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Gene therapy for Rett syndrome
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Rett syndrome (RTT) is a severe neurodevelopmental disorder, primar-
ily affecting girls and usually caused by heterozygous loss-of-function
mutations in the X-linked gene, methyl-CpG-binding protein
2 (MECP2),*? encoding an epigenetic reader, MeCP2. Importantly,
while loss of MeCP2 function causes RTT, locus duplication also cau-
ses a severe neurodevelopmental disorder, MECP2 duplication syn-
drome (MDS),® suggesting MeCP2 is a “Goldilocks” protein—one that
requires a “just-right” activity level.*

Excitingly, re-expression of MeCP2 in mouse models reversed
phenotypes, both in hemizygous mutant males® and heterozygous
females,®” giving hope for development of therapies for RTT in peo-
ple. Several groups explored conventional gene therapy approaches in
hemizygous male mice that harbored loss-of-function alleles
(reviewed in Ref. 8); and these were broadly effective in restoring nor-
mal phenotypes (although there was concern of liver toxicity with viral
strategies). Importantly, most of this work did not explore preclinical
efficacy and safety in heterozygous female animals (except for Refs.
9,10), a key shortfall since with heterozygous X-linked disorders,
females are cellular mosaics because of random X-chromosome inacti-
vation.** Thus, heterozygous MECP2 mutant females are a somatic
mixture of cells\expressing either wild-type MECP2 or the inactive
mutant®?; and for females, conventional gene therapy that restores
MeCP2 levels in mutant-expressing cells could cause overexpression
wild-type expressing cells, causing MDS. In addition, although most
mouse models express an MECP2 allele with complete loss-of-func-
tion, many people with RTT have alleles of MECP2 with only a partial
loss-of-function,® putting them at risk for complications from MECP2
overexpression.

In this issue of Genes, Brain, and Behavior, two manuscripts'®14
refine RTT mouse models by introducing hypomorphic MECP2 alleles,

doing so in male and female mice. The models harbor either R294X, a

truncation and common, disease-causing hypomorphic allele of
MECP2,'31> or R133C, a missense mutation that alters MeCP2 DNA
binding.** In male mice hemizygous for either allele, gene restoration
with wild-type MECP2 rescued the loss-of-function phenotype and
absence-of-overexpression phenotype (similar to rescue in null male
mice). In heterozygous female mice, RTT-like phenotypes were also
rescued by adding a wild-type copy of MECP2; however, MECP2 over-
expression phenotypes were detected in motor coordination
tasks'31 (like observed previously%), anxiety assessments, and asso-
ciative learning.!* Importantly, Vermudez et al. detected none of these
problems in similar genetic-rescue experiments in heterozygous
female null mice, showing hypomorphic alleles caused susceptibility to
overexpression phenotypes.

Overall, both manuscripts assert that RTT gene therapy must be
approached with caution. Broadly, restoring MeCP2 function can
reverse key disease features, even for hypomorphic alleles. Neverthe-
less, concerns remain, since RTT patients are commonly MECP2 hypo-
morphs, and so at risk for developing MDS overexpression
phenotypes.® Recent promising work provided gene therapy vectors
with auto-regulatory elements that “sense” MeCP2 function, allowing
the cell to tune expression of exogenous MECP2.*” This technology
could overcome many hurdles, yet it is still important to evaluate par-
tial loss-of-function alleles in female mouse models; and testing for
behavioral abnormalities associated with MeCP2 overexpression is a
must. Most previous work only focused on evaluating RTT-like behav-
iors in preclinical gene therapy studies, oftentimes only assessing the

“Bird-score”,® a visual assessment of RTT-like features. As shown in

Collins et al.,*®

mice overexpressing MeCP2 are not abnormal in this
assessment, making evaluation of motor coordination and associative
learning a critical safety evaluation. Overall, this work has broad impli-

cations for genes that cause neurodevelopmental disorders with bi-
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directional dosage sensitivity, that is, causing disease from either loss
or gain of function. Any gene therapy strategy must consider how
gene replacement might manifest in patients with partial loss-of-
function alleles.

DATA AVAILABILITY STATEMENT
Data sharing is not applicable to this article as no new data were cre-

ated or analyzed in this study.

ORCID

Alexander G. Bassuk " https://orcid.org/0000-0002-4067-2157

REFERENCES

1. Neul JL, Fang P, Barrish J, et al. Specific mutations in methyl-CpG-
binding protein 2 confer different severity in Rett syndrome. Neurol-
ogy. 2008;70(16):1313-1321. https://doi.org/10.1212/01.wnl.00002
91011.54508.aa.

2. Neul JL, Kaufmann WE, Glaze DG, et al. Rett syndrome: revised diag-
nostic criteria and nomenclature. Ann Neurol. 2010;68(6):944-950.
https://doi.org/10.1002/ana.22124.

3. del Gaudio D, Fang P, Scaglia F, et al. Increased MECP2 gene copy
number as the result of genomic duplication in neurodevelopmentally
delayed males. Genet Med. 2006;8(12):784-792. https://doi.org/10.
1097/01.gim.0000250502.28516.3c.

4. Chao HT, Zoghbi HY. MeCP2: only 100% will do. Nat Neurosci. 2012;
15(2):176-177. https://doi.org/10.1038/nn.3027.

5. Guy J, Gan J, Selfridge J, Cobb S, Bird A. Reversal of neurological
defects in a mouse model of Rett syndrome. Science. 2007;8:8.

6. Lang M, Wither RG, Colic S, et al. Rescue of behavioral and EEG defi-
cits in male and female Mecp2-deficient mice by delayed Mecp2 gene
reactivation. Hum Mol Genet. 2014;23(2):303-318. https://doi.org/10.
1093/hmg/ddt421.

7. Katz DM, Berger-Sweeney JE, Eubanks JH, et al. Preclinical research
in Rett syndrome: setting the foundation for translational success. Dis
Model Mech. 2012;5(6):733-745. https://doi.org/10.1242/dmm.
011007.

8. Sinnett SE, Gray SJ. Recent endeavors in MECP2 gene transfer for
gene therapy of Rett syndrome. Discov Med. 2017;24(132):153-159.

10.

11.

12.

13.

14.

15.

16.

17.

Garg SK, Lioy DT, Cheval H, et al. Systemic delivery of MeCP2 res-
cues behavioral and cellular deficits in female mouse models of Rett
syndrome. J Neurosci. 2013;33(34):13612-13620. https://doi.org/10.
1523/JNEUROSCI.1854-13.2013.

Matagne V, Borloz E, Ehinger Y, Saidi L, Villard L, Roux JC. Severe
offtarget effects following intravenous delivery of AAV9-MECP2 in a
female mouse model of Rett syndrome. Neurobiol Dis. 2021;149:
105235. https://doi.org/10.1016/j.nbd.2020.105235.

Augui S, Nora EP, Heard E. Regulation of X-chromosome inactivation
by the X-inactivation Centre. Nat Rev Genet. 2011;12(6):429-442.
https://doi.org/10.1038/nrg2987.

Braunschweig D, Simcox T, Samaco RC, LaSalle JM. X-chromosome
inactivation ratios affect wild-type MeCP2 expression within mosaic
Rett syndrome and Mecp2—/+ mouse brain. Hum Mol Genet. 2004;
13(12):1275-1286.

Collins BE, Merritt JK, Erickson KR, Neul JL. Safety and efficacy of
genetic MECP2 supplementation in the R294X mouse model of Rett
syndrome. Genes Brain Behav. 2021;e12739. https://doi.org/10.
1111/gbb.12739.

Vermudez SAD, Gogliotti RG, Arthur B, et al. Profiling beneficial and
potential adverse effects of MeCP2 overexpression in a hypomorphic
Rett syndrome mouse model. Genes Brain Behav. 2022;21(1):12752.
https://doi.org/10.1111/gbb.12752.

Merritt JK, Collins BE, Erickson KR, Dong H, Neul JL. Pharmacological
readthrough of R294X Mecp2 in a novel mouse model of Rett syn-
drome. Hum Mol Genet. 2020;29:2461-2470. https://doi.org/10.
1093/hmg/ddaal02.

Pitcher MR, Herrera JA, Buffington SA, et al. Rett syndrome like phe-
notypes in the R255X Mecp2 mutant mouse are rescued by MECP2
transgene. Hum Mol Genet. 2015;24(9):2662-2672. https://doi.org/
10.1093/hmg/ddv030.

Sinnett SE, Boyle E, Lyons C, Gray SJ. Engineered microRNA-based
regulatory element permits safe high-dose miniMECP2 gene therapy
in Rett mice. Brain. 2021. https://doi.org/10.1093/brain/awab182.

How to cite this article: Bassuk AG. Gene therapy for Rett
syndrome. Genes, Brain and Behavior. 2022;21(1):e12754.
https://doi.org/10.1111/gbb.12754



https://orcid.org/0000-0002-4067-2157
https://orcid.org/0000-0002-4067-2157
https://doi.org/10.1212/01.wnl.0000291011.54508.aa
https://doi.org/10.1212/01.wnl.0000291011.54508.aa
https://doi.org/10.1002/ana.22124
https://doi.org/10.1097/01.gim.0000250502.28516.3c
https://doi.org/10.1097/01.gim.0000250502.28516.3c
https://doi.org/10.1038/nn.3027
https://doi.org/10.1093/hmg/ddt421
https://doi.org/10.1093/hmg/ddt421
https://doi.org/10.1242/dmm.011007
https://doi.org/10.1242/dmm.011007
https://doi.org/10.1523/JNEUROSCI.1854-13.2013
https://doi.org/10.1523/JNEUROSCI.1854-13.2013
https://doi.org/10.1016/j.nbd.2020.105235
https://doi.org/10.1038/nrg2987
https://doi.org/10.1111/gbb.12739
https://doi.org/10.1111/gbb.12739
https://doi.org/10.1111/gbb.12752
https://doi.org/10.1093/hmg/ddaa102
https://doi.org/10.1093/hmg/ddaa102
https://doi.org/10.1093/hmg/ddv030
https://doi.org/10.1093/hmg/ddv030
https://doi.org/10.1093/brain/awab182
https://doi.org/10.1111/gbb.12754

	Gene therapy for Rett syndrome
	Outline placeholder
	DATA AVAILABILITY STATEMENT

	REFERENCES


