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Engineered microRNA-based regulatory
element permits safe high-dose miniMECP2
gene therapy in Rett mice

Sarah E. Sinnett,"? Emily Boyle,* ®Christopher Lyons* and Steven J. Gray™-?

MECP2 gene transfer has been shown to extend the survival of Mecp2”” knockout mice modelling Rett syndrome,
an X-linked neurodevelopmental disorder. However, controlling deleterious overexpression of MECP2 remains the
critical unmet obstacle towards a safe and effective gene therapy approach for Rett syndrome. A recently devel-
oped truncated miniMECP2 gene has also been shown to be therapeutic after AAV9-mediated gene transfer in
knockout neonates.

We show that AAV9/miniMECP2 has a similar dose-dependent toxicity profile to that of a published second-gener-
ation AAV9/MECP2 vector after treatment in adolescent mice. To overcome that toxicity, we developed a risk-
driven viral genome design strategy rooted in high-throughput profiling and genome mining to rationally develop
a compact, synthetic microRNA target panel (miR-responsive auto-regulatory element, ‘miRARE’) to minimize the
possibility of miniMECP2 transgene overexpression in the context of Rett syndrome gene therapy. The goal of
miRARE is to have a built-in inhibitory element responsive to MECP2 overexpression. The data provided herein
show that insertion of miRARE into the miniMECP2 gene expression cassette greatly improved the safety of
miniMECP2 gene transfer without compromising efficacy. Importantly, this built-in regulation system does not re-
quire any additional exogenous drug application, and no miRNAs are expressed from the transgene cassette.
Although broad applications of miRARE have yet to be determined, the design of miRARE suggests a potential use
in gene therapy approaches for other dose-sensitive genes.
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Introduction

Rett syndrome is an X-linked neurodevelopmental disorder medi-
ated by inactivating mutations in the transcription regulator me-
thyl-CpG binding protein 2 (MECP2).>~ Although Rett syndrome is
primarily diagnosed in females, the male knockout mouse model
is often used to assess new preclinical gene therapies.*® Knockout
mouse phenotypes include decreased survival, poor motor coord-
ination, abnormal gait, hindlimb clasping and decreased body
weight.*5° Although MECP2 is a ubiquitously expressed protein,
global and peripheral mouse knockout models indicate that
MECP2 expression in the CNS is sufficient to protect against many
Rett syndrome phenotypes.™

Adeno-associated viral vector serotype 9 (AAV9) and AAV9-
derived variants (i.e. PHP.B and PHP.eB) can cross the blood-brain
barrier and transduce neurons, making them well-suited for gene
replacement therapy in mice modelling CNS disorders.*?
Although the more efficient variants PHP.B and PHP.eB are espe-
cially useful for proof-of-concept studies (e.g. the systemic PHP.eB/
MECP2 study in Luoni et al.®), it is important to note that the LY6A
receptor mediating their efficient blood-brain barrier transport is
not expressed in non-human primates.'*'* Thus, AAV9 remains
an important tool for full-factorial assessments of MECP2 gene
therapy treatment paradigms.

One strategy to improve the efficiency of AAV9-mediated gene
transfer is to pair the AAV9 capsid with a self-complementary viral
genome. Compared to single-stranded AAV (ssAAV), self-comple-
mentary AAV (scAAV) has a smaller viral genome packaging cap-
acity (~2.2 kb excluding inverted terminal repeats), but permits
more efficient transduction due to its ability to bypass the rate-
limiting second-strand synthesis in host cells.” The reduced pack-
aging capacity of scAAV is critical for guiding MECP2 viral genome
design as the ~1.5 kb MECP2 gene limits the size of 5 and 3’ regula-
tory elements included in the viral genome cassette. In contrast, a
more recently developed therapeutic miniMECP2 gene (~0.5 kb)’
frees up additional space within the self-complementary viral gen-
ome for inserting novel regulatory elements designed to improve
the therapeutic index of Rett syndrome gene therapy.

Our interest in pairing a novel regulatory element with the self-
complementary miniMECP2 viral genome derives from previously
published studies showing dose-dependent toxicity after intracere-
brospinal fluid administration of AAVY/MECP? in juvenile mice.” To
be clear, all published AAV9/MECP2 and miniMECP2 gene therapies
have been shown to extend knockout mouse survival.*® In knock-
out mice dosed at the neonatal age, survival and behavioural bene-
fits have been realized with less pronounced side effects.*”
However, when mice are treated at 4-5 weeks of age, a time more
relevant for human translation, survival benefits have come with
significant side effects (including death) and a lack of clear behav-
ioural rescue.*®> Moreover, this lack of clear behavioural rescue
(within the context of AAV9-mediated gene transfer) has been
observed across both knockout and T158M MECP2-expressing Rett
syndrome mice treated during adolescence.* Because a high intra-
cerebrospinal fluid dose of AAVY/EGFP—but not AAV9/MECP2—is
well-tolerated in wild-type mice,” these dose-dependent side effects
are most probably directly due to MECP2 overexpression. These side
effects are, admittedly, not surprising in light of the symptoms seen
in mouse models of MECP2 overexpression as well as in human
MECP2 duplication syndrome.'®?! After years of iterative, full-fac-
torial assessments of candidate MECP2 vectors, the field is wrestling
with the same dilemma anticipated from MECP2-overexpression
studies dating back 16 years.'** High doses of MECP2-expressing
vectors may be harmful; low doses may not be effective. Clearly,
this persistent dilemma warrants innovative viral genome design
strategies that permit efficacy without compromising safety.
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To further complicate the feasibility of gene therapy, the target
human population is primarily females heterozygous for MECP2
mutations, which due to random X-inactivation have cellular mo-
saicism for MECP2 expression with a roughly equal mixture of dys-
functional cells and wild-type cells.?> Conceptually, if one delivers
a corrected version of MECP2 equally to all cells, there would be
the potential to rescue the dysfunctional cells while overexpress-
ing MECP2 in the wild-type cells. One strategy to prevent gene
overexpression-related toxicity is to insert microRNA targets into
the 3’ untranslated region (UTR) of viral genomes. Endogenous
miRNAs can base-pair with targets in viral genome-encoded
mRNAs and ultimately decrease protein expression levels through
RNA interference (RNAi).>> The established miR-122 target panel,
for example, can constitutively decrease exogenous protein ex-
pression in the liver while permitting expression elsewhere in the
body.?*?> Our goal for Rett syndrome gene therapy was to develop
an miRNA target panel that conditionally regulates exogenous
MECP2 in the same system we are trying to treat (i.e. the CNS). Our
hypothesis is that such a target panel would buffer against dele-
terious overexpression of miniMECP2, while permitting sufficient
transgene expression to exert a therapeutic effect similar to or
greater than that of published MECP2 or miniMECP2 control vec-
tors.” We used a risk-driven viral genome design strategy rooted in
high-throughput profiling and genome mining to develop a novel
miRNA target panel (named the miR-responsive auto-regulatory
element or ‘miRARFE’) for regulating miniMECP2 expression. The
objective was to create a feedback mechanism for negative trans-
gene regulation that would be responsive to MECP2 overexpres-
sion. Data described herein show that miRARE improves the safety
of scAAV9/miniMECP2 gene therapy without compromising effi-
cacy following intracerebrospinal fluid injection in juvenile mice.

Materials and methods

Wild-type and knockout (B6.129P2(C)-Mecp2™1E/)) mice were
provided chow and water ad libitum and were housed on a 12-h
light-dark cycle. Animal studies were conducted in accordance
with a protocol approved by the Institutional Animal Care and Use
Committee at the University of North Carolina (UNC) at Chapel Hill
(Fig. 1) and the University of Texas Southwestern (UTSW) Medical
Center (all other figures). All mice were weaned at postnatal Day
28 according to previously published methods.> Mice at UTSW
were housed and evaluated within a barrier facility.

AAV9/CBH-EGFP, AAV9/MeP426-hMECP2-myc-RDH1pA (denoted
throughout as AAV9/MECP2), AAV9-MeP426-miniMECP2-myc-
RDH1pA (denoted throughout as AAV9/miniMECP2) and AAV9-
MeP426-miniMECP2-myc-miRARE-RDH1pA (denoted throughout as
AAV9/miniMECP2-miRARE), PHP.B/miniMECP2-myc, PHP.B/
miniMECP2-myc-miRARE and PHP.B/CBH-EGFP vectors were pro-
duced by UNC Vector Core.?® Vector certificates of analysis are pro-
vided in the Supplementary material. These are all self-
complementary genomes, and all were prepared in a formulation
buffer of 350 mM PBS containing 5% p-sorbitol. The full-length and
miniMECP2 viral genome cassettes have been previously pub-
lished.*>’ The six-target miRARE panel was inserted between two
subcomponents of RDH1pA. Those subcomponents are a litera-
ture-based three-target panel for miR-19, miR-22 and miR-132 and
a 110 bp fragment of the conserved distal polyadenylation sig-
nal*> The sequence for miRARE is 5-CTGTTCTA
GCCCCCAAAGAGTTTTCTGTGCTTGCTTTTGAAACTTGAAGTCTTG
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Figure 1 MiniMECP2 vectors cause side effects in wild-type mice. (A) In
an acute toxicity study, overexpression of miniMECP2 caused signifi-
cant increases in abnormal clasping scores. n = 5-6 mice per group.
Saline versus virus treatments; and pre- versus post-injection: *P <
0.05. (B) Severe hindlimb clasping observed 3 days after treatment with
PHP.B/miniMECP2 [1 x 10'? vg/mouse, intracisterna magna (ICM) ad-
ministration]. In healthy mice, hindlimbs extend outwards. (C) Both
AAVY9/ and PHP.B/miniMECP2 significantly increase aggregate pheno-
type severity scores within 2 weeks post-injection (P < 0.05). Figure 1
shows data for mice housed and treated at UNC-Chapel Hill. All other
mice in this paper were tested at UTSW. (A and C) Data are means =+
SEM.

AAAACCAAAGACATAGATGTGAAAATTTTAGGCAGTGTAAGCTGA
TAGCACAAGTTCTGGCGACTCACAATTATGCTGTGAATTTTACAAA
AAGAAGCAGTAATCTACCTCAGCCGATAAC-3'. Underlined sequen-
ces indicate seed matches for miR-9-5p, miR-26-5p miR-23-3p, miR-
218-5p, miR-27-3p and let-7-5p, respectively. These targets and
flanking sequences meet a number of criteria: (i) the bolded muta-
tion was introduced to create a T1A anchor?; (ii) the spacers be-
tween each underlined sequence are within recommended ranges
for cooperative repression®®?% and (iii) most of the targets permit a
T9A or T9U.*

Surgical intracisternal or percutaneous intrathecal injections (10 pl)
were performed on 4-5-week-old mice. Previously published
injection methods were used with the following exception: for sur-
geries, carprofen (5 mg/kg) and lidocaine (5 pl, 2% solution) were
administered subcutaneously [instead of intraperitoneal tribromoe-
thanol (Avertin®)] before inhalational isoflurane anaesthesia.>*!
Intrathecal injections were performed by personnel blinded to treat-
ment. Personnel performing intrathecal injections did not have ac-
cess to the list of treatment descriptions (concentration, capsid,
viral genome design) and their corresponding identification num-
bers, which were used to blind those treatments. To ensure that the
most severely affected knockout mice were randomly assigned to
either saline or virus treatment groups, treatments were assigned

BRAIN 2021: 144; 3005-3019 | 3007

blind to pre-injection weight and behaviour scores. Mice from mul-
tiple litters were assigned to each treatment group to prevent bias.
Blinded saline treatments were interspersed with blinded virus
treatments so that age-matched control mice could be evaluated in
parallel with experimental mice. The number of mice evaluated per
treatment group was based in part on literature,** with the follow-
ing exceptions: (i) group sizes were small (n = 5-6 mice per group) in
Fig. 1 for humane reasons; and (ii) group sizes for miRNA profiling (n

= 3 mice per treatment) were kept small with the expectation of
using a secondary approach (e.g. bioinformatics) to strengthen the
microarray dataset.

Three mice per group were treated with either saline, 1 x 10'? vg
AAV9/MECP2 or 1 x 10%2 vg AAV9Y/EGFP. Two to three weeks after
injection, mice were euthanized with a lethal dose of intraperito-
neal Avertin® and decapitated. Cervical cord, cerebellum and me-
dulla were rapidly dissected, frozen on dry ice and immediately
transferred to -80°C. Qiagen miRNeasy Mini kits were used to pur-
ify total RNA from thawed, lysed tissue. RNA samples were stored
at -80°C until they were shipped on dry ice to LC Sciences for
screening. Each sample was assigned an identification number to
permit blind miRNA profiling. A list of identification numbers per
blinded treatment group was provided to LC Sciences to permit
statistical analyses.

LC Sciences profiled mouse miRNAs from blinded RNA samples
and conducted statistical analyses (microarray part number MRA-
1002; miRBase version 21; n = three mice per group per tissue type
with two screening replicates). See the Supplementary material for
unblinded profile data. LC Sciences defined normalized signal
intensities below 500 as low. Significantly increased miRNA ex-
pression levels described herein are limited to those having a
mean signal intensity exceeding 500.

Throughout this paper, any discussion of endogenous targets is
based solely on annotations listed in www.targetscan.org (last
accessed October 2021). Excel files for 21 3' UTRs were downloaded
from www.targetscan.org Release 7.2 (March 2018).>> When two 3’
UTR sequences were available for a single gene, the most prevalent
transcript was selected for analysis. For MECP2, for example, the 8-
kb transcript from which a portion of RDH1pA is derived was used
for analysis. Targets from downloaded files were merged into a
single master file used to create a frequency table. All uniquely
annotated targets were considered regardless of their context++
percentile scores,? as these scores do not account for viral genome
context. Targets appearing two or more times within a single tran-
script were counted only once per 3' UTR. The exact number of pu-
tative targets may change over time if or when new versions of
TargetScan are released. Supplementary Table 1 matches individ-
ual targets from miRARE to the endogenous mouse and human 3’
UTRs for 11 genes mediating intellectual disability.

An aggregate phenotype severity scale was used to assess behav-
iour in treated mice and is based on a previously published scale.*?
This aggregate scale includes six subscales for abnormal mobility,
abnormal gait, hindlimb clasping, tremors, abnormal breathing
and abnormal general appearance. Hindlimb clasping was
assessed by lifting the mouse by the tail so that hindlimbs were


https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awab182#supplementary-data
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suspended. Scorers were blind to treatment and genotype but may
have been able to infer genotype through visual assessment. Mice
were weighed and scored pre-injection and weekly thereafter.
Mice were assessed in a random order.

The date of death recorded for each mouse was the natural date of
death with the following exceptions: mice that lost at least 20% of
their peak body weight were euthanized, according to previously pub-
lished methods* or on the recommendation of UT Southwestern
Animal Resource Center veterinary staff. Early euthanasias for severe
health problems (prolapse with complications, tail lesions resulting in
necrosis or followed by self-injury) are indicated in the uncensored
survival curves.

Perfused brains were sectioned at 40-um thickness and distributed
serially among wells in a multi-well plate so that each well had a
representative distribution of sagittal sections. Immunofluorescence
analyses were conducted on fixed tissue according to previously
published methods® with the following exception: antigen retrieval
was not performed. In our experience, antigen retrieval is necessary
before blocking and incubating with anti-MECP2 primary antibodies,
but not before blocking and incubating with anti-myc antibody.
Immunolabelled sections were imaged with a Zeiss 880 confocal
microscope using Zen software at UT Southwestern’s Live Cell
Imaging Facility. All images used to calculate the percentage of myc-
positive cells (myc+) (versus all DAPI+ cells) were taken at the
same magnification with the same gain settings. For spinal cord seg-
ments, medulla and hippocampus, images were sampled from mul-
tiple (three to six) tissue sections. For the midbrain, we noted that
the relatively high percentage of myc+ cells (for mice treated with
unregulated vector) appeared within a narrow range along the x-
axis of the brain (from medial to lateral). This range roughly corre-
sponds to illustrated images 9-13 of the mouse sagittal Allen Brain
Atlas.**® Therefore, multiple images were taken from one or two
sections per microscope slide. Images for the pons and midbrain
were typically taken from the same tissue sections.

End-of-life tissue samples from saline- and virus-treated knockout
mice were used for biodistribution and gene expression analyses.
An AllPrep DNA/RNA/Protein Mini Kit (Cat no. 80004; Qiagen) was
used to prepare genomic DNA and RNA. A Transcriptor First Strand
complementary DNA Synthesis Kit (Cat no. 04897030001; Roche) was
used to prepare cDNA from RNA. MiniMECP2 primer sequences
were: 5-CGGAAGCTTAAGCAAAGGAAATC-3 (forward) and 5'-
ACGCAATCAACTCCACTTTAGA-3' (reverse). Cycling conditions
were 98°C for 3 min followed by 40 cycles of the following: 98°C for
10 s (denature); 55°C for 30 s (anneal) and 60°C for 30 s (extend).
Primer sequences and cycling conditions were kindly provided by Dr
Ralph Hector at the University of Edinburgh. LMNB2 and ACTB were
used as housekeeping controls for biodistribution and gene expres-
sion analyses, respectively.

The alpha-level used to determine significance was P < 0.05. LC
Sciences performed statistical analyses of transformed signal inten-
sities from miRNA microarray according to methods described in
their technical bulletin.*® Analyses between groups were performed
as requested (e.g. group A versus B). Because of limitations of the
screening technique, P-values were interpreted with caution, and
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both screening and bioinformatics results were merged to justify
miRNA targets selected for miRARE. The Gehan-Breslow-Wilcoxon
test was used to calculate statistical significance between pairs of
groups in Kaplan-Meier plots generated by GraphPad Prism. Except
where otherwise noted, GraphPad was used to conduct two-way
ANOVA followed by Tukey’s post hoc test for weight and behaviour
data. For immunofluorescence analyses, we conducted two types of
analysis. First, we conducted a two-way ANOVA followed by
Tukey’s post hoc test. Conceptually, it could be possible for injection
volume error to confound interpretation of expression data. Thus,
we did a second analysis to address this conceptual confounding
factor. Specifically, we used the medulla as an internal reference
brain region and conducted a pair-wise t-test comparing the relative
percentage of myc+ cells between the medulla and pons. For each
host, the data-points for medulla and pons were paired, and the test
was performed for each treatment group. In theory, this relative dif-
ference in the percentage of myc+ cells should be preserved even if
a mouse is slightly underdosed. This allowed us to see whether rela-
tive differences between brain regions were reproducible for each
host, or if those relative differences were mitigated by miRARE regu-
lation in the pons.

The raw data that support the findings of this study are available
from the corresponding author, on reasonable request. Microarray
data from LC Sciences are provided within the Supplementary
material.

Results

AAV9/MeP426-hMECP2-myc-RDH1pA (hereafter referred to as
AAV9/MECP2) has been shown to cause dose-dependent side
effects (e.g. weight loss and limb clasping abnormalities) after
intracisternal (ICM) administration in adolescent mice.”> In con-
trast, relatively little has been published regarding the safety of
AAV9/miniMECP2.” Because the published MECP2 and miniMECP2
viral genomes feature the same promoter and 3’ UTR, we hypothe-
sized that miniMECP2 viral vectors may recapitulate the same
dose-dependent side effects as those observed for AAVY/MECP2.>”
To quickly assess toxicity from miniMECP2 gene transfer, we
injected wild-type adolescent mice with 1 x 10 vg of AAV9/or
PHP.B/miniMECP2 (ICM) and scored behaviour weekly. While these
doses are extremely high, our ultimate goal is to develop a treat-
ment that permits widespread MECP2 protein expression in the
CNS, and may therefore require a high dose, without causing side
effects. AAV9/miniMECP2 increased mean clasping scores within 2
weeks after injection (P < 0.05; Fig. 1A). PHP.B/miniMECP2 resulted
in bilateral clasping as early as three days after injection (Fig. 1B).
Both AAV9/and PHP.B/miniMECP2 increased aggregate phenotype
severity scores within 2 weeks after injection (P < 0.05; Fig. 1C).
Although transgenic mice expressing endogenous miniMECP2 ex-
hibit mild clasping, the rapidly developing severe phenotypes that
we observed seemed consistent with toxic overexpression and
therefore warranted further optimization of the miniMECP2 viral
genome.’

Our goal for MECP2 gene therapy was to develop an miRNA target
panel that conditionally regulates exogenous MECP2 in the same


https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awab182#supplementary-data
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Figure 2 Schematic of strategy used to rationally synthesize a miRNA
target panel tailored for Rett syndrome. (A) The first five steps of a con-
ceptual negative feedback loop are indicated: (1) viral genome in nu-
cleus; (2) exogenous MECP2-myc mRNA in cytoplasm; (3) translation and
nuclear localization of MECP2-myc; (4) exogenous MECP2-myc upregu-
lates miRNA expression; (5) mature miRNAs bind to non-coding targets
in the 3’ UTR of an exogenous MECP2-myc transcript. After mature
miRNAs bind to targets in the exogenous MECP2 mRNA, endogenous
RNAi machinery (not shown) may conditionally silence exogenous
MECP2 expression. The targets inserted into the viral genome may
match targets found in the endogenous Mecp2 mRNA. Conceptually,
this model could be adapted for other potentially toxic transcription
factors that drive the expression of miRNAs in vivo. Alternatively, inser-
tion of miRNA targets into the viral genome could improve the safety of
gene therapies encoding potentially toxic cytoplasmic proteins, pro-
vided that those proteins indirectly upregulate miRNAs. (B) To identify
translationally relevant miRNAs upregulated by toxic MECP2 gene
transfer, (1) adolescent wild-type (WT) and knockout (KO) mice were
treated intracisternally with saline, 1 x 10" vg AAVY/MECP2, or 1 x
10" vg AAVY/EGFP. (2) Two to three weeks later, CNS tissue nearest to
the injection site (cerebellum, medulla and cervical cord; see dashed
circle) was harvested from treated mice. The image shown in step 2
illustrates the spread of dye after ICM administration. The relatively
concentrated dye localization near the cerebellum indicates how vul-
nerable tissue near the intracisternal site may be after treatment with
high titre, toxic virus. (3) RNA was purified from dissected tissue, frozen
and shipped to LC Sciences for miRNA profiling. Data from this screen
were subsequently used to rank candidate miRNA targets from a sec-
ondary bioinformatics approach.

system we are trying to treat (i.e. the CNS; Fig. 2). Our hypothesis is
that such a target panel would buffer against deleterious overex-
pression of MECP2, while permitting sufficient transgene expression
to exert a therapeutic effect similar to or greater than that of a pub-
lished MECP2 or miniMECP2 control vector.” To identify miRNAs
upregulated by toxic MECP2 gene therapy, we injected wild-type and
knockout mice with saline, AAVY/EGFP or AAV9/MECP2 at 4-5 weeks
of age (1 x 10" vg/mouse, ICM). Two to three weeks after injection,
we dissected three types of tissue that are close to the injection site:
cervical cord, cerebellum and medulla. We purified total RNA from
these samples, and then quantified the expression of 1900 mouse
miRNAs via microarray (Supplementary material). This approach
enabled us to identify MECP2-responsive miRNAs that are relevant
within the CNS while forgoing the possibility of more granular, cell-
type specific miRNA identification. Given our goal of finding
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miRNAs that are broadly applicable within the CNS and the im-
mense technical hurdles involved in generating cell-type specific
data we felt comfortable with the trade-off. We identified miRNAs
whose expression levels were significantly increased at the tissue
level in correlation with MECP2 (Fig. 3); however, these changes
were too small in scale (many were <1.5-fold) for secondary con-
firmation with reverse transcription quantitative PCR. These signifi-
cant but subtle changes in normalized fluorescence intensity, along
with the general noisiness of the data, warranted an alternative sec-
ondary approach to justify the selection of miRNA targets for a new
regulatory panel.

We therefore decided to merge our microarray data with a new
bioinformatics approach. We hypothesized that the 3' UTRs of
dose-sensitive CNS genes mediating phenotypically related and
developmentally concurrent neurodevelopmental disorders may
have a number of miRNA targets in common (Tables 1 and 2). If
this hypothesis is supported, then we can synthesize a compact,
multi-purpose target panel that is primarily intended for Rett syn-
drome gene therapy but may also be relevant for other diseases.
We quantified the number of times annotated miRNA targets
appeared among 11 3’ UTRs for a curated list of genes mediating
intellectual disability (Tables 1, 2 and Fig. 4). A potential caveat to
this secondary approach could relate to the observation that many
dose-sensitive genes have relatively long 3’ UTRs (versus those of
housekeeping or randomly selected genes). In other words, any ap-
parent conservation of targets across our curated list of 3' UTRs
may simply be an artefact of these extremely long mRNA sequen-
ces. To address this concern, we conducted the same analysis for a
random selection of human genes and saw that: (i) the 3’ UTRs for
randomly selected genes had few miRNA targets in common
(Supplementary Fig. 1); and (ii) the number of shared targets per
100-bp length of 3’ UTR sequence was lower for the randomly
selected gene set than for our curated gene set (Supplementary
Figs 2 and 3).

After identifying miRNA targets that appear across most (>6)
of our 11 3" UTRs (in both mouse and human datasets), we used
our microarray data to prioritize targets for miRNAs expressed in
tissue near the intracerebrospinal fluid injection site (Figs 3, 4 and
Supplementary material). We then narrowed the list of the candi-
date targets to include those for miRNAs whose expression levels
appeared to increase in correlation with MECP2. Finally, we sought
to maximize regulatory potential while minimizing DNA sequence
length by including a let-7-5p binding site predicted to base-pair
with multiple potentially MECP2-responsive let-7-5p miRNAs.
Ultimately, this two-pronged approach yielded a 175 bp six-target
panel (miRARE), which was inserted into the miniMECP2 viral gen-
ome (Fig. 4). The self-complementary AAV9/MeP426-miniMECP2-
myc-miRARE-RDH1pA viral genome is hereafter referred to as
AAV9/miniMECP2-miRARE. Importantly, each of these miRARE tar-
gets are predicted to bind miRNAs that have been shown to be
expressed in human brain tissue, from infancy through adoles-
cence.” Furthermore, the relative expression levels of six female
human cerebellar miRNAs (miR-9-5p, miR-26b-5p miR-23a-3p,
miR-218-5p, miR-27a-3p and let-7e-5p) roughly mirrors the relative
expression levels in our miRNA profile, with miR-9-5p and miR-
23a-3p being expressed at high and low levels, respectively.®”

MiRARE improves the safety of miniMECP2 gene
transfer in treated wild-type mice

We evaluated the safety of regulated miniMECP2 gene transfer in two
treatment paradigms for adolescent mice: (i) ICM PHP.B-mediated
gene transfer (Supplementary Figs 4 and 5); and (ii) intrathecal AAV9-
mediated gene transfer. The ICM experiment with PHP.B provides
data for highly efficient gene transfer and bridges our new miRARE
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Figure 3 Putative positive hits upregulated in correlation with endogenous or exogenous MECP2 according to miRNA microarray. (A-F) Significant dif-
ferences between saline-treated knockout (KO) and saline-treated wild-type (WT) mice. (G-L) Significant differences between saline-treated and
AAV9/MECP2-treated mice. (A-L) None of the 12 miRNAs listed here were significantly upregulated by AAV9/EGFP (versus saline-treated knockout or
wild-type mice; P > 0.05). Each data-point represents the average of two screening replicates; error bars for each mean are not shown. n = 3 mice per
group. P < 0.05 between the groups boxed in red. *A ‘regl’ miRNA target panel featuring binding sites for miR-451a, miR-690, and let-7e-5p failed to
improve the safety of miniMECP2 gene transfer (data not shown). As discussed in the main text, negative results (P > 0.05) should be interpreted with
caution, as miRNAs upregulated at the cell-type level may be masked by noise from other cell types in the same tissue. Furthermore, low normalized
fluorescence intensities may reflect low miRNA expression levels in a tissue sample but may fail to reveal high expression levels within a single cell
type within said tissue. In general, many of the significant differences in normalized fluorescence intensity are for relatively small increases in mean
signal between the indicated treatment groups. These subtle changes, along with the general noisiness of the data, warranted a secondary technique
to justify the use of specific miRNA targets within a new target panel design. Finally, miRNAs significantly upregulated by AAV9Y/EGFP (versus saline-
treated knockout mice) are miR-99a-5p, miR-107-3p and let-7f-5p in cervical cord (CC; data not shown). MiRNAs upregulated by AAV9/EGFP (versus
saline-treated wild-type mice) are miR-669a-3p in cervical cord; let-7j in cerebellum; and miR-669f-3p, miR-669p-3p, miR-30c-5p and miR-669a-3p in
medulla (data not shown).
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Table 1 Curated list of confirmed or putative dose-sensitive genes mediating intellectual disability

Gene Role Loss-of-function syndrome Overexpression-related Human Ensembl

abnormality or syndrome transcript number®

Monogenic Clinical polygenic
mouse model syndrome
MECP2® Transcription Rett syndrome Yes Yes ENSTO00000303391.6
TCF4¢ Transcription Pitt-Hopkins Yes Yes ENST00000354452.3
MEF2¢¢ Transcription MEF2C Haploinsufficiency No*® (Drosophila data available) Yes ENST00000340208.5
NsD1f Transcription Sotos Noé® (Drosophila data available) Yes ENST00000439151.2
ATRX" Transcription ATRX Yes Yes ENST00000373344.5
MBDS5' Transcription MAND NO (Drosophila data available) Yes ENST00000407073.1
ZEB2% Transcription Mowat-Wilson No! (Drosophila data available) Yes ENST00000558170.2
UBE3A™ Degradation and Angelman Yes Yes ENST00000232165.3
transcription

DYRK1A™ Phosphorylation DYRK1A Yes Yes ENST00000339659.4
RPS6KA3° Phosphorylation Coffin-Lowry NoP (Drosophila data available) Yes ENST00000379565.3
SLC6A19 Transporter Doose Yes Yes ENST00000287766.4

Inactivating mutations in the genes listed here have been shown to mediate neurodevelopmental disorders characterized by intellectual disability as well as other pheno-
types, such as seizures, stereotypies, abnormal speech and/or abnormal head size. Although the exact age of onset varies across loss-of-function syndromes, many of these
syndromes are evident by 2 years of age. Reciprocal (overexpression-related) disorders may be mediated wholly or in part by the same genes. The contribution of a specific
gene to specific phenotypes associated with a human chromosomal duplication may not always be known. To be clear, patients with supernumerary protein expression typic-
ally have duplications spanning larger chromosomal regions that encompass, but are not limited to, the genes indicated in this table. Therefore, Table 1 includes monogenic
duplication mouse models that underscore the potential dose-sensitivity of these genes. Clinical vignettes describing intragenic duplications (which may yield truncated pro-
tein) are not considered in this table.

23’ UTR sequences are accessible at www.targetscan.org. The Ensembl transcript numbers listed here were used for analyses.*?

PMECP2 references. #6213

°TCF4 (transcription factor 4) references.
dMEF2C (myocyte enhancer factor 2C) references.
eOverexpression of the Drosophila orthologue MEF2 has been shown to cause lethality or abnormal wing morphology.*®

NSD1 (nuclear receptor binding SET domain protein 1) references.*®>*

g0verexpression of the Drosophila orthologue NSD has been shown to cause development delay, early lethality, decreased wing size and disrupted organization of the eye (con-
sequences of overexpression vary depending on the spatial extent of overexpression).”*

PATRX (alpha-thalassemia/mental retardation, X-linked) references.*>>#

IMBD5 (methyl-CpG binding domain protein 5) references.*-?

Joverexpression of the Drosophila orthologue sba has been shown to cause wing abnormalities.®

kZEB2 (zinc finger E-box binding homeobox 2) references. #6264

!Overexpression of the Drosophila orthologue ZFH1 causes lethality.*

™MUBE3A (ubiquitin-protein ligase E3A) references.®*’?

"DYRK1A (dual specificity tyrosine-phosphorylation-regulated kinase 1A) references.
°RPS6KA3 (ribosomal protein S6 kinase A3) references.®°5¢

POverexpression of the Drosophila orthologue S6KII has been shown to exert a dominant negative effect in operant place learning.®®
9SLC6A1 references.®”%°

39-45

46-49

73-79

Table 2 Phenotypic overlap among selected loss-of-function disorders and reciprocal duplication disorders that encompass the
same genes

Gene Intellectual disability Speech abnormalities Seizures Microcephaly Stereotypy
TCF4 4 v/~ I 4 v/~
MECP2 4 4 4 IV VIV
UBE3A IV IV IV 4 v/~
DYRK1A IV 4 4 4 4
MEF2C IV 4 v/- /v v/-
NSD1 IV 4 IV -/

ATRX VIV 4 4 v/~ v/~
RPS6KA3 4 IV 4 v/-

MBD5 IV 4 IV v/~
ZEB2 VIV 4 v/~ vIvE

SLC6A1 4 4 v/- 4 v/-

The table mouse monogenic duplication models, human polygenic duplications and human trisomies. See Table 1 for references. Mouse and human phenotypes are aggre-
gated together in Table 2. Speech abnormalities may encompass multiple phenotypes, such as lack of speech, babbling, dysprosody or delayed speech. The number and sever-
ity of symptoms may vary among patients with the same diagnosis. Early lethality in humans with duplication disorders may preclude documentation of specific phenotypes.
A double tick (v/v) indicates phenotypes observed in loss-of-function and reciprocal duplication disorders or models. A single tick (v/-) indicates phenotypes observed in loss-
of-function disorders or models only.

2Patient with 2q22.3 triplication had microcephaly at birth, but not at later age.®*


http://www.targetscan.org
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Figure 4 Microarray expression data were used to rank targets that ap-
pear frequently across a curated list of 3' UTRs for genes mediating in-
tellectual disability. (A) Many miRNA targets appear frequently across
the curated list of 3 UTRs. Among 2491 human targets and 1831 mouse
targets, 451 targets had identical annotation across both mouse and
human 3’ UTR datasets. (B) The scatter plot shows the same data as
those shown in A. Targets that are annotated in over half of the exam-
ined 3’ UTR sequences for both species were prioritized for target panel
design (shaded area). Within the shaded area, purple data-points indi-
cate targets corresponding to miRNAs expressed at moderate to high
levels in dissected cervical cord, cerebellar, and/or medullar tissue (sig-
nal intensity >500). Square data-points indicate targets for putative
MECP2-responsive miRNAs indicated in Fig. 3A, C, D and G-J as well as
two additional miRNAs (miR-9-5p and miR-27a-3p; indicated by a hash
symbol), which showed trends in increased expression in cervical cord
when data for MECP2- and MECP2 + treatment groups were aggregated
together (data not shown). MECP2- groups, for example, would include
both saline-treated and AAV9/EGFP-treated knockout mice. For clarity,
we have limited notation (purple and square data-points) to the shaded
area only. The double dagger symbol (1) indicates the target for miR-
218-5p included in the new panel design (‘miRARE’) for the purpose of
making miRARE more broadly applicable for multiple gene therapy
applications. Expression of miR-218-5p did not appear to be MECP2-re-
sponsive in our high throughput screening data. (C) Cartoon of the
miniMECP2-miRARE viral genome cassette. Yellow and green lines indi-
cate miRNA targets that are part of the previously published RDH1pA.*
Blue lines indicate miRARE targets that were inserted into RDH1pA. ITR
= inverted terminal repeat; sc = mutated self-complementary ITR
sequence.

| MeP426 Promoter | miniMECPZ-myc |

data with Fig. 1, which compares ICM administration of unregulated
AAV9/and PHP.B/miniMECP2 vectors. The PHP.B dataset is summar-
ized as follows: miRARE provided robust regulation of miniMECP2-
myc protein expression in wild-type brains (Supplementary Fig. 4),
prevented weight loss in virus-treated wild-type mice (P < 0.05 versus
unregulated vector and versus saline; Supplementary Fig. 5A), nor-
malized aggregate phenotype scores for virus-treated wild-type mice
(P < 0.05 versus unregulated vector; Supplementary Fig. 5B), delayed
the onset of severe gait (P < 0.05 versus unregulated vector;
Supplementary Fig. 5C) and almost completely eliminated the occur-
rence of severe hindlimb clasping in virus-treated wild-type mice (P <
0.05 versus unregulated vector; Supplementary Fig. 5D). The
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significant difference in the frequency of onset as well as the age of
onset for severe gait and hindlimb clasping is particularly striking
(Supplementary Fig. 5C and D). Across weight and behaviour readouts,
there were no differences between saline- and PHP.B/miniMECP2-
miRARE-treated wild-type mice.

Next, to align our miRARE assessment with methods relevant
for human translation, we evaluated miRARE within the context of
intrathecally administered AAV9. MiRARE provided several safety
benefits. Specifically, miRARE prevented acute miniMECP2-medi-
ated weight loss in wild-type mice at the highest dose tested (1 x
10* vg/mouse; Fig. 5A). AAV9/miniMECP2-treated wild-type mice
had significantly lower weight than that of saline-treated wild-
type mice beginning at 15 weeks of age (P < 0.05). No significant
difference was observed between saline- and AAV9/miniMECP2-
miRARE-treated wild-type mice (1 x 10" vg/mouse).

MiIRARE attenuated miniMECP2-mediated aggravation in wild-
type aggregate phenotype severity scores (Fig. 5B). AAV9/MECP2-
and AAV9/miniMECP2-treated wild-type mice had a significantly
higher mean aggregate behavioural severity score versus that
observed for saline-treated mice (P < 0.05; at 6-30 and 7-27 weeks
of age, respectively). AAV9/miniMECP2-miRARE-treated wild-type
mice had a significantly lower mean aggregate severity score ver-
sus those of AAV9/MECP2- and AAV9/miniMECP2-treated mice at
most time points from 11-19 and 9-20 weeks of age, respectively.
No significant difference was observed between saline- and AAV9/
miniMECP2-miRARE-treated wild-type mice (1 x 102 vg/mouse).

MiRARE attenuated miniMECP2-mediated aggravation in aggre-
gate severity scores by reducing the frequency of miniMECP2-
mediated severe hindlimb clasping and by preventing miniMECP2-
mediated severely abnormal gait (Fig. 5C and D). In contrast, at
least half of the wild-type mice treated with AAV9/MECP2 or
AAV9/miniMECP2 developed severely abnormal gait or severe
hindlimb abnormalities.

No early deaths were observed among AAV9/miniMECP2-miRARE-
treated wild-type mice. Early veterinarian-requested euthanasias
among AAV9/miniMECP2-treated wild-type mice were for complica-
tions from prolapses (Fig. 5E). Finally, no tail lesions were observed
among AAV9/miniMECP2-miRARE-treated wild-type mice (0% of 21
mice). In contrast, lesions were observed in 8-17% of unregulated
AAV9/miniMECP2-treated wild-type mice (1 of 12 mice treated with
1 x 10™ vg; 2 of 12 mice treated with 1 x 10 vg). A tail lesion was
observed in 1 of 12 wild-type mice treated with 1 x 10™ vg AAVY/
MECP2.

After intracisternal administration (1 x 10 vg/mouse), PHP.B/
miniMECP2 and PHP.B/miniMECP2-miRARE extended median sur-
vival by 21 and 29%, respectively. The extension in median sur-
vival for PHP.B/miniMECP2-miRARE-treated knockout mice was
significant (P < 0.05) (Supplementary Fig. 6A). Biodistribution anal-
yses in end-of-life tissue confirmed that both vectors were dosed
equivalently in knockout mice (Supplementary Fig. 6B). To assess
regulation globally across the knockout CNS, we quantified nor-
malized miniMECP2 cDNA expression in the brain and spinal cord.
MiRARE decreased miniMECP2 mRNA expression significantly in
the brain, cervical cord, thoracic cord, and lumbar cord of treated
knockout mice (P < 0.05) (Supplementary Fig. 6C). This is consist-
ent with the miRARE-mediated regulation of protein expression
observed in wild-type brain sections (Supplementary Fig. 4).

As a follow-up to the broad expression assessments described
before, we decided to pursue a more granular multifactorial ana-
lysis—comparing two vectors and two genotypes in parallel—of
miRARE-mediated expression. Importantly, we wanted to


https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awab182#supplementary-data
https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awab182#supplementary-data
https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awab182#supplementary-data
https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awab182#supplementary-data
https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awab182#supplementary-data
https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awab182#supplementary-data
https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awab182#supplementary-data
https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awab182#supplementary-data
https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awab182#supplementary-data
https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awab182#supplementary-data

Regulated miniMECP2 gene therapy

A —— Owgn=20
1E11 vg AAVS/miniMECP2, n=12
—— 1E12 vg AAVS/MECP2, n=10
----- 1E12 vg AAVS/miniMECPZ-miRARE, n=9

1E11 vg AAVS/MECPZ, n=12
“* 1E11 vg AAVE/miniMECP2-miRARE, n=12
™ 1E12 vg AAVI/miniMECP2, n=12

35
30 T
25 23 TOIDDERII IS
=20 o
215 e
; 10 *0 versus 1E12 vg AAVS/mini
5
0
4 8 12 16 20 24 28 32
age, weeks
B o12
§1|; *0 versus 1E12 vg AAVS/mini
oE s r versus ARL P2, A
@
® 6
o4
g 2
< 0
4 8 12 16 20 24 28 32
age, weeks
Co 490 ———=1D 2 100
3 2 2 oo 3 %
,E ;'E 50 spavaimini .E ;ESU
22 d . | Memmis AWGMIRARE 2 *AAVImini versus miRARE
#=E =L 0
2 0 5 10 15 20 25 30 35 = 0 5 10 15 20 25 30 35
E age, weeks age, weeks
—_— Oug, n=16 1E11 vg AAVI/MECP2, n=12
- 1E11 vg AMVD/miniMECP2, n=12 + 1E11 vg AAVI/miniMECPZ-miRARE, n=12
e 1E12 wg ABVI/MECP2, =6 — 1E12 wg ABVI/minIMECP2, n=8
. 1E12 vg AAVS/miniMECPZ-miRARE, n=3
100 A A A LA A Ak LA LA LAAAL FITTTTTTITTIT]
i —
£
£ 60
» 40
= 20
0
0 5 10 15 20 25 30 35 40

age, weeks

Figure 5 AAV9/miniMECP2-miRARE is well-tolerated after intrathecal
administration in wild-type adolescents. Throughout this study, all treat-
ments were administered between 4 and 5 weeks of age. (A) AAVY/
miniMECP2-treated wild-type mice (1 x 10 vg/mouse) had significantly
lower weight than that of saline-treated wild-type mice beginning at 15
weeks of age (P < 0.05). No significant difference was observed between sa-
line- and AAVY/miniMECP2-miRARE-treated wild-type mice (1 x 10" vg/
mouse). The same legend also applies to B. (B) AAVY/MECP2- and AAVY/
miniMECP2-treated wild-type mice had a significantly higher mean aggre-
gate behavioural severity score versus that observed for saline-treated
mice (P < 0.05; at 6-30 and 7-27 weeks of age, respectively). AAVY/
miniMECP2-miRARE-treated wild-type mice had a significantly lower
mean aggregate severity score versus those of AAVY/MECP2- and AAVY/
miniMECP2-treated mice at most time points from 11-19 and 9-20 weeks
of age, respectively. No significant difference was observed between saline-
and AAV9/miniMECP2-miRARE-treated wild-type mice (1 x 10 vg/
mouse). (C) Most wild-type mice treated with AAV9/miniMECP2-miRARE
did not develop severe clasping abnormalities (severe clasping for n = 2/9
mice). (D) Wild-type mice treated with AAV9/miniMECP2-miRARE did not
develop severe gait abnormalities (n = 0/9 mice). (C and D) Severe abnormal
gait and severe clasping are each scored as a 2 on a scale of 0-2.% All vec-
tors were administered at 1 x 10 vg/mouse. Mice that were euthanized
early before developing severe gait or clasping scores (E) were excluded
from data in C and D. (C and D) *P < 0.05 using Gehan-Breslow-Wilcoxon
test, which can be used to evaluate significance for Kaplan-Meier plots. A
one-way ANOVA of mean age of onset for D is not encouraged, as there are
no time points listed here at which AAV9/miniMECP2-miRARE-treated
wild-type mice develop severe gait abnormalities. (E) No early deaths have
been observed for AAV9/miniMECP2-miRARE-treated wild-type mice.
MiIRARE groups are offset for clarity. Diamonds indicate veterinarian-
requested euthanasias for bullying-related injuries (saline-treated) and for
prolapses (AAV9/miniMECP2-treated). Prolapses were observed in 8-17% of
AAV9Y/miniMECP2-treated wild-type mice (1 x 10" to 1 x 10" vg, respect-
ively). Four AAVY/MECP2-treated mice were dissected at 8 weeks of age
and were therefore excluded from the survival plot. The survival data for
saline-treated wild-type mice also appears in Fig. 6D and Supplementary
Fig. 9, as these mice were evaluated in parallel. (A and B) For simplicity
only statistical differences between saline- and high-dose-treated wild-
type mice were analysed. Data are means + SEM. *P < 0.05.
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maximize spatial data. We suspected that a more rigorous im-
munofluorescence survey would permit identification of miRARE-
mediated genotype-dependent regulation, even if that regulation
were restricted to specific subregions within the brain. Because
such a discovery would have huge translational value, we decided
to conduct this analysis in tissue sections from wild-type and
knockout mice treated with AAV9 vectors instead of PHP.B vectors
(PHP.B is useful for proof-of-concept studies). We treated wild-type
and knockout mice with 1 x 3102 vg/mouse of either regulated or
unregulated vector (injected intrathecally). We imaged expression
3 weeks post-injection in multiple brain regions (hippocampus,
pons, midbrain and medulla), as well as the spinal cord (cervical
cord, thoracic cord and lumbar cord). In the spinal cord and me-
dulla, miRARE-mediated regulation was robust across both geno-
types (Fig. 6A and B). In the pons and midbrain, however, miRARE
appeared to inhibit mean expression in a genotype-dependent
manner, with significantly fewer myc+ cells observed in wild-type
mice versus knockout mice (P < 0.05; Fig. 6B). Because of the trans-
lational value of a putative feedback-enabled viral genome, it is
important that these early results be conveyed as transparently as
possible. Thus, we included individual mouse data in
Supplementary Fig. 7 so that the group size and the variability
across hosts is clear, with representative images shown in Fig. 6C.
In each wild-type host treated with unregulated vector, the pons
had a relatively higher percentage of myc+ cells versus that of the
medulla from the same host (P < 0.05, paired t-test;
Supplementary Fig. 7). However, most miRARE-treated wild-type
hosts did not have higher expression in the pons (versus the in-
ternal medulla control). This observation suggests that miRARE
was strongly regulating expression in wild-type pons. In contrast,
most knockout mice treated with either unregulated or regulated
vectors had a relatively higher percentage of myc+ cells in the
pons relative to the medulla (P < 0.05 for unregulated and regu-
lated vectors).

Given this initial evidence of potential genotype-dependent
regulation, we expected miRARE to couple our two main goals of
improving safety without compromising survival efficacy. Indeed,
AAVY/miniMECP2-miRARE extended knockout survival by 56% (1 x
10" vg/mouse, intrathecal; Fig. 6D). In contrast, the unregulated
miniMECP2 gene transfer failed to extend knockout survival at either
dose tested. Although there is an apparent trend for increased sur-
vival of knockout mice treated with AAVY/MECP2, this increase was
not significant (P = 0.1). It is worth noting that although there is a
strong trend towards increased survival with AAV9/MECP2, studies
in wild-type mice showed unacceptable toxicity with this vector de-
sign at this dose (Fig. 5).

No treatment affected knockout weight (Fig. 6E).

Weekly behaviour data were used to tabulate the approximate age
of onset for severely abnormal gait in knockout mice (score = 2 on
a scale of 0-2). AAV9/miniMECP2-miRARE delayed the approximate
age of onset of severely abnormal gait by 4-5 weeks (P < 0.05 ver-
sus all other groups, one-way ANOVA followed by Tukey’s post hoc
test), with a similar or lower frequency of occurrence (versus all
other knockout groups; Fig. 6F). Although this delay is statistically
significant, the number of AAV9/miniMECP2-miRARE-treated
knockout mice achieving severely abnormal gait are too few to
draw firm conclusions. Note that the knockout gait data shown in
Fig. 6F can be compared to the analogous wild-type data provided
in Kaplan-Meier and scatter plot formats (Figz 5D and
Supplementary Fig. 8, respectively).
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Figure 6 AAV9/miniMECP2-miRARE extends the survival of knockout mice despite regulation. (A) Percentage of myc+ cells is shown for cervical cord
(CC), thoracic cord (TC) and lumbar cord (LC). MiRARE provided robust regulation across host genotypes. n = 3-5 mice per group. (B) Percentage of myc +
cells is shown. MiRARE significantly decreased expression in the pons and midbrain of AAV9/miniMECP2-miRARE-treated wild-type mice. P < 0.05 ver-
sus all other groups. The same legend applies for A and B. (C) Representative pons images. Scale bars = 20 ym. (D) Median survivals for saline- and AAV9/
miniMECP2-miRARE-treated knockout mice are 9.6 and 15.0 weeks (P < 0.02). Compare to lower doses shown in Supplementary Fig. 9. Diamonds indicate
veterinarian-requested euthanasias, which were primarily for severe tail lesions or tail self-amputations. (E) None of the treatments affected knockout
weight. Any trends in increased weight for virus-treated knockout mice (versus saline-treated knockout mice) are insignificant because few mice are
alive at later time points. n per group in E: wild-type, 0 vg (20); knockout, 0 vg (18); knockout, 1 x 10" vg AAV9/MECP2 (12); knockout, 1 x 10" vg AAVY/
miniMECP2 (12); and knockout, 1 x 10%? vg AAV9/miniMECP2-miRARE (12). (D and E) The same wild-type control data appear in Fig. 5 as these mice were
treated in parallel. (F) The frequency of achieving severe gait (score = 2) among saline-, AAVY/MECP2-, AAV9/miniMECP2- and AAV9/miniMECP2-
miRARE-treated mice were 28%, 50%, 33% and 17%. Each mouse was administered 1 x 10%? vg. Black bars indicate the mean age of onset for severe clasp-
ing. Each data-point represents one mouse. Treatment groups are colour-coded as shown in D and E. The fraction of mice (subset versus entire group) is
listed for each treatment group. AAV9/miniMECP2-miRARE-treated mice developing severe gait (n = 2 of 12) did so 4-5 weeks after other groups.
Although this delay is significantly different, the number of data-points are too few to draw firm conclusions. Figure 5D and F show the same type of
data. In general, Kaplan-Meier plots are the clearest way to visually communicate age-of-onset data (Fig. 5D), but these plots lend themselves to the as-
sumption that all mice retaining normal gait live for the entire time period specified on the x-axis. This is true for wild-type mice (Fig. 5D) but not for
knockout mice (F). Importantly, few AAV9/miniMECP2-miRARE-treated knockout mice developed severe gait, despite having an extended survival. For a
graphical comparison, see Supplementary Fig. 8 for wild-type scatter plot data (also presented in Fig. 5D). (A, B and E) Data are mean + SEM.
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Tail lesions were observed across all treatment groups, including
saline-treated knockout mice. The frequency of lesions among
knockout mice treated with saline was 11% (2/18). The frequency
of lesions among mice treated with 1 x 10" vg of AAV9/MECP2,
AAV9/miniMECP2 and AAV9/miniMECP2-miRARE were 25% (3/12),
42% (5/12) and 17% (2/12), respectively. The frequency of lesions
among knockout mice treated with 1 x 10" vg of AAV9/MECP2,
AAV9/miniMECP2 and AAV9/miniMECP2-miRARE were 33% (4/12),
25% (3/12) and 17% (2/12), respectively. The inverse relationship be-
tween frequency of lesions and dose for AAV9/miniMECP2-treated
knockout mice may be an artefact of early death. The respective
median survivals for knockout mice treated with 1 x 10" or 1 x
10 vg AAVY/miniMECP2 are 104 and 9.6 weeks, respectively
(Fig. 6D and Supplementary Fig. 9). It is worth noting that Luoni
et al.® showed that tail lesions in virus-treated knockout mice may
be caused by an immune response to exogenous MECP2, which
would not necessarily be influenced by miRARE.?

Discussion

This study is the first to quantify the dose-dependent side effects
of unregulated AAV9/miniMECP2 in wild-type mice (Figs 1 and 5).
These side effects recapitulate those previously observed for
AAV9/MECP2 and therefore warranted further improvements to
the viral genome.”

We developed a new target panel design strategy to create a
regulated miniMECP2 viral genome featuring an ‘miRARE’ miRNA
target panel. The intention was to use endogenous MECP2-respon-
sive miRNAs to downregulate the miniMECP2 transgene in the
event of MECP2 overexpression. Essentially, we wanted to create a
safety valve to block transgene overexpression in any transduced
cell. MiRARE meets the following criteria: (i) most of the targets are
predicted to bind putative MECP2-responsive miRNAs; (ii) each tar-
get appears among 7-11 endogenous human 3’ UTRs from a cura-
ted list of dose-sensitive genes mediating intellectual disability
(and may therefore be useful for other dose-sensitive CNS gene
therapy applications); and (iii) the targets are predicted to bind
miRNAs that have been shown to be expressed in human CNS tis-
sue across developmental stages.’” Considering the abundance of
many of these miRNA binding sites in endogenous 3’ UTRs, one
might question why endogenous miRNA targets fail to prevent du-
plication syndromes in humans. We might speculate that en-
dogenous miRNA targets may exert protective effects, and that the
absence of those miRNA targets would make duplication syn-
dromes more severe. However, this hypothesis is challenging to
directly test and is beyond the scope of this study. By extension,
one could then ask how inclusion of these miRNA targets in a vec-
tor genome could exert a stronger effect to protect against MECP2
(or miniMECP2) transgene overexpression. Ultimately, our strategy
created a regulated viral genome that improved safety without
compromising efficacy (versus that of the unregulated control vec-
tor) in two different treatment models. However, we acknowledge
that the mechanistic underpinnings of this success are not fully
elucidated. Conceptually, it may be possible for our selected
miRNA targets to function more efficiently within the context of a
small viral genome-encoded miniMECP2 mRNA versus that of a
larger endogenous MECP2 mRNA, simply because smaller mRNAs
in general are less resistant to RNAi (see Agarwal et al.>?).

The construction of miRARE was motivated by the desire to cre-
ate a negative feedback loop to control MECP2 expression. Our im-
munofluorescence data comparing expression between wild-type
and knockout mice suggests that we have achieved a feedback
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loop (Fig. 6 and Supplementary Fig. 7). However, our observations
need to be validated in future studies using an orthogonal ap-
proach. For example, one could administer the same dose intra-
thecally to mosaic females that are heterozygous-null for MECP2-
EGFP and then quantify the percentage of myc+ cells in MECP2-
EGFP + and null cells within the pons and midbrain. The decrease
in the percentage of myc+ pons and midbrain cells in AAVY/
miniMECP2-miRARE-treated wild-type mice (versus AAVY/
miniMECP2-miRARE-treated  knockout mice and AAVY/
miniMECP2-treated wild-type mice) is striking and may direct
researchers towards meaningful efficacy readouts that are more
granular and objective than the Bird scoring method.>* For ex-
ample, the relatively high expression in knockout pons (versus
wild-type pons) may direct researchers to analyse respiratory pat-
terns via whole-body plethysmography.”*

Other mechanism studies that may be helpful include elucidat-
ing miRARE function in neurons versus glia. However, these stud-
ies will face challenges. First, miRARE-RDH1pA features 10 miRNA
targets (six for miRARE; four for RDH1pA) that may mediate differ-
ent regulatory effects (constitutive and/or conditional) across dif-
ferent cell types.*® Second, there is no guarantee that positive cell
culture-based documentation of negative feedback loops (such as
the MECP2-miR-132 loop documented by Klein et al.®?) will always
be reproduced in the CNS in vivo. Third, physiologically meaningful
changes in MECP2-responsive miRNAs within specific cell types
(in vivo) may not be easily detected in RNA extracted from discrete,
dissectable brain regions. Finally, literature describing miRNAs
expressed in neuronal or glial cell types may not be informative
for predicting miRARE function across cell types.®*** Whereas pub-
lished studies provide baseline cell-type specific miRNA profiles,
our primary screen was designed to identify miRNAs that may be
upregulated (at the tissue level) in a gene therapy overdose model.

Despite the currently limited mechanistic insights for miRARE,
it is important to note that the design strategy for miRARE seeks to
address limitations of conventional approaches for regulating
transgene expression within the context of CNS gene therapies.
Published approaches for regulating expression include strategies
to impart cell-type specificity (e.g. neuronal promoters), eliminate
peripheral expression (e.g. miR-122 target panels to constitutively
inhibit hepatic expression), destabilize mRNA (in a manner that is
not responsive to total MECP2 levels) and destabilize exogenous
protein (e.g. fused degron domains).”?*?>%>% These published
approaches, however, do not intend to cap exogenous protein ex-
pression levels in CNS cells receiving hundreds of vector genome
copies versus those of CNS cells receiving few genome copies.
Moreover, conventional regulatory approaches are not intended to
control expression in response to MECP2 mosaicism, in which
transduced cells express either wild-type endogenous MECP2 or
mutant MECP2. This variability in vector copy number and en-
dogenous wild-type MECP2 expression across transduced cells cre-
ates a need for true feedback-enabled regulation of MECP2. At the
organismal level, such a feedback loop should maintain efficacy
while improving safety. Ultimately, miRARE has thus far demon-
strated promising expression data suggestive of a true feedback
regulatory loop, and attenuates overexpression-related side effects
in wild-type mice without compromising efficacy in knockout
mice.

The knockout survival extension mediated by regulated
miniMECP2 gene transfer (intrathecally) in knockout mice is mod-
est compared to those published for neonatal gene transfer (within
the context of intracerebrospinal fluid gene transfer mediated by
AAV9).*”°” However, neonatal administration is not translational-
ly relevant for Rett syndrome. Furthermore, published treatment
paradigms mediating greater survival extensions in treated ado-
lescent mice have limitations: (i) the viral genome cannot fully
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package based on predicted size®; and (ii) the selected capsid does
not translate.’ Importantly, the modest AAV9/miniMECP2-
miRARE-mediated extension in knockout survival was achieved
while overcoming the primary barrier to successful MECP2 gene
therapy: attenuating side effects in wild-type mice without com-
promising efficacy (versus that of an unregulated vector) in knock-
out mice at a translationally relevant age using a capsid that can
be used in humans. Since AAV9/miniMECP2-miRARE did not reach
an unacceptably toxic threshold, we speculate that improved vec-
tor technology permitting more efficient CNS gene transfer could
improve the efficacy of this genome design while still maintaining
safe regulation of MECP2 levels.

In future studies, it will be insightful to evaluate the relative
performance of AAV9/miniMECP2-miRARE and control vectors (e.g.
unregulated vectors or other published vectors) in MECP2-express-
ing Rett syndrome mouse models for two reasons: (i) it is unclear
whether any given MECP2 vector will always achieve the same tox-
icity threshold across Rett syndrome mouse models; and (ii) en-
dogenous MECP2-expressing mouse models may eliminate the
bulk of the immune response recently shown to cause tail lesions
in MECP2 virus-treated knockout mice.’ During the course of their
study, Luoni et al.” showed that tail lesions in virus-treated knock-
out mice may be caused by an immune response to exogenous
MECP2. Our data also show an increased frequency of tail lesions
among virus-treated knockout mice. We hypothesize that the low
frequency of lesions observed in virus-treated wild-type mice (ver-
sus virus-treated knockout mice) may indicate a greatly attenu-
ated immune response; the tail lesions in saline-treated knockout
mice may have alternative mechanistic explanations (e.g. perhaps
an aggressive biting or grooming behaviour that is independent of
an immune response). Notably, other laboratories have previously
observed skin sores or tail lesions in untreated mouse models of
Rett syndrome.’®® Although daily injectable cyclosporine A has
been shown to reduce an immune response in virus-treated
knockout mice,” we do not expect this immunosuppressant to re-
solve the dose-dependent behavioural abnormalities observed in
virus-treated wild-type mice, as these mice already express en-
dogenous MECP2 (Fig. 5). Furthermore, the effect on any potential
immune response on quality of life is currently unclear, as Gadalla
et al.* have previously shown that a first-generation MECP2 vector
yielded similar behaviour and survival results across both knock-
out and T158M MECP2-expressing Rett syndrome mice.
Importantly, miRARE has improved both safety and efficacy of
intrathecal miniMECP2 gene transfer (in wild-type and knockout
mice, respectively) without requiring a secondary intervention
(Figs 5 and 6). Because the miRARE vector was well-tolerated in
wild-type mice, we expect the vector to be well-tolerated in allele-
specific Rett syndrome models. Overall, miRARE greatly attenu-
ated these wild-type behavioural side effects while improving
knockout survival in our lumbar intrathecal treatment model.

MiRARE may have practical use beyond Rett syndrome. It was
designed using a combination of empirical data gathered from
MECP2 overexpression studies, but also integrated knowledge
gained from the analysis of several developmentally regulated,
dose-sensitive genes. Thus, we recognize the possibility that
miRARE could be used to provide feedback regulation of other
dose-sensitive genes in the context of gene transfer, including
genes beyond those analysed in the creation of miRARE. The de-
sign strategy of miRARE is of further significance because the tar-
get panel design strategy described herein is built on molecular
data from an intentional overdose. Ultimately, risk-driven viral
genome modification presents the field of gene therapy with a
unique advantage that dose-dependent transgene-related side
effects could be resolved within the encoded therapeutic product.

S. E. Sinnett et al.

Furthermore, it may be possible for researchers to adapt our risk-
driven design strategy to apply miRNA-mediated feedback regula-
tion to other groups of phenotypically related disorders.

Finally, we would like to acknowledge an unpublished call-to-ac-
tion that concluded a recent cross-sector research conference for
Rett syndrome: the Rett syndrome community should push the de-
velopment of an MECP2 gene therapy that permits widespread but
tightly regulated expression (Sarah Sinnett, summary of personal
communication from general meeting discussion).'® In light of clear-
ly documented dose-dependent side effects for MECP2, and now un-
regulated miniMECP2, gene therapy,” it is important that Rett
syndrome gene therapy trials move forward with great caution. We
hope this study addresses widespread expectations for safer preclin-
ical Rett syndrome gene therapy, and encourages researchers and
clinicians to advocate for rigorous, transparent safety testing.
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