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"Bu kitapta yer alan boliimlerde kullanilan kaynaklarin, goriislerin,
bulgularin, sonuglarin, tablo, sekil, resim ve her tiirlii icerigin
sorumlulugu yazar veya yazarlarina ait olup ulusal ve uluslararast
telif haklarina konu olabilecek mali ve hukuki sorumluluk da
yazarlara aittir."



CURRENT GENOMIC APPROACHES IN THE
DIAGNOSIS OF RARE DISEASES

Serap KURT?

1. INTRODUCTION

Rare diseases impact millions globally, imposing
significant burdens on individuals, their families, and healthcare
systems (Genetics, 2023). While they may be infrequent to
individual rare diseases, most of them are genetically inherited
and show complicated, multisystemic features (Giirkan & Satkin,
t.y.). Historically, the first-line testing approach in the diagnosis
of genetic diseases, which was based solely on the target and
sequential gene analysis technique, has led to long diagnostic
journeys, the delay of the appropriate treatment, and huge
economic and emotional costs (Incerti vd., 2022). However,
recently, the progress in genomic medicine has changed the very
foundation of medical genetics and has made it possible to
diagnose genetically rarely occurring diseases by providing a
holistic and more accurate examination of the patients either at
the molecular or phenotype level (Jamalinia & Weiskirchen,
2025).

The implementation of whole-exome sequencing and
whole-genome sequencing in clinical practice has markedly
enhanced diagnostic yield, especially in people with varied or
unusual clinical manifestations (Pucel vd., 2024). Sequencing of
the genomes has, in short, yielded a considerable number of
molecular diagnoses especially when trios that is to say the child
and the parents loevel data were used and a phenotypic weighted
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variant prioritization approach was employed together.
Furthermore, advancements in bioinformatics have led to the
introduction of new toolkits for evaluating the significance of
genetic variants, such as those endorsed by the American College
of Medical Genetics and Genomics, resulting in genomic findings
that are both dependable and clinically applicable (Bagger vd.,
2024; Behera vd., 2025).

The diagnostic field has progressively transformed with
the advent of systematic reanalysis, the capability of identifying
structural and copy number variants at a deeper level, and the
fades into the multi-omics data being more and more systematic.
All in all, these changes have resulted in a higher diagnostic rate
and have gone beyond that, they have deepened our
comprehension of the underlying mechanisms (Brancato vd.,
2025; Molla & Bitew, 2024). In fact, genomic discoveries not
only promote better medical treatment, genetic prognosis, and
counseling but they also pave the way to personalized healthcare
models. Keeping up with the latest in genomic medicine entails
that one has a good grasp of the genomics technologies and their
clinical uses, which, in turn, is crucial for driving up diagnostic
efficiency in rare diseases (Khan vd., 2025).

2. RARE DISEASES AND DIAGNOSTIC
CHALLENGES

Whilst contributions of individual rare illnesses may be
less in number, collectively they are a major challenge in the
public health sector as they are estimated to affect 6-8% of the
global population (Chung vd., 2022). Most of these diseases are
genetically determined and have their onset during the early years
of life; still, there are cases of late-onset diseases (Oancea vd.,
2025). Many times, the diagnosis is challenging due to the clinical
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heterogeneity, the overlapping of phenotypes, and the variable
expression of the disease. As a consequence, a lot of patients
continue searching for a diagnosis for a long time, during which
they are examined by several specialists and a myriad of tests are
done but yet no molecular diagnosis is given (Curic vd., 2023;
Visibelli vd., 2023).

The main difficulty with rare disease diagnosis is one of
the most prominent medical hurdles which is the trouble with the
traditional methods of diagnosis. Testing strategies that rely on
the identification of the phenotype, single-gene analysis, and
targeted panels may be insufficient when it comes to fully
understanding the genetic basis of rare diseases, especially in
situations where there is extensive locus heterogeneity or new
disease genes. What is more, unusual presentations, reduced
penetrance as well as variable expressivity may also make
genotype-phenotype correlation unclear, thus resulting in missed
or late diagnoses. These issues are mainly hard to overcome in the
case of pediatric and patients with multisystemic diseases
(Alsentzer vd., 2025; Vinksel vd., 2021).

In addition to clinical uncertainty, which is one of the
main problems, late diagnosis leads to negative repercussions that
affect not only the patients but also their families. Without a clear
genetic diagnosis, the treatment that is most appropriate may be
withheld, the patients might not have access to the specific
therapies that would be more beneficial to them, and on top of
that, genetic counseling might become even more complicated in
terms of recurrence risks as well as family planning (Parikh vd.,
2023). Under this condition, the urgency for more comprehensive
and at the same time unbiased diagnostic methods has become
more and more outstanding. The innovations in genome
technologies have proven to be the right reply to these issues by
offering the possibility of withholding the diagnostic odyssey
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and, further, improving the quality of life of people with rare
genetic diseases (Blesson & Cohen, 2020).

3. WHOLE-EXOME AND WHOLE-GENOME
SEQUENCING IN RARE DISEASE DIAGNOSIS

By the clinical launch of whole-exome sequencing
(WEYS), the identification of rare genetic diseases has reached a
new height. WES allows the measurement of thousands of genes
associated with diseases in parallel. In fact, compared with
conventional single-gene or targeted panel methods, WES offers
a more comprehensive and unbiased approach, especially in the
case of genetically highly heterogeneous disorders. In everyday
clinical practice, WES is particularly helpful for patients with
non-typical phenotypes, symptoms overlapping different
diseases, or inconclusive previous tests, thus, it greatly raises the
chances of a molecular diagnosis (Lai vd., 2024; Nguyen &
Charlebois, 2015).

Driven by the achievement of exome-based methods,
whole-genome sequencing (WGS) has gone even further in
expanding the diagnostic potential of clinical genomics. WGS, by
providing consistent coverage of coding as well as non-coding
regions, enables the identification of DNA changes that might not
be detected by WES, e.g., deep intronic DNA changes, regulatory
DNA regions, and some structural DNA changes (Brlek vd.,
2024). More and more data indicating the capability of WGS to
increase diagnostic yield in highly specific patient groups, mainly
in those cases, which have not been solved by exome sequencing.
WGS is slowly becoming a more affordable option in clinical
genetic diagnostics as sequencing costs go lower and analytical
pipelines get better (Dillon vd., 2018; Ellingford vd., 2016).

Research Assistant, PhD. Manisa Celal Bayar University, Faculty of Medicine,
Department of Medical Genetics, serap.kurt@cbu.edu.tr ORCID: 0000-0002-0186-
7541.



mailto:serap.kurt@cbu.edu.tr

Both WES and WGS, besides their proven advantages,
have been accompanied by important challenges, interpretative
ones as well as practical ones. It is still a hard puzzle to interpret
variants, thus, it is necessary to have a very detailed clinical
phenotyping to be able to connect it with genomic data. In
addition, problems related to incidental findings, data
interpretation overload, and infrastructure requirements have to
be solved in order to assure a responsible clinical implementation
(Brancato vd., 2025; J. K. Tan vd., 2024). However, if they are
used in a multidisciplinary environment that combines clinical
skills, bioinformatics, and standardized interpretation guides,
then exome- and genome-based strategies can be regarded as the
main instruments in the contemporary diagnosis of rare diseases.

4. TRIO-BASED SEQUENCING AND
PHENOTYPE-DRIVEN VARIANT INTERPRETATION

Sequencing strategies designed for trios, where the
affected individual is sequenced along with both parents, have
turned into a key element of rare disease diagnosis. By providing
the possibility to study inheritance patterns, trio analysis makes it
easier to detect de novo variants, identify compound
heterozygous changes and understand recessive disease
mechanisms which, without the parental DNA, would have been
difficult to discern (Kaschta vd., 2025; Malmgren vd., 2025). In
clinical practice, trio-based methods have been a constant
successful leading system in unveiling results especially when it
comes to children cases and patients exhibiting severe and/or
early-onset phenotypes.

Accurate identification of variants along with the detailed
clinical presentation is as crucial as the sequencing method itself.
Standardized phenotype vocabularies, e.g., Human Phenotype
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Ontology, largely facilitated the connection between the
phenomic and genomic data (Shefchek vd., 2025). Phenotype-led
variant searching programs are enabling medical professions as
well as laboratory experts to weed the candidate variants out in
the most time-effective way, thereby, making labor interpretation
much less time-consuming and boosting diagnostic confidence.
Such a holistic method dictates the detoxification resulting from
the interaction between clinicians, genetic counselors, and
bioinformaticians (Jacobsen vd., 2022).

Communicating genetic information is one of the areas
that have witnessed transformations due to trio-based sequencing
apart from its technical merits. Lab results which have patterns of
inheritance clearly displayed by trio sequencing enable doctors to
be more certain in their interpretation of the findings and further
assist in the process of genetic counseling by making the
communication with the patients and their families more
appropriate (Schroeder vd., 2023). Most times, the isolation of a
de novo or inherited pathogenic variant provides diagnostic
clarity and, at the same time, may turn out as the source of
emotional comfort for the family through the end of their long-
standing uncertainty. From a medical point of view, the
knowledge obtained as a result of thorough investigation is
pivotal in strategic planning and acts as a guide in the further steps
to be taken, also in helping the patient's consent to the diagnosis
and in aligning them with expected realistic outcomes. Therefore,
instead of analytical tools, the working of trio-based sequencing
along with phenotype-driven interpretation reflects the hallmarks
of personalized genomic-medicine-of-the-rare-diseases-care
(Burke vd., 2022; Narbona-Arias vd., 2025).

5. REANALYSIS STRATEGIES AND IMPROVING
DIAGNOSTIC YIELD

Research Assistant, PhD. Manisa Celal Bayar University, Faculty of Medicine,
Department of Medical Genetics, serap.kurt@cbu.edu.tr ORCID: 0000-0002-0186-
7541.



mailto:serap.kurt@cbu.edu.tr

Patients with rare diseases who initially undergo genomic
testing may still end up without diagnoses, despite the use of
advanced sequencing technologies (Cipriani vd., 2025; Sciascia
vd., 2023). On the contrary, a growing collection of research
shows that genomic data are not fixed and that over time their
reinterpretation can bring significant diagnostic results.
Reanalysis strategies based on continuous progressions in gene-
disease knowledge, enhanced variant databases, and updated
bioinformatics tools, help uncover the previously unrecognized
variants by re-evaluating them in the new clinical and scientific
context (Setty vd., 2022).

Each year, new genes responsible for diseases are
identified, variant classification criteria get updated, and we
understand better the non-coding and regulatory regions all of
which can help in cases that initially tested negative. Besides that,
reanalysis makes the most substantial impact when it is also
combined with updated clinical information because an evolving
phenotype sometimes may show the features that were not
obvious at the time of initial testing (Hiatt vd., 2018). Importantly,
reanalysis is most effective when combined with updated clinical
information, as evolving phenotypes may reveal features that
were not apparent at the time of initial testing (Schobers vd.,
2022). It is this continuous interaction of genomic information
and extended clinical observation that implies the diagnosis
should be considered as an unfolding journey and not a single
outcome.

In doing reanalysis, it is of importance for a facility to
have the necessary infrastructure and also to keep the
communication with patients and families open about the
possibility of diagnostic updates at a later date. Continuous
engagement with unresolved cases thus reanalysis not only
increases diagnostic yield but also, when embedded in everyday
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clinical workflows, strategies genomic medicine gain the trust of
the patients. As a result, reanalysis is a vehicle which links the
exponentially increasing genomic knowledge to real-world
patient care in rare disease settings (Iwuajoku vd., 2025).

6. CLINICAL IMPACT AND FUTURE
PERSPECTIVES

The consequences of using genomic methods to obtain a
molecular diagnosis go far beyond confirmation of the diagnosis.
For many individuals with rare diseases, a definitive genetic
diagnosis directly influences clinical management, informs
prognosis, and enables access to targeted therapies or clinical
trials. Genomic diagnoses are equally crucial since they clarify
genetic counseling and help make well-informed decisions about
recurrence risk and family planning. In this context, the value of
genomic testing lies not only in technological capability but in its
tangible impact on patient care (Katsanis & Katsanis, 2013). In
the future, it is anticipated that the use of complementary
techniques, including as transcriptomics, epigenomics, and
functional validation studies, would increase the role of genomics
in the diagnosis of rare diseases (Soden vd., 2012; J. W. Tan vd.,
2024). Diagnostic accuracy is expected to be substantially
enhanced by developments in long-read sequencing, better
identification of complicated structural variations, and growing
usage of artificial intelligence-assisted interpretation tools. To
turn these advancements into clinical benefits, however,
interdisciplinary cooperation between physicians, lab experts,
bioinformaticians, and genetic counselors will continue to be
crucial (Begum vd., 2021; Khan vd., 2025)
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It will be crucial to keep a patient-centered viewpoint as
genomic medicine develops. The future of rare disease treatment
will be shaped by striking a balance between technical
advancement, ethical responsibility, transparent communication,
and fair access to diagnostic services. Medical genetics is well-
positioned to continue enhancing the quality of life and diagnostic
results for people with uncommon genetic illnesses by embracing
current genomic methods while being flexible to new
developments.
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CRISPR-BASED EPIGENETIC
MODULATION: MECHANISMS, STRATEGIES,
AND THERAPEUTIC APPLICATIONS

Tugce Yasar Kiigiik!

1. INTRODUCTION

Epigenetics plays a key role in determining cell identity
and function. It regulates gene expression without causing
permanent changes to the DNA sequence. Cells carry out gene
expression in a specific way depending on the time and tissue.
They use methods such as DNA methylation, histone
modifications, nucleosome positioning, and three-dimensional
chromatin structure (Bird, 2022). The flexibility of the epigenome
helps organisms respond to environmental signals during
development, deal with stress, and create various types of
functional cells. However, when these regulatory mechanisms are
disrupted, it can lead to various health issues, including cancer,
neurodegenerative disorders, metabolic syndrome, congenital
malformations, immune problems, and psychiatric disorders
(Allis & Jenuwein, 2016). Although the CRISPR-Cas9 system
was first introduced as a tool to edit genomes by cutting target
DNA sequences, it has quickly developed into a powerful
platform for epigenome engineering. The creation of the
catalytically inactive Cas9 protein, or dCas9, allows scientists to
reprogram specific regions without cutting the genome. When
dCas9 is combined with various epigenetic regulators—such as
methyltransferase, demethylase, histone acetyltransferase, and
repressor domains—it can suppress, activate, or reprogram target
gene loci (Hilton et al., 2015). CRISPR-based epigenetic
regulation is gaining attention as a method that maintains genome
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integrity. It is reversible, safer, and offers therapeutic effects that
are closer to natural expression profiles (Liu et al., 2023). In this
section, the latest information on the application of CRISPR
technology in epigenetic reprogramming will be thoroughly
discussed, including molecular mechanisms, epigenetic
regulation systems, clinical application, delivery systems,
benefits and drawbacks, and future prospects.

2. ADAPTATION OF CRISPR TECHNOLOGY TO
EPIGENETIC APPLICATIONS
2.1. dCas9 Platform: Catalytically Inactive Cas9

The mechanism of CRISPR epigenome editing begins
with "dead Cas9" (dCas9), which lacks the DNA cleavage
capability but preserves targeting to a specific DNA sequence.
dCas9 is derived from mutations in the HNH and RuvC domains,
which correspond to the two nuclease domains in Cas9. dCas9
targets a specific loci through a guide RNA sequence without
generating a double-strand break (Qi et al., 2013). Therefore,
dCas9 functions as a delivery protein for targeting epigenetic
regulation enzymes to a given site.

2.2. dCas9 Fusion Systems

The dCas9 system can be combined with different
epigenetic modifications to have varying functions:

e DNA methyltransferase (DNMT3A/DNMT3L)
fusions: suppress specific promoter areas by
methylating them (Vojta et al., 2016).

e TET demethylases fusions. Enable activation of
genes through removal of methyl groups from
DNA.

e Histone acetyltransferase (p300) fusions: Induce
chromatin to adopt an open state and thus
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stimulate transcription activation (Hilton et al.,
2015).

o KRAB repressor domain: Encourages
heterochromatin formation, thereby decreasing
target gene expression.

e VP64, VPR, and SAM activator complexes
support strong transcription activation.

These fusion systems offer precise control at the epigenome level.
They allow for the reprogramming of single genes or whole
genomic networks.

2.3. gRNA Design Strategies and Epigenetic Targeting

In epigenetic control, gRNA guides are designed to target
areas around the promoter and enhancers and not around the cut
site, compared to traditional gene editing. Targeting areas around
the transcription start site (TSS) ensures maximum epigenetic
efficiency of both CRISPRi and CRISPRa (Gilbert et al., 2013).
In addition, multi-gRNA approaches induce strong and more
stable epigenetic effects by targeting the same gene from different
perspectives.

2.4. CRISPRiI and CRISPRa Systems

e CRISPRi (CRISPR interference): Suppressing
transcription with the dCas9-KRAB fusion.

e CRISPRa (CRISPR activation): Activating
transcription using the dCas9-VP64, dCas9-VPR,
or SAM system.

These two systems enable the regulation of target gene expression
without cutting the genome and are particularly important for
safety in therapeutic applications.
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3. CRISPR-BASED EPIGENETIC REPROGRAMMING
MECHANISMS

3.1. Modulation of DNA Methylation with CRISPR

DNA methylation is generally known to be a repressive
epigenetic mark. Methylation of promoters can be enhanced to
repress oncogenes, inflammatory genes, or metabolically active
genes through overexpression by using CRISPR-DNMT3A. It
can be reversed; for instance, reactivating silenced genes in
specific genetic disorders involves the use of dCas9-TET1
fusions to remove methylation.

3.2. Control of Histone Modifications

Histone modifications are basic control elements of
chromatin structure.

« H3K27ac is a mark of activation,
e while H3K9me3 is a marker of repression.

Although dCas9-p300 systems trigger an activation of genes by
acetylating the target region, dCas9-KRAB mediates silencing by
H3K9me3 accumulation (Hilton et al., 2015).

3.3. Regulation of Enhancer and Promoter Activity

Enhancement regions are the major regulators of tissue-
specific gene expression. Activation of the enhancer can be
enhanced by CRISPRa, and the functional inhibition of the
enhancer is performed by CRISPRI. This approach is widely used
to knock out the super-enhancer elements in cancer.

3.4. Manipulation of Long-Range Chromatin
Interactions
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CRISPR-GO and CRISPR-loops technologies aim at
regulating the three-dimensional organization of the genome.

It aims to change the contact of certain gene regions with nuclear
lamina, heterochromatin, or active regions. This gives a new
dimension to gene expression control-spatial organization.

4. THERAPEUTIC APPLICATIONS

CRISPR-based epigenetic reprogramming provides a safer and
more flexible method compared to traditional gene therapy. The
clinical areas with the greatest therapeutic potential are
summarized below.

4.1. CRISPR-Epigenetic Interventions in Cancer
Treatments

Global hypomethylation and local hypermethylation
often occur in cancer cells. Silencing oncogenes or reactivating
tumor suppressor genes is possible with CRISPR epigenetic tools.
For example, using dCas9-TET1, researchers demethylated
hypermethylated promoters and re-expressed tumor suppressor
genes (Li et al., 2020).

Additionally, silencing immune checkpoint genes like
PD-1, CTLA-4, or TIM-3 with CRISPRI boosts sensitivity to the
immune response.

4.2. Gene Expression Modulation in
Neurodegenerative Diseases

Epigenetic dysfunction plays a major role in diseases like
Alzheimer's, Parkinson's, and Huntington's.

» CRISPRa can boost the activation of neuroprotective
genes.
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» CRISPRI can lower toxic proteins or gene products that
create aggregates.

For example, lowering mutant HTT expression with
CRISPRI in Huntington's disease greatly reduced the cellular
stress response (Liu et al., 2023).

4.3. CrispR Approaches in Metabolic and Genetic
Diseases

Epigenetic regulation:
* Insulin sensitivity can be improved.
* Obesity genes can be suppressed.

» Fetal hemoglobin expression may be increased in
hemoglobinopathies.

CRISPRi-based approaches to silence BCL11A have
already demonstrated preclinical success in the context of
thalassemia and sickle cell anemia.

4.4. Epigenetic Reprogramming with CRISPR in
Immunotherapy

Applications of epigenetic CRISPR in CAR-T cell
therapies have picked pace.

* Repressing genes such as TOX, PD-1, and LAG-3 in
T cells with characteristics of exhaustion through CRISPRI,

* improving cytotoxic function genes with CRISPRa,

to induce more robust and sustained CAR-T cell immune
responses.

4.5. Use in Developmental Disorders

In the imprinting disorders Rett syndrome, Angelman
syndrome, and Prader-Willi syndrome, the restoration of the
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mutated gene alone, by overcoming the epigenetic silencing, also
results in a therapeutic effect. One promising approach in this
respect is the removal of the imprinting-induced silencing of
UBE3A via dCas9-TET1.

5. CRISPR-EPIGENETIC DELIVERY SYSTEMS
5.1. Viral Vectors

AAV, lentiviral, and adenoviral vectors are some of the most
frequently used vectors.

e AAV has the restriction of a small cargo size when using the
dCas9 system.

» The lentiviral vector is more suitable to ex vivo technologies.
5.2. Non-Viral Vectors

Lipid nanoparticles (LNP), polymeric nanoparticles, and
DNA/RNA-based delivery systems are some recent
developments. The capacity to carry mRNA-based products for
the CRISPR technology using LNPs makes them more promising
for use.

5.3. In Vivo and Ex Vivo Delivery Strategies

e Ex vivo: The cells are taken out of the body to be
modified in the lab and then returned; an example is
CAR-T.

e Invivo: CRISPR is loaded directly into the tissue of
interest, such as liver, muscle, retina, etc.

5.4. Tissue-Specific Delivery Challenges

One of the major challenges is to ensure the delivery of
epigenetic regulators to the target tissue alone. Besides, long-term
stability of epigenetic alterations remains a significant issue yet
to be resolved.
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6. ADVANTAGES, LIMITATIONS, AND SECURITY
ISSUES

6.1. Off-Target Epigenetic Effects

Although the problem of off-target genomic effects is
reduced, the fact is that epigenetic off-target risks are a
possibility. The dCas9 protein can diffuse to the wrong locus and
affect epigenetic marks.

6.2. The Genome Must Not Be Permanently Altered

The major advantage of epigenetic regulation is that it is
reversible. If the treatment is stopped, the gene expression level
usually returns to what it was before.

6.3. Immune Response Risks

Cas proteins are of bacterial origin. These proteins may
trigger an immune reaction. Problems also arise due to
immunogenicity with vectors like AAV.

6.4. Tissue Specificity and Persistence Issues

How long epigenetic modifications last depends on variables
such as the rate of cell division, the potential for regeneration of
the targeted tissue, and the half-life of dCas9.

6.5. Ethics and Regulatory Debates

Though genome editing can be skipped, there are validity
concerns about epigenetic reprogramming of germlines.

7. FUTURE PERSPECTIVES

7.1. Combined Epigenetic Modulation with Base Editing
and Prime Editing

The advent of next-generation genome editors, including both
base editing and prime editing, presents a considerable safety
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benefit over traditional CRISPR/Cas9 genome editing models
based on cutting by allowing for pinpoint changes to the DNA
code with pinpoint precision and without inducing double-strand
breaks (Komor et al., 2016; Anzalone et al., 2019). The
combination and eventual use of such models with epigenetic
controllers based on dCas9 may therefore present a two-tiered
treatment protocol which permits both correcting for genetic
mutation and repurposing for epigenetic malfunction at the same
site. In monogenetic disorders in particular, contemporaneous
correction for a pathogenic mutation and eliminative reversal for
secondarily epigenetically silenced gene regions due to disease
may present a prospect for a more authentic and fuller conversion
(Liuetal., 2023). In fact, this dual modality approach may present
substantial long-term prospects in avoiding resistance and
incomplete responsiveness.

7.2. Artificial Intelligence-Based gRNA Design

There has been growing interest in the application of artificial
intelligence (Al) and machine learning algorithms to the design
of gRNA sequences for CRISPR-based therapies. Machine
learning algorithms that are trained using large genomic datasets
can identify gRNA designs which are highly efficacious and also
lack off-target effects by analyzing simultaneously the target
sequence, the chromatin status, the epigenetic status, and the off-
target regions (Chuai et al., 2018; Wang et al., 2019). In the
context of epigenetics, this translates into a much more precise
target hit within functional regions like promoters and enhancers.
Therefore, the translational fidelity, reproducibility, and
resistance to interindividual variation of CRISPR-based
epigenetics therapeutics can be greatly enhanced. In the coming
years, it is likely that “Al-designed” gRNA panels, which are
patient-specific, would gain prominence.
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7.3. CRISPR-Epigenetics in Regenerative Medicine

The fundamental goal in regenerative medicine is to produce
functional cells or tissues that can replace damaged tissue and
safely deliver them to the patient. In this regard, CRISPR-based
epigenetic reprogramming has now forged an unparalleled
position as a means to control the differentiation programs of not
only stem cells but also somatic cells. Modulating specific
epigenetic marks on embryonic stem cells or induced pluripotent
stem cells can support more efficient and error-free
differentiation into target cell types like cardiomyocytes, neurons,
hepatocytes, or pancreatic B-cells. Similarly, in vivo epigenetic
interventions to stimulate tissue regeneration at the site of injury,
such as supporting cardiac muscle regeneration after myocardial
infarction, open the door to such applications. Long-term, the
capacity of the CRISPR-epigenetic combination to "rewrite cell
fate" could be one of the basic paradigms of regenerative
medicine.

7.4. Personalized Gene Therapy

The ability to extract patient-specific epigenetic signatures
(DNA methylation profiles, histone modification patterns,
chromatin accessibility maps, etc.) at high resolution will be a
critical step in personalizing CRISPR-based epigenetic therapies
(Clark et al., 2019). Even patients with the same genetic mutation
may have different epigenetic landscapes depending on
environmental factors, age, comorbidities, and previous
treatments; this can limit the effectiveness of standard one-size-
fits-all treatments. Therefore, in the future, each patient's genomic
and epigenomic data will be analyzed together to select target
gene sets, gRNA combinations, and the types of epigenetic
effectors to be used on an individualized basis (Liu et al., 2023).
Such an approach has the potential to both maximize treatment

! Department of Medical Genetics, Faculty of Medicine, Agri ibrahim Cecen University, Agri,
Turkey, e-mail: tkucuk@agri.edu.tr, ORCID: 0000-0002-0092-1032



response and minimize the risk of side effects. In conclusion,
CRISPR-based epigenetic reprogramming could become one of
the fundamental components of truly personalized gene therapy
models tailored not only to disease class but also to the
individual's unique “molecular fingerprint.”

8. RESULT

CRISPR epigenetic reprogramming represents a very
effective biotech tool that, hopefully, can induce a paradigm
change for gene therapy. A great advantage of this technique
is that it can control the expression of target genes without
altering the genome, which improves both safety and
functionality. Noteworthy successes have already been
achieved using this tool for various diseases, including
cancers, neurodegenerative disorders, metabolic syndromes,
and congenital maladies. However, challenges associated
with delivery systems, epigenetic gene modifications, and
safety data, among others, are still to be resolved. Looking
forward, combined research using CRISPR, artificial
intelligence, delivery systems using nanoparticles, and
epigenomic maps can soon advance gene therapies based on
epigenetics.
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