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Abstract

Control of the genome has been revolutionized through epigenetic engineering, and the field stands out as a means of controlling gene
expression with the best possible precision, reversibility, and programmability. It does so by changing chromatin states, but not permanently
the DNA sequence, so continues to be an important tool in making safe the potential of increasing irreversible mutagenesis effectiveness in
both personalized medicine and synthetic biology. This technique relies on the principle of epigenetic switches made of DNA targeting
programmable proteins (including deactivated Cas9 (dCas9)) and Zinc Finger domains which can switch epigenetic marks on or off having a
subsequent outcome of stable and tunable gene expression. It is demonstrated by the evolutionary utility of this type of mechanism by studying
Saccharomyces cerevisiae, which has provided cells with the ability to rapidly switch the epigenome, thereby allowing them to survive changes in
their environment without having to alter their genome. Modular CRISPR has enabled dCas9 systems to target various mammalian targets such
as BACH2, HNF1A, IL6ST, and MGAT3 that caused persistent transcriptional programs extending to 30 days post-delivery of the genetic material.
In addition, alterations on dCas9, fusion protein versions have not only led to a precise range of tools, but also an increase in biosafety due to a
significant reduction in off, target effects.

This is ultimately followed by the convergence of finely, tuned epigenetic switches and the synthetic biology, leading to a safer, more precise, and
diverse process of disease modeling as well as the therapeutic intervention.
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Introduction
genetic material [2]. However, these nucleolytic methods involve

During much of its history, the central dogma of molecular an extremely high probability of irreversible mutagenesis thus

biology has truly associated cellular functionality with DNA
sequence. Epigenetics fundamentally changed the concept by
demonstrating that the changes in gene expression, potentially
subject to inheritance, do not require any alterations in the
sequence of the DNA [1]. Genetic genome editing other systems
including Zinc Finger Nucleases (ZFNs), TALENs, as well as
the earliest, generation CRISPR, Cas9 systems largely depend
on creating double, strand breaks (DSBs) in the DNA to modify

being automatically limited by the dynamic reversibility of safe
therapeutic protocols [3]. Another approach in epigenetics, which
is a leading and edge, involves the application of deactivated Cas9
(dCas9) and other programmable DNA, binding modules along
with chromatin, modifying enzymes. This specificity is very high
with such complexes being able to be targeted to the desired
genomic locations precisely [4]. These instruments regulate gene
expression either by suppressing or activating genes by changing
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the methylation of DNA or the buildings of histones, being
epigenetic switches [5]. Therefore, this is a highly significant
attribute to the future of genome editing that will no longer be the
case of gene fixes but will be concerned with the gene regulatory
networks that are not only intricate but can also be dynamically
and temporarily governed [6].

The present article provides a critical evaluation of the
potential of epigenetic switches, in which the evolution of
synthetic biology constructs into clinical instruments that are
ready to use in personalized medicine is analyzed. Examples of
the programmable regulatory mechanisms and evolutionary
foundation of epigenetic switching based upon research into
the model organism such as Saccharomyces cerevisiae and
implementation of these systems to develop the precise and safe
therapeutic intervention to human diseases are also discussed [7,
8].

Methodology and Literature Search Strategy

Subsequent to the above guideline, a systematic search was
carried out to find the literature that is relevant to the topic
and published from January 2013 to January 2026. The search
encompassed leading scientific databases such as PubMed, Web
of Science, Scopus, and the MDPI library.

The search strategy used the following inclusion criteria:

. Keywords: Main search terms were “Epigenetic
engineering,” “CRISPR, dCas9, ““Epigenetic Switches, “ “Synthetic

Biology, “ “DNA Methylation Editing, “and “Personalized Medicine.”

. Article Type: Open Access review articles, high, impact
original research papers, and recent proceedings reporting novel
epigenetic editing tools or clinical applications were preferred.

. Relevance: The selection of the papers was made
considering the focus on programmable gene regulation (dCas9,
TALE, ZFP) as opposed to general epigenetics.

Data from these studies were combined to identify the
improvements in three different categories: (1) Mechanisms
of synthetic switching, (2) Applications in disease modeling,
and (3) Clinical translation and biosafety. Such an organized
method makes it possible to review thoroughly how epigenetic
engineering is moving from being a concept in biology to a real
medical treatment.

Results: Mechanisms and Advances in Epigenetic
Switches

Evolution of Programmable DNA-Binding Domains

The literature review makes it evident that there is a
chronological trend in the “homing devices” that are employed
for epigenetic switches. The initial research makes use of Zinc

Finger Proteins (ZFPs), which identify 3, 4 base pairs per module.
Although they work well, they are chemically very complicated
to produce for new targets [9, 10]. Subsequently, TALEs
(Transcription Activator, Like Effectors) were introduced, which
granted higher specificity but were still very labor, intensive to
clone [11, 12]. The major breakthrough happened when CRISPR,
dCas9 was introduced. In contrast to the earlier methods, dCas9 is
directed by a short RNA sequence (sgRNA), which allows it to be
very programmable and modular [13, 14]. A comparison of these
methods clearly shows the reasons for which dCas9 has become
the go, to tool for epigenetic engineering (Table 1).

Synthetic Biology: The “Writer” and “Eraser” Toolkit

To realize a functional switch, dCas9 has to be connected with
catalytic domains that can “write” or “erase” epigeneticmarks [15].
It has been shown that fusions with DNMT3A or DNMT3L can be
used to place methyl groups at CpGislands, thereby silencing genes
[16, 17]. On the other hand, TET1 fusions lead to demethylation
thus reactivating tumor suppressors that have been silenced [18,
19]. Furthermore, histone modifications are also altered; dCas9,
p300 acetylates histone H3K27 in order to activate enhancers [20,
21] whereas dCas9, KRAB recruits heterochromatin machinery
for silencing [22, 23]. A variety of “switchboard” effector domains
that can be used in synthetic biology are listed in (Table 2).

Modularity and Heritability

One of the key findings in recent literature is the emergence
of “second, generation” systems (e.g., SunTag, SAM) that magnify
these signals [25, 26].Importantly, a handful of works that have
targeted loci BACH2, HNF1A, IL6ST, and MGAT3 have shown that
these changes are capable of inducing “epigenetic memory, “ thus
the transcriptional consequence is still maintained even 30 days
post, transfection [28, 29].Such a transmission of the induced
state resembles the behavior of natural biological switches in S.
cerevisiae whereby the epigenetic state is preserved to cope with
environmental stress without a genetic mutation [30, 31].

Discussion: Implications for Personalized Medicine
Precision Therapy

Correcting gene expression that is dysregulated without
changing the DNA sequence is a safer way of personalized
medicine [32]. Several studies are emphasizing on “epigenetic
therapy” for cancer, whereby hyper methylated tumor suppressor
genes can be selectively reactivated [33, 34]. Such a strategy is free
from the potential dangers of off, target mutagenesis resulting
from the use of active Cas9 nucleases [35]. (Table 3) summarizes
various diseases in which these epigenetic switches have shown
therapeutic effectiveness in animal models (Figure 1).

How to cite this article: Purva D, Jhanvi C, Sahir B, Shivam M, Omish M, et al. Epigenetic Switches as Next-Generation Tools for Programmable and
Reversible Gene Regulation. Academ J Polym Sci. 2026; 6(5): 555699. DOI: 10.19080/AJOP.2026.06.555699


http://dx.doi.org/10.19080/AJOP.2026.05.555699

Academic Journal of Polymer Science

Table 3: Therapeutic Targets and Pre-clinical Validation of Epigenetic Switches.

Target Disease Target Gene Eplgen:;;c Strat- System Observed Outcome Ref.
Breast Cancer BRCA1 Re-activation dCas9-TET1 Reversed hyper methylation; .restored tumor [19]
suppressor function.
Beta-Thalassemia BCL11A Silencing ZFP-LSD1 Reactivated fetal hemoglobin (HbF) byre- | - 3¢}
pressing the repressor.
HIV-1 Latency LTR Silencing dCas9-KRAB Block and Lock” strategy; prevented viral | 35,
reactivation.
. . Removed abnormal methylation on CGG
Fragile X FMR1 Re-activation dCas9-TET1 repeats; restored FMRP. [32]
Cystic Fibrosis CFTR Activation dCas9-p300 Induced expression from endogenous pro- [8]
moter; improved chloride transport.

Acute Kidney Injury Klotho Activation dCas9-VPR Upregulated renal l;;ir;)rt;:;:itslve protein; reduced [32]
Hypercholesterolemia PCSK9 Silencing dCas9-KRAB Reduced C‘”“lami‘fjieg cholesterollevels | )5,
Retinitis Pigmentosa Nrl Silencing dCas9-KRAB Preserved cone functl.on in rod-degenerated [5]

retinas.
Rheumatoid Arthritis IL6ST Modulation DCas9-Comb. Demonstrated ep‘gsz}fst‘c memory up to 30| g
. . o Induced insulin production in non-beta
Diabetes (Type 1) Insulin Activation dCas9-p300 fibroblast cells. [36]
Muscular Dystrophy Utrophin Activation dCas9-VP64 Upregulated UtI‘OphlIl. to compensate for [36]
Dystrophin loss.
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Table 1: Comparative Analysis of Genomic Intervention Modalities.

RNA Interference Epigenetic Switches
Feature CRISPR-Cas9 (Nuclease) ZFNs / TALENs (RNAi) (dCas9) Ref.
Primary Mecha- R Double-Strand Breaks . Chromatin Remodeling (No
nism Double-Strand Breaks (DSB) (DSB) mRNA Degradation DNA Cut) [2]
DNA Sequence Permanent (Indel/Mutation) Permanent. (Indel/Mu- None (Transient) None (Reve.r51ble modifi- 6]
Change tation) cations)
Heritability Permanent (Genetic) Permanent (Genetic) Non-heritable Tunable (Transient to Sta- [14]
ble Memory)
y . . . Moderate (Permanent High (Non-specific Low (Transient / No DNA
Off-Target Risk High (Permanent Mutations) Mutations) knockdown) damage) [4]
Reversibility Irreversible Irreversible Reversible Fully Reversible (via [1]
Erasers)
Multiplexing . Low (Difficult engineer- . Very High (Multiple loci
Capability High ing) High simultaneously) [14]
. . . N Small (ZFN) / Large . Large (dCas9 + Effector
Delivery Size Medium (~4.2kb + sgRNA) (TALE) Small (siRNA) domain) [2]
o - . Approved (e.g., Pati- Pre-clinical / Early Clinical
Clinical Status Approved (e.g., Casgevy) Clinical Trials siran) Trials [3]

How to cite this article: Purva D, Jhanvi C, Sahir B, Shivam M, Omish M, et al. Epigenetic Switches as Next-Generation Tools for Programmable and
Reversible Gene Regulation. Academ J Polym Sci. 2026; 6(5): 555699. DOI: 10.19080/AJOP.2026.06.555699



http://dx.doi.org/10.19080/AJOP.2026.05.555699

Academic Journal of Polymer Science

Table 2: The Epigenetic Switchboard: Functional Modules for Synthetic Biology.

Resulting Genomic

systems.

Effector Domain Class Enzymatic Function State Mechanism of Action Ref.
dCas9-DNMT3A Writer DNA Methyl trans- OFF (Silencing) Deposits methyl groups E.it (;pG islands, blocking [16]
ferase transcription.
dCas9-DNMT3L | Writer | DNA MTase Cofactor OFF (Silencing) Enhances catalytic activity of DNMT3A/3B for [16]
long-term silencing.

dCas9-KRAB Writer Repressor Domain OFF (Silencing) Recruits KAP1/HP1 c;n;gl;:xes to condense chro- [22]

dCas9-LSD1 Eraser Histone Demethylase OFF (Silencing) Removes active H3K4 marks from enhancers. [24]

dCas9-TET1 Eraser DNA Demethylase ON (Activation) Oxidizes methyl groups (SmC) to restore gene [19]
expression.

dCas9-p300 Writer Histone Acetyltrans- ON (Activation) Acetylates H3K27 at promot(.ers/enhancers to relax [20]
ferase chromatin.

dCas9-VPR Writer Trans activator Com- ON o Tripartite fusion (VP64-p65-Rta) recruits multiple [26]

plex (Strong Activation) factors.
dCas9-SunTag Scaffold Signal Amplifier Tunable Peptide array recruiting up to 24 effector copies. [25]
dCas9-MQ1 Writer Bacterial Methylase OFF (Silencing) Highly potent prokaryotic methyl transferase [27]
adapted for mammals.
TALE-TET1 Fusion Demethylase ON (Activation) High specificity demethylation; distinct from dCas9 [18]

How to cite this article: Purva D, Jhanvi C, Sahir B, Shivam M, Omish M, et al. Epigenetic Switches as Next-Generation Tools for Programmable and
Reversible Gene Regulation. Academ J Polym Sci. 2026; 6(5): 555699. DOI: 10.19080/AJOP.2026.06.555699



http://dx.doi.org/10.19080/AJOP.2026.05.555699

Academic Journal of Polymer Science

N
[A) D Cas9 Module (8] Writer Fusion [Silencing)
DNMT34
dCas0 [ gRNA dCasd, = .
i . Gene
b - . OFF
0% e Vi 1111 |
] // ]
Methylaton
(C) Eraser Fusion |Activation)
B 2 : > Gene ON
. . e B .5 . RMA %
7o QiED —— Hmrem OO
Figure 1: Schematic representation of programmable epigenetic switches. (A) The dCas9 module targets specific DNA sequences. (B)
Fusion with “Writer” domain (e.g., DNMT3A) Leads to gene silencing, while (C) Fusion with “Eraser” domains (e.g., TET1) enables gene
reactivation.
J

Challenges and Biosafety

Nevertheless, there are still difficulties after the promise. The
research articles point out the “off, target” epigenetic changes
as one of the main issues [37]. However, optimization of dCas9
fusion proteins over the last several years has shown that the
off, target activity is greatly reduced, which in turn raises the
biosafety profile [38, 27]. In addition, the reversibility of the
epigenetic changes is an extra safety feature that is not there in
case of permanent gene editing [39, 40].

Conclusion

Epigenetic engineering is fundamentally changing the way we
thinkaboutgenome modification. Ratherthanbeingtied to changes
in the DNA sequence, it provides a precision, programmable
and reversible way of controlling genes. Incorporating high,
resolution epigenetic switches with synthetic biology concepts
is dramatically enhancing our capability to fix the gene networks
that are out of regulation. The advent of personalized medicine
will see these tools becoming a necessity for handling complicated
diseases, thus, presenting treatments that are not only really
effective but substantially safer at their core as compared to the
mutagenic ones that came before them. In order to fully unlock
the clinical potential of this technology, future research has to be
geared towards figuring out the delivery of vectors and the long,
term stability of epigenetic states that are induced.
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