon, Bicester, UK). P7 and P14 mice were housed with littermates
and dam until non-recovery experiments. Ube3a mutant mice were
obtained from Jackson Laboratory (Bar Harbor, ME; stock no.
016590) and bred as detailed below. Weaned animals were housed
(up to 5 mice per cage) in on-site barrier-controlled facilities with a
12 h light-dark cycle and ad libitum access food and water.

Ube3a (m–/p+) mice

The AS mice colony was initiated using B6.129S7-Ube3atm1alb/J
mice carrying a mutation in Ube3a maintained on C57BL/6 back-
ground. Ube3a (m�/p+) adult males were crossed with wild-type
C57BL/6 females from the maintenance colony. Heterozygous
(het) females generated from the maintenance colony were crossed
with wild-type 129Sv/Ev males from the maintenance colony to
generate the experimental colony. The maintenance colony was
bred continuously to generate wild-type 129Sv/Ev males. Mice
generated from this colony were from the first generation. To
generate mice that were susceptible to audiogenic seizures, F1
mice were backcrossed for four generations and maintained on a
129Sv/Ev background until N3 female heterozygotes were available
to breed with males from the 129Sv/Ev maintenance colony. AS
mice of both sexes were used for behavior and EEG/seizure studies
but ratios of male:female were not recorded for molecular studies.
All molecular analysis was performed using tissue obtained from
saline-perfused mice.

Behavioral trials

All behavioral experiments were performed between 1 and 6 p.m.
Mice in their home cages were placed in the behavior room 30 min
prior to testing to habituate. Apparatus was cleaned with 30% ethanol
before use and between trials. Similar numbers of male and female
wild-type and AS mice were used in all behavioral tests.

Open field

Locomotor activity was tested using the open-field test. Wild-type
and AS mice were placed individually in the middle of a test chamber
(27.3 � 27.3 cm; Med Associates, Inc., Fairfax, VT) and allowed to
explore the arena for 10 min. Movement was recorded using a Logi-
tech HD 1080p camera. Data were analyzed by a researcher blind to
genotype/treatment by manually recording the length of time the
mouse was active during the trial. Next, using the AnyMaze (version
6.1) software (Stoelting, Dublin, Ireland), the exact dimensions of the
arena were identified on the video by a ruler tool (30 mm). The inner
and outer zones of the arena were also identified to track the number
of crossings between zones and the total time spent in each area. The
mouse’s head and tail were identified in the software and tracked
throughout the trial. The following parameters were measured: total
distance traveled (mm), speed (m/s), entries into inner zone, and total
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time spent in inner zone (s). Exploration time was analyzed manually
by recording the length of time the mouse was active during the
10 min trial. Active refers to the mouse being mobile using all four
limbs in the arena.

Accelerating rotarod

Motor function was assessed using the accelerating rotarod (Letica
Scientific Instruments, Portugal). A trial period was first performed
in which mice were placed on the rotarod for 3 min at a constant
speed. Mice were placed back onto the rotarod apparatus if they fell
off during the trial. During the test phase, mice were placed onto
the rotarod at an accelerating speed of 4–40 rpm, for 5 min. This trial
and testing phase were repeated on two consecutive days at the same
time of the day, with two trials per day with at least 40 min between
each test. The latency to fall (s) per mouse was recorded, and the
average of two trials was taken.

Light-dark box

Ube3am�/p+ and wild-type mice were individually placed in the open-
field chamber (Med Associates, Inc.) for 10 min. A dark-box insert
(Med Associates, Inc.) was placed into the chamber and represented
the dark section of the arena. A light (60 W/600 lux) was used to illu-
minate the light section of the arena. Upon trial initiation, the mouse
was placed into the light compartment. The time spent in each
compartment was analyzed manually and using AnyMaze software,
as before. A full transition was identified and recorded when all
four paws were in the given arena.

Marble burying

Abnormal behaviors and autistic like features were assessed using the
marble-burying assay. Polycarbonate cages (365 � 207 � 140 mm)
were filled with 5 cm of bedding. Twenty marbles were placed on
top of the bedding and arranged in 5 � 4 grid at equal distance.
Mice were placed into the middle of the cage for a 30 min period. Af-
ter the trial, the amount of marbles with half or more of their surface
buried in the bedding were counted.

Nest building

The nest-building assay was used to test the naturalistic behaviors.
Before commencing the nest building test, mice were single-housed
for a week. Twenty-four hours prior to testing, environmental enrich-
ment was removed from each cage. On the first day of testing, 10 g of
blotting filter paper (Bio-Rad) was placed in each cage. The amount of
unused nesting material was weighed daily, at the same time of the
day, for 5 consecutive days. For statistical analysis, the average weight
of blotting paper was graphed.

Electrode implantation and ICV injections

Mice were anesthetized with isoflurane (5% induction, 1%–2%
maintenance) and placed in a mouse-adapted stereotaxic frame. Af-
ter local analgesia with lidocaine and prilocaine cream (EMLA), a
midline scalp incision was made, bregma was located, and three par-
tial craniotomies were performed (two cortical electrodes placed
behind bregma and the reference electrode placed toward the front
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of the brain, above bregma on the right-hand side). Mice received
2 mL mmu-miR-134-5p miRCURY LNA power inhibitor (Ant-134;
50-30 tggtcaaccagtcaca/3CholTEG Exiqon; 0.1 or 0.5 nmol in PBS),
a non-targeting scrambled control (Scr, 50-30 cgtctagccacctag/3Chol-
TEG), or vehicle (PBS), injected using a Hamilton syringe at a rate of
1 mL/min. The electrode assembly was fixed in place using dental
cement. After surgery, the mouse was placed in a temperature-
controlled open Perspex box and monitored.

Seizure induction

To evaluate sensitivity to seizures, F1 mice were given a systemic
(i.p.) injection of a subconvulsant dose of pentylenetetrazole
(PTZ; 40 mg/kg) or kainic acid (KA; 10 mg/kg) (both from
Sigma-Aldrich). LabChart software was used to assess EEG
changes including total power, amplitude, and frequency of any ictal
activity.

For audiogenic seizures, we first tested an alarm-based method in F1
mice implanted with surface EEG electrodes. In pilot tests, mice
were individually placed in a soundproof chamber (SR-Lab, Startle
response system, San Diego Instruments), and tethered swivel cables
were wired through the back of the chamber for EEG recordings. A
Logitech HD 1080p camera was placed inside the chamber. An
alarm (Screaming Meanie 220; Pacific Conrnetta, Oregon) was set
to desired time and decibel level (110–140 dB) and also placed in-
side the chamber. Mice were left for 15 min to habituate to the
chamber and to record baseline EEG. The alarm went off at the
desired time and if repeated, with 10 min between each audiogenic
stimulus. For N4 generation AS mice, a different model was used.
P21 and adult mice were placed in a polycarbonate cage
(365 � 207 � 140 mm), and the lid of the cage was vigorously
scratched for 30 s (generating approximately 110 dB). The seizures
were recorded by a Logitech HD 1080p camera and analyzed using
an adapted audiogenic seizure scale. The maximum score per
seizure type was noted per mouse, according to an audiogenic
seizure scale.59 The latency to wild running (type 1), generalized
tonic-clonic convulsions (type 2), and tonic hyperextension of the
hindlimbs and tail (type 3) was identified by video analysis This
method of seizure induction was unsuccessful in F1 mice.

Argonaute-2 immunoprecipitation

Hippocampus was homogenized by hand in 500 mL immunoprecip-
itation buffer (150 mM NaCl, 20 mM Tris-HCL [pH 7.5], 5 mM
MgCl2, and 1% NP-40) and centrifuged. Lysate (500 mL) was added
to agarose beads and incubated for 2–6 h on a rotator at 4�C. Samples
were incubated overnight at 4�C with 10 mg Ago2 antibody (1:10,
C34C6; Cell Signaling Technology). The lysate-bound antibody solu-
tion was added to agarose beads and left on the rotator for 2 h. The
supernatant was removed and the pellet was suspended in 200 mL
TRIzol, and an RNA extraction was performed.

Standard RNA extraction

Brain samples were homogenized in 750 mL TRIzol (re-suspended
in 200 mL for synaptoneurosomes and AgoIP) and centrifuged at
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12,000 � g for 10 min at 4�C. Phase separation was performed by
adding 200 mL chloroform to each sample (75 mL for synaptoneur-
osomes and AgoIP) and vigorously mixing for 15 s before incu-
bating at room temperature (RT). Samples were centrifuged at
15,600 � g for 15 min at 4�C. The upper phase was removed
and 450 mL isopropanol was added, and samples were stored at
�20�C overnight. Samples were centrifuged at 15,600 � g for
15 min at 4�C. Seventy-five percent cold ethanol (750 mL
[200 mL for AgoIP]) was used to wash the pellet. Samples were
centrifuged at 13,300 � g for 5 min, and the ethanol was removed.
The pellets were left to dry for 1 h and re-suspended in 25 mL (8 mL
for AgoIP) RNase-free H2O. Samples were incubated for 10 min at
60�C with 60 � g agitation.

miRNA expression

miRNA (500 ng) was reverse-transcribed using stem-loop Multiplex
primer pools (Applied Biosystems, Dublin, Ireland). We used reverse
transcriptase-specific primers for the mmu-miR-134 (Applied Bio-
systems miRNA assay ID 00186), and real-time quantitative PCR was
carried out on a 7900HT Fast Realtime System (Applied Biosystems)
using TaqMan miRNA assays (Applied Biosystems). U6B (Applied
Biosystems miRNA assay ID 001093) was used for normalization. A
relative fold change in expressionof the target gene transcriptwas deter-
mined using the comparative cycle threshold method (2�DDCT).

RNA sequencing

RNA-seq was performed by Novogene to analyze differential gene
expression in mice hippocampi after Ant-134 treatment (n = 5;
0.5 nmol) in comparison with Scr control (n = 4) after the repetitive
audiogenic stimulus. mRNA was purified using poly-A selection,
and sequencing libraries were prepared. Libraries were sequenced
on an Illumina platform, generating an average of 46.9 million
2� 150 bp paired-end reads per sample. Lowquality and adapter-con-
taining reads were removed, and clean reads were mapped to the
GRCm38 reference genome using Hisat2 version 2.0.5. Readsmapped
to each gene were counted using featureCounts version 1.5.0-p3, and
differential expression between treatment groups was performed us-
ing DESeq2. Genes with p values < 0.05 and |log2 fold change| > 0
were considered differentially expressed. In order to identify the
most relevant differentially expressed genes (DEGs), we filtered the
DEG list using the following criteria: upregulated after Ant-134 treat-
ment in AS mice, being a predicted miR-134 target according to the
miRDB database,60 having previously been identified as differentially
expressed after Ant-134 treatment,28 or being associated with epilepsy
by cross-referencing and in-house curated database,17 and by mining
fromOMIM publication searchers (summarized in Table S1). Finally,
Reactome pathway enrichment analysis was performed on the DEGs
of interest; pathways with adjusted p values < 0.05 were considered
significantly enriched. RNA sequencing data are available from
Gene Expression Omnibus (GEO) submission number: GSE199276.

Western blotting

Protein was extracted from brain samples, separated using SDS-
PAGE, transferred to nitrocellulose membranes, and incubated in
the following primary antibodies: Limk1 (1:500; Cell Signalling-
3842), Creb1 (1:50; Santa Cruz-271), DCX (1:500; Cell Signalling-
4604S). Membranes were then incubated in secondary antibodies,
and bands were visualized using Supersignal West Pico Chemilumi-
nescence Substrates (Pierce) and captured using a FUJIFILM Las-
4000. Thereafter, membranes were stripped (200 mM glycine,
0.1% SDS, 1% Tween 20; pH 2.2), blocked, and incubated with
GAPDH antibody (1:1000, Thermo Fisher Diagnostics AM4300),
secondary antibody and visualized as above. Densitometry was per-
formed using ImageJ software.

Ex vivo electrophysiology

P21 N4 male and female Ube3a+/� mice were injected with ICV
Ant-134 or scramble control, as above. After 2–4 days, mice were
euthanized by cervical dislocation and their brains were quickly
dissected and submerged in oxygenated ice-cold sucrose artificial ce-
rebrospinal fluid (composition: 205 mM sucrose, 10 mM glucose,
26 mM NaHCO3, 1.2 mM NaH2PO4.H2O, 2.5 mM KCl, 5 mM
MgCl2, 0.1 mM CaCl2). Horizontal slices (400 mm) were prepared
using a vibratome (Campden 7000 smz II; Campden Instruments,
Loughborough, UK), with bath temperature held at �1�C. Slices
were stored at room temperature in a submerged-style holding
chamber, filled with oxygenated recording ACSF (125 mM NaCl,
10 mM glucose, 26 mM NaHCO3, 1.25 mM NaH2PO4.H2O,
3 mM KCl, 2 mM CaCl2, 1 mM MgCl2). For recording, slices
were transferred to a membrane chamber that was perfused with
oxygenated ACSF and heated to 34�C, at a rate of 16 mL/
min.61,62 Slices were equilibrated to these conditions for 1 h prior
to recording. A stimulating electrode (SS3CEA4-200; MicroProbes,
Maryland) was placed in to the Schaffer collateral pathway and
10 ms current pulses were delivered using a DS3 isolated current
stimulator (Digitimer; Welwyn, Garden City, UK). Extracellular bo-
rosilicate glass recording electrodes (�3 MU) were filled with ACSF
and placed in stratum radiatum (SR) and stratum pyramidale (SP)
in hippocampal CA1. Signal was acquired using a MultiClamp 700B
amplifier (Molecular Devices, California), Power 1401 digitizer
(Cambridge Electronic Design, Cambridge, UK), and Signal soft-
ware (version 6; CED). Signals were digitized at 25 kHz and low-
pass-filtered at 10 kHz. Data were analyzed using Signal version
6. Population spike was measured as the maximum trough ampli-
tude recorded from CA1 SP and population synaptic potential as
the slope of the response recorded in CA1 SR.

iPSC-derived Angelman neurons

Generation of cells was approved by Boston Children’s Hospital
(Boston, MA) institutional review board (IRB) (P00000219). Angel-
man patient-derived iPSCs (CRA_1501) were generated as recently
reported.35 Briefly, blood cells were obtained from a female patient,
11 years of age, with a 15q11.2-q13.1, 4.973 MB deletion, diagnosed
with AS and with neurological features including epilepsy, lack of
speech, and sleep disorder. Reprogramming was performed using
Sendai virus-based method at the Harvard Stem Cell Institute.
Neuronal precursors were grown in neuronal differentiation me-
dium (DMEN/F12, Neurobasal media B27 supplement and N2
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supplement and b-mercaptoethanol) with growth factors (EGF,
FGF, BDNF, SHH (sonic hedgehog), FGF8, AA (Aa2-P),
Dibutyral-cAMP-Na salt, and GDNF). Cells were plated on 6-well
plates and coverslips coated with BioLaminin (5 mg/mL) at a density
of 45,000 cells/cm2 and maintained in an incubator under
controlled temperature and CO2 conditions (37�C, 5% CO2) for
21–41 days. Neurons were treated with either a FAM-labeled
(300 nM) or PBS for imaging, and unlabeled Ant-134 (300 nM)
or Scr (300 nM) for RNA experiments for 24 h.

For imaging of spontaneous network activity, iPSC-derived neurons
differentiated on glass coverslips were loaded with the calcium indi-
cator Fluo-4 AM (2 mM, Molecular Probes, USA) in culture medium
for 40 min at 37�C. Live calcium imaging was performed in imaging
buffer using a Zeiss Axio Examiner microscope with a 40� water im-
mersion objective (Zeiss W Plan-Apochromat 40�/1.0) and images
were acquired at 1 Hz. Images were analyzed using Fiji software.63

Fluo-4 traces were generated by averaging pixel intensity within the
regions of interest (ROIs), and normalized on the baseline fluores-
cence of the first 6 frames (DF/F0).

For immunohistochemistry, differentiated cells on coverslips were
fixed with 4% PFA in PBS, permeabilized with 0.1% Triton X-100,
blocked with 1% FBS, and incubated with primary antibodies
against NeuN (Merck MAB377) and PSD-95 (Abcam, Ab18258)
for 1 h, followed by fluorophore-labeled secondary antibodies
and DAPI counterstained for 45 min. Cells were washed again,
mounted, and imaged using a fluorescence microscope (Leica
DM4000b). RNA extraction was performed using the TRIzol
method. For miRNA analysis, 250 ng RNA was reverse-transcribed
using stem-loop Multiplex primer pools (Applied Biosystems,
Dublin, Ireland). We used primers for the mmu-miR-134 (Applied
Biosystems miRNA assay ID 00186), and real-time quantitative
PCR was carried out on a 7900HT Fast Realtime System (Applied
Biosystems) using TaqMan miRNA assays (Applied Biosystems).
U19 (Applied Biosystems miRNA assay ID 001003) was used for
normalization. A relative fold change in expression of the target
gene transcript was determined using the comparative cycle
threshold method (2�DDCT). For analysis of protein-coding tran-
scripts, cDNA was produced from 500 ng total RNA by reverse
transcription using Superscript III Reverse Transcriptase enzyme
(Invitrogen). Quantitative PCR was performed using a
LightCycler 1.5 (Roche Diagnostics) and QuantiTech SYBR Green
PCR kit (Qiagen) as per the manufacturer’s instructions, and
25 mM of primer mix was used. Specific primers for each gene
assayed were purchased from Sigma, and sequences used were
DCX forward: tttcccagggtcatgttgca, reverse: tgctcaacgtctcaatgcct;
Human_Creb1 forward: ttgcaaaacacaggcccaag, reverse: atttgatgt
caggcccgtgt; Human LimK-1 forward: agtgagctttgccaaggaca,
reverse: ttcttgcggtctggcttctt; Human Serpine1 forward: tccccagaaa
cagtgtgcat, reverse: aagcactcaagggcaaggat; b-actin forward: agcgag
catcccccaaagtt, reverse: gggcacgaaggctcatcatt was used for normal-
ization and relative mRNA transcript levels assessed using the
standard DDCT method.
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Ube3a isoform expression analysis

Expression levels of specific Ube3a/UBE3A splicing variants were
measured, specifically the putative miRNA sponge variant (isoform
with an early 30 UTR after exon 7) and the protein coding variants (pro-
tein coding isoforms containing the remaining exons downstream of
exon 7). This was achieved by retrieving publicly available RNA-seq
data and by performing qRT-PCR onmouse and human iPSC samples.
RNA-seq count tables were retrieved from the Gene Expression
Omnibus. Mouse hippocampus data was retrieved from entries
GSE187651 (2x P36 male mice) and GSE187304 (2x P36 female
mice). Both mouse datasets were generated by the ENCODE Project
Consortium.64 Human brain RNA-seq data (lateral motor cortex)
data were retrieved from entry GSE138053, specifically samples
GSM4097470 and GSM4097471.65 Mouse expression values were
normalized by calculating log2 of the counts per million (CPM) + 1
of each variant.

For qRT-PCR, hippocampi of P24 WT and Ube3am�/p+ mice, along
with control (n = 9) and AS (n = 9) human iPSCs were used. RNA
(1 mg) was treated with DNAse I (Invitrogen) and reverse-transcribed
using Superscript III (Invitrogen) along with random hexamer
primers. Real-time quantitative PCR was performed on a
QuantStudio 12 system (Applied Biosystems), along with TaqMan
Fast 2X Master Mix (Applied Biosystems) and PrimeTime Probe As-
says (Integrated DNA Technologies). Primers were designed to detect
either the putative miRNA sponge variant or the protein coding var-
iants. The sequences used were the following: mouse putative miRNA
sponge: forward: tgtggaagccggaatctaga, reverse: acaggacacaaaagca-
caca, probe: atgacggtggctatacgagg; mouse protein coding: forward:
tgtgattagggagttctggga, reverse: gtaacctttctgtgtctgggc, probe: tgcagttta
caacaggcaca; human putative miRNA sponge: forward: acaggaag
gaatttgtcaatctt, reverse: gaagcaaaatcacacacccct, probe: tcaaggcttttcg
gagaggt; human protein coding: forward: tctgattagggagttctggga,
reverse: ctttctgtgtctgggccatt, probe – tcttgcagtttacaacgggc.

Statistical analysis

Statistical analysis was performed using GraphPad Prism (version 8).
Data were tested for normality using Shapiro-Wilk test. Normally
distributed datasets were presented as mean ± SEM and analyzed
using the two-tailed Student’s t test or one-way ANOVA with Bonfer-
roni post hoc testing, as appropriate. Non-normally distributed
datasets were presented as median ± IQR and analyzed using the
two-tailed Mann-Whitney U test or Kruskal-Wallis test with Dunn’s
post hoc testing, as appropriate. The individual tests used for each com-
parison are specified in the text. Alpha was set to 0.05 for all tests used.
Analysis of the Racine scale was performed using Stata Release 16.1.
Mortality was compared between treatments using incidence rate ratios
and a Poisson model, with number of trials as the exposure variable.
Seizure severity was modeled using ordinal logistic regression with
robust variance estimation used to adjust for clustering of data with
mice. An interaction term was used to test for a change in effectiveness
of treatment as a functionof trial number. FormiRNAand transcripts in
iPSC studies, two-group comparisons were made using unpaired two-
tailed Student’s t test.
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