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Introduction
Angelman syndrome (AS) is a neurodevelopmental disorder 
characterized by intellectual disability, developmental delay, 
speech impairment, ataxia, and seizures (1, 2). There is no cure 
available. This disorder is caused by maternal deficiency of the 
neuronal imprinted gene ubiquitin-protein ligase E3A (UBE3A), 
which results in a lack of UBE3A protein expression selectively in 
neurons (3–5). About 70% of patients with AS carry a large dele-
tion on chromosome 15 that includes the UBE3A locus. However, 
codeletion of genomic regions beyond UBE3A may contribute 
to the AS phenotype as well (6). Patients with AS typically carry 
an intact paternal UBE3A allele that is silenced by a nuclear long 
noncoding mRNA, the UBE3A antisense transcript (UBE3A-ATS), 
which extends across most of the UBE3A gene locus (7–9). Stud-
ies show that interfering with murine Ube3a-ATS results in pater-
nal Ube3a expression (8, 10, 11). Applying these approaches in 
maternal Ube3a-deficient mice leads to paternal Ube3a expres-
sion in the CNS, thus restoring Ube3a expression and ameliora-
tion of the mouse AS phenotype. Genetic restoration of Ube3a 
expression in Ube3a-KO mice demonstrated the greatest efficacy 
to correct the neurobehavioral phenotype when accomplished 
during early postnatal development (12). Although the mech-
anisms that lead to paternal Ube3a expression after perturbing 
Ube3a-ATS remain unclear, the effect has shown enough prom-
ise to support a clinical trial harnessing the potential power of 

an intact paternal allele (ClinicalTrials.gov NCT04259281). Pre-
liminary data from this trial demonstrated significant improve-
ment of clinical outcomes in 5 patients with AS. The treatment 
under clinical investigation relies on antisense oligonucleotides 
(ASOs) that require frequent intrathecal readministration; ASO 
treatment–related toxicity was observed. We aimed to evalu-
ate the feasibility of an alternative approach to achieve long- 
lasting therapeutic efficacy with a single intervention through 
gene editing of the Ube3a-ATS. We show here that introducing 
indels between the Ube3a 3’ UTR and the Snord115 cluster (Fig-
ure 1A) interfered with the extension of the Ube3a-ATS across 
the Ube3a gene locus, triggering lasting expression of the Ube3a 
protein from the paternal allele and improving neurobehavioral 
symptoms in a Ube3a maternal KO mouse model for AS.

Results and Discussion
To introduce indels into Ube3a-ATS, we initially screened 12 
sgRNAs that target different sites within a 12 kb segment of the 
Ube3a-ATS coding sequence (Figure 1A and Supplemental Table 
1; supplemental material available online with this article; https://
doi.org/10.1172/JCI142574DS1). We aimed to select targets out-
side of known expressed gene loci. Cas9-induced indels at the 
respective target sites were assessed by amplicon sequencing 
(Figure 1B). We then constructed an adeno-associated virus (AAV) 
plasmid harboring sgRNA 7 (Figure 1B and Supplemental Figure 
1) and the S. aureus Cas9 coding sequence. We used the human 
synapsin promoter (13, 14) to selectively drive Cas9 expression 
in neurons in the mouse brain. Delivery of the AAV gene editing  
vector — which we refer to as ATS-GE — to the neonatal mouse 
brain via i.c.v. injection resulted in the formation of genom-
ic indels in 14.7% (8.6%–21.7%) of all brain cells (Figure 1C). 
When we expressed either a nontargeting sgRNA or a nuclease- 
deficient Cas9 (dCas9), indel formation remained at background 
frequencies (0.17% or 0.04%, respectively, Figure 1C). Indel 
formation was highest after neonatal i.c.v. vector delivery. The 
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injection at P14, P21, or P28 (0.04 to 0.19 GC per diploid genome, 
Supplemental Figure 2A). Additional analysis of the target site 
using anchored multiplexed PCR sequencing (AMP-Seq) showed 
that most editing events after neonatal i.c.v. delivery were indeed 
short indels of less than 15 bp; integration of vector sequence por-
tions at the editing site only was observed at a frequency of 2.8% 
(Supplemental Figure 2B). Computational analysis predicted no 
additional direct matches for our chosen sgRNA throughout the 
mouse genome, with the nearest similarities including at least 4 

PHP.B capsid facilitates very efficient transduction of the mouse 
brain via i.v. delivery at any age (15). However, we observed much 
lower indel frequencies when ATS-GE was delivered at 14–28 
days of age (0.6%–2.9%, Figure 1C), suggesting that i.c.v. injec-
tion into the newborn mouse brain is best suited for efficient gene 
editing for this approach. In support of this notion, the amount of 
vector genome present in brain tissue after i.c.v. injection into the 
newborn brain was much higher (average of 2.3 genome copies 
[GC] per diploid genome) compared with transduction after i.v. 

Figure 1. In vivo gene editing of Ube3a-ATS causes indel formation and expression of Ube3a-YFP reporter. (A) Schematic mouse Ube3a genomic locus 
(adapted from ref. 11). The region targeted in this study by sgRNAs is indicated. IC, imprinting center; snoRNA, small-nucleolar RNA. (B) In vitro indel 
frequencies for screened sgRNAs. (C) Ube3am+/pYFP mice were injected with ATS-GE vector at indicated timepoints. After 3 weeks, amplicon sequencing 
with cortical samples revealed an average of 14.7% of cells with indels in neonatal injected pups; the indel frequency was less than 2.9% at all other time 
points. Nontargeting CRISRP/Cas9 or CRISPR/dCas9 resulted in indel formation in less than 0.2% (1-way ANOVA with Tukey’s pairwise comparison, n = 2–6 
mice/group). (D) Indels persisted in Ube3am+/pYFP neonatal mice injected with ATS-GE vector (1-way ANOVA with Tukey’s pairwise comparison, n = 3–6 mice/
group). (E and F) Representative Western blots for cortices from C demonstrate robust expression of paternal Ube3a-YFP when probed with YFP antibodies 
(E) or Ube3a antibodies (F). Relative quantifications normalized to actin are shown below each lane; green arrow in F demarcates the quantified Ube3a-
YFP bands. NT, nontargeting. (G) Representative immunofluorescence staining for cortices from C shows Ube3a-YFP expression in neurons throughout the 
cortex (scale bar: 100 μm). (H) qPCR gene expression analysis with primers specific for the Ube3a-ATS transcript. We detected a significant 28% reduction 
in Ube3a-ATS expression for Ube3am+/pYFP gene-edited cortex samples (n = 3–15 mice/group, 1-way ANOVA with Tukey’s pairwise comparison). (I) qPCR gene 
expression analysis with primers specific for neighboring transcripts detected no differences in expression (n = 3–4 mice/group, 1-way ANOVA with Tukey’s 
pairwise comparison, P > 0.4). Means are shown with standard error; * P < 0.05, *** P < 0.001, **** P < 0.0001.
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reduced within the Ube3a gene locus (Figure 1H). By contrast, 
expression of genes located between the gene editing location 
and the imprinting center was unaffected (Snrpn, Snord115, or 
Snord116, Figure 1I). Thus, selective and efficient gene editing 
within the Ube3a-ATS led to Ube3a protein expression from the 
previously silenced paternal Ube3a allele.

Next, we investigated whether Ube3a-ATS gene editing could 
drive expression of Ube3a from the paternal allele to restore 
Ube3a expression in neurons of maternal Ube3a-KO mice and 
improve the mouse AS phenotype. We administered the ATS-GE 
vector to neonatal maternal Ube3a-KO pups and WT littermates 
via i.c.v. injection. We then observed the expression of Ube3a  
protein throughout the brain after 4 months of incubation (Figure 
2A). We detected expression of Ube3a in neurons throughout the 
brain (Figure 2, B–E, and Supplemental Figure 3). We observed 
Ube3a-positive neurons throughout the brain (Supplemental Fig-
ure 3, B and C), and it seemed that expression was more abun-
dant in the basal forebrain regions. A larger, more comprehensive 
study is needed to investigate whether expression efficiency var-
ies among brain regions and functional substructures, but this was 
beyond the scope of the current investigation.

Mice that received the control AAV vector (harboring non-
targeted Cas9 or targeted dCas9 sequences) did not show Ube3a 
expression from the paternal allele (Supplemental Figure 4, A and 
B). Molecular analysis by amplicon sequencing revealed that indel 
frequencies occurred at an average of 19.4% (Figure 2F), which is 
comparable to observations from the previous short-term study 
(Figure 1C). Vector integrations at the gene-editing site were low 

mismatches (Supplemental Table 2). Accordingly, inverted termi-
nal repeat sequencing (ITR-Seq) revealed only a small genome-
wide off-target rate (1.3%) for targeted editing with ATS-GE (Sup-
plemental Table 3). We found that indels were present at similar 
frequencies when we performed molecular analyses on cortical 
cells at 3, 8, or 14 weeks after neonatal ATS-GE vector delivery 
(Figure 1D). This result suggests that neurons with an edited 
Ube3a-ATS sequence persisted in the adult mouse brain.

Ube3a-ATS interferes with the extension of the Ube3a tran-
script on the paternal allele, blocking Ube3a expression from the 
paternal allele. A promising therapeutic approach for AS relies 
on abrogating the extension of Ube3a-ATS across the Ube3a 
gene locus on the paternal allele to allow for full-length Ube3a 
transcript formation and thus protein expression. Thus, we next 
evaluated whether the observed indel formation in our studies 
could suppress extension of Ube3a-ATS across the Ube3a pater-
nal allele. To unambiguously detect Ube3a expression from the 
paternal allele, we crossed WT females with male mice harboring 
an Ube3a-YFP fusion gene (16). Newborn pups i.c.v. injected with 
the ATS-GE vector showed expression of the Ube3a-YFP fusion 
protein 21 days later (Figure 1, E and F). Immunofluorescence 
staining revealed expression of Ube3a-YFP throughout the cortex 
after gene editing in 48.1% of neurons (Figure 1G, and quantifi-
cation of 13,000 NeuN+ cells, SEM = 8.6%). When we replaced 
the targeting sgRNA in the ATS-GE vector with a nontargeting 
sgRNA, or replaced Cas9 with dCas9, we observed no Ube3a-YFP 
expression (Supplemental Figure 2, C and D). Molecular analysis 
revealed that Ube3a-ATS expression from the paternal allele was 

Figure 2. In vivo gene editing of Ube3a-ATS in a Ube3a-
KO mouse model. (A) Brains of Ube3am–/p+ mice injected 
with ATS-GE vector were harvested 4 months later. We 
detected persistent paternal Ube3a expression in the 
cerebral cortex by Western blotting with Ube3a anti-
bodies. Relative quantifications of the respective Ube3a 
band normalized to actin are shown below each lane. (B) 
IHC staining of the brains from A with Ube3a antibodies 
shows paternal Ubea3a expression throughout the brain. 
A representative cortical section is shown here (scale 
bar: 1 mm). Magnified cortical IHC images from Ube3am+/

p+ (C), Ube3am–/p+ (D), and gene-edited Ube3am–/p+ (E) 
cortex (scale bar: 10 μm, E is a higher magnification of the 
section shown in B). (F) Amplicon sequencing analysis 
from the same cohort as shown in A revealed an average 
of 19.4% of cells with indels in injected pups. Injection of 
nontargeting CRISRP/Cas9 resulted in indel formation of 
0.2% (n = 5 mice/group). (G) RNA extracted from cortices 
of the same cohort as shown in A was used to quan-
tify Ube3a-ATS transcript levels at different locations 
between the site targeted by gene editing (E, about 35 kb 
distance to Ube3a 3′ UTR) and the imprinting center (IC). 
We observed a significant reduction of Ube3a-ATS start-
ing approximately 5 kb away from E (1-way ANOVA with 
Tukey’s pairwise comparison, n = 5 mice/group). Means 
are shown with standard error; * P < 0.05, ** P < 0.01.
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them until 4 months of age. Ube3a-ATS gene editing was tolerated 
well with no treatment-related mortalities. As expected, weight 
gain was significantly higher in AS mice and showed a trend to 
reduction after ATS-GE treatment during the observation peri-
od (Figure 3A). At 2 months of age, the mice were subjected to a 
sequence of behavioral tests that have been widely used with this 
mouse model (17). Maternal Ube3a-KO mice showed the expected 
significant deficits in motor function in comparison to their WT 
littermates when tested with a rotarod (Figure 3B). Gene-edited 
maternal Ube3a-KO mice showed a significant improvement of 
motor function on testing days 2 and 3 (Figure 3B). Similarly, mar-
ble burying and nest-building behaviors were impaired in maternal 
Ube3a-KO mice, but were significantly improved after Ube3a-ATS 
gene editing (Figure 3, C and D). Ambulatory activity in the open-
field test showed a modest yet consistent trend toward improve-
ment of hypoactivity in maternal Ube3a-KO mice after Ube3a-ATS 
gene editing (Figure 3E). In summary, restoring Ube3a expression 
by suppressing Ube3a-ATS in a subset of neurons significantly 
improved multiple behavioral aspects of the maternal Ube3a-KO 
phenotype. It remains to be investigated whether Ube3a-ATS gene 

(AMP-Seq, 2.1%, Supplemental Figure 4C) as previously observed 
(Supplemental Figure 2A). Off-target analysis by ITR-Seq did not 
show an increased rate of off-target effects (Supplemental Table 4) 
compared with the previous short-term study (Supplemental Table 
3). The only 2 identified off-target sites were located in an intron or 
an unannotated genomic region. ATS-Ube3a transcript levels were 
significantly reduced in Ube3a-KO mouse brains after gene editing 
(Figure 2G). The transcript levels were found to have normalized 
about 4 kb from the gene-editing site toward the imprinting center.

The behavioral phenotype of maternal Ube3a-KO mice has 
been well characterized and can be improved by genetically 
restoring maternal Ube3a expression. Treatment with ASOs tran-
siently suppresses the extension of Ube3a-ATS across the Ube3a 
locus, leading to paternal Ube3a expression in neurons throughout 
the brain and the subsequent improvement of the behavioral phe-
notype. This approach restores Ube3a expression in a much larger 
number of neurons throughout the mouse brain, so we were won-
dering whether gene editing of Ube3a-ATS in a limited number of 
neurons could improve the maternal Ube3a-KO phenotype. We 
i.c.v.-injected neonatal mice with ATS-GE vector and monitored 

Figure 3. Phenotypic improvement in an AS mouse model after gene editing. Ube3am–/p+ and Ube3am+/p+ littermates received a neonatal injection of 
ATS-GE or control vector. (A) Mouse weight increased over the observation period but showed no group effect (F [1.311, 64.25] = 385.3, P > 0.2, n = 15 mice/
group). (B) At 8 weeks of age, we tested motor function with a rotarod apparatus over 3 consecutive days. On days 2 and 3, gene-edited Ube3am–/p+ mice 
showed a significant motor improvement compared with Ube3am–/p+ mice that received control vector (2-way ANOVA with Tukey’s pairwise comparison, 
n = 15–24 mice/group). (C) Gene-edited Ube3am–/p+ mice demonstrated a significant improvement in burying activity compared with Ube3am–/p+ mice that 
received control vector (1-way ANOVA with Tukey’s pairwise comparison, n = 15–24 mice/group). (D) Gene-edited Ube3am–/p+ mice demonstrated a signif-
icant improvement in nest-building skills and activity compared with Ube3am–/p+ mice that received control vector (1-way ANOVA with Tukey’s pairwise 
comparison, n = 15–24 mice/group). (E) We assessed the same mouse cohort in an open-field arena to determine ambulatory activity. The performance 
of the gene-edited Ube3am+/p– mice showed a trend of improvement at all timepoints compared with Ube3am+/p– mice that had received the control vector 
(n = 15–24 mice/group, 2-way ANOVA: treatment group effect (F [3, 77] = 13.48, P < 0.001); Tukey’s pairwise comparison, P > 0.4). Means are shown with 
standard error, * P < 0.05, ** P < 0.01.
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possible mechanism of action includes the ability of S. aureus Cas9 
to cleave RNA transcripts (25), which likely would require consti-
tutive expression of Cas9 to maintain Ube3a expression; we did 
not, however, observe sustained Cas9 expression in all Ube3a- 
expressing AS mouse brains (data not shown). Lastly, integration 
of AAV vector sequence could lead to premature termination of 
Ube3a-ATS, as observed in a recent study (24). Given that total 
detected integrations remained at 2% to 3% over 4 months, this 
mechanism could contribute to, but is unlikely to be solely respon-
sible for, all detected Ube3a expression.

Although the genomic organization and regulation of Ube3a-
ATS and the imprinting control center are highly conserved 
between mouse and human (11), the DNA sequence is very differ-
ent for these two species. A redesign of the mouse sgRNA targeting 
a similar genomic location in humans would be a necessary pre-
requisite for translational studies. One would expect that interfer-
ence of UBE3A-ATS by gene editing could similarly restore UBE3A 
expression in the neurons of patients with AS. However, additional 
safeguards to limit Cas9 activity beyond the initial gene-editing 
event may be necessary to prevent unintended off-target activity. 
We are cautiously optimistic that this approach may represent a 
potential long-lasting therapeutic option for patients with AS.

Methods
For additional information, see Supplemental Methods.

Data availability. All high-throughput sequencing data sets are 
available at https://www.ncbi.nlm.nih.gov/bioproject/PRJNA686778.
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editing improves other maternal Ube3a-KO mouse phenotypes, 
such as electroencephalogram alterations.

This study demonstrated two important findings: (a) effi-
cient gene editing can be achieved in the mouse brain by neo-
natal intraventricular AAV delivery and (b) expression of Ube3a 
in a subset of neurons (a maximum of 20% based on sequenc-
ing data) provided a therapeutic benefit in an AS mouse model. 
Nuclease activity of Cas9 was necessary to achieve Ube3a pro-
tein expression since expression of inactive Cas9 (dCas9) did not 
cause Ube3a protein expression.

The CNS has been recognized as a promising target for 
therapeutic genome editing, particularly since disruption of a 
pathological allele may represent a curative treatment of genetic  
disorders (18–20). Recent studies for therapeutic CNS gene 
editing have achieved promising results via focal delivery of 
CRISPR/Cas9 complex, e.g., into the striatum of a Hunting-
ton’s disease mouse model (21), into the spinal cord of an ALS 
mouse model (22), or into the hippocampus of a mouse model 
of familial Alzheimer’s disease (23). However, it remains to be 
shown whether CRISPR/Cas9 can successfully edit a sufficient 
number of neurons to achieve a therapeutic benefit in human 
patients if editing throughout different brain regions needs to 
be achieved. Our study demonstrated that this is possible in the 
mouse brain and can result in the significant improvement of a 
disease phenotype. For AS, as for many other genetic CNS dis-
orders, we know little about the required efficiency of disease 
gene reexpression to cause a therapeutic benefit. Our study sug-
gests that reexpression of Ube3a is not required in all neurons. 
Previous studies that used genetic reinstatement of Ube3a or 
ASO-mediated Ube3a expression showed a larger effect size of 
behavior improvement due to the much larger number of neu-
rons expressing Ube3a (8, 11, 12). Our studies are encouraging 
for further translational and clinical AS research since ineffi-
cient expression of UBE3A may already be enough to trans-
late into a therapeutic effect in patients. A recent study with  
CRISPR/Cas9-mediated replacement of a 245 kb section with-
in the Ube3a-ATS with an AAV vector insertion also reported  
limited neurobehavioral improvement in AS model mice (24).

Our study does not directly address a potential mechanism for 
how indel formation results in a shortened Ube3a-ATS that selec-
tively enables lasting paternal Ube3a expression. We can only 
speculate that the secondary or tertiary genomic structure of the 
Ube3a locus may play a role in the antagonistic gene expression 
regulation of Ube3a and Ube3a-ATS. Alternatively, or additional-
ly, we speculate that the extremely long paternal Ube3a-ATS tran-
script may be prone to early termination in the presence of the 
paternal sense Ube3a transcript. Gene editing may cause an initial 
transcriptional pausing of the Ube3a-ATS transcript, which allows 
formation of the Ube3a sense transcript, with this situation persist-
ing even after double-strand repair has been completed. Another 
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