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Genetic disorders, specifically genetic neurodegenerative disorders, affect the quality of life for many individuals. One example of
such diseases is Rett Syndrome, a rare neurodegenerative disorder primarily affecting females and caused by a mutation in the
MeCP2 gene, which is essential for proper neuronal function. Affected individuals appear normal at birth but soon after start to
regress rapidly. Previously, studies have attempted to treat this disease with drugs to subside symptoms, but there is no actual cure.
Recent advancements in gene editing technology show great promise for the future of Rett Syndrome and other genetic diseases.
This paper will review the potential of new gene editing technologies in the context of Rett Syndrome, discussing the scientific
progress made in research and the ethics of its use in humans for disease treatment.

Introduction

Background of the Disease:

Rett Syndrome is an X-linked genetic neurological disorder,
meaning that the Rett Syndrome disease is caused by a mu-
tation of a sequence on one of the X-chromosomes. This se-
quence encodes for a protein called Methyl-CpG binding protein
(MeCP2)1, which is essential for proper neuronal function. Rett
Syndrome is predominantly found in females, affecting 7.1 out
of every 100,000 female births2. Rett Syndrome patients experi-
ence a wide array of debilitating symptoms, including seizures,
loss of motor skills, speech issues, and respiratory dysfunction.

Due to the seriousness of the disease, many have attempted
to develop treatments for struggling patients.

Female Predisposition:

In females with two copies of the X-chromosome, due to
X-inactivation, where each cell randomly chooses an X-
chromosome to silence3, the working copy of the MeCP2 se-
quence is sometimes used. In contrast, in other cells the mutated
sequence is expressed. This results in a deficiency of function-
ing MeCP2 protein, which is why Rett Syndrome is predomi-
nantly found in females. As males only have one copy of the
X-chromosome, any mutation in the MeCP2 sequence results in
a complete absence of a functional protein, making the disease
much more consequential for them4.

Existing Forms of Treatment:

Rett Syndrome has few treatments besides gene therapy to re-
store the mutated protein or drugs to help attenuate symptoms4.

On March 10, 2023, the drug Trofinetide was FDA-approved as
the first treatment for Rett Syndrome5. Trofinetide works by pro-
moting the growth of the neuronal dendritic tree and improving
neuronal plasticity, alleviating symptoms6. Trofinetide is a syn-
thetic analog of glycine-proline-glutamate (GPE), a tripeptide
that is naturally produced in the brain through the breakdown
of insulin-like growth factor 1 (IGF-1). Caregivers reported
improvements in engagement (46.2%), hand use (42.3%), and
eye gaze (30.8%). Other medications that provide supportive
care like antiseizure, antianxiety, anti-reflux medications may
be used7. Gene therapy has also been used in research to ob-
serve the efficacy of restoring proper MeCP2 protein. However,
gene therapy poses the risk of overexpression of the MeCP2
protein, leading to disease8, and while drugs alleviate symp-
toms4, drugs are not a permanent treatment. It is important to
note that drug treatments do not treat the underlying cause of the
disease, rather, focusing on improving the quality of life for Rett
syndrome individuals. The expansion of genetic technologies
could drastically impact this disease, as gene editing methods
may finally provide a long-term solution for people with the
disease. This is because they encode for edits that should re-
store the proper function of the MeCP2 protein, meaning the
treatments directly target the cause of the disease and are thus
more permanent solutions.

Genetics Background:

To understand the genetic technologies used in the studies that
will be discussed in this paper, one must have some fundamental
knowledge of genetics, such as the differences between DNA
and RNA, how the genome creates proteins, and the inheritance
pattern in which the Rett Syndrome disease discussed is passed
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down.
DNA is located in the nucleus, and to create proteins, the

genetic sequence must go through two steps: transcription and
translation (see Figure 1). DNA can code for proteins through
its genetic sequence, which is determined by the order of its
nucleotides: adenine, thymine, cytosine, and guanine. First,
transcription occurs, where RNA polymerase uses one side of
the DNA strand as a template to create RNA9. The RNA poly-
merase creates a strand of RNA complementary to the original
DNA strand. The resulting RNA chain (mRNA) leaves the nu-
cleus and meets a ribosome, a protein that converts RNA to
proteins. Reading the RNA in nucleotide groups of three, the ri-
bosome creates an amino acid strand10. That amino acid strand
then folds to create a protein. Different proteins are responsi-
ble for their own functions, which determine cellular function
overall10.

Inheritance patterns are also essential to understanding the
mechanics and causes of Rett Syndrome and the reasoning for
various treatment methods. Rett Syndrome has a specific in-
heritance pattern known as an X-linked single-gene disease4.
X-linked single-gene diseases are caused by single-gene muta-
tions located on the X-chromosome. Because a specific inher-
itance pattern is linked to an X-chromosome, which is a sex
chromosome, an individual’s sex determines their inheritance of
a sex-linked single-gene disease.

Biological females possess two X-chromosomes, so they in-
herit one X-chromosome from their biological mother and one
from their biological father11. Biological males, on the other
hand, have one X-chromosome and one Y-chromosome. Bio-
logical males receive their X-chromosome from their biological
mother and their Y-chromosome from their biological father
(see Figure 1). In the case of Rett Syndrome, the inheritance
pattern for the affected gene is sex-linked dominant, meaning
the presence of a mutant copy of the gene, even if biological
females have a normal copy, will still result in Rett Syndrome.
Thus, in the case of males with no other X-chromosome, having
a copy of the mutant gene will result in a meager survival rate4.

Prevalent Gene Editing Methods:

CRISPR-Cas9 Gene Editing:

One of the most prominent methods used for treating genetic
diseases is Clustered Regularly Interspaced Short Palindromic
Repeats (CRISPR)-Cas9, a highly specific editing system
derived from bacterial immune systems11. CRISPR consists of
a guide RNA that leads the protein to the correct sequence, and
a Cas9 protein that creates specific double-strand breaks in the
DNA12. The body’s natural repair mechanisms will then repair
the double-stranded break. In some situations, the repair system
will utilize a pathway that results in multiple insertions or
deletions on the genome, causing a gene to shut off, also known

as nonhomologous end joining (NHEJ)11. Less commonly,
more precise repair mechanisms will be used, where a template
can be provided alongside the genome editor to replace the
mutation with the correct sequence. This pathway is called
homology-directed repair, or HDR11. In the case of a dominant
genetic disorder13, where a mutation in a single allele can cause
the disease, the disease-causing gene needs to be knocked out
entirely for the disease to disappear. Gene knockout can be
achieved using CRISPR-Cas9 and the NHEJ pathway11.

Epigenetic Editing:

Other ways to impact gene expression exist, including
technologies that do not create a double-stranded break in
the genome. Epigenetic editing, or DNA methylation editing,
involves the addition or the removal of a methyl group
using proteins14. The way the methyl group is bound to the
DNA and in which section controls the expression of said
genetic sequence14. This method does not directly change the
nucleotides or the DNA sequence, but rather, what portion of
the DNA is being expressed. In other words, epigenetic editing
controls what parts of the genomic sequence are being used to
create proteins, as the expression of proteins is what determines
cellular function.

RNA Editing:

Additionally, RNA editing, or the alteration of nucleotides
subsequent to transcription, is a final method that poses a means
of treatment for diseases caused by single-point mutations15.
RNA editing does not directly edit the genome that is duplicated
for all cellular functions. Instead, only the area that is mutated
and is producing a mutated protein is being edited. The specific
RNA editing discussed is a point edit of adenosine to inosine.
This corrects the Rett-causing mutation, guanosine to adenosine.
Inosine is read as guanosine during translation into a protein,
correcting the mutation that exists in the parent DNA. This paper
outlines the processes of the gene editing technologies, DNA
methylation, RNA editing, and CRISPR-Cas9 in preclinical Rett
syndrome studies, specifically focusing on the potential of said
technologies to address the Rett-causing mutation of the MeCP2
gene, also focusing on the safety, accessibility, and other ethical
considerations for their transition to patient care.

Study 1: Multiplex epigenome editing of MECP2
to rescue Rett Syndrome neurons:

The study conducted in the paper, “Multiplex epigenome edit-
ing of MeCP2 to rescue Rett Syndrome neurons” by J. Qian,
et. al attempts to explore the depths that epigenetic modifi-
cation, also known as DNA methylation, can reach regarding
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Fig. 1 The Process of Protein Synthesis & the Dif erence Between
Biological Male and Female Sex Chromosomes. Fig.1A: Protein
synthesis happens in two steps: transcription and translation.
Transcription happens in the nucleus, where the cell’s DNA is
transcribed into a complementary RNA strand using RNA polymerase.
This messenger RNA (mRNA) then leaves the nucleus, binding to a
ribosome and initiating translation. During translation, the ribosome
reads the mRNA in nucleotide groups of three, attaching an amino acid
for each group. These long chain amino acids may then fold to become
a protein. Fig.1B. Biological females possess two X-chromosomes
(one from their biological mother and one from their biological father).
Biological males inherit one X-chromosome (from their mother) and
one Y-chromosome (from their father). Created in
https://BioRender.com

treatment for Rett Syndrome16. The study aimed to see the
effects of epigenome editing on the area containing the mutation
that causes Rett Syndrome. If successful epigenome editing
could be achieved, the resulting pathway of the mutation would
change. Then neuronal phenotypic changes may arise, allevi-
ating Rett-like symptoms. If Rett Syndrome symptoms could
be alleviated successfully, then epigenome editing may be a
permanent solution for Rett Syndrome patients.

The study targeted the MeCP2 gene on the inactive X chro-
mosome (Xi), which possessed a working copy of the MeCP2
sequence. The researchers used demethylation editing, a form of
chemical genetic editing where a methyl group is removed from
a molecule14. Using this method, researchers edited the MeCP2
gene in order to restore production of the missing MeCP2 pro-
tein. The study used the treatment on both wild-type neurons,
as a control, and RTT, or Rett Syndrome, neurons. An overview
of the process of demethylation done in the study is shown in
Figure 2.

The epigenome editing tools consisted of a catalytically dead
CRISPR-Cas9 protein (dCas9-Tet), demethylation enzymes, and
single-guide RNAs (sgRNA). The sgRNA guides the genome
editing tools to the mutated sequence, the inactive CRISPR-Cas9
protein allows for binding to the intended sequence without
cutting, and the demethylation enzymes allow for the removal of
a methyl group, which could alter gene expression. Ten different
sgRNAs were designed to lead the CRISPR-Cas9 protein to the
promoter region of MeCP2. The different sgRNAs and dCas9-
Tet were delivered into human embryonic stem cells, and results
showed that methylation percentages were reduced to about
7% from baseline levels between 30-50%. Thus, the desired
demethylation was achieved.

To address the possible off-target effects, researchers ana-
lyzed the genome to see where additional DNA methylation
was occurring. The highest enrichment occurred at the MeCP2
region, with little demethylation occurring at unintended sites,
showing that the sgRNAs resulted in specific editing. As few
undesired edits occurred and the treatment usually reached the
MeCP2 sequence, the DNA methylation editing used was rela-
tively accurate and had a low chance of mistakes.

To see the effects of the demethylation editing on the Rett
neurons, they derived Rett human embryonic stem cells, which
have a wild-type MeCP2 allele silenced. Researchers analyzed
the gene expression of the MeCP2 region, which demonstrated
that the allele had been reactivated through targeted methylation.
To understand if this restoration of gene expression could also be
shown at the protein level, researchers used Western blot tests,
which revealed the MeCP2 protein. This demonstrated that,
on a molecular level, the intervention achieved MeCP2 protein
restoration, a crucial first step to alleviating Rett Syndrome
symptoms. Next, to see if this restoration correlated with any
improvement in phenotype, the authors looked at treated neurons
that previously exhibited Rett Syndrome-like phenotypes.

Researchers then wanted to know if normal wild phenotypes
would be restored. Small soma size is a common symptom
of Rett Syndrome. To study the soma size differences, they
examined wild-type neurons, Rett neurons, and treated Rett
neurons. Using staining treatments, the researchers outlined the
neurons’ somas, allowing them to view the neuronal processes.
They found MeCP2 protein in the wild-type neurons as well as
the treated Rett neurons. The authors found that the soma size
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in treated Rett syndrome neurons was significantly increased,
using a one-way ANOVA with Bonferroni connection and a
sample size of more than 20 neurons and 2 biological replicates
for each condition. This indicates that the difference observed
between the treated and non-treated Rett syndrome neurons
was significant, as indicated by the statistical test. The edited
Rett neurons’ soma size was restored to the natural phenotype,
demonstrating the efficacy of the treatment. The authors found
that their treatment not only restored the function of the MeCP2
protein but also made a difference in the phenotypes of the
Rett neurons. Due to the successful restoration of both protein
and wild-type phenotypes, the researchers can conclude that
epigenetic editing may be a possible way to treat Rett Syndrome
and can continue research regarding DNA methylation and Rett
Syndrome.

Fig. 2 Process and Outcomes of Study #1. Study #1 used epigenetic
editing delivered via lentiviral transduction into a STEM cell that
expressed an X-chromosome with the mutated MeCP2. The epigenetic
editing treatment reached the non-mutated X-chromosome MeCP2
sequence. Through DNA methylation, they reactivated the silenced
X-chromosome, which then allowed for the production of a functional
MeCP2 protein. On a phenotypic level, the restoration of the proper
MeCP2 gene and protein allowed for the rescue of Rett neurons. Such
neurons now showed closer to wild-type phenotypes, in particular, an
increased soma size. Created in https://BioRender.com

The aim of the study “Multiplex epigenome editing of MeCP2
to rescue Rett Syndrome Neurons” was to restore proper neu-
ronal function through the removal of a methyl group at the
MeCP2 sequence. The results of this study show promise in
the ability of epigenome editing to cause a breakthrough in the
quest to treat Rett Syndrome. This goal was not only achieved
but also with lower levels of risk. One notable limitation of

this study is the fact that it was tested in human embryonic
STEM cells, whereas the Rett syndrome mutation manifests
in the mature Rett syndrome neurons of a patient. The study
delivered the epigenetic treatment into undifferentiated cells
that they then induced, which is not an accurate portrayal of the
biological systems at work in an actual patient. However, using
human embryonic stem cell-derived or induced pluripotent stem
cell-derived neurons, may model the early neurodevelopmental
stages affected by the MeCP2 mutation and can be invaluable in
research settings. In the future, this method of treatment would
likely have to be performed in mature Rett syndrome neurons or
an animal model to more closely resemble and observe how a
patient may respond to epigenetic editing in a clinical trial. In
addition, the study does check off-target effects by observing
the methylation in other regions. However, this analysis was
not incredibly comprehensive, only observing the off-target ef-
fects at 27 other sites on the genome, rather than an analysis of
genome-wide off-target effects.

Study 2: Targeted RNA editing in brainstem alle-
viates respiratory dysfunction in a mouse model
of Rett Syndrome:

The research described in the paper “Targeted RNA editing in
brainstem alleviates respiratory dysfunction in a mouse model
of Rett syndrome” by J. R. Sinnamon et. al successfully restored
the production of the missing MeCP2 protein through RNA edit-
ing16. Similarly to the first study discussed, this study aimed to
correct the Rett-causing mutation on the MeCP2 gene. However,
this study did not change the DNA but rather the messenger
RNA. As a result, only the gene product would be affected, low-
ering the risks of unintended edits. If restoration of the MeCP2
protein could be achieved through purely RNA editing, then
Rett Syndrome patients may have a means of treatment with
less chance of unintended consequences.

RNA editing research may be a significant step in the search
to treat Rett Syndrome. Unlike the formerly described approach,
these authors sought to edit the RNA directly for more precise
control of MeCP2 expression, as overexpression can also lead
to disease8. RNA editing is where the nucleotides are altered
after transcription to the messenger RNA. The method used
was the swapping of adenosine to inosine, which would be read
as guanosine during translation of the MeCP2 protein. This
specific nucleotide change is applicable to a MeCP2 mutation
in which Rett Syndrome is caused by guanosine to adenosine
single point mutation: the mutation exhibited by the mice in the
study. However, the RNA editing method as a whole applies
to Rett Syndrome cases caused by single nucleotide changes.
Furthermore, point mutations constitute the majority of Rett
Syndrome mutations, at 65%17.

An adeno-associated virus expressing both a catalytic ADAR2
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domain and a MeCP2 sgRNA was inserted into the hippocam-
pus of their mouse models (see Figure 3). Results showed that
three different populations of neurons in the hippocampus had
efficient repair of the MeCP2 RNA. To see if their RNA editing
could work on nonsense mutations in addition to missense, they
used the same treatment in a mouse model expressing the equiv-
alent mutation to the human causing mutation, MeCP2W104X .
The mouse equivalent is a mutation called MeCP2G311A which
results in an abnormally short MeCP2 protein lacking binding
and repressor domains. The process used during experimenta-
tion is shown in Figure 3.

As a control, researchers also inserted a catalytic domain with
a green fluorescent protein (GFP) sgRNA as a control. The
MeCP2 targeting treatment had a 76% editing efficiency com-
pared to the control. The test used for this was a two-tailed
Student’s t-test. To maximize chances of on-target editing, they
added three copies of a nuclear localization signal, a short pep-
tide which directs the treatment to the nucleus18. In analysis,
researchers saw the presence of MeCP2 protein was restored
in the mice treated with the MeCP2 targeting treatment. This
demonstrated that the previously mutated MeCP2 sequence was
corrected, allowing for functioning MeCP2 protein to be pro-
duced. This is an essential step in treating Rett Syndrome, as the
Rett Syndrome phenotypes are caused by the abnormal MeCP2
protein.

To see the effects of the treatment on a phenotypic level rather
than just a cellular level, researchers analyzed the effect of their
treatment on some of the symptoms of Rett Syndrome. Rett,
treated Rett, and wild-type mice were all compared after the
treatments. Using a Kaplan-Meier survival analysis, they ob-
served the survival rate of treated Rett mice in comparison to
untreated and wild-type mice. Rett Syndrome mice tended to
live only 11 to 12 weeks, but after treatment, mice lived to
16 weeks, and sometimes even longer. The researchers also
analyzed the change in respiratory function for treated Rett syn-
drome mice using a Kruskal–Wallis Test and Dunn’s multiple
comparisons test. As for the breathing abnormalities, Rett mice
had high apneic frequencies and prolonged breathing pauses
for longer than one second, but after treatment, the apneic fre-
quency significantly decreased. As the lifespan was prolonged
and the apneic frequency decreased in treated Rett syndrome
mice, the researchers could conclude that their MeCP2 targeting
treatment alleviated Rett-like symptoms and restored wild-type
phenotypes.

Since they were able to restore MeCP2 protein function and
see a change in behavior and lifespan in the Rett Syndrome mice,
researchers can conclude that their treatments may be able to im-
prove the lifestyle of individuals with Rett Syndrome. The study
only shows the change in editing efficiency in the hippocam-
pus, while Rett Syndrome affects multiple regions of the brain.
This raises the question of whether the treatment would truly
be able to treat all problematic areas. More delivery methods

Fig. 3 Process and Outcomes of Study #2. Study #2 used RNA editing
technology delivered through an adeno-associated virus that was
injected into the hippocampus of male mouse models expressing a Rett
syndrome-causing mutation. This treatment targeted the mutated RNA
transcribed, and used adenosine to inosine point editing to correct the
mutation. On a cellular level, the edits restored the proper MeCP2
protein. The restoration of the wild-type protein also allowed for an
increase in wild-type phenotypes, such as a reduced apneic frequency,
and a prolonged survival of 16 or more weeks. Created in
https://BioRender.com

may be needed to target all these locations. Furthermore, they
only attempted to treat one specific point mutation. While this is
one Rett causing mutation, Rett Syndrome can arise from many
different kinds of mutations in the MeCP2 gene. Future studies
would likely need to focus on different Rett-causing mutations
to determine whether it is truly a promising means of treatment.
In the study discussed, the researchers only analyzed lifespan
for 28 weeks, and did not thoroughly discuss the potential long-
term effects or immune responses that come with this means of
treatment and viral delivery.

Study 3: Magnetic Nanoparticle-Assisted Non-
Viral CRISPR-Cas9 for Enhanced Genome Edit-
ing to Treat Rett Syndrome:

The research in the study “Magnetic Nanoparticle-Assisted Non-
Viral CRISPR-Cas9 for Enhanced Genome Editing to Treat Rett
Syndrome” by H. Y. Cho et. al was successfully able to correct
the mutated MeCP2 sequence and restore wild-type phenotypes
of the neurons19. The purpose of the study was to successfully
restore the function of the MeCP2 protein through CRISPR-
Cas9 editing. If achieved with little to no off-target effects due
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to the new delivery method, Rett Syndrome patients may be able
to receive CRISPR treatment without the dangers of unintended
consequences.

A Magnetic Nanoparticle-Assisted Genome (MAGE) plat-
form was used for delivery of the CRISPR-Cas9 treatment. This
MAGE platform is more accurate and efficient for the CRISPR-
Cas9 technology. MAGE uses a magnetic core-shell nanoparti-
cle delivered with magnetic force. MAGE also played a signifi-
cant role in the efficiency of the treatment. Using nanoparticles
as a delivery method in contrast to traditional viral capsules as
delivery packages is a benefit, as fewer immune responses are
triggered, and there is less risk of off-target effects, such as the
viral genome randomly inserting itself into a patient’s DNA.

To deliver the treatment, the researchers inserted the nanopar-
ticle with a Cas9 encoding sequence, sgRNA, and a donor copy
of the correct MeCP2 sequence. This platform was inserted into
patient-derived stem cells. They then induced the differentiation
of stem cells to neurons and observed the expression of the
MeCP2 protein. Results showed a 36% increase in the expres-
sion of MeCP2 protein in edited Rett neurons. The expression
of the correct protein demonstrated the ability of the treatment
to edit the mutated spot in the genome. To see if the restoration
of the protein made a difference on a cellular level, researchers
then observed characteristics of Rett Syndrome neurons and
wild-type neurons.

To observe the effect of the repaired MeCP2 expression on
Rett phenotypes, the researchers quantified data on four neuronal
phenotypic aspects. They observed the soma size, dendritic tree
complexity, neurite length, and number. All these characteris-
tics are significantly lower and less complex in Rett Syndrome
neurons. However, when treated Rett neurons were analyzed,
researchers found that soma size was increased by 22.8% and
was closer to wild-type sizes. Additionally, Rett neurons had a
dendritic tree morphology similar to that of wild-type neurons.
Upon examining the neurites, researchers found that treated Rett
neurons had a 76.2% increase in neurite length compared to Rett
neurons, and the neurite number also increased by 16.7%. The
researchers used a t-test analysis, with p values less than 0.5
considered as statistically significant. Due to the significant in-
crease in numbers, the researchers concluded that their treatment
was making a difference in the phenotypes of Rett Syndrome
neurons. While the researchers were able to increase MeCP2
expression by 36%, this is still a very modest number. Would
this increase truly be able to make a significant impact on the
behavioral phenotypes of Rett syndrome individuals? The study
also only focuses on STEM cells that are then differentiated
into neurons. This does not accurately depict the phenotypes
of a human with Rett syndrome. Future studies would need to
perform this same method in an organism with a more complex
system, such as mice. This would help determine whether the
treatment would actually be applicable to humans.

Because researchers saw that their treatment successfully

Fig. 4 Process and Outcomes of Study #3. Study #3 used
CRISPR-Cas9 gene editing delivered inside a magnetic core-shell
nanoparticle. This nanoparticle was inserted into a donor STEM cell
that expressed a Rett syndrome mutation. The CRISPR-Cas9 treatment
targeted and removed the mutated part of the MeCP2 sequence. It then
replaced this with a donor copy of the correct MeCP2 sequence. The
STEM cell was induced into a neuron to then be observed. The edits
increased the functional MeCP2 protein production by 36%, and on a
phenotypic level, the neuron was much closer in characteristics to a
wild-type neuron. Soma size increased by 22.8%, dendrites showed an
increased complexity, neurite length increased by 76.2%, and neurite
number increased. Created in https://BioRender.com

restored MeCP2 protein and wild-type neuron phenotypes, they
could infer that CRISPR-Cas9 editing has the ability to correct
the mutated MeCP2 sequence successfully. In addition, by
observing the improved accuracy and efficiency due to their new
delivery package, MAGE, they can conclude that MAGE may
be an efficient means of delivery for future genetic treatments.
An overview of all three studies can be seen in Figure 5. This
figure demonstrates the different gene editing processes and
their corresponding outcomes, allowing for comparison of their
varying capabilities.

Discussion:

While the gene editing methods discussed may be a significant
step in treating Rett Syndrome patients, there are still various
factors that patients and their families must consider. Gene edit-
ing technologies have substantially progressed since the early
2000s20, but there are still many risks associated with each in-
dividual treatment. Furthermore, gene editing treatments are
extremely costly, and for such a rare disease as Rett Syndrome,
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Fig. 5 Delivery Processes, Genetic Treatments, and Phenotypic
Changes from All Three Studies. Figure #5 shows an overview of the
delivery processes, genetic treatments, and phenotypic ef ects from the
treatments in all three studies. All of them targeted some kind of
mutation in the MeCP2 sequence that caused Rett syndrome. Study #1
was an epigenetic (demethylation) treatment delivered through
lentiviral transduction that resulted in an increased soma size closer to
that of a wild-type neuron. Study #2 was an RNA editing (adenosine to
inosine) treatment delivered via an adeno-associated virus, resulting in
alleviated respiratory dysfunction and the prolonged lifespan of treated
Rett syndrome mice. Study #3 was a CRISPR-Cas9 editing treatment
delivered inside a magnetic core-shell nanoparticle, resulting in
neurons closer to wild-type neurons. Characteristics that were restored
included an increased soma size, increased dendrite complexity,
increased neurite length, and larger neurite numbers. Created in
https://BioRender.com

the problem of equity of access becomes a larger concern. Ad-
ditionally, future generations of Rett Syndrome patients will
be affected if they do any type of gene editing treatment, and
the concern regarding the impact is significant. These pros
and cons of gene editing, along with ethical considerations, are
characterized in Figure 6.

Medical Concerns & Benefits:

Gene editing treatments pose many concerns about safety for
Rett Syndrome patients, especially the risk of off-target effects.
There is always an unknown risk associated with gene editing,
as off-target effects could result in unintended harm to the pa-
tient21. In the case of CRISPR-Cas9, the double stranded break
that the treatment induces can lead to numerous mutations11.
While Study #3 addresses the likelihood of off-target effects
by delivering the CRISPR-Cas9 treatment via a magnetic core-

shell nanoparticle rather than in vivo methods; it does little to
address the concern of double-stranded break-induced muta-
tions in the genome. They analyzed off-target effects caused
by a high concentration of Cas9 in the cell, but concluded from
the gene cleavage detection (GCD) assay that little off-target
effects occurred after homology directed repair (HDR). Ulti-
mately, however, they do little to minimize off target effects.
Consequences of double-stranded break mutations can be more
dangerous than the original disease, with outcomes including
cell death, large base deletions, chromosomal disorganization,
and the possibility of tumors22. In the case of RNA editing
treatments, cons include the struggle of getting the treatment
to the nucleus, which is where the mRNA is created, getting
the gRNA to fit correctly inside the delivery package, and the
concern about the catalytic domain inappropriately interacting
with other cellular molecules15. Its transience can also pose
an issue, as continuous treatment may not be sustainable for
patients. Study #2 fails to address the delivery and logistical
challenges that come with RNA editing, merely analyzing the
efficacy of the treatment in a single point mutation. Additionally,
epigenetics poses the risk of off-target silencing23 and has been
associated with cancer24. The ability of DNA methylation to si-
lence important alleles is a large concern, as the mechanisms of
how to deliver DNA methylation enzymes to the correct site are
still being researched. For many Rett patients, these long-term
side effects may feel more detrimental than the disease itself.
In addition, epigenetic editing has been shown to be unstable
over time. Study #1 fails to analyze the stability of the treatment
over time, only looking at short-term effects of the treatment
on MeCP2 production and neuronal phenotypes. The debate
remains about whether the risks of detrimental side-effects are
more precarious than everyday living with the Rett Syndrome
disease. Any treatment on the human body, especially regarding
the brain, the center of function, poses immense risk on critical
function and cognitive ability. This is a case that requires deep
consideration for Rett Syndrome patients and their families.

In addition, delivery methods for these different gene editing
treatments pose a large concern regarding the safety of Rett
Syndrome patients. Treatments for neurological diseases like
Rett Syndrome must cross the blood-brain barrier (BBB), which
restricts the flow of plasma proteins, water soluble molecules,
and leukocytes from an individual’s blood to their central ner-
vous system (CNS)25. Various viral and non-viral methods have
been used to do this. Certain types of adeno-associated viruses,
such as those with the myelin basic protein (MBP) promoter
have a high efficiency at crossing the BBB, and they have a high
specificity. However, factors like the BBB limit gene therapeu-
tics from efficiently reaching the CNS, such as in the case of
lentiviral transduction. In contrast, the nonviral delivery method,
MAGE, discussed in Study #3 aims to avoid immune responses
and other risks associated with the viral methods previously
discussed. The magnetic-nanoparticle delivery of the MAGE
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platform allows it to achieve a high multi-plasmid delivery of
99.3%19, which may be a promising delivery method in the
future of gene editing.

On the other hand, as shown in the studies above, research
is constantly done to improve the safety and the efficacy of
these Rett Syndrome treatments. Furthermore, many of the gene
editing treatments discussed earlier have characteristics that
remain very beneficial for Rett Syndrome patients. CRISPR-
Cas9 has the benefit of high specificity due to its molecular
scissors, the Cas9 endonuclease, and its guide RNA, which
allows it to identify the precise location to which a cut must
be made26. This is extremely important for Rett Syndrome,
since treatments will only endeavor to edit mutated sequences.
CRISPR-Cas9 is also much easier to use than historical gene
editing tools11, which could make CRISPR treatments more
accessible. This treatment can be translated to many types of
genetic diseases. CRISPR also is able to edit multiple genes
simultaneously27, which could be useful for Rett Syndrome
cases in which the disease is caused by mutations in multiple
genes or areas. DNA methylation editing does not directly
edit the DNA, and instead controls gene expression14. In this
way, DNA methylation editing decreases the risk of causing
mutations. This is a simple yet significant detail, as safety could
be a considerable concern of patients suffering from genetic
diseases. DNA methylation treatment could likely be applied to
various Rett-causing mutations, due to the fact that it is merely
expressing the functional gene, rather than trying to correct the
mutated one. RNA editing also offers benefits, such as how it
poses less risk of dangerous off-target effects because it alters
messenger RNA rather than the DNA that codes for all cellular
functions28. Thus, if unintended edits were to be introduced to
the RNA, they would likely not be permanent, as RNA quickly
degrades after use28. This would be extremely beneficial to
Rett Syndrome patients, as it would enable effective editing,
while reducing their chances of long-term consequences that
could result in hindrances to neuronal function. This may be a
more popular choice among Rett Syndrome patients due to its
transience. As shown in the study above16, RNA editing works
through point editing, and therefore may only be able to correct
Rett Syndrome patients that possess the disease because of
single point mutations. Even despite the benefits of a temporary
treatment, it leads to the question of whether Rett patients will
want to spend money on a treatment that does not completely
eliminate their mutation. A comprehensive table of all 3 studies
can be seen in Figure 7.

Social Concerns:

Rett Syndrome treatments lead to a concern regarding equity of
access and treatment prices. Rett Syndrome is an extremely rare
disease, and due to the already expensive costs of gene editing
technologies, treatments will be nowhere near cheap. Equity

of access is a significant concern, as many of these methods
can be expensive and require much research21. For patients liv-
ing in countries where technologies to produce Rett Syndrome
treatments are underdeveloped, it leads to the concern about
how many patients will actually be helped by these technologies.
Furthermore, costs as a whole for treatment will be enormous,
and many Rett Syndrome families will have a hard time afford-
ing the treatment. A gene editing and therapy program entitled
Bluebird Bio focuses on treating specific genetic diseases, yet
each costs millions of dollars29. Furthermore, the cost of one
treatment of gene therapy for Muscular Dystrophy at Sarepta
Therapeutics is $3.2 million30. For even rarer genetic diseases,
one can only imagine the price increase31. Rett Syndrome is
one such rare disease, meaning that these prices will likely sky-
rocket. Even though current prices of gene editing treatments
such as CRISPR-Cas9 are high32, they may become more ac-
cessible as it becomes easier to manufacture. Manufacturing
costs currently account for a large portion of the overall cost of
a genetic treatment33, but, likely, gene-editing treatments will
remain exorbitantly expensive even as these costs go down, as
the amount of resources needed to conduct initial experiments
and clinical trials which can cost upwards of $1943 million34

will need to be recuperated. Current data shows that gene editing
treatments are highly encumbering, and with the unique nature
of the Rett Syndrome disease, prices for treatments could likely
be too much for families to handle. Furthermore, treatments
will begin at clinical trials as they have only been tested on
animal models thus far. This means that families will likely
have to spend millions of dollars on a merely experimental treat-
ment. Again, this poses the concern of whether treatments are
worth their prices. These concerns are all listed in Figure 6a.
In addition, given that many Rett Syndrome possess cognitive
impairments, this gives rise to the concern of informed consent
to such new and potentially negative treatments35.

Public Opinion:

Rett Syndrome patients may also not be open-minded towards
genetic treatments, due to the concern of changing their natural
composition? . Patients must decide how they would like to
cope with their symptoms: to eliminate them completely with
gene editing treatments, or to take a more “natural” pathway
and rely on symptom-easing drugs. However, the argument may
be made that humans have been changing the natural course
of nature for centuries, one instance being selective breeding.
Furthermore, by making the decision to have a gene editing
treatment, Rett Syndrome patients will also be making decisions
for their descendents. With the chance of reproduction, gene
editing may also impact future generations21. Additionally,
current views towards gene editing show a grim acceptance
of gene editing treatments. This could reflect on the values
that individuals with Rett Syndrome, as well as their families,
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have towards a treatment that alters their genetic makeup. A
considerable amount of the public is still hesitant to accept gene
therapy, with a survey done in 2022 reporting that only 49% of
Americans said they would be open to gene editing to reduce
disease risk? .

Final Assessment:

All in all, there are many things that Rett Syndrome patients must
consider when seeking out gene editing treatments. However,
in contrast to existing treatments, gene editing treatments seem
to reach the root of the disease effectively. Existing drug treat-
ments such as Trofinetide merely alleviate symptoms, whereas
the methods discussed all target the problematic gene, therefore
eliminating symptoms altogether. Furthermore, as discussed in
the introduction, gene therapies lead to the risk of overexpres-
sion of certain proteins, in this case MeCP2, which can lead to
other neurological issues. In the case of CRISPR, the treatment
is able to edit the problematic gene rather than adding another
gene that may cause transcriptional errors. This therefore, is
also likely more effective than drug treatments because it elimi-
nates the symptom-causing gene. As for epigenetic editing, the
activation of the already existing gene reduces risk of off-target
effects, in contrast to gene therapy, which introduces foreign
genes to the body. Similarly, to CRISPR, it also addresses the
root cause of the issue, allowing for direct improvement of symp-
toms. Finally, with RNA editing, there are less off-target effects
than gene therapy due to the transience of the treatment, and it
directly addresses the gene, therefore being more impactful on
symptoms than drug treatments. These technologies pose a lot
of benefits in comparison to existing treatments. For RNA and
epigenetic editing, there are currently no approved uses of them
in clinical trials. Technically, these treatments are very complex
and therefore the barrier to entry into the clinic is high. The re-
search in the studies discussed are very preliminary, being done
in simple cell models and mice. One thing that may be done to
continue the research for gene editing in Rett Syndrome is to
use larger animal models who more closely resemble humans.
Even now, CRISPR-Cas9 treatments for sickle-cell anemia have
just been approved, so there is currently still a lack of imple-
mentation regarding gene editing treatments. Perhaps trials in
primates should be the next step so that researchers may be
able to see how humans would react to these treatments, and
identify issues before clinical trials. There have been current
clinical trials using gene editing technologies like CRISPR to
treat various genetic diseases, one being successful treatment
of sickle-cell anemia? . One thing is for certain: more research
must be done if gene editing is to be used for disease treatment,
and with those advancements in knowledge, more solutions to
ethical concerns may be revealed.

Fig. 6 Ethical Considerations & Pros and Cons of Each Gene Editing
Method. Fig.6A outlines the major ethical considerations for gene
editing treatments on Rett syndrome patients. The equity of access,
cost-ef ectiveness, impact on future generations, alteration of natural
composition, and of -target ef ects due to Rett syndrome genetic
treatments are listed above. Fig.6B lists the major pros and cons of
each treatment discussed for treating Rett syndrome. Pros of
epigenetic editing include that it will not cause of -target mutations, as
it only controls the expression of genes rather than the sequence of said
genes. Cons include that could cause of -target silencing, especially in
essential alleles, and has been associated with cancer. RNA editing has
the pros of posing less risk for of -target ef ects due to the fact that it
only targets RNA, and that it only directly targets the problem-causing
RNA sequence and nothing more. Cons include that it is dif icult to get
the treatment into the nucleus, it is dif icult to fit a single-guide RNA
that allows for precise delivery into the delivery package, that the
catalytic domain may interact inappropriately with other cellular
molecules, and that the treatment is not permanent. CRISPR-Cas9
editing has the pros of having high specificity, being easier to use than
many other gene editing technologies, and being able to edit multiple
genes simultaneously. Some cons include that the CRISPR-Cas9
treatment induces a double stranded break that introduces risk for cell
death, large base deletions, chromosomal disorganization, and a
possibility for tumor growth. Created in https://BioRender.com

Methods

The National Library of Medicine/PubMed and the Google
Scholars search engine were used to search for articles used
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Fig. 7 Comprehensive Table of All 3 Methods. Study 1 does not
explicitly edit the DNA and can be applicable to a plethora of
Rett-causing mutations. Study 2 avoids mutating the DNA that
performs all cellular function and it’s transience has the advantage of
flexibility. Study 3 has high delivering ef iciency and accuracy, and can
be used to treat many Rett-causing mutations. Created in
https://BioRender.com

for this literature review. Key words such as “genetics, Rett
Syndrome, gene editing treatment, trials” were used to obtain
articles regarding gene editing treatments for the Rett Syndrome
disease.

To find sources used for the discussion section, key words
such as “ethics, gene editing, and pros/cons” were entered into
various search engines. Each paper’s references were individu-
ally reviewed to check the credibility of old papers cited. Papers
with publication dates older than the 1990s were not used. The
oldest paper referenced was from 1992.

The reason for this choice of filtration was because gene
editing treatments have only substantially progressed since the
2000s. Homologous recombination, zinc-finger nucleases, TAL-
ENs, and CRISPR all emerged in the early to late 2000s.

The reason for papers used earlier than 2000 was to provide
context in the area of ethical considerations. After evaluation
for various gene editing methods reported in the literature, the
decision was made to focus on the technologies of epigenetic
editing, RNA editing, and CRISPR-Cas9 editing. These three
technologies were selected on the basis of efficacy during trials.
For each technology, one paper was selected, resulting in three
studies being spotlighted in this review.
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