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Multi-targeting zinc finger nuclease vector unsilences paternal
UBE3A in a mouse model of Angelman syndrome
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Angelman syndrome (AS) is a severe neurodevelopmental disorder most often caused by deletion of the maternally inherited
UBE3A allele (matUBE3A). In neurons, a long non-coding antisense RNA (Ube3a-ATS) silences the paternally-inherited UBE3A
allele (patUBE3A). Here, we find that delivery of a zinc finger nuclease (ZFN) pair targeted to 86 Snord115 genes within Ube3a-ATS
(ZFN17/18) using adeno-associated virus (AAV) can unsilence patUBE3A in primary neuron cultures and in the brain of a mouse
model of AS for at least 9 weeks. The AAV vector genome integrated at ZFN17/18 on-target sites in cultured neurons and, as
evidence of specificity, did not integrate at predicted off-target sites. AAV vectors carrying nickase and catalytically inactive
ZFN17/18 variants failed to appreciably unsilence patUbe3a and did not integrate at on-target sites. In vivo, we observed significant
knockdown of Ube3a-ATS in AS-model mice, resulting in some neurons reaching UBE3A levels like those of wild-type mice.
ZFN17/18 did not downregulate Snrpn, Snord116, or IPW in vivo, genes that are associated with Prader-Willi syndrome. Overall, our
findings demonstrate the potential use of multi-target ZFNs as therapeutics for AS.
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INTRODUCTION
Angelman syndrome (AS) is a severe neurodevelopmental
disorder caused by loss of maternal (mat)UBE3A in the brain
[1–7]. In neurons, a long non-coding RNA (lncRNA) called Ube3a-
ATS silences paternal (pat)UBE3A in cis [8, 9], making matUBE3A
the sole source of neuronal UBE3A. Current clinical trials for
AS utilize antisense oligonucleotides (ASOs) to target and
downregulate Ube3a-ATS and unsilence patUBE3A [10–13]. These
ASOs require repeated intrathecal injections, which could limit
their use to only those who live near major medical centers
[10–14].
Our group recently developed a CRISPR/Cas9 AAV vector that

targets small nucleolar (sno) RNA C/D box cluster 115 (Snord115)
repeats to enduringly unsilence patUBE3A (>17 months) [15].
We delivered this vector to an AS mouse model with a single or
dual intracerebroventricular (i.c.v.) injection early in life (embryo-
nic day 15.5 [E15.5] and/or postnatal day 1 [P1]), as UBE3A may
play an essential role during neurodevelopment [16, 17]. AAV
is currently the most well-studied and effective gene therapy
delivery vector for central nervous system disorders, particularly
because biodistribution in the brain is widespread [18–23].
However, AAV has a packaging limit of ~4.6 kilobases (kb) [24].
Despite being a promising therapeutic tool, Cas9 is large (~3–4 kb,
depending on Cas9 variant) relative to the ~4.6 kb AAV packaging
limit. Another genome-modifying tool, ZFNs, is smaller (~2 kb
including the both binding domains and both FokI nuclease
domains) and may be better suited for delivery with AAV.
Another potential limitation of Cas9 therapies involves its safety

profile. Up to 78% of humans possess pre-existing immunity to
Cas9 [25, 26], potentially rendering these therapies ineffective.
Genome editors, such as ZFNs, hold promise for introducing

permanent changes into the genome. This leads to expression
effects that persist for at least several months, demonstrated
by our use of active CRISPR-Cas9 nuclease [15]. One group
recently utilized a non-nuclease zinc finger artificial transcrip-
tional factor (ATF) containing a Kruppel-associated box (KRAB)
domain, targeted to the promoter region of Ube3a-ATS to
facilitate its downregulation [27, 28]. This vector unsilenced
patUBE3A up to 5 weeks in an adult model of AS with a single
injection. However, it also downregulated levels of Snord116,
which can lead to Prader-Willi syndrome (PWS). Another
group employed a Cas13 strategy, targeted to the RNA of
Ube3a-ATS and avoiding cleavage of the DNA. This vector
unsilenced patUBE3A up to 4 months in vivo [29]. While these
treatments hold promise, the persistence of epigenome and
RNA-targeting editing remains largely understudied in neurons
and in the brain [30, 31], particularly in a long-lived species like
humans.
Multi-targeting AAV vectors knockdown Ube3a-ATS more

effectively than single-target vectors [15, 32]. Here, we designed
and tested ZFNs that target multiple Snord115 repeats while
avoiding pairs that had predicted off-target sites elsewhere in
the genome. The small size of ZFNs allowed us to package a ZFN
pair into a single bicistronic AAV vector and evaluate efficacy of
Ube3a-ATS knockdown and patUBE3A unsilencing in vitro and
in vivo.
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RESULTS
Multi-target zinc finger nucleases unsilence paternal UBE3A in
cultured neurons
Active Cas9 nuclease multi-targeted to a repetitive
Snord115 snoRNA region in Ube3a-ATS can unsilence patUBE3A
in neurons [15]. We first sought to determine if active ZFNs
targeted to this repetitive Snord115 region were also capable of
knocking down Ube3a-ATS and unsilencing patUBE3A as a
potential therapeutic tool for AS. We obtained eight pairs of ZFNs
(CompoZr® custom ZFN platform; MilliporeSigma), each targeting
various sequences and numbers of Snord115 repeats (Fig. 1A;
Supplementary Table 1). We selected ZFN pairs that target
numerous Snord115 repeats, while avoiding predicted off-target
sites elsewhere in the genome (based on PROGNOS analysis) [33].
We then transiently transfected ZFNs into primary cortical neuron
cultures from Ube3am+/patYFP mice. These mice contain a YFP
knocked-in to the paternally-inherited Ube3a allele to visualize
(Fig. 1B–L) and quantify (Fig. 1M, N) unsilencing of patUBE3A-YFP
[15, 34–38]. As a positive control, we also transfected neurons with
a Neisseria meningitidis Cas9 (NmCas9) guide RNA (gRNA) plasmid
(Fig. 1D) that multi-targets the Snord115 region and unsilences
patUBE3A-YFP [32]. In all wells, except for our negative control
(Fig. 1B), we co-transfected with a CaMKII:tdTomato (tdTom)
expression plasmid to identify transfected neurons (Fig. 1C–L).
While two ZFN pairs did not unsilence patUBE3A-YFP (Fig. 1F, K, M,
N), several pairs unsilenced as well or better than our positive
control NmCas9 gRNA (Fig. 1E, G–J, L–N). The ZFN 243/244 pair did
not unsilence patUBE3A-YFP effectively, despite the target region
for this pair overlapping with the SaCas9-Sajw33 gRNA target
region that robustly knocks down Ube3a-ATS in cultured neurons
and in mice [15]. ZFN pair 28/29 yielded the highest percentage of
YFP+tdTom+ cells (Fig. 1M), and ZFN pair 17/18 yielded the
highest average mean YFP intensity of all tdTom+ cells (Fig. 1N),
prompting us to select these pairs for subsequent experiments.
These results indicate that ZFNs multi-targeted to Snord115
repeats can unsilence patUBE3A.
Given that future applications in vivo would require an efficient

delivery system, we next cloned our two best-performing multi-
target ZFN pairs into bicistronic AAV vectors, where a T2A peptide
separated each zinc finger array (Fig. 2A; pAAV-ZFN17/18 and
pAAV-ZFN 28/29) [39]. We also tested NmCas9 g9 in an AAV vector
as a positive control (Fig. 2A; pAAV-NmCas9 g9). We used a human
synapsin 1 (hSyn1) promoter to express Cas9 and ZFNs selectively
in neurons [40, 41]. After packaging each vector into AAV2/1, we
transduced Ube3am+/patYFP primary cortical neuron cultures with
different viral titers (Fig. 2B). We incubated neurons with virus
from 3 days-in-vitro (DIV) to 10 DIV and collected total RNA to
evaluate gene expression changes. Ube3a-ATS knockdown and
patUbe3a unsilencing in neurons treated with ZFN17/18 were
comparable to our NmCas9 g9 positive control, particularly at the
highest multiplicity-of-infection (MOI) tested (50000 MOI; Fig. 2C,
D). In contrast, ZFN 28/29 marginally knocked down Ube3a-ATS
and unsilenced patUbe3a at the highest titer tested (Fig. 2C, D). All
vectors expressed their respective nuclease domain (Supplemen-
tary Fig. 1A), and both ZFN vectors expressed both FokI domains
(Supplementary Fig. 1B, C). ZFN17/18 and NmCas9 g9 also
downregulated Snord115 snoRNA expression (Fig. 2E). Neither
ZFN nor NmCas9 significantly downregulated expression of
upstream Snord116 snoRNAs (Fig. 2F), deletion of which is
associated with Prader-Willi syndrome [42–44].

Active zinc finger nuclease outperforms nickase and inactive
ZFNs to knockdown Ube3a-ATS and unsilence paternal Ube3a
Previous work demonstrates the potential use of nickase ZFNs in
gene therapies [45]. Moreover, using CRISPR/Cas9 therapeutics, the
D10A/H840A-mutated Streptococcus pyogenes Cas9 (SpCas9) mutant
can create a transcriptional blockage when bound to DNA [46], and
the catalytically inactive NmCas9 (D15A/H587A/N610A) can block

Ube3a-ATS transcription to unsilence patUbe3a (data unpublished;
H.O.B.). Therefore, we sought to evaluate the extent to which nickase
and inactive ZFNs unsilenced patUbe3a relative to active ZFNs. To
test this, we mutated our bicistronic pAAV-ZFN17/18 plasmid
(Fig. 3A) to contain an amino acid change (Asp450 to Ala; D450A)
within the FokI domain at position 450 (relative to the native FokI
enzyme) that resulted in catalytically inactive FokI domains (Fig. 3B)
[47–49]. It is important to note that this ZFN system contains
modified FokI domains to promote obligate heterodimerization, as
described [50]. We also constructed nickase plasmids where we
mutated either the zinc finger (ZF)17 FokI domain (Fig. 3C) or the
ZF18 FokI domain (Fig. 3D); the FokI domains would still hetero-
dimerize but would only nick the strand bound by the active array
[47]. We then tested whether these mutated constructs cleaved
(linearized plasmid) or nicked (relaxed plasmid) DNA in a cleavage/
nickase assay (see “Methods”; Fig. 3E) [51], using Nt.BbvCI
endonuclease as a positive control for nicking, and SphI as a positive
control for double-strand cleavage. As expected, the active ZFN
(Fig. 3A) linearized the substrate similarly to SphI (Fig. 3F, G). The
nickase versions (Fig. 3C, D) relaxed the substrate similarly to
Nt.BbvCI (Fig. 3F, G). The inactive ZFN version (Fig. 3B) did not appear
to nick or cleave the plasmid DNA (Fig. 3F, G). Together, these results
demonstrate that the zinc finger FokImutants function as expected.
Next, we packaged each construct into AAV2/1 and then transduced

these viruses ontoUbe3am+/patYFP primary cortical neuron cultures at an
MOI of 1.0 × 105 (Fig. 3H). We then collected genomic DNA (gDNA) and
RNA for target site (Fig. 3I) and gene expression analyses. After
performing qPCR on gDNA, we observed significant disruption of the
17/18 target site following treatment with active ZFN (+/+), but not
with nickase or inactive ZFNs (Fig. 3I top; 3J). We and others previously
observed AAV integration into DSBs produced by active Cas9, primarily
through fusion of the AAV inverted terminal repeat (ITR) with the host
genome [15, 32, 52–54]. While we observed AAV integration into DSBs
produced by active ZFN, AAV did not integrate into nicked DNA, as
others have corroborated [55], and we did not observe integration
following treatment with inactive ZFN (Fig. 3I middle, bottom; 3K).
Treatment with nickase ZFN marginally decreased Ube3a-ATS expres-
sion, though not statistically significant (Fig. 3L). Nickase ZFNs also
significantly upregulated levels of patUbe3a, though not to levels seen
when treating with active ZFN (Fig. 3M). FokI expression, indicative of
AAV vector expression, was similar across conditions tested (Fig. 3N).
Together, these results indicate that the active ZFN17/18 vector
potently reduces Ube3a-ATS and unsilences patUbe3awhen compared
to inactive and nickase ZFNs targeted to the same genomic site.
Given that AAV integrates at on-target sites using active ZFN

(Fig. 3K) and elsewhere in the genome where double-stranded
breaks occur [56], we evaluated the extent to which the ZFN17/18
vector integrated at predicted off-target sites. We first examined
the top six predicted off-target sites with the lowest number of
mismatches total (determined by PROGNOS analysis [33]; see
“Methods”; Supplementary Fig. 2A, Supplementary Table 2) and
for which the ZF 17 and 18 arrays would heterodimerize. We
observed no off-target AAV integration at measured predicted
sites and only observed AAV integration at the on-target site
(Supplementary Fig. 2B, C). While this zinc finger system contains
mutations in the FokI domain to prevent homodimerization [50],
we next performed qPCR to determine if AAV integrated at any of
the sites where ZF17 or ZF18 homodimers were predicted to bind
(Supplementary Fig. 2A, Supplementary Table 2). Again, we
observed no off-target AAV integration (Supplementary Fig. 2B,
C). These data further support the specificity of the ZFN system.

Multi-target ZFN17/18 unsilences paternal UBE3A in a mouse
model of Angelman syndrome
We next sought to determine if the multi-target active AAV-ZFN17/
18 vector could unsilence patUBE3A in the brain of a mouse model
of AS. After packaging into AAV9, a commonly used serotype that
transduces cells of the brain [57–60], we intracerebroventricularly
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Fig. 1 Identification of multi-targeting ZFN pairs that unsilence paternal UBE3A. A The Ube3a/Ube3a-ATS locus (left), illustrating where multi-
target ZFN pairs target Snord115 (S115) repeats within Ube3a-ATS, and how many S115 repeats each pair targets (right). S116, Snord116 repeats. IPW,
imprinted Prader-Willi region. Representative images of Ube3am+/patYFP neurons (B) not transfected, transfected with (C) CamkIIa promoter:tdTomato
(tdTom) only, or co-transfected with tdTom and (D) NmCas9 as a positive control, or (E–L) with a pair of EF-1-alpha promoter:ZF binding domain:Fok1
nuclease plasmids, where each plasmid carries one half of the ZFN pair. Nuclei are shown in blue (DAPI). Scale bar, 50 μm.M, N Quantification of co-
stained images as shown in (C–L). n= 11–24 culture wells per condition, 4 images quantified per well. Error bars, standard error of mean (S.E.M.). One-
way ANOVA, Dunnett’s multiple comparison test to tdTom condition; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

H.O. Bazick et al.

59

Gene Therapy (2026) 33:57 – 67



(i.c.v; bilaterally) injected Ube3am+/p+ (Wt) and Ube3am−/p+ (AS)
mice at P1 with 5.0 × 1010 viral particles (VP) per ventricle of ZFN17/
18 AAV9 virus, or with an identical volume of vehicle (Veh; Fig. 4A;
see “Methods”). AS-model mice (Ube3am−/p+) contain a maternal
deletion of Ube3a, while the paternal Ube3a allele is intact [1]. We
found that ZFN17/18 unsilenced patUBE3A in the cerebral cortex
(Fig. 4B, left-most column), the hippocampus (Fig. 4C), and other
brain regions (Supplementary Fig. 3A–C). The percentage of UBE3A-
positive neurons in the cortex (Fig. 4D) and hippocampus (Fig. 4E)
were 20.5% and 15.3%, respectively. UBE3A protein intensity levels
in individual neurons from AS-ZFN-treated mice reached that of

individual neurons in Wt-Veh-treated mice in both the cerebral
cortex and hippocampus (Fig. 4F). Quantification of relative protein
levels further demonstrates UBE3A unsilencing in the cortex of AS
mice following ZFN treatment (Fig. 4G). ZFN17/18 treatment
significantly downregulated Ube3a-ATS and Snord115 expression,
but did not alter IPW, Snord116, or Snrpn, which are located
upstream of the ZFN17/18 target sites (Fig. 4H). Treatment also did
not affect NeuN expression, a marker for post-mitotic neurons not
located within the Ube3a locus [61]. We also observed upregulated
expression of Ube3a in the cortex, consistent with unsilenced
patUbe3a (Supplementary Fig. 3D). FokI expression was statistically

Fig. 2 AAV-ZFN17/18 vector unsilences paternal Ube3a in cultured neurons. A Design of AAV hSyn1 promoter:NmCas9 (positive control)
and AAV hSyn1 promoter:ZFN pairs, where each binding domain-FokI domain are separated by a T2A peptide. Vectors are drawn to scale.
B Schematic of mouse cortical neuron cultures untreated or treated at different MOIs, with numbers representing VP/cell. Vectors tested:
AAV2/1-NmCas9 with a multi-target gRNA (g9), multi-target ZFN17/18, or multi-target ZFN28/29. RT-qPCR to evaluate expression of (C) Ube3a-
ATS, (D) patUbe3a, (E) Snord115 snoRNAs, and (F) upstream Snord116 snoRNAs 7 days following treatment. Normalized to Eif4a2 expression,
n= 2–3 culture wells per condition. Error bars, S.E.M. Two-way ANOVA with Dunnett’s multiple comparisons test to g9 treated for main
treatment effect; n.s. non-significant, **p < 0.01, ****p < 0.0001. Two-way ANOVA with Dunnett’s multiple comparisons test to 0 MOI treated for
simple effects within treatment (across MOI); *p < 0.05, ****p < 0.0001. [inhibitor] or [agonist] vs normalized response non-linear regression
analysis for curve fitting. Dashed line indicates normalized values of no virus control, for each dataset.
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similar across all animal groups treated with the ZFN17/18 vector
(Supplementary Fig. 3E). We also detected a positive correlation
between FokI expression and patUbe3a unsilencing in AS-model
mice, with variation possibly being from technical differences
during injection (Supplementary Fig. 3F). These data highlight the
potential of ZFN-based strategies for the treatment of AS in vivo.

DISCUSSION
Genome editor-based therapeutics have the potential to endur-
ingly treat life-long disorders such as AS [15, 27, 29]. CRISPR-Cas9
and ZF-ATFs are among several therapies to show promise in AS
mouse models [15, 27], each presenting advantages and
limitations. Our study used ZFNs, a previously unexplored gene

Fig. 3 Testing efficacy of active, nickase, and inactive zinc finger pairs. Schematic of A active ZFN17/18 that cleaves genomic DNA, or various
mutated ZF arrays to abolish FokI nuclease activity (D450A) from B both ZF arrays to inactivate the domain, or C, D on one ZF array to nick the
genomic DNA on the indicated strand. Amino acid changes are noted in each panel for each ZF array. Arrows indicate FokI ability to nick the
indicated strand. E Schematic of in vitro cleavage/nickase assay (IVCA/IVNA). F IVCA/IVNA using plasmid DNA substrate incubated with active
(+/+), nickase (+/− or −/+), or inactive (−/−) zinc finger lysates produced in transfected HEK293-T cells. Nt.BbvCI, nicking endonuclease; SphI,
cleaving restriction endonuclease. Samples were run on the same gel and imaged together, but were in noncontiguous lanes. G ImageJ
quantification of relative band intensities of IVCA/IVNA shown in (F). H Schematic of mouse cortical neuron cultures untreated or treated with
1.0×105 VP/cell of AAV2/1-ZFN vectors shown in (A). I qPCR strategy to detect intact target site (top panel) or AAV integration in either orientation
(middle and bottom panels) at the ZFN17/18 target sites following viral transduction. Quantification of J intact target site and K AAV integration.
RT-qPCR to evaluate expression of L Ube3a-ATS,M patUbe3a, andN FokI 7 days following treatment. All qPCR data normalized to Eif4a2 expression,
n= 3 culture wells per condition. Error bars, S.E.M. One-way ANOVA with Dunnett’s multiple comparisons test to untreated wells; *p < 0.05,
**p < 0.01, ***p < 0.001, ****p < 0.0001. Dashed line indicates normalized values of no virus control for each dataset.
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editing tool for AS, as a paralleled approach that successfully
unsilenced patUBE3A in neurons and in the brain.
Cas9 target recognition and induction of DSBs is distinct from

induction by ZFNs [62–65]. Regardless, knockdown of Ube3a-ATS
and patUbe3a unsilencing was comparable when using either
Cas9 or ZFNs at multiple MOIs tested in culture (Fig. 2). This
highlights the common principle that using an active nuclease
editor could be a potent therapy for AS. Catalytically inactive Cas9
can impair transcriptional processes [46, 66, 67]. This roadblock
potentially arises from stable hybridization of the guide RNA
(gRNA) and the target DNA, forming an R-loop capable of

interfering with the native transcribing RNA polymerase [67–70].
ZFNs would instead form a protein-DNA interaction with target
DNA. While understudied, ZFN binding and searching kinetics may
influence stability of a potential roadblock [71]. We found that a
catalytically inactive ZFN, which still presumably binds to DNA and
dimerizes the inactive FokI domains [49], was unable to knock-
down Ube3a-ATS transcription (Fig. 3L). In addition to DSB repair
leading to Ube3a-ATS transcription-blocking edits [15], transcrip-
tional roadblocks specific to a Cas9-gRNA:DNA complex may
contribute to knockdown with Cas9 therapeutics but not ZFN
therapeutics.

Fig. 4 Active multi-target ZFN unsilences paternal UBE3A in the brain. A Schematic of Ube3am+/p+ (Wt) or Ube3am−/p+ (AS-model) mice
injected i.c.v. at P1 with vehicle or AAV9:ZFN17/18 vector. Brain collected at P90. Representative images of B cortical column and
C hippocampus immunostained with antibodies to UBE3A and B (bottom) NEUN. Magnification of boxed region. Scale bar, 200 μm.
Quantification of the percentage of UBE3A+ neurons to total neurons in D cortical column and E hippocampus. Line indicates average of each
dataset. n= 6–9 mice per condition. One-way ANOVA with Tukey’s multiple comparisons test; p-value reported if less than 0.05, ****p < 0.0001.
FMean UBE3A intensity per neuron in all mice. Line indicates average of each dataset. n= 6–9 mice per condition; n= 24,642–43,158 neurons
per condition. One-way ANOVA, Tukey’s multiple comparisons test to Wt Veh condition, per brain region; ****p < 0.0001. G Western blot of
(untagged) UEB3A protein levels in cortex of Wt and AS mice treated with Veh, or AS mice treated with AAV9:ZFN17/18. Loading control,
GAPDH. The average (avg.) ratio of UBE3A to GAPDH protein per group is reported. H RT-qPCR to evaluate expression of Ube3a-ATS adjacent to
Ube3a (1- ATS and 2 - ATS), Snord115, IPW, Snord116, Snrpn, and NeuN in AS mice following treatment with Veh or AAV9:ZFN17/18. Inset diagram
illustrates primer binding sites along Ube3a-ATS transcript; numbering corresponds to numbering on graph x-axis. n= 10–12 mice per
condition. Unpaired two-tailed Student’s t-test within each expression set; n.s. non-significant, **p < 0.01. For (D, H), whiskers, min and max;
bounds of boxes, 25th and 75th percentiles; line within boxes, median.

H.O. Bazick et al.

62

Gene Therapy (2026) 33:57 – 67



We also tested whether nickase ZFNs were capable of
disrupting Ube3a-ATS to unsilence patUbe3a. Researchers have
explored repair mechanisms/outcomes following the use of dual-
nickase Cas9 systems [55], use of nickase-based prime editing [72],
or use of nickases in dividing cells [73]. However, it is unclear how
the repair events of nicked DNA or persistent nicks in post-mitotic
neurons may disrupt Ube3a-ATS transcription. We found that
nickase ZFNs only modestly knocked down Ube3a-ATS (Fig. 3L)
and unsilenced patUbe3a (Fig. 3M), regardless of the strand
nicked. This suggests an inefficiency of nicks versus DSBs to
introduce editing events capable of blocking transcription.
Quantifying the editing outcomes at ZFN target sites following
treatment of neurons with active, inactive, and nickase ZFNs, as
well as exploring the binding and stability of ZFN protein on target
DNA, could be useful in understanding the mechanism by which
these various ZFN species are capable, or incapable, of knocking
down Ube3a-ATS. It is important to note that we performed our
studies by multi-targeting a highly repetitive region of within
Ube3a-ATS, the Snord115 cluster, which we previously identify as
potentially necessary to achieve maximal knockdown of Ube3a-
ATS [15, 32]. Snord115 repeats are highly homologous, some
indistinguishable or differing by only a few base-pairs [74]. This
complicates editing analysis, making it difficult to isolate
targetable versus non-targetable repeats and edited versus non-
edited repeats. Future studies utilizing single-target ZFNs will be
essential to characterize editing event frequencies.
Snord115 repeat-targeting strategies may be necessary to

potently terminate Ube3a-ATS transcription to unsilence paternal
UBE3A [15, 32]. Typical Snord115 function is elusive. In mice, Cas9
targeted to Snord115 repeats does not alter expression of
Snord115 target genes [15], compromise putative function
[75, 76], or lead to overt phenotypic changes [77]. In humans,
SNORD115 deletion during differentiation may affect global
transcription and translation [78]. Phenotypic consequences of
disruption in post-mitotic neurons, as in this study, will be
important to explore, particularly in a human-derived model
system.
Potential treatments involving active Cas9, ZF-ATFs, and Cas13

achieved UBE3A protein unsilencing of 37%, 25%, and 35.9%,
respectively, in the brains of AS-model mice (Supplementary
Table 3). Treating AS-model mice with ZFNs led to 18.5%
unsilencing in the cortex (Fig. 4G). While our treatment did not
achieve unsilencing levels to those of previous treatments,
differences may be due to protein quantification method used,
timing of injection, length of treatment, total viral particles
delivered, and delivery vector used (Supplementary Table 3). We
observed a significant positive correlation between UBE3A
unsilencing and vector expression in the cortex (Supplementary
Fig. 3F), suggesting we may be able to develop a treatment to
better unsilence UBE3A by increasing the number of viral particles
delivered or by improving the efficiency of the delivery system
used. Our treatment unsilences endogenous UBE3A and therefore
has the potential to rescue AS-related phenotypes in vivo.
Active Cas9 delivered with AAV unsilenced UBE3A for at least

17 months [15], compared to the use of a non-nuclease ZF-ATF
that only unsilenced up to 5 weeks [27]. AAV integration into DSBs
in the host genome may contribute to long-term expression of a
transgene [79], and this could enhance the durability of a
nuclease-based therapy. We also observed AAV integration into
ZFN target sites (Fig. 3K), as we did with an AAV-Cas9 vector
[15, 32]. While such modifications to the genome are expected to
be permanent, the durability of paternal UBE3A unsilencing
in vivo could be evaluated in future studies. We did not observe
signs of neurotoxicity when an AAV-active Cas9 vector was
administered to mice[15]. Long-term complications of insertional
mutagenesis are theoretically possible and will be important to
evaluate when any AAV-genome editor vector is advanced
clinically [80].

O’Geen et al. developed an epigenetic-based therapy for AS
targeting the promoter of Snrpn/Snurf [27, 28]. However, this
approach also leads to downregulation of Snrpn/Snurf and
Snord116. Prenatal loss of Snord116 is associated with Prader-
Willi syndrome [81]. O’Geen et al. treated adult AS mice, observed
partial reduction in Snord116, and did not observe adverse
phenotypes. However, reinstating or rescuing UBE3A early may be
important, as UBE3A may play a critical role in neurodevelopment
[16, 17, 82]. To this end, treating prenatally or embryonically with
an epigenome editor targeted to the Snrpn/Snurf promoter may
result in more dramatic phenotypic outcomes of Snord116
downregulation. Therefore, therapies delivered early in life
(Fig. 4A), that are not promoter-targeting (Fig. 1A), and that avoid
significant downregulation of upstream Snord116 expression, such
as the ZFN vector we developed (Fig. 4H), may be ideal for
development of an effective therapy for AS.

METHODS
Expression plasmids
ZFN transfection experiments used pairs of ZFN plasmids generated by the
CompoZr® Custom ZFN Service (MilliporeSigma, Burlington, MA, USA;
pZFN-EF1α::3xFLAG-NLS-Binding domain-FokI domain-bGHpA); plasmids
were custom-designed to exclude fluorescent tags and to drive expression
via an EF1α promoter. We co-transfected pLenti-Camk2a-tdTomato
(tdTom) to visualize positively transduced neurons, as previously described
[15, 83]. Cas9 AAV experiments used pAAV-NmCas9-gRNA (pAAV-ITR-SapI-
sgRNA::U6:hSyn::MVM-2xNLS-NmCas9-2xNLS-bGpA-ITR), as previously
described [32]. We constructed ZFN AAV plasmids as follows: two
monomers from a ZFN pair were cloned into a single bicistronic plasmid
separated by a T2A peptide (pZFN-EF1α::3xFLAG-NLS-Binding domain1-
FokI domain1-T2A-3xFLAG-NLS-Binding domain2-FokI domain2-bGHpA).
We then used the backbone of pAAV-NmCas9-gRNA to create pAAV-ZFNs
expressing from a single vector and driven by a neuron-specific human
synapsin 1 (hSyn) promoter (pAAV-ITR-hSyn::MVM-3xFLAG-NLS-Binding
domain1-FokI domain1-T2A-3xFLAG-NLS-Binding domain2-FokI domain2-
bGpA-ITR). For nickase and inactive ZFN D450A mutants, we performed
site-directed mutagenesis on pZFN17 and/or pZFN18 plasmids (F primer:
cctgCcggcgccatctatacagtgg; R primer: ctttctgcttccgcccagg). We then
performed cloning as above, to construct bicistronic plasmids of the
following: inactive pAAV-ZFN17(D450A)-ZFN18(D450A), nickase pAAV-
ZFN17(D450A)-ZFN18, and nickase pAAV-ZFN17-ZFN18(D450A). Plasmid-
saurus performed whole plasmid sequencing using Oxford Nanopore
Technology with custom analysis and annotation to confirm all plasmid
sequences.

Mouse primary cortical neuron cultures
Ube3am+/pYFP E15.5 mouse primary cortical neuron cultures were prepared
using previously described methods [36, 84, 85]. For immunocytochemistry
experiments, we plated cortical neurons onto 384-well poly-D-lysine-
coated plates at 3.5 × 104 cells per well. For all other neuron experiments,
cells were plated onto 24-well plates at 3.5 × 105 cells per well. Neurons
were maintained in neurobasal medium (12348017, Gibco, Boston, MA,
USA) supplemented with B-27 Plus (A3582801, Gibco), GlutaMAX, and 5′-
fluoro-2′-deoxyuridine (F0503, Sigma). For immunocytochemistry experi-
ments, on days-in-vitro 3 (DIV3), neurons were transiently transfected using
Lipofectamine 2000 transfection reagent (11668027, Invitrogen, Waltham,
MA, USA) and 50 ng of each plasmid (two pZFNs, one of each monomer
per pair, and tdTom plasmid). After 1 h, a complete media change was
performed using conditioned neurobasal medium from adjacent,
untreated wells. On DIV10, neurons were processed for immunocytochem-
istry experiments (see below). For AAV dosage experiments, neurons were
transduced with either 0, 1.25 × 104, 2.5 × 104, or 5.0 × 104 virus particles/
cell (VP/cell). For all other AAV experiments, neurons were transduced with
1.0 × 105 VP/cell. Cells were centrifuged at 4000 rpm for 5min at 37 °C. On
DIV10, we collected cells for downstream analyses.

Ethical approval
Use of all animals in these experiments was approved by the
Institutional Animal Care and Use Committee and the University of
North Carolina at Chapel Hill, and was used in accordance with the US
NIH guidelines.
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Animal use and brain injections
All culture experiments were performed usingwild-type (Wt) andUbe3am+/pYFP

mice. All in vivo experiments were performed using Wt and Ube3am−/p+ mice.
All mice were on the C57BL/6J background. For brain injections, we diluted
stock virus (BRAIN Initiative Viral Vector Core, Chapel Hill, NC, USA) in PBS with
5% D-Sorbitol and 0.5mg/mL fast green dye. We placed P1 neonatal pups on
ice to induce hypothermic anesthesia as previously described [86]. Each pup
received bilateral i.c.v. injection of 1.0 × 1011 AAV9-ZFN17/18 VP total (1 μL per
ventricle at 5.0 × 1010 VP/ μL) or 1 μL of vehicle (sorbitol, PBS, and fast green
mixture identical to that of the ZFN mixture). Pups were placed on a heating
pad for recovery and then returned to their dam. For each litter, half of the
males and half of the females were randomly selected to receive ZFN17/18; the
other half received vehicle. At weaning age, the mice were genotyped and
separated by sex. Our study examined male and female mice, and similar
findings are reported for both sexes. Collection of these mice was carried out
blind to genotype and treatment. No animals were excluded from these
studies. Sample size for animal use was based on previously published work.

Immunocytochemistry and analysis for UBE3A unsilencing
screen in cultured neurons
To identify ZFN pairs capable of unsilencing patUBE3A-YFP, transiently
transfected neurons were collected and fixed in 4% paraformaldehyde
(PFA) in PBS, permeabilized/blocked in 10% normal donkey serum (NDS) in
TBST, and immunostained with rabbit anti-GFP (NB600-308, Novus,
Littleton, CO, USA; to identify patUBE3A-YFP signal) overnight at 4 °C with
gentle shaking. The next day, cells were washed several times with PBS
and incubated with secondary donkey anti-rabbit IgG AlexaFluor 647
(A31573, Thermo Fisher, USA) and DAPI (EN62248, Invitrogen). Images
were acquired using a GE IN CELL Analyzer 2200 high-content imager,
imaging at 10× magnification with 4 fields imaged per well. We quantified
the percentage of YFP-positive tdTom-positive cells to total tdTom-positive
cells, as well as the average mean YFP intensity of all tdTom-positive cells
using a custom CellProfiler pipeline [87].

Viral production for in vitro and in vivo experiments
AAV for culture experiments was produced using previously described
methods [88, 89]. Briefly, HEK293-T cells (CRL-3216, ATCC; tested for
mycoplasma and STR profiled by ATCC) were cultured in 12-well plates
seeded at 3.5 × 105 cells per well and maintained in DMEM (11995065,
Gibco) with 10% fetal bovine serum (FBS). After 24-h, when cells were
about 50–80% confluent, cells were co-transfected with 400 ng of pAAV-
Cas9-gRNA or pAAV-ZFN plasmid, 400 ng of AAV2/1 serotype plasmid (a
gift from James M. Wilson; 112862, Addgene, Watertown, MA, USA), and
800 ng of pAdDELTAF6 helper plasmid (a gift from James M. Wilson;
112867, Addgene) using FuGENE 6 (E2691, Promega). 16–24 h post-
transfection, media was replaced with DMEM (11960044, Gibco) with 10%
FBS and 1% GlutaMAX (35050061, Gibco). 48 h after media change, media
(containing AAV) was collected and centrifuged at 5000 rpm for 1min
through 0.45 μM filters (8162, Costar, USA). Virus was then stored at 4 °C
and used within 2 weeks. For i.c.v. brain injections, the BRAIN Initiative Viral
Vector Core at UNC Chapel Hill produced stock virus, as described [90, 91].

RNA extractions and RT-qPCR
For RNA extractions from cell culture experiments, cells were first washed
with PBS and then collected in TRIzol (15596026, Invitrogen). For in vivo
experiments, one hemisphere was isolated, microdissected for cortex and
hippocampus, and flash-frozen on dry ice; the other hemisphere was
processed for UBE3A staining analysis (see below). Upon extraction, frozen
tissue was dounce homogenized with TRIzol. Total RNA was treated with
ezDNase and reverse transcribed using SuperScript IV VILO (11766050,
Invitrogen). All RT-qPCR experiments were performed using SsoAdvanced
Universal SYBR Green Supermix (1725271, Bio-Rad, Hercules, CA, USA) on a
QuantStudio5 (Applied Biosystems, CA, USA). Primers used are listed in
Supplementary Table 4. We analyzed all data using the 2−ddCT method,
normalized internally to Eif4a2, and normalized globally to untreated
samples.

In vitro cleavage/nickase assay for ZFN mutation species
Crude protein production. Protein lysate was prepared, as described [92].
Briefly, HEK293-T cells were cultured in 12-well plates seeded at 3.0 × 105

cells per well and maintained in DMEM (11995065, Gibco) with 10% FBS.
After 24-h, when cells were 50–80% confluent, cells were transfected with
2000 ng of active, inactive, or nickase ZFN plasmid using FuGENE 6 (E2691,

Promega, Madison, WI, USA). After 24-h, 1 mL of DMEM was added, and
allowed to incubate for 24 more hours. Cells were then washed with PBS
and dissociated with TrypLE Express (12605-010, Gibco). After centrifuga-
tion (1000 × g for 1 min at room temperature), cell pellets were washed
with PBS and then resuspended in 400 μL of PBS. Resuspensions were
sonicated on ice for 8 s (30% amplitude), centrifuged for 20min 16,000 × g
at 4 °C, and reserved the supernatant as the lysate containing active,
inactive, or nickase ZFN protein for downstream IVCA/IVNA.

Cleavage/nickase assay (IVCA/IVNA). We prepared plasmid substrate,
containing a target site for ZFN17/18, under 4 °C conditions to maximize
production of supercoiled plasmid [93]. We then incubated protein lysate
(produced above) with 200 ng of plasmid substrate in NEBuffer r3.1
(B6003S, New England Biolabs, Ipswich, MA, USA) for 18 h at 37 °C. Samples
were then combined with 6x gel loading dye (B7024S, New England
Biolabs) and run on a 0.7% agarose TAE gel with ethidium bromide for
1.5 h for visualization of supercoiled, nicked (relaxed), and linearized
plasmid substrate.

DNA extractions and qPCR for detection of AAV integration
and intact genome
For DNA extractions for on- and off-target analyses, DNA was collected
using the DNeasy Blood & Tissue Kit (69504, Qiagen, Germantown, MD,
USA). Primer sets spanning genome:genome target site, as well as different
primer sets identifying genome:AAV fusion amplicons were designed to
detect AAV integration. All primers are listed in Supplementary Table 4.
qPCR and analyses were performed as described previously for RNA
experiments.

Immunohistochemistry and analysis for UBE3A unsilencing
in vivo
Following collection of mice as mentioned above, one cortical hemisphere
was immersion fixed in 4% PFA and PBS for 72 h and then transferred into
PBS. Samples were then sagittal sectioned to a thickness of 75 μm on a
vibratome (Thermo Fisher Scientific), transferred to 24-well plates contain-
ing cryoprotectant solution (45% PBS, 30% Ethylene glycol, 25% Glycerol),
and stored at −20 °C. Upon staining, sections were washed in PBS, washed
in 0.1 M citrate buffer in distilled water (C9999, Sigma) for 30min,
permeabilized with 0.01 M PBS-T (PBS with 0.3% Triton X-100), and blocked
with 10% NDS, 2% DMSO in PBS-T for 1 h at room temperature with gentle
shaking. We then incubated blocked sections with mouse anti-UBE3A
(1:600; SAB1404508, Sigma-Aldrich) and guinea pig anti-NEUN (1:600;
ABN90P, Sigma-Aldrich) overnight at 4 °C with gentle shaking. The next
day, we washed sections with PBS-T and incubated them with goat anti-
mouse IgG2a AlexaFluor 488 (A21131, Invitrogen), donkey anti-guinea pig
IgG AlexaFluor 647 (706-605-148, Jackson), and DAPI (EN62248, Invitrogen).
Sagittal immunostained sections were then imaged via laser-scanning
confocal microscopy (Zeiss LSM 710). Images were quantified (% UBE3A+
neurons and mean UBE3A intensity per neuron) with a custom CellProfiler
pipeline [87].

Off-target analysis for ZFN17/18
We first identified in silico predicted off-target sites for ZFN17/18 using
PROGNOS [33]. We defined our search to output all possible predicted off-
target sites, regardless of number of mismatches, that would allow for an
optimal 5–7 bp spacer length [94, 95]. A full list of off-target sites can be
found in Supplementary Table 5. 86 sites were identified as exact targets (the
expected 86 Snord115 repeat targets). 50 off-target sites were identified
within the Snord115 cluster region, up to but not including Ipw, containing
1–7 mismatches total per heterodimer. These sites were not interrogated
due to the repetitive, highly homologous sequence of the Snord115 repeats,
and would add to the multi-target nature of this approach should ZFN17/18
target them. For off-target AAV integration analysis, off-target sites were
selected based on the lowest number of mismatches total and based on the
output “ZFN score” [33]. Three sites were selected where ZF monomers
would homodimerize (17/17 or 18/18), and six sites were selected where ZF
monomers would heterodimerize (17/18).

Western blot for detection of UBE3A in cortex
Frozen cortices from one hemisphere were homogenized in radio-
immunoprecipitation assay (RIPA) buffer (25mM Tris pH: 8.0, 150mM
NaCl, 2% sodium dodecyl sulfate (SDS), 0.5% sodium deoxycholate, 1%
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Triton X-100) with protease (78429, Halt, Thermo Fisher Scientific) and
phosphatase (78426, Halt, Thermo Fisher Scientific) inhibitors. Equal
amounts of protein, determined by BCA protein assay (23225, Pierce,
Thermo Fisher Scientific), were separated on an SDS gel (4568084, Bio-Rad)
and transferred onto a nitrocellulose membrane (1620115, Bio-Rad).
Membranes were blocked in 5% milk (sc-2324, Chem Cruz, Dallas, TX,
USA) in TBS-T and incubated in rabbit anti-UBE3A (1:500; 10344-1-AP,
Proteintech, Rosemont, IL, USA) and rabbit anti-GAPDH (1:2000; 2118, Cell
Signaling, MA, USA) overnight at 4 °C with gentle shaking. Proteins were
detected by incubation with HRP-conjugated secondary antibody (1:1000;
18-8816-31, TrueBlot, Rockland, Victoria, BC, Canada) and SuperSignal ECL
Substrate (34577, Thermo Fisher Scientific). Membranes were imaged using
an Amersham Imager 680.

Statistical analyses
All data are presented as mean ± S.E.M. For data comparing two groups
with one varying factor, two-tailed unpaired Student’s t-test was used. For
data comparing more than two groups with one varying factor, one-way
analysis of variance (ANOVA) with Dunnett’s multiple comparisons post-
hoc test was used. For data comparing groups with two varying factors,
two-way ANOVA with Šídák’s multiple comparison post-hoc test was used.
To compare the main effect of treatment across dosage, two-way ANOVA
with Tukey’s or Dunnett’s multiple comparisons test was used (depending
on the number of groups compared). To compare the effect of dosage
within treatment groups, two-way ANOVA with Dunnett’s multiple
comparisons post-hoc test was used. Data was considered significant if
P < 0.05.

DATA AVAILABILITY
All values for all data points in graphs are reported in the Supporting Raw Data file.
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